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ABSTRACT: Enzymes and whole cells serve as the active
biological entities in a myriad of applications including biopro-
cesses, bioanalytics, and bioelectronics. Conserving the natural
activity of these functional biological entities during their prolonged
use is one of the major goals for validating their practical
applications. Silk fibroin (SF) has emerged as a biocompatible
material to interface with enzymes as well as whole cells. These
biomaterials can be tailored both physically and chemically to create
excellent scaffolds of different forms such as fibers, films, and
powder for immobilization and stabilization of enzymes. The
secondary structures of the SF-protein can be attuned to generate
hydrophobic/hydrophilic pockets suitable to create the biocompat-
ible microenvironments. The fibrous nature of the SF protein with a
dominant hydrophobic property may also serve as an excellent support for promoting cellular adhesion and growth. This review
compiles and discusses the recent literature on the application of SF as a biocompatible material at the interface of enzymes and cells
in various fields, including the emerging area of bioelectronics and bioanalytical sciences.
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1. INTRODUCTION

The biobased electronics and analytical devices, such as
biosensors and biofuel cells, have gained tremendous research
interest over the past decade owing to their great application
potential in the field of healthcare, biomedical sciences,
environmental studies, and sports.1,2 One of the critical issues
that decides the commercial success of such biobased devices is
their stability, which considers both the shelf- and operational
life of the construct. The active biological entities (e.g.,
enzyme, cells, antibody) being used to emulate the desired
functionality to the device is mainly responsible for the stability
issues. A strategy that is widely adopted to prolong the
functional (catalytic, interactive, metabolic, etc.) activity and
vitality of the biological entities is their immobilization into a
suitable biocompatible material or platform. Such support
systems should also be resilient mechanically and chemically as
well as offer easy diffusion of the substrates or targets to
facilitate the intended biocatalytic or metabolic function of the
entities.3 The other objective of the immobilization is to
improve the cost economy of the product or device as this
action enables one to recycle the biological entities. For some
applications of the microbial cells such as in biofuel cells and
biocatalytic processes, the platform that supports dense
microbial- or biofilm growth is also desired additionally.

Exploring novel biocompatible platforms that support fast
microbial- or biofilm growth has been an active area of research
in recent times, particularly in the field of bioenergy and
bioprocesses.4,5

Several natural as well as synthetic polymers, bioinks, and
polyelectrolyte solutions have been assessed for their “enzyme/
cell-bearing” abilities as scaffolds, capsules, or films with their
set of advantages and setbacks.6,7 Of late, bio-based materials
have received enormous importance in the field owing to their
natural placid and biocompatible properties for housing labile
protein-based enzymes and even bacterial cells.7−9 The silk
fibroin (SF), a biomaterial of emerging applications in different
fields, is yet to be adequately explored as a support material for
enzymes and microorganisms for application in the field of
bioelectronics and bioanalytical sciences.
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A combination of chemical composition, mechanical proper-
ties, and physical behavior during the spinning process
contributes to the fascinating properties of the silk.10 To
date, no reconstituted silk (copying them into microbes/
chemical synthesis) has been found to exhibit the properties of
natural silk.10 SF fiber possess high toughness with tensile
strength of 300−740 MPa11 and breaking strain as compared
to the synthetic fibers such as Kevlar (Table 1). These tough

but flexible material properties and biocompatible nature along
with its ability to control porosity and permeability to oxygen
and water have greatly encouraged the application of SF as a
support medium in tissue engineering and allied applica-
tions.12,13 Studies have shown that these impressive mechanical
properties are over-reliant on the hierarchical structures (β-
sheet crystallites structure and a semiamorphous matrix with
less ordered structures including helices and turns). Albeit the
different primary structures in silkworm silk (poly(GA)) and
spider dragline silk (poly(A)), the hierarchical structures are
similar.11 The use of polysaccharides polymers such as
thermoplastic starch is limited by their sensitivity and
degradation at elevated temperatures, chitosan by its
insolubility in aqueous solutions above pH 7, and polyhydrox-
yalkanoates (e.g., polyhydroxybutyric acid) exhibits stiffness
and hence is very brittle. Proteinaceous polymers are
susceptible to degrade at a slight change of pH, temperature,
absorption to surfaces, detergents, etc., and the recombinant
proteins (e.g., elastin-like polypeptides) suffer from capital cost
in scaling up for broad applications.12

A distinctive material property of the SF bearing ample
scope for its custom-made application is its flexibility to
transform into different physical forms and geometry, such as
scaffolds, films, cords, fibers, hydrogels, or capsules, which
possess different mechanical properties (Table 2). The
mechanical data of various regenerated silk morphologies
have been elaborately discussed in reviews.10,11,14 Most of
these transformations involve simple processing steps and
almost negligible participation of hazardous chemicals.16

Micro- or nanopatterning of SF to create complicated two-
and three-dimensional structures have rendered their use in
transistors, electrodes, and diodes.17 These structures can be
doped with enzymes, microorganisms, tissues, or mammalian
cells to prepare functionalized structures. The high-throughput
production of such doped SF structures will have several
advantages in platform design as well as electronic sensors.

SF is a fibrous protein naturally found in the cocoons
produced by the Bombyx mori (B. mori) silkworm. In the raw
cocoon, 75% of the SF coexist with 25% of another gluelike
protein, sericin.18,19 The process of removal of sericin is called
“degumming.” The resulting degummed silk protein, i.e., SF
comprises of two chains linked by disulfide bonds in its tertiary
structure. The heavy chain and the light chain with molecular
weights 350 kDa and 25 kDa, respectively exist in a 1:1 ratio.16

The secondary structure of the SF protein has mainly two
molecular conformations: (i) silk I, which exist in a
noncrystalline metastable form, is water-soluble and dominated
by secondary protein structures of α helix and random coils,
and (ii) silk II, which is an organized structure consisting of β-
sheet, is highly stable and water insoluble.19 The silk I structure
can be methodically molded to silk II conformation under
appropriate conditions. The inherent molecular conformation
of the SF finally governs the properties of the outsourced
biomaterial.19,20 The characteristic of the SF protein is a
repetitive sequence of five amino acids glycine-alanine-glycine-
alanine-glycine-serine (GAGAGS). The block copolymer
GAGAGS self-assembles into the β-sheet structure. The
stacked β-sheets are intertwined with strong van der Waals
and intra- and intermolecular hydrogen bond interactions
(Figure 1).18 The SF exhibits noteworthy physical, chemical,
biological, and optical properties. The physically cross-linked
β-sheets endow the SF with outstanding mechanical properties
that enable one to withstand temperature and pressure during
autoclave sterilization.18 It is one of the most versatile
biomaterials today due to its intrinsic high stability to
temperature and moisture changes. The biocompatibility of
the silk and its derivatives have been extensively explored in
drug delivery and tissue engineering.7 The biomaterial has
been promising as an immobilization and stabilization matrix
for protein molecules due to the favorable interactions between
the SF and the on-board protein.21

Table 1. Mechanical Properties of Silk and Man-Made
Fibers

material
Young’s

modulus (GPa)

ultimate
strength
(MPa)

toughness
(MJ m−3) refs

silk fibroin (B.
mori)

10−17 300−740 70−78 14

spider silk
(Nephila
clavipes)

10.9 875 17−18a 14

collagen 0.0018−0.046 0.9−7.4 24−68a 14
wool 0.5 200 60 11
high-tensile steel 190−215 1500 6 15
nylon 1.8−5 230−950 80 11
Kevlar 130 3600 50 11
polypropylene 4.6 490 11
aStrain (%) at break.

Table 2. Mechanical Properties of Various Silk Fibroin
Structuresa

silk fibroin formats

Young’s modulus
(GPa)/stiffness
(N/mm)/

compressionb

ultimate
strength
(MPa)

percent
strain

films

as casted 3.9 GPa 47.2 1.90%
methanol-
treated

3.5 GPa 58.8 2.10%

water-annealed 1.9 GPa 67.7 5.50%
ultrathin/spin
coated

6−8 GPa 100 0.5−3%

electrospun
mat

concentration
3%

15 40.00%

concentration
15%

0.515 N/mm 7.25 3.20%

aqueous-
derived
sponges

concentration 4
w/v%

0.00007 GPab 0.011b

concentration 8
w/v %

0.0013 GPab 0.1b

concentration
10 w/v %

0.00333 GPab 0.32b

methanol
treated
sponges

concentration
6%

0.00043 GPab 0.02b

hydrogels concentration 8
w/v %

25.2b

aReproduced with permission from ref 11. Copyright 2015 Elsevier.
bCompression is used instead of tensile mechanical test results.
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There have been several reviews in the past, highlighting the
underlying physicochemical properties of silk and its various
applications, including tissue engineering.22−25 Here we
emphasize the emerging features of SF that have been tailored
to develop enzyme and whole cell-based platforms for
developing various bioelectronics devices, such as biosensors
and biofuel cells. We have also discussed here SF as a matrix
for cellular adhesion and biofilm growth. Furthermore, insights
into the structural mechanisms of SF that support and preserve
the functional integrity of these biological entities have been
discussed.

2. SILK AS A SUPPORT FOR ENZYME
IMMOBILIZATION
2.1. Enzymes Stabilized by Silk. Enzymes possess several

advantages over chemical catalysts such as higher selectivity,
nontoxicity, and high rate of reaction in mild conditions.26

Except few catalytic nucleic acid molecules, all enzymes are
proteins.27 Enzymes have been traditionally used for various
industrial applications. During the last couple of decades, new
areas for enzyme applications have emerged, such as biofuel
cells,28,29 biosensors,30 therapeutic,20 and drug delivery.31 One
of the critical issues that occupy the center point of research
while developing enzyme-based technology and products for
commercial applications is their operational and storage
stability. The studies carried out over the years have clearly
established the fact that the functional activity of the enzymes,
and hence the stability, depends on the integrity of the native
structure of the protein.27 The structural integrity is highly
sensitive to different factors such as temperature, pH, shear
stress, solvents, etc.32 From the stability and economic
perspectives of these enzyme-based products and processes,
immobilization of the enzymes on suitable biocompatible
support materials has evolved as a method of choice.9,33,34

Among the synthetic polymers, amine/imine derived
polymers and compounds, such as polyethylenimine (PEI),35

phenylenediamine (PPD), and phenol monomers,36 are widely
used for the immobilization. The cationic PEI finds application
not only for immobilization of different enzymes, such as
laccase35 and glucose oxidase,37 on nanomaterials but also has
been used for the preparation of nanoparticles.38 Nevertheless,
certain enzymes are reported to lose activity on their
interaction with the cations.38 PPD and phenol are explored
to develop permselective films for fabrication of microsensors
and biosensors.36 The major drawbacks of these synthetic

polymers are, however, their complicated and time-consuming
synthesis procedure.39 Among the natural polymers, chitosan
and alginates are widely used for their high retention of the
enzyme’s activity.40 Chitosan could be used to produce
microspheres (beads), capsules, membranes, and gels40 and
has been used as a support material for various enzymes, such
as nuclease41 and glucose isomerase.42 However, the chitosan
beads and its other forms suffer from weak mechanical strength
and stability.43 Alginate is an anionic polysaccharide that can
be processed to different physical forms. It is a water-soluble,
low cost, inert, and biocompatible material. There is enough
scope to increase its application, particularly in the field of
bioprocesses, if the enzyme leakage (leaching) from the
encapsulated matrixes could be averted.44 Considering some or
other disadvantages of these polymers, SF has been explored as
an alternative support system for immobilization of different
enzymes.45,46

The unique structure of SF with random coils, α helices, and
β-sheets coexist to create a conducive environment for
stabilizing the enzymes in their native states.25 This property
of the SF has been exploited to immobilize enzymes either
through entrapment or covalent attachment techniques.46 In
the entrapment approach, also known as bulk loading, the
enzyme of interest is first mixed with the silk solution and then
the prepared solution is transformed into the desired material
format. SF films are the most popular silk formats developed
by this method.24 The enzymes are noncovalently encapsulated
within the SF films. This process is straightforward,
inexpensive, and require less harsh processing steps. This
method offers to prepare the desired thickness and surface area
of the enzyme-SF films. The hydrophobicity and the β-sheet
content,47,48 as well as the porosity49 of the SF films, may also
be controlled. By controlling these parameters, the perme-
ability of the substrate in the film could be enhanced,
promoting the functionality of the immobilized enzymes.
Various enzymes such as horseradish peroxidase (HRP),32

glucose oxidase (GOx), and catalase46 have been stabilized
using this method. In the covalent immobilization method, the
enzyme is attached to SF materials by modification of amine or
carboxyl groups on SF using carbodiimide, diazonium, or
glutaraldehyde cross-linking chemistries. As compared to
entrapment, this method provides a stronger linkage between
the enzymes and the SF matrix. The SF and hydrogels are the
common formats to use this method for immobilization.
Various enzymes, such as lipase,50 cholesterol oxidase,51 and
HRP,52 have been stabilized using this method.24

2.2. Different Silk Supports for Enzyme Immobiliza-
tion. The major advantage of SF over other polymers for
immobilization is that it can be prepared in various forms such
as membranes/films, hydrogels, and fibers.53 The stiffness
(Young’s modulus) of the SF fiber supersedes all the man-
made fibers except Kevlar and high-tensile steel (Table 1).
Similarly, its toughness is superior to most of the man-made
fibers and comparable to Kevlar. Overall, the mechanical
properties of the SF are highly impressive, offering stable
support systems for the immobilization of biocatalysts/cells for
diverse applications. Woven SF was first used for immobiliza-
tion of enzymes,54 followed by SF films,55 and then other
structures such as microspheres56 and hydrogels57,58 were
employed for the immobilization of enzymes.

2.2.1. Silk Fiber as Support. SF is stable and water-insoluble
(silk II structure) and possesses high surface area where
enzymes can be easily entrapped. The variety of amino acid

Figure 1. Silk is primarily composed of (GAGAGS)6 amino acid
repeat units that self-assemble into an antiparallel β-sheet structure.
Reproduced with permission from ref 18. Copyright 2009 Royal
Society of Chemistry.
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residues in the silk fiber provide many reaction sites such as
amino, carboxyl, phenol, and imidazole groups. Hence, there
are numerous possibilities for chemical modifications to
immobilize enzymes.53 These fibers provide a biocompatible
microenvironment for stabilizing the enzymes.51 Ribonuclease,
and aspartate aminotransferase were first reported to be
immobilized into woven SF by the diazo linkage method. The
stability and activity of the enzymes increased with increased
immobilization time.54 Alkaline phosphatase was immobilized
on SF using diazo, absorption, glutaraldehyde, and azide
coupling methods, and the prepared enzyme-SF was active
toward the phenyl phosphate.59

Lipase is an industrial enzyme widely used for the hydrolysis
of fats as it generates less toxic byproducts.50 Glutaraldehyde
cross-linking was used to immobilize the lipase onto SF. This
SF immobilized lipase exhibited enhanced activity for the
hydrolysis of biosurfactant emulsified sunflower oil (Helianthus
annuus).50 It is suggested that this biosurfactant promotes
better interfacial microenvironment for the increased activity of
the lipase on the SF. In another study, two types of SF in the
fabric form were prepared, one was made hydrophobic by
treatment with amino-functional polydimethylsiloxane
(PDMS), while the other was natural fiber and regarded
hydrophilic. Lipase was immobilized on these fibers, and it was
reported that both hydrolysis and esterification activity
increased by 2-fold in the case of the hydrophobic fibers as
compared to the native/hydrophilic fibers. This increase in
lipase activity was due to the interfacial activation of the
enzyme in the hydrophobic environment of the SF fibers.60

There have been reports of hydrophobicity which is linked to
an increase in β-sheets in SF films, being the reason for
controlled release of enzymes.31 SF-cocoon fibers as the matrix
were used to immobilize lipase, and its activity was explored for
a packed-bed reactor. The Km of the immobilized enzyme
decreased as compared to the free enzyme. The reason was
again attributed to the hydrophobic nature of the SF matrix
that facilitated the diffusion of the hydrophobic substrate
toward the enzyme. This SF-ligase matrix may have great
potential in the biodiesel industries.61 SF (papain treated) was
also used to immobilize naringinase via glutaraldehyde cross-
linking. The SF support provided the stability against pH and
temperature as compared to keratins from bovine horn and
papain treated sheep wool and collagen.62

Cholesterol oxidase (ChOx) is a widely used enzyme for
developing cholesterol biosensors. Using carbodiimide chem-
istry, ChOx was immobilized onto SF mat, and this was used to
prepare a ChOx electrode for developing a cholesterol
biosensor. The electrode showed high stability (13 months).51

Other than natural fibers, silk nanofibers were prepared by
electrospinning, and α-chymotrypsin (CT) was immobilized
onto it. The as-prepared nanofiber possessed larger diameter as
well as higher enzyme loading capacity and stability as
compared to the other nanofibers. The increase in stability
was attributed to the multiple attachments between the
enzyme and the nanofibers.63 SF has reported to be made
conductive by integration of polypyrrole (PPy) and manganese
dioxide (MnO2) serving many electrochemical purposes.64

2.2.2. Silk Film as a Support. Entrapment or bulk loading
into SF films is probably the most widely used method to
immobilize enzymes. Enzymes are mixed in SF solution, and
the mixture is cast on surfaces and air-dried. This approach is
an easy and effective way to stabilize enzymes. The solubility
and the hydrophobicity (β-sheet structure) of these films can

be tuned by annealing with water or methanol. The thickness
of the film must be considered while casting SF films, which
can be monitored by the concentration of the SF solution,
casting volume, and drying rate.65 Another phenomenon to
consider is the insolubility of the edges of SF films. This
phenomenon is due to the “coffee ring effect” in which the
capillary flow tends to concentrate the protein around the
periphery of the film.66 One way to avoid this discrepancy is by
punching out the inner portion of the master film.25

Miyairi et al. first reported the SF film as a support for
enzyme immobilization. β-Glucosidase was entrapped in the
SF film, and its activity was monitored. The immobilized
enzyme was stable against heating and protease treatment.67

Since then, several other enzymes have been entrapped in SF
films with testified reports of their stability and activity.
HRP is an important enzyme which has been used in several

enzyme immunoassays and electrodes for enzymatic bio-
sensors. HRP have low stability in solution, but when in SF
solution, the enzyme showed 30−40% increased enzyme
activity as compared to that in the buffer.32 The enzyme is
mostly immobilized by bulk-entrapment in the SF film
support.8,31,32,45,46,68,69 Qian et al. immobilized HRP in SF
membranes/films, with methylene blue N68 and tetrathiafulva-
lene69 as electron transfer mediators, to develop amperometric
HRP sensors. Both the sensors showed good storage stability
(80% residual activity after 45 days)69 and sensitivity.
HRP, along with lysozyme, was entrapped in SF films with

increased β-sheet structure and crystallinity and their release
pattern was studied. The results suggested that the SF films
with a controllable level of crystallinity would be a reliable
support for drug release.31 In another study, several heme-
proteins, namely, HRP, myoglobin (Mb), hemoglobin (Hb),
and catalase (Cat), were entrapped in the SF films and their
direct electron transfer on graphite electrodes was observed for
the development of voltammetric biosensors. The work
demonstrated intermolecular interaction between the heme
and the SF proteins. The interaction was dependent on the
morphology of the SF films.70 HRP was integrated into a silk
solution and cast on diffractive molds to prepare patterned SF
films, which could be used for the development of optical
peroxide sensors.71 They also developed a sensitive optical pH
sensor by incorporating pH indicator phenolsulfonphthalein
(Phenol Red) into the patterned silk grating.71

HRP was entrapped in SF films, and after 5 months, the
residual activity was 24%, 22%, and 17% of the initial activity
when stored at 4 °C, room temperature, and 37 °C,
respectively.32 Glycerol-modified SF films further increased
this stability. HRP in 30% glycerol SF film retained more than
90% of the initial activity at even 37 °C over 2 months.45

Diffractive optical elements (DOEs) were prepared by
functionalizing SF membranes (SF DOEs). Enzymes HRP
and catalase were entrapped into the DOEs, and their activities
were checked (Figure 2). The HRP entrapped in SF DOEs
showed better stability and activity than HRP entrapped in
glass DOEs, thus promising future optical biosensors based on
SF DOEs.8

Glucose oxidase (GOx) is an important enzyme for the
development of glucose biosensors. GOx has been immobilized
in SF films and has been reported to have significant
improvement in the enzyme activity and storage stability as
well as thermal and pH stability.46−48,55,72 Kuzuhara et al. were
the first to report the immobilization of GOx in SF films. The
immobilized enzyme retained 100% activity when incubated at
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60 °C for 20 min as compared to the total loss of activity for
free enzyme under the same conditions.55 GOx was also

immobilized in SF film by stretching treatment. Stretching
induced the structural transition of the random coil to β-sheet
structures in the film, which was considered responsible for the
intact activity of the enzyme and it’s reduced leaching. The
immobilized enzyme retained more than 90% of the initial
activity when stored at 4 °C for 4 months.47,48 GOx was also
immobilized in methanol treated SF films which showed
elevated storage stability and the activity of the enzyme was
intact even after 2 years when stored at 4 °C.72 Such extended
shelf life is promising for the development of glucose
biosensors.
The improvement in substrate diffusion through the film is

vital for developing an enzyme biosensor. The porosity of the
SF film can be increased to achieve the proper diffusion of the
substrate. In a study, polyethylene glycol (PEG) was mixed
with SF, and the PEG-SF film so formed was cast to develop a
porous SF film. Later PEG was removed from the film to get
the porous SF membrane. Following which, GOx was
entrapped in this film, and the substrate diffusion was
monitored. The substrate permeability was observed, and the
reason has been attributed to the entrapped water in the pores
of the SF film.49

SF films blended with other polymers have been reported to
improve the pH and thermal stability of the immobilized GOx.
The GOx was immobilized via glutaraldehyde cross-linking in
SF-poly(vinyl alcohol) films to prepare a stable glucose
sensor.73 The blended SF film showed improved water

Figure 2. SF-DOEs functionalized with HRP, doped into a SF-DOE
which was initially colorless but turned blue when a drop of 3,3′,5,5′-
tetramethylbenzidine (TMB) was applied. Row below showed
catalase-doped and stabilized in SF-DOEs to create a speedy reaction
against hydrogen peroxide (H2O2) free radicals, turning them into
water and oxygen. Reproduced with permission from ref 8. Copyright
2017 Wiley-VCH.

Table 3. Stability of Different Enzymes Immobilized in Various Types of Silk Support Systems

enzyme immobilized silk support type stability ref

horse radish peroxidase
(HRP)

entrapped in glycerol-modified silk film retained 90% activity after 2 months at room temperature 46
3D silk sponges using EDC chemistry immobilized enzyme showed higher activity compared to both adsorbed and

free enzyme at 30 and 37 °C
52

silk film by entrapment retained 84% activity after 2 months 68
silk film by entrapment retained 80% activity after 45 days at 4 °C 69
AuNPs−SF composite matrix via entrapment retained 95% activity after 30 days at 4 °C 83

glucose oxidase (GOx)

silk film by entrapment no loss in activity in silk films over 10 months of storage at temperatures up
to 37 °C

46

entrapment in porous silk membrane improved pH and thermal stability 49
silk film by entrapment stable up to 2 years 72
entrapped in poly(vinyl alcohol) (PVA) and silk
blend membrane

retained 92−88% activity after 2.5 months at 5 °C 74

platinum nanosphere-graphene silk fiber
nanocomposite

enzyme electrode retained 98% activity after 2 weeks 84

silk/D-polyols matrix microneedles retained 97.7%, 91.3%, 76.9% activity at 4 °C, room temperature and 37 °C
respectively after 35 days

85

lipase
silk fiber using glutaraldehyde linking stable after 2 months at 4 C 50
hydrophobic PDMS-treated fiber retained 97% activity after 27 cycle of analysis 60
silk cocoon matrix using glutaraldehyde linking retained 37% activity after six cycle of analysis 61

tyrosinase silk film via glutaraldehyde linkage retained 80% activity after repeated reuses 20
cholesterol oxidase silk mat using EDC-NHS linkage retained 70% activity after 60 days 51
uricase silk film by entrapment stable up to 2 years 53
ribonuclease silk fiber using the diazo method retained 63% activity7.2 months 54
carbonic anhydrase (CA) silk based hydrogel stable against pH (as low as pH 3) 58
α-chymotrypsin silk nanofibers by adsorption stable against ethanol 63
β-glucosidase silk film by entrapment stable against heating, electrodialysis and protease 67
organophosphorus
hydrolase (OPH)

silk film entrapment stable against high temperature and UV radiation 75

invertase silk powder by entrapment increased thermal stability 77
L-asparaginase (ASNase) silk-ASNase bioconjugates powder using

glutaraldehyde
trypsin resistance 78

phenylalanine ammonia-
lyase

silk powder by entrapment protease resistance and retained 75.4% activity after 82-days at 4 °C 79
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absorption property and mechanical property in comparison to
SF films.74

Lu et al. reported the immobilization of GOx in the SF film
and studied their activity and stability in different types of SF
films. According to the report, the higher concentration of
GOx loaded untreated films showed increased activity of above
100% after 5 months of storage. The renaturation of the GOx
attributed this increase in the activity upon interaction with the
SF protein. The activity of the GOx in the untreated films were
better than those in the methanol treated films as the increased
β-sheet provided more restriction for the enzyme.46 The
mechanism of stability is described in more details in section
2.3.
Organophosphorus hydrolase (OPH) was entrapped in the

SF film and was then coated with polyurethane. The
immobilized enzyme was stable under high temperature and
UV radiation.75 Other enzymes such as uricase,76 lipase,46 and
catalase8 have also been immobilized in SF films.
2.2.3. Other Silk Structures as Support. Other than silk

fibers and films, silk powder, hydrogels, and other three-
dimensional structures also cater as a support format for the
immobilization of enzymes.
2.2.3.1. Silk Powder. SF powder has been used to

immobilize enzymes. Invertase was immobilized with the
insoluble SF powder by physical adsorption. The SF powder
was rendered insoluble by treatment with methanol. The
immobilized enzyme showed enhanced thermal stability.77

Therapeutic enzyme L-asparaginase (ASNase), which is used
for the treatment of acute lymphoblastic leukemia, was
immobilized in SF powder by glutaraldehyde linking. After
30 days, the immobilized enzyme showed better stability by
retaining 80% of the initial activity as compared to the free
enzyme that retained 20% of the initial activity. The enzyme−
substrate affinity was also increased in the immobilized
enzymes.78 Another interesting method reported was the
entrapment of phenylalanine ammonia-lyase (PAL) in the SF
solution followed by lyophilization to prepare PAL-SF powder.
This enzyme powder was protease-resistant and provided a
new prospect for oral enzyme therapies of diseases.79

2.2.3.2. Silk Sponges and Hydrogels. Three-dimensional
SF sponges were used as a scaffold for the immobilization of
HRP by adsorption or by carbodiimide linkage. The stability
study at high temperature (60 °C) for 30 min showed that the
enzyme covalently bound to the SF sponge had retained better
activity (75%) as compared to that of the adsorbed enzyme
(25%) and free enzyme (0%). When the HRP covalently
bound to SF sponges was incubated for 30 min at 37 °C, the
activity of the enzyme increased above 100%. Lu et al. reported
a similar finding when immobilizing GOx in SF films.46 The
reason was ascribed to the renaturation of the enzyme in the
SF scaffold.52 In another case, SF-based hydrogel was
employed to immobilize carbonic anhydrase (CA) by a Ru(II)
mediated photochemical method. The immobilized protein
showed significant stability against pH. The spectroscopy study
suggested that the stability was contributed by the strong
intermolecular interactions between the SF and CA, which was
enabled by the unique structure of the SF protein.
Furthermore, lysozyme and xylanase were also stabilized by
using this immobilization method.58

Other than these scaffolds, SF microspheres have been used
for immobilization and controlled release of therapeutic
enzymes. Wang et al. reported lipid vesicles to prepare SF
microspheres, which was later removed by methanol. HRP was

entrapped into the microspheres by freeze−thaw cycles. The
enzyme loading increased due to the enhanced mixing of SF
and HRP.56 The HRP has also been immobilized into SF
optical gratings,71,80 SF microneedle arrays,81 as well as SF ink
solutions.82 Table 3 depicts the effect of different silk support
systems as immobilization matrices on the stability of different
enzymes.

2.3. Mechanism of Stabilization of Enzymes in Silk.
Several mechanisms of protein stabilization in silk have been
discussed elsewhere.25 Most of these mechanisms have been
regarded as hypothesis derived from other mechanisms
involving stabilization of proteins in the solid state.86

2.3.1. Enzyme in Silk Solution.

(1) Preferential exclusion: The stabilization of the protein
structure by preferential interaction in the liquid state by
a cosolvent has been described.25 The cosolvents, which
are used to stabilize the protein, prefer to be excluded
from the surface of the protein.87 The main reason for
this is the size difference between the cosolvent and the
water molecule. As the cosolvent is larger than the water
molecule and no two molecules can occupy the same
place at the same time, there exists a region around the
protein surface, which contain only water. Moreover, a
cosolvent concentration gradient is present between the
water shell around the protein and the bulk cosolvent.
Through the concentration gradient, the free energy of
the system is increased, and any unfolding of the protein
would increase this preferential exclusion zone, which in
turn will increase the free energy of the system.
However, since all the systems prefer minimum free
energy, this unfolding is avoided by the system, and the
structure of the native proteins tend to remain intact.
Similarly, the large size of the silk fragments in the
solution may exhibit such steric exclusion on enzymes to
stabilize. The effect of the concentration gradient has a
significant effect on the stabilization of enzymes. The
GOx in the concentrated SF solution (10 mg/mL)
displayed better stability than the less concentrated SF
solution (1 mg/mL) and just phosphate-buffer saline
(PBS).46

(2) Hydrophobic binding: The hydrophobic regions within
the SF protein may cause the stability of the enzyme in
solution. By shielding the hydrophobic domain, avoiding
unwanted protein−protein interaction and stabilizing
the native state, the physical stability of the enzyme can
be improved. This effect can be achieved because of the
amphiphilic nature of the SF that shields the exposed
hydrophobic domains and the immense level of
hydrophobicity may lead to attraction between the
hydrophobic domains or repulsion with hydrophilic
domains. The shielding can also be achieved through
preferential exclusion.

(3) Electrostatic interaction: The surface charge of the
enzyme may play a role in the stabilization as SF is
highly negatively charged.25

2.3.2. Enzyme in Silk Films. Several intrinsic properties of
SF itself cater to the stabilization of enzymes within the SF
films. The β-sheet structure content can be directly attributed
to the high mechanical resistance of SF films.88 Among the
several hypotheses regarding the stabilization of enzyme or
protein in the SF film, the “water replacement hypothesis” is
considered for the stabilization.25,86,89 According to this

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.9b01971
ACS Biomater. Sci. Eng. 2020, 6, 4337−4355

4342

pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.9b01971?ref=pdf


hypothesis, SF act as water substitute for the stabilization of
enzymes.25 Water content is essential for the secondary and
tertiary structure of any protein and during film formation,
water loss occurs which may lead to the denaturation of
enzyme. This denaturation of protein (here enzyme) is
avoided by the SF protein by providing free energy to the
enzyme. Therefore, the lost hydrogen bond of the enzyme
from water is replaced by a new hydrogen bond from the SF
that stabilizes the enzyme from denaturation.89 The water
content of the nonmethanol treated SF films is 10%,45 and that
of methanol treated is 5%,90 while the films prepared by water
annealing may have a water content in between 5 and 10%.
The glass transition temperature of SF is very high (175 °C);91

thus, as the β-sheet self-assembled, the SF scaffold becomes
thermodynamically stable. The most detailed study on
stabilization of enzymes in SF film has been reported by Lu
et al.46 Three enzymes GOx, lipase, and horseradish peroxidase
(HRP) were entrapped in SF films under different conditions.
Interestingly, all the enzymes showed significant activity while
GOx showed no loss in activity after 10 months (Figure 3).
They proposed the following hypothesis for the stabilization

of enzymes in SF films.

(1) Hydrophilic pockets: Enzyme entrapped in SF films
without methanol treatment were more stable than those
in methanol treated films. SF exists mostly in random
coils in solution. Upon casting into films, some of them
are converted to β-sheets, which consist of the
hydrophobic regions of the scaffold while the remaining
random coils provide the hydrophilic regions. These
hydrophilic regions also contain water, and the enzymes
may stabilize within these nanoenvironments.46

(2) Renaturation of the enzymes over time: Probably the
most interesting phenomenon reported when GOx was
immobilized in SF films, the activity was increased more

than 100% after storing in the films for a certain amount
of time. A similar phenomenon was also observed when
HRP was covalently immobilized onto the silk sponge.52

The authors hypothesized that this could be because
GOx renatured over time in the film. During the
preparation of the GOx-entrapped SF films, some
enzyme molecules may have denatured due to
spontaneous denaturation. This type of denaturation is
reversible when proper conditions are presented. This
probable renaturation was observed in the methanol-
untreated SF films. These films had ∼10 wt % of water
content, which provides enough room for the mobility of
the enzyme, resulting in refolding/renaturation of the
enzyme. However, in the case of the methanol-treated
films, the water content is 5% and the increased
hydrophobic β-sheets provide rigidity in the silk
structures. The rigidity does not allow mobility of the
enzyme within the film, obstructing refolding or
renaturation. Figure 3 illustrates the renaturation
mechanism.46

(3) The electrostatic interaction: In this case, GOx showed
better stability as compared to HRP. This difference
could be due to several reasons, such as different
interactions with SF protein or response to the oxygen
environment. The major differences between the
enzymes were the surface charges. The surface of
globular GOx molecule is negatively charged,52 whereas
the HRP molecule is positively charged.92 Electrostatic
interactions might play some role here as the SF
molecules are negatively charged.46

2.4. Silk-Stabilized Enzymes for Biosensing. 2.4.1. Glu-
cose Sensing. Several amperometric glucose sensors have been
prepared based on GOx-immobilized SF film.47,74 A second-
generation glucose sensor was fabricated using GOx immobi-

Figure 3. Schematic illustration of hypothesized mechanism of GOx activity changes in solution and SF films. The interaction between GOx and SF
hydrophobic region (β-sheet structure after methanol treatment) as well as limited chain mobility might account for GOx stabilization in SF
solution and films. In addition, GOx activity was observed to increase in both the solution and films, probably due to the GOx reversible
denaturation in the original solution and the renaturation taking place upon interaction with the silk material. Reproduced with permission from ref
46. Copyright 2009 American Chemical Society.
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lized in an SF and PVA blend composite. The mass-transfer
resistance was reduced because of the hydrophilicity of the
blend membrane, which resulted in enhancing the response of
the sensor.74 Another amperometric glucose sensor was
developed in flow-injection analysis using an oxygen electrode
and a GOx immobilized SF membrane. This sensor exhibited a
broad linear response range for glucose (up to 25.0 mmol/L),
and the enzyme membrane could be stored for over 2 years.72

Graphene sheets were coated on an SF fiber surface to prepare
a conductive biomaterial. A glucose biosensor electrode was
fabricated by immobilization of GOx onto Pt nanosphere
decorated with the graphene SF composite. The biosensor
showed good sensitivity and a low detection limit (1 mM).84

The SF protein is used as both a device substrate and
enzyme immobilization material for developing a SF-
encapsulated graphene field-effect transistor (FET) glucose
biosensor (Figure 4). This sensor was flexible and biocompat-
ible. As the GOx oxidized the glucose that was immobilized in
SF film on the graphene FET, the oxidized glucose was
measured by the differential drain-source current and the Dirac
point shift of the graphene transistor (Figure 4d). As prepared
biosensor showed a large linear range (0.1−10 mM), which
includes the reference range for diabetes diagnostics and a low
detection limit (0.1 mM).93 Another flexible GOx-SF based
glucose biosensor was reported. Water-based photolithography
was used to prepare complex and precise microstructures of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) on the SF support. This sensor was optically
transparent, mechanically flexible, biodegradable, and biocom-
patible. The as-prepared biosensor displayed excellent
sensitivity and stability. The sensor was mechanically robust
and optically transparent. This work may lead to promising
implantable bioelectronics devices.83 A minimal invasive
glucose electrochemical biosensor was developed using glucose
oxidase immobilized into silk/D-polyols matrix microneedle.85

The microneedle showed good mechanical strength, and the
biosensor was reported to be stable with a good response to
glucose (linear correlation within 1.7−10.4 mM L−1).
2.4.2. Peroxide Sensing. Amperometric hydrogen peroxide

biosensors were developed by immobilizing HRP into an SF
membrane with methylene blue N as an electron transfer
mediator. The biosensor possessed high sensitivity to H2O2
(detection limit, 10 μM) and low response time of less than 40

s.68 In another case, tetrathiafulvalene was used as the mediator
for electron transfer to prepare a stable HRP-based peroxide
sensor (80% retained activity after 45 days of storage at 4
°C).69 A third-generation biosensor was fabricated by HRP−
gold nanoparticles (AuNPs)−SF modified glassy carbon
electrode (GCE). The AuNPs−SF composite matrix was
reported to steadily immobilize HRP as well as retain its
bioactivity efficiently. The biosensor exhibited a low detection
limit and fast amperometric response.94 A conductive enzyme
like silk fiber was developed recently. Polypyrrole (PPy) and
manganese dioxide (MnO2) was integrated into silk fibers to
produce a conductive silk hybrid.64 This highly conductive
hybrid fiber also showed enzyme like behavior (degradation of
hydrogen peroxide) for possible use as a soft biolike sensor.

3. SILK AS A BIOCOMPATIBLE MATRIX FOR
MICROORGANISMS

SF is referred in microbiology under different context among
which its interactions with microorganisms have been widely
documented. The interactions are mostly discussed in the
context of the antibacterial properties of silk, while the
conducive properties of the SF for the interaction leading to
biofilm formation is a recent addition to the field. Biofilms are
bacterial communities organized in a highly structured format
and entrenched inside a self-derived extracellular matrix
(ECM).5 Approximately 95% of the search with “bacterial
aggregates” or “biofilm” words in the popular scientific search
forums such as Web of Science and Scopus hit on research
studies dedicated to antimicrobial activities and prevention.
Additionally, a meager ∼2% of filtered search hits were
devoted to “silk” and “bacteria”, which were in no less
similitude and circumscribed to contamination inhibition on
silk sutures and stents.95,96

3.1. Stability of Microbial Cells for Sensing Applica-
tions. The microbial cells can respond selectively and
sensitively to external stimuli. Hence, the whole microbial
cells are envisaged for a myriad of applications, including
biosensor and environmental studies. For such applications,
integrity and stability of the microbial cells are essential.
Naturally, cells maintain a protective, biologically active
internal environment with the help of its cell membrane,
which is composed of an amphiphilic lipid bilayer.7 The
selectivity of the semipermeable cell membrane is essential to

Figure 4. FET-based flexible glucose sensor. (a) Optical image of silk-based graphene FET biosensors attached onto the wrist. The inset is an SEM
image of a typical graphene FET channel between source and drain electrodes. (b) Exploded-view schematic illustration of the silk-based graphene
FET biosensors. (c) Schematic illustrations (side views) of p-type doping process caused by H2O2 reduction reaction at the graphene surface. (1)
H2O2 physisorption without the formation of a chemical bond; (2) cleavage of the O−O bond in the adsorbed H2O2 molecule and formation of
one adsorbed OH group and the first H2O molecule. Electrons transfer from graphene to H2O2, causing p-type doping to graphene. (3) Cleavage of
the C−O bond and the formation of the second H2O molecule; H2O molecules drift away with the electrons obtained from graphene. Atomic color
code: gray, carbon; red, oxygen; white, hydrogen. (d) Schematic illustrations of the SF/GOx functionalized graphene FET glucose sensing process.
Reproduced with permission from ref 93. Copyright 2014 Elsevier Science.
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sustain its routine physiological activities. This thin membrane
is susceptible to damage under mechanical and chemical
stresses usually involved in various applications of the
microorganisms. These stresses may also trigger a cascade of
biochemical and biophysical signals, useful for different sensor
applications.7 For example, analysis of genotoxicity, detection
of landmines and celestial life, toxicity determination, drug
screening, remote sensing, etc. require active and intact whole
cells.6,7,97 There is a pressing demand for retaining
functionality and viability of whole cells for extended time
lines in an artificial environment with conditions such as low
humidity, high illuminations, and temperature, hostile
electrode surface, or synthetic matrices.7 These conditions
are frequently encountered in various microbial-based
processes and technologies. The progress of work for
developing suitable platforms to house and protect whole
cells as well as to create bacterial biofilm useful for various
applications is in a nascent stage. The progress so far made in
the field has been highlighted in this section.
3.2. SF as a Support for Stable Microbial Growth.

Microorganisms are capable of growing on various surfaces
that may lead to the formation of biofilms. The surface to
support the biofilm growth may be abiotic or biotic. Similar to
“tissues,” biofilms exhibit self-regenerative, self-healing, and
self-protection attributes.98 Silk in various forms support
microbial growth naturally. Even during the natural spinning
process of cocoons by silkworm larvae, concomitant biofilm
growth of several indigenous bacterial species was observed.
The extracellular matrix (ECM) encased biofilm might serve as
a preliminary line of defense for the cocoons from environ-
mental variations.99 While in another strategical survival of a
soil bacterium, Pseudomonas cepacia was found to hydrolyze
silk with the help of its fibrinase enzyme. The degummed
protein served as a source of carbon and nitrogen for the
proliferation of the bacteria.100 Weak microbial resistance of
silk threads is a known fact in medical history.95101101102 SF
has been processed to luxurious fabrics in the textile industry.98

Microorganisms dominating the SF-derived fabric surfaces
mostly belonged to the genera of Pseudomonas, Streptomyces,
Bacillus, and Serratia.103 The effectiveness of SF films to retain
a high density of several microbes including Enterobacter
cloacae, Escherichia coli, Pseudomonas stutzeri, Bacillus subtilis,
and Sphingomonas yanoikuyae has already been demonstra-
ted.98 Addition of 0.5% of glycerol as a plasticizer to SF led to
the development of films with a tensile strength (28.79 MPa)
more than that of commercial polyethylene (9−15 MPa).98

The work proposed SF as a suitable conditioned surface for
immobilization of microbes to achieve operational, storage,
and environmental stability of microbial biosensors.98

The SF has been shown as a promising biomaterial for
preservation and storage of DNA even at 37 °C for an
extended period (40 days). Additionally, the tyrosine-rich SF
also protected the DNA from UV damage for more than 10
h.21 However, the SF as a supporting platform for developing
microbial biofilm for various potential applications is relatively
a new concept.5 There are, however, some reports on the
antibacterial property of unprocessed silk. The sister-block-
polymer, sericin, coexisting with the SF in the silkworm
cocoons illicit inflammatory response and exhibit antimicrobial
properties.18,104 The dynamic properties of SF biopolymer
have been extensively investigated in biomedical fields such as
coatings, stents, and sutures as well as regenerative medicine
and tissue engineering.18

3.3. Silk Fibroin−Microbe Interaction Mechanism.
The initial step of bacterial interaction with the surface that
preludes to the biofilm development on the substrate is critical.
It is influenced by several factors such as ambiance conditions,
contact time and distance, and aerobic/anaerobic conditions.
Naturally, the initial attachment occurs under the physico-
chemical influences involving one or many of the forces such as
gravitation, van der Waals, Brownian motion, electrostatic, and
hydrophobic forces. In a couple of studies the bacterial
adhesion on the silk-based implants and threads has been
attributed to the hydrophobic nature of the silk.19,102,105 The
simple films generated from the SF aqueous solution exhibited
well-defined roughness, high tensile strength and elasticity, low
degradation rate, as well as permeability to low weight
molecules.106 Higher surface roughness (mean of peak heights
more than surface plane) and wider uneven surfaces favor
bacterial adhesion.105 In another study, the cell capture ability
of the SF film has been attributed to the bioaffinity and
hydrophobic/hydrophilic interactions.98 Usually, the biofilm
formation is a time-taking process and depends on the nature
of the support matrix. The SF film facilitates fast attachment of
bacterial cells, a docking stage where the combination of
attractive/repulsive forces of hydrophobic, electrostatic, and
van der Waals come into action.98 A study carried out by the
authors’ group on various thin films prepared from synthetic
(osmium, polyaniline, and Nafion) and natural (chitosan and
silk fibroin) polymers demonstrated the efficiency of the SF
film to promote rapid growth of bacterial biofilm. The SF film
supported the biofilm growth for both Gram-negative and
Gram-positive strains, namely, Synechococcus sp., E. coli, and
Lactobacillus plantarum.5 The SF films dominated with β-sheet
conformation possessed a highly stable silk II protein structure.
To understand the role of the hydrophobic property of the SF,
the authors used synthetic peptides mimicking the SF
hydrophobic signature motif, GAGAGS, and established that
surface hydrophobicity is an essential factor for rapid bacterial
attachment and subsequent biofilm development. They
concluded that an interplay of hydrophobicity and surface
charge between the bacterial cells and the support matrix
facilitated biofilm induction (Figure 5). The study has
highlighted the possibility of purposeful creation of biofilm
in a short time frame on suitable surfaces using SF film as a
coating substrate. Following the primary attachment phase, the
interactions are much more complex and species-specific
leading to the robust attachment. Not only the surface
topography but surface chemistry also dictates the bacterial
reversible/irreversible attachment.96 The surface chemistry of
SF can be modulated to favor interactions with the living
systems, including survival and cellular proliferation.18

3.4. SF as a Microbial Support for Bioenergy
Applications. Microbial fuel cells (MFC) and biofuels are
emerging areas in the frontier of renewable energy research. In
these fields, the biochemical potential of the microbes are
converted to bioelectricity in the former and biofuels in the
latter case.107,108 High microbial density on the catalytic
surface is a prerequisite for optimal performance in both of the
instances.109 The immobilized platform with high surface area
and biocompatible property may improve the adhesion of the
catalytic bacteria and the linked conversion efficiency of
cellular biochemical power to biofuel or bioelectricity.
Regarding the MFC, the electrical conductivity of the

platform is essential to channelize the metabolic electrons to
the electrode for producing current. Different man-made

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.9b01971
ACS Biomater. Sci. Eng. 2020, 6, 4337−4355

4345

pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.9b01971?ref=pdf


electroactive polymers (EAPs) such as polyaniline (PANI) and
polypyrrole have been studied as electrode coating materials
for developing bioelectrodes. However, most of these polymers
suffer from one or many of the drawbacks such as weak
mechanical properties, poor redox activity, pH sensitivity, low
solubility, and inadequate knowledge on the functional-
ity.110−112 The biopolymer chitosan though widely used for
immobilization of biocatalysts, its application in MFC and
other bioelectrochemical systems is yet to receive broad
interest due to lack of suitable strategy to transform it to a
conductive matrix.113 Based on a few studies performed during
the recent past, the SF-microbe conduits have been envisioned
as potential catalysts for application in MFCs, biosensing, and
bioprocess-based production of biofuels and other value-added
products.5 There are many optimized results obtained from the
use of SF in all the previously mentioned applications. The
degummed SF protein, when carbonized, served as suitable
electrode materials generating an ∼3.1-fold higher magnitude
of power in an MFC as compared to the maximum attained
with the benchmarked anodic material, carbon cloth.114 The
carbonized flexible SF yielded a pseudographitic structure.
High conductivity displayed by the carbonized SF has been
attributed to the aromatization of the silk protein assembly in
the well-defined β-sheet structure. The microporous structure,
large surface area, and nitrogen-enriched content in the SF
supported copious biofilm formation of the microbial
consortium. Positively charged quaternary groups can be easily
formed from N-functional groups, which can facilitate
attachment of anodic bacteria and successive electron trans-
fer.115

SF derived films were also employed on graphite electrode
anodes to foster rapid biofilm growth of cyanobacterial cells in
a photosynthetic microbial fuel cell (PMFC) setup.109 Profuse
cyanobacterial biomass in the form of biofilm on the
conductive SF layered graphite surface contributed rapid
onset of the PMFC potential. The significance of the results
may be underlined by two facts. First, the photosynthetic
cyanobacteria generally exist in a dilute soup of suspension,

and the formation of biofilm by these species usually take a
long time.116 Second, the highly conductive blank surfaces of
graphite are generally antagonistic to microbial attachment and
biofilm growth. The SF is also pliable to mix with
nanomaterials to generate hybrid properties. Kaushik et al.
have successfully developed a nanocomposite matrix by
rationally combining quantum dots and graphene nanoplatelets
to the SF film for improving the PMFC performance.109 The
resulting hybrid SF nanobiocomposite exhibited remarkable
optoelectronic, biocompatible, and electroactive properties.
Increasing the cell mass on a suitable support matrix/carrier

(directed self-adhesion) or cell containment through immobi-
lization (entrapment, adsorption, cross-link, etc.) are the viable
options for improving the biofuel production during
fermentation. Cell immobilized fermentation is practiced
owing to the several advantages associated with it as compared
to the cell suspended fermentation.108 Although immobilized
cells implemented in fermentation exhibit long shelf life, it may
eventually succumb to altered physiology and genetics,
fundamental to the cells.4 Hence preconditioned biomaterials
like SF that facilitate microbial adhesion and biofilm growth
have potential in fermentative production of biofuels.

3.5. Silk Fibroin as a Biomaterial in Microbial
Biosensor Applications. Several microbial biosensors have
been reported and documented for sensing not just metals but
organic chemicals and biochemical oxygen demand (BOD).
One of the crucial steps in the development of a living cell
sensor is the selection of a suitable immobilization matrix. The
matrix should be affable to the analytical reactions and
properties of the sensor. Further, it should retain the activity of
the cells during storage as well as guard these sensitive
biocatalysts against hostile chemical and physical environ-
ments. Additionally, the matrix should be sufficiently porous to
facilitate the nutrient uptake and transfer of signaling
molecules.117 It may also aid in modulating cell activities
during interaction with the surrounding environment. The
scope of several simple routes for modification and tuning of
the SF properties incites the interest on this biomaterial for
various sensor-based applications, some of which have already
been discussed under enzyme-based sensor in this review.

3.5.1. Silk Fibroin for Layer-by-Layer Microcapsules. In
biotechnological applications, microencapsulation involves the
protection of biological materials or cells with oppositely
charged ultrathin (2−100 nm) assembly in a layer-by-layer
(LbL) bottom-up approach that promotes intermolecular
interactions and mass transport and improves mechanical
resistance and nutrient uptake.7 Development of such “cyborg
cells” have been envisaged for numerous novel applications.6 In
addition to preserving the cell viability, fluorescently labeled-
polyelectrolyte coatings of cells permit differentiation between
live and dead cells. Bacterial cells are comparatively robust, size
and shape-persistent, and smaller (∼4−8 μm for yeast and
∼1−2 μm for bacterial cells), as compared to the mammalian
cells (size generally >10 μm).7 Therefore, the overall geometry
of the microbial cell is less susceptible to change under various
physical conditions used for sensor development. The
formation of LbL assembly using synthetic polymers may
lead to aggregation and uneven cell coverage and is likely to
involve the use of toxic coupling agents.7,118,119 The use of
proteins to perform complaisant cell behavior is likewise quite
challenging, with only limited attempts being seen.7 On the
other hand, the natural polyelectrolytes, DNA, or oligopeptides

Figure 5. Contour plot representing the interplay of hydrophobicity
(θw) and surface charge (ζ potential) in microbial adhesion. A high
adhesion rate constant was displayed by Synechococcus sp. on silk film
supports. Reproduced with permission from ref 5. Copyright 2016
Elsevier.
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for developing LbL capsules around live cells usually involve
complicated cross-linking steps that might lead to cell distress.7

The encapsulation of cells using SF can be easily achieved by
introducing the cells during the SF gelation process,7 which
can be performed by applying simple methods of vortexing and
sonication. The applied shear forces involved in these methods
promote the transition of silk I to silk II structure leading to
the gelation of the SF. Multiple SF thin layers can be deposited
onto sacrificial silica cores from aqueous SF solution with
subsequent aqueous washing steps.120 A methanol wash was
introduced as an intermediate step to induce β-sheet structure
that rewarded the resulting adsorbed shells with physical and
thermal stability.120 The hydrogen bonding between the
carboxylic groups and amine and π -stacking between aromatic
rings enabled the unison of the multiple silk layers in the
microcapsule. The thickness of the formed LbL silk shells
influences the permeability and cell interaction properties.
Further modification of the SF backbone with ionomer
pendants of poly(lysine) and poly(glutamate) avert the cell
damage caused by cationic components, often encountered in
synthetic environments present in biosensors.119 The alternat-
ing assembly of modified LbL silk shells endowed the
microcapsules with an exceptional pH-responsive feature.
Reversible swelling and controlled permeability were attained
in response to widely varying pH (in the range 1.5−12.0)
solutions that could aid the passage of pH-controlled
macromolecules. Encapsulation of yeast cells in the three-
bilayer silk LbL assembly possessed higher viability rate than
that observed using synthetic LbL counterparts.119 This
behavior could be attributed to the involved cytocompatible
physical cross-link methods involving β-sheets and hydro-
phobic−hydrophobic interactions.120
3.5.2. Silk Fibroin Nanoshells for Cells. Drachuk et al.

constructed SF nanoshells for extended preservation of yeast
cells (Saccharomyces cerevisiae) without loss of vitality.121 The
SF sheaths were assembled by following the mild salting-out
process induced by sodium and phosphate buffers in contrast
to the traditional methanol cure. This induced the transition to

the silk II β-sheet structure at the expense of water-soluble α
helix protein structure (Figure 6). The silk-on-silk LbL
nanoshells contain significant porosity (pore size ∼20 nm)
that allowed nutrient uptake. The encapsulated yeast cells
displayed unprecedented viability rates of 97%. Further, the
“silked” cells were capable of budding (growth) that displayed
the success of the nanoshells in retaining the metabolic vigor of
the cells with noteworthy response rates and minimum lag
phase (∼2 h). Partial degradation of the silk coatings occurred
in matured yeast cells during exocytosis. The waste products of
exocytosis, ethyl alcohol and volatile acidic CO2, might have
led to dehydration and β-sheets transition, respectively, to
break the protein fragments. Enzymatic activity at the cellular
periphery led to further digestion of these small protein
fragments under a controlled environment to release fully
functional matured yeast cells, a significant advancement yet to
be witnessed with synthetic polymers.

3.5.3. Silk Nest Arrays for Housing Cells. In an interesting
attempt, microscopic arrays were fabricated from SF for
housing bacterial cells via inkjet printing.122 Ionomer
molecules of poly(lysine) and poly(glutamic) acid were grafted
onto tyrosine residues, abundantly available in silk protein to
generate SF-PLL and SF-PGA biopolymers. The modified SF
was patterned onto hydrophobic glass (coated with poly-
styrene) and a common flexible polyethylene terephthalate
(PET) plastic film adopting an LbL approach. The silk dot
(dot size of 70−100 μm) pattern on the substrates had an
apparent “nest” shape, with elevated rims and shallow central
regions. The uniform round patterns of the “silk nests” was
attributed to the aggregation of the nanofibrillar bundles due to
strong intermolecular interactions, whereas the “nest” shape
was assumed as a result of the coffee-ring effect. The
morphology of the dots can be manipulated by the choice of
substrate, SF solution concentration, jet velocity, and the
number of bilayers. The LbL assembly possessed a high
average thickness of 115 nm per bilayer, which was ascribed to
the impact of the high pressure inside the ink jet nozzle,
immediate contact with the surface, and the presence of the

Figure 6. Schematic representation of silk-on-silk LbL deposition to form silk II rich structure on the surface of yeast cells, followed by expression
of recombinant fluorescent protein (yEGFP) after incubation in media supplemented with inducer molecule (galactose) after formation of silk
nanoshells, with gradual biodegradation and internalization of silk proteins and returning to the bare state without coatings. Reproduced with
permission from ref 121. Copyright 2013 Wiley-VCH.
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ionomers, all of which contributed to the transition of water-
soluble to water insoluble silk II protein state. The E. coli cells
deposited onto the silk nests were further capped with LbL silk
assembly. The E. coli with intact morphology remained
confined to the central region of the nest by its elevated
boundary.
Further, these silk nest arrays displayed remarkable proper-

ties as matrix for recombinant bacterial cells for multiplex
sensing.3 The E. coli cells were genetically modified with two
fluorescent reporter genes. Interaction with theophylline and
β-D-1-thiogalactopyranoside (IPTG) actuated green and red
fluorescence, respectively (Figure 7). The bacterial cells were
sandwiched between three silk LbL assembly that generated a
cell array of 100 μm in size. The optical response was
perceived from the transparent silk pads within 1 h of
microbe−target interaction. The microstructure of silk hydro-

gel matrixes efficiently retained the metabolic activity and
analytical function of the transgenic reporter cells. The cyto-
compatible silk mats successfully protected cell activity during
3 months of storage at 4 °C under ambient conditions.

3.5.4. Silk Fibroin Membrane Scaffolds. Coating the
surface of the cells with polymers of nanothickness may not
be competent to offer long shelf life during storage.121

Moreover, the efflux of bacterial cells through porous
biocompatible membranes, such as bacterial cellulose (BC),
render them unsuitable for membrane preparation to retain
microbes.117 To overcome this drawback, Drachuk et al.
cocultured G. xylinus and recombinant E. coli and immobilized
them in a microstructure reconstituted from SF to generate a
“living membrane”.117 Homogeneous distribution of the E. coli
colonies was observed on G. xylinus generated cellulose
pellicles. The SF matrix did not hamper the symbiotic

Figure 7. Schematics of inkjet printing routine for dual-color cell−cell arrays fabricated on silk LbL assembly. Reproduced with permission from ref
3. Copyright 2015 American Chemical Society.

Table 4. SF Biomaterials Used for Bioreceptor Immobilization/Encapsulation for Various Applications

biological species SF construct application refs

Pseudomonas cepacia source of carbon and nitrogen cell proliferation 100
Enterobacter cloacae, Escherichia coli, Pseudomonas
stutzeri, Bacillus subtilis, and Sphingomonas yanoikuyae

film cell density 98

microbes SF film + 0.5% glycerol microbial immobilization 98
DNA biomaterial preservation and storage 21
Synechococcussp., E. coli, and Lactobacillus plantarum film biofilm induction and growth
microbial consortium carbonized SF electrode material 114
Cyanobacteria (Synechococcus sp.) nanobiocomposite matrix (SF + quantum

dots + graphene nanoplatelets)
biofilm formation on conductive graphite surface,
optoelectronic and electroactive properties

109

yeast cells layer-by-layer microcapsules modified with
poly(lysine) and poly(glutamic) acid

pH-responsive and tunable permeability 119

silica cores layer-by-layer microcapsules potential fabrication devices for drug
encapsulation and delivery and for biosensing
matrixes

120

yeast cells (Saccharomyces cerevisiae) nanoshells viable and functional matured yeast cells 121
E. coli cells silk nest arrays template for printing-in, immobilization,

encapsulation, and growth of cells
122

engineered E. coli cells microscopic silk nest arrays modified with
ionomers

encapsulated cells, multiplexed sensing 3

recombinant E. coli cells transparent membrane reconstituted with
bacterial cellulose

detection of theophylline 117

photosynthetic bacteria (Synechococcus sp.) membrane film made of SF-based
nanobiocomposite

alcohol sensing 123

mammalian cells (MELN cell lines) engineered with
luciferase gene

layer-by layer assembly sensing of estradiol 127

stem cells SF-gelating bioink differentiation and ECM production up to 21 days 133
aptamer nanofibers modified with TiO2 and AuNp detection of prostate cancer 134
antibodies 3D microstructures functional preservation 139
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relationship between both the strains. By simple variation in
the drying conditions and the ratio of BC and SF, the physical,
optical, and mechanical properties of the sol−gel could be
controlled. By increasing the SF content in the BC−SF
composite matrix, the opaque nature was skewed to trans-
parent.
Increased water and thermal stability of the SF matrix were

attributed to the formation of a higher thermodynamically
stable silk II structure comprised of antiparallel β-sheets
instead of an α helix, β-turns, and random coils.117 The pore
size of the fibrous network was below 1 μm that averted the
escape of E. coli cells (size ∼2 μm). This pore size allowed for
controlled swelling, water retention capabilities, diffusion of
relevant inducible solutes, and conferred elasticity to the SF-
derived membrane. The E. coli was genetically transformed to
emit green and red color in the absence and presence of the
analyte (theophylline), respectively. The fluorescence signal

resulting from the interaction of the analyte and the reporter
cells within the transparent BC-SF membrane scaffold suffered
minimal diffraction and attenuation during detection. The
matrix mimicked the microenvironment of a biofilm that
allowed for quorum sensing activities as well as cell
proliferation and yet controlled the cell population to be
distributed spatially in the form of localized colonies. The
active and consistent perceptible response was maintained for a
long time during the constrained growth period. The higher SF
content aided the aggregation of bacteria and isolation of the
so-formed microcolonies.117 The composite scaffold also acted
as a shield under UV radiation. This property was accredited to
the inherent absorption of light in the UV region by the
aromatic amino acids present in SF and the water annealed β-
sheet structure. Stronger intra- and intermolecular hydrogen
bond interactions, including the aromatic amino acids,

Figure 8. (a) Schematic on the bioprinting of 3-D cell-laden constructs using in situ cross-linkable silk−gelatin (8SF-15G) bioink. (b) Cross-linking
mechanism of silk and gelatin by tyrosinase, where three major steps are involved. Reproduced with permission from ref 133. Copyright 2020
Elsevier.
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specifically π → π* charge transfer transitions of tyrosine and
tryptophan aromatic rings, improved the optical responses.
The spatial separation of the clustered cells up regulated the

quorum sensing capacity that improved the bacterial resistance
to stress and induced heterologous gene expression. The SF
membrane film was also used for immobilization of the
photosynthetic bacteria (Synechococcus sp.) on flexible paper
substrates designed for alcohol sensing.123 The bacteria were
successfully immobilized by simple physical adsorption onto
semidried SF-based nanobiocomposite matrix. This procedure
enabled the reduction of the biosensor start-up time. The
microenvironment of the SF upheld the physiological activity
of the phototrophic cells during both day and night. It also
enhanced the shelf life of the cells up to ∼90 days. Table 4
catalogues the SF biomaterials used for bioreceptor immobi-
lization/encapsulation for various applications.

4. SILK-DERIVED MATERIALS AS SUPPORT FOR
MAMMALIAN CELLS AND TISSUES

The mammalian cell lines/tissue based biosensors are used for
screening of pharmaceutical drugs, metabolic activities,
detection of toxicity, among others.124,125 The direct uses of
mammalian cells and tissues as sensing elements offer certain
advantages among which their prolong stability and activity as
compared to their isolated enzyme counterparts under
immobilized conditions are noteworthy. Since the mammalian
cells are devoid of cell walls, their microencapsulation has been
identified as a suitable immobilization strategy to preserve their
metabolic functions in external environments. Notably, the
conventional chemical (e.g., glutaraldehyde cross-linking) and
adsorption-based immobilization strategies are not always
effective due to the involvement of harsh treatment steps and
biocatalyst desorption, respectively.126 The material used for
the encapsulation should facilitate the cellular metabolism, free
diffusion of nutrients, oxygen, and analyte, as well as
preventing entry of unwanted materials/molecules into the
cells.127 Additionally, the capsule should be mechanically and
chemically stable to support long-term viability of these fragile
cells. Various man-made and natural polymers, as discussed
elsewhere, have also been explored as supporting/entrapping
materials for different tissues, cells, and organelles and
observed mixed results on their effectiveness. From the critic’s
point of view, we would like to cite a few examples of the
downsides of using some of the polymers. In an effort to entrap
photosystems for biosensing applications using agarose and
alginate, a poor adhesion of these materials to the electrode
surface was detected.126 Chitosan and cellulose are extensively
studied for mammalian cell entrapment/immobilization.
However, low mechanical and chemical resistance limits their
application in biosensors.128 In most cases, particularly with
synthetic polymers, the viability of the mammalian cells is
compromised in polymeric gels.129 MELN cell lines engineered
with luciferase gene generated a response to the presence of
estradiol. Several polyelectrolytes such as PEI, polyphosphoric
acid (PPP), poly(allylamine hydrochloride) (PAH), protamine
s u l f a t e (PS ) , p o l y L - l y s i n e (PLL) , a nd po l y -
(diallyldimethylammonium) chloride (PDADMAC) were
used as polycations, and poly(sodium 4-styrene sulfonate)
(PSS) was used as the polyanion for cell coating using the LbL
technique. However, poor cell viabilities were obtained with
PEI/PSS, PPP/PSS, PAH/PSS, and PS/PSS LbL assemblies
due to the harmful effect of polyelectrolyte on the cellular

plasma membrane. When used for direct encapsulation, PLL
proved to be lethal for the mammalian cells.127

SF has already etched its mark in tissue engineering and
regenerative medicine as a scaffold, a drug delivery vehicle, and
wound dressing, owing to its clinical compliancy with
mammalian cells.130−132 In an interesting study, mesenchymal
progenitor cells were encapsulated in SF-gelatin bioink.133 The
properties of the gel were controlled by using either enzymatic
or physical cross-linking using probe sonication that optimized
the secondary conformations of SF-gelatin (Figure 8a,b). The
rheological properties of the ink were suitable to print the cells,
and both the hydrogel inks (enzymatic/physical) exhibited
stability for a week unlike the alginate constructs that dissolved
in the presence of calcium ions in the culture media. The
bioink provided the befitting microenvironment for prolifer-
ation of the stem cells and guided differentiation as well as
production of DNA and collagen during the tested 3 weeks.133

SF could also be used for immobilization of antibody for
developing immunosensors. Here, the construction of anti-
body−transducer conjugation is critical.124 For this conjuga-
tion, SF polymer could be tailored to introduce the functional
groups. Citing an example in this context, the electrochemical
aptasensor for prostate specific antigen (prostate cancer
biomarker) was developed my immobilizing an aptamer (a
complementary recognition molecule to antibody) on nano-
composite fabricated on electrode with SF nanofibers, TiO2,
and gold nanoparticles (AuNp).134 Interestingly, silk is
adhered more strongly to Au as compared to the conventional
substrates silicon or PDMS.135 Notably, micropatterning
structures on other biopolymers such as bacterial-derived
cellulose (BC), which is also used for enzyme, antibodies
immobilization,136,137 is challenging as laser etching can result
in irregular surface due to the highly porous and spongy
texture of the BC.138 3D microstructures could also be printed
on regenerated SF using the multiphoton lithography
technique. The biofunctional architectures supported the
fidelity of immunoglobulin proteins.139

5. CONCLUSION AND FUTURE DIRECTIONS

This review has highlighted the fact that the SF proteins from
B. mori have received increasing interest as a biocompatible
matrix to stabilize enzymes and whole cells in the fields where
long-term stability of these functional biological entities is a
crucial issue. Apart from the stabilizing effect, the researchers
have recently demonstrated the ability of the SF-based
materials to promote bacterial cell and biofilm growth. The
critical characteristics of SF that are widely referred to as their
ability to support these applications are their distinctive
structural characteristics and flexibility to transform into
different physical formats such as films, microbeads, and
nanoshells. The amenability to transform the water-soluble SFs
into a water-insoluble form under suitable stimuli has greatly
facilitated molding of the SFs to flexible and customized
enzyme/cell−SF composites as per the needs. The structural
transition of SFs (α-helix and random coils to β-sheet) has
been described as the reason for the transformation of soluble
to insoluble states of this protein. However, an in-depth study
on the mechanism of interaction between the biological
entities and the SF molecules is yet to be adequately elucidated
to understand the supportive function of the SF. A proper
understanding of the interactions at the molecular level may
help to develop a rational design for housing the biological
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entities in different forms of SF, which will further expand the
application scope of this commonly available biomaterial.
This review also witnessed the vast application potential of

the SFs in developing biosensors, mostly, for fabricating
flexible, biodegradable, and biocompatible sensor platforms.
These properties are promising for developing wearable as well
as implantable biosensors for continuous monitoring of
physiology and health status in the healthcare and sports
sectors. For such applications, the sensor platforms should be
compatible to accommodate additional functionality such as
optical and electrochemical activities to generate the response
signal in the presence of the target analyte of interest.
However, these would demand additional chemicals and
materials to be incorporated in the SF based sensor or
detection platforms. Hence, the development of the hybrid
platform by incorporating different advanced materials with
optical or electrochemical properties in SF-based matrix is
emerging as an important activity for next-generation
biosensors and allied bioelectronics (e.g., biofuel cell) research.
Apart from enzymes and bacterial cells, the application

potential of SF for mammalian cell, tissues, and organelles
based analytical applications has also been increasingly
demonstrated. The critical properties of the SF that facilitated
its use in these fields are their competent rheological properties
to prepare bioink for printing the cells, biocompatibility,
mechanical strength and stability, and amenable chemical
surface for facile conjugation to the biorecognition elements.
These applications encompass both in vivo as well as in vitro
uses of these biomaterial-based constructs in the field of
disease diagnosis, drug screening, and allied field following
different response techniques, including bioimaging. While
much is known about the properties of the silk fibroin and the
linked area for their potential analytical applications, we still
see some gaps yet to bridge between the knowledge being
harvested so far and their practical commercial applications.
The means by which native silk feedstocks are prepared and
transformed into the desired mechanical and chemical
functionalities/constructs are yet to be standardized through
rational design for easy adoption in large-scale applications. We
envisioned that with more research in the coming days, SF
would occupy a reasonable share in the category of advanced
materials for bioanalytical applications in the near future.
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Barbosa, O.; Rodrigues, R. C.; Fernandez-Lafuente, R. Polyethyleni-
mine: A Very Useful Ionic Polymer in the Design of Immobilized
Enzyme Biocatalysts. J. Mater. Chem. B 2017, 5 (36), 7461−7490.
(39) Zdarta, J.; Meyer, A. S.; Jesionowski, T.; Pinelo, M.
Developments in Support Materials for Immobilization of Oxidor-
eductases: A Comprehensive Review. Adv. Colloid Interface Sci. 2018,
258, 1−20.

(40) Bilal, M.; Iqbal, H. M. N. Naturally-Derived Biopolymers:
Potential Platforms for Enzyme Immobilization. Int. J. Biol. Macromol.
2019, 130, 462−482.
(41) Shi, L. E.; Tang, Z. X.; Yi, Y.; Chen, J. S.; Xiong, W. Y.; Ying, G.
Q. Immobilization of Nuclease P1 on Chitosan Micro-Spheres. Chem.
Biochem. Eng. Q. 2011, 25 (1), 83−88.
(42) Tumturk, H.; Demirel, G.; Altinok, H.; Aksoy, S.; Hasirci, N.
Immobilization of Glucose Isomerase in Surface-Modified Alginate
Gel Beads. J. Food Biochem. 2008, 32 (2008), 234−246.
(43) Chatterjee, S.; Lee, M. W.; Woo, S. H. Enhanced Mechanical
Strength of Chitosan Hydrogel Beads by Impregnation with Carbon
Nanotubes. Carbon 2009, 47 (12), 2933−2936.
(44) Kampmann, M.; Hoffrichter, A. C.; Stalinski, D.; Wichmann, R.
Kinetic Characterization of Tyrosinase Containing Mushroom
(Agaricus Bisporus) Cells Immobilized in Silica Alginate. J. Mol.
Catal. B: Enzym. 2015, 116, 124−133.
(45) Lu, Q.; Wang, X.; Hu, X.; Cebe, P.; Omenetto, F.; Kaplan, D. L.
Stabilization and Release of Enzymes from Silk Films. Macromol.
Biosci. 2010, 10 (4), 359−368.
(46) Lu, S.; Wang, X.; Lu, Q.; Hu, X.; Uppal, N.; Omenetto, F. G.;
Kaplan, D. L. Stabilization of Enzymes in Silk Films. Biomacromole-
cules 2009, 10, 1032−1042.
(47) Demura, M.; Asakura, T. Immobilization of Glucose Oxidase
with Bombyx Mori Silk Fibroin by Only Stretching Treatment and Its
Application to Glucose Sensor. Biotechnol. Bioeng. 1989, 33 (5), 598−
603.
(48) Demura, M.; Asakura, T.; Kuroo, T. Immobilization of
Biocatalysts with Bombyx Mori Silk Fibroin by Several Kinds of
Physical Treatment and Its Application to Glucose Sensors. Biosensors
1989, 4 (6), 361−372.
(49) Demura, M.; Asakura, T. Porous Membrane of Bombyx Mori
Silk Fibroin: Structure Characterization, Physical Properties and
Application to Glucose Oxidase Immobilization. J. Membr. Sci. 1991,
59, 39−52.
(50) Chatterjee, S.; Barbora, L.; Cameotra, S. S.; Mahanta, P.;
Goswami, P. Silk-Fiber Immobilized Lipase-Catalyzed Hydrolysis of
Emulsified Sunflower Oil. Appl. Biochem. Biotechnol. 2009, 157, 593−
600.
(51) Saxena, U.; Goswami, P. Silk Mat as Bio-Matrix for the
Immobilization of Cholesterol Oxidase. Appl. Biochem. Biotechnol.
2010, 162, 1122−1131.
(52) Vepari, C. P.; Kaplan, D. L. Covalently Immobilized Enzyme
Gradients Within Three-Dimensional Porous Scaffolds. Biotechnol.
Bioeng. 2006, 93, 1130.
(53) Zhang, Y.-Q. Natural Silk Fibroin as a Support for Enzyme
Immobilization. Biotechnol. Adv. 1998, 16 (5-6), 961−971.
(54) Cordier, D.; Couturier, R.; Grasset, L.; Ville, A. Ribonuclease
Insolubilization Using Diazotized Silk. Enzyme Microb. Technol. 1982,
4, 249−255.
(55) Kuzuhara, A.; Asakura, T.; Tomoda, R.; Matsunaga, T. Use of
Silk Fibroin for Enzyme Membrane. J. Biotechnol. 1987, 5, 199−207.
(56) Wang, X.; Wenk, E.; Matsumoto, A.; Meinel, L.; Li, C.; Kaplan,
D. L. Silk Microspheres for Encapsulation and Controlled Release. J.
Controlled Release 2007, 117, 360−370.
(57) Mcgill, M.; Coburn, J. M.; Partlow, B. P.; Mu, X.; Kaplan, D. L.
Molecular and Macro-Scale Analysis of Enzyme-Crosslinked Silk
Hydrogels for Rational Biomaterial Design. Acta Biomater. 2017, 63,
76−84.
(58) Han, Y.; Yu, S.; Liu, L.; Zhao, S.; Yang, T.; Yang, Y.; Fang, Y.;
Lv, S. Silk Fibroin-Based Hydrogels as a Protective Matrix for
Stabilization of Enzymes against PH Denaturation. Mol. Catal. 2018,
457, 24−32.
(59) Grasset, L.; Cordier, D.; Couturier, R.; Ville, A. Immobilization
of Alkaline Phosphatase on Silk Using Diazo, Adsorption,
Glutaraldehyde, and Azide Methods: Optimum PH and Properties
of the Conjugates. Biotechnol. Bioeng. 1983, 25, 1423−1434.
(60) Chen, B.; Yin, C.; Cheng, Y.; Li, W.; Cao, Z.; Tan, T. Using Silk
Woven Fabric as Support for Lipase Immobilization: The Effect of

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.9b01971
ACS Biomater. Sci. Eng. 2020, 6, 4337−4355

4352

https://dx.doi.org/10.1002/jbm.b.34090
https://dx.doi.org/10.1002/jbm.b.34090
https://dx.doi.org/10.1002/biot.200700120
https://dx.doi.org/10.1002/biot.200700120
https://dx.doi.org/10.1002/biot.200700120
https://dx.doi.org/10.1039/C6BM00741D
https://dx.doi.org/10.1016/0142-9612(90)90100-5
https://dx.doi.org/10.1016/0142-9612(90)90100-5
https://dx.doi.org/10.1016/S0142-9612(02)00353-8
https://dx.doi.org/10.1002/bip.22026
https://dx.doi.org/10.1002/bip.22026
https://dx.doi.org/10.1016/j.jconrel.2015.09.037
https://dx.doi.org/10.1016/j.bios.2014.03.016
https://dx.doi.org/10.1016/j.bios.2014.03.016
https://dx.doi.org/10.1016/j.bios.2014.03.016
https://dx.doi.org/10.1016/j.bios.2015.12.055
https://dx.doi.org/10.1016/j.bios.2015.12.055
https://dx.doi.org/10.1016/j.bios.2013.01.011
https://dx.doi.org/10.1016/j.bios.2013.01.011
https://dx.doi.org/10.1016/j.bios.2013.01.011
https://dx.doi.org/10.1016/j.jconrel.2005.12.009
https://dx.doi.org/10.1016/j.jconrel.2005.12.009
https://dx.doi.org/10.1007/s11706-009-0058-4
https://dx.doi.org/10.1007/s11706-009-0058-4
https://dx.doi.org/10.1007/s13205-012-0071-7
https://dx.doi.org/10.1007/s13205-012-0071-7
https://dx.doi.org/10.1016/j.bios.2010.04.033
https://dx.doi.org/10.1016/j.bios.2010.04.033
https://dx.doi.org/10.1016/j.bios.2012.10.087
https://dx.doi.org/10.1016/j.bios.2012.10.087
https://dx.doi.org/10.1016/j.bios.2012.10.087
https://dx.doi.org/10.1006/abio.2000.4502
https://dx.doi.org/10.1006/abio.2000.4502
https://dx.doi.org/10.1006/abio.2000.4502
https://dx.doi.org/10.1021/jp805637e
https://dx.doi.org/10.1021/jp805637e
https://dx.doi.org/10.1021/jp805637e
https://dx.doi.org/10.1039/C7TB01639E
https://dx.doi.org/10.1039/C7TB01639E
https://dx.doi.org/10.1039/C7TB01639E
https://dx.doi.org/10.1016/j.cis.2018.07.004
https://dx.doi.org/10.1016/j.cis.2018.07.004
https://dx.doi.org/10.1016/j.ijbiomac.2019.02.152
https://dx.doi.org/10.1016/j.ijbiomac.2019.02.152
https://dx.doi.org/10.1111/j.1745-4514.2008.00171.x
https://dx.doi.org/10.1111/j.1745-4514.2008.00171.x
https://dx.doi.org/10.1016/j.carbon.2009.06.043
https://dx.doi.org/10.1016/j.carbon.2009.06.043
https://dx.doi.org/10.1016/j.carbon.2009.06.043
https://dx.doi.org/10.1016/j.molcatb.2015.03.013
https://dx.doi.org/10.1016/j.molcatb.2015.03.013
https://dx.doi.org/10.1002/mabi.200900388
https://dx.doi.org/10.1021/bm800956n
https://dx.doi.org/10.1002/bit.260330513
https://dx.doi.org/10.1002/bit.260330513
https://dx.doi.org/10.1002/bit.260330513
https://dx.doi.org/10.1016/0265-928X(89)80002-1
https://dx.doi.org/10.1016/0265-928X(89)80002-1
https://dx.doi.org/10.1016/0265-928X(89)80002-1
https://dx.doi.org/10.1016/S0376-7388(00)81220-X
https://dx.doi.org/10.1016/S0376-7388(00)81220-X
https://dx.doi.org/10.1016/S0376-7388(00)81220-X
https://dx.doi.org/10.1007/s12010-008-8405-y
https://dx.doi.org/10.1007/s12010-008-8405-y
https://dx.doi.org/10.1007/s12010-010-8923-2
https://dx.doi.org/10.1007/s12010-010-8923-2
https://dx.doi.org/10.1002/bit.20833
https://dx.doi.org/10.1002/bit.20833
https://dx.doi.org/10.1016/S0734-9750(98)00012-3
https://dx.doi.org/10.1016/S0734-9750(98)00012-3
https://dx.doi.org/10.1016/0141-0229(82)90040-0
https://dx.doi.org/10.1016/0141-0229(82)90040-0
https://dx.doi.org/10.1016/0168-1656(87)90016-2
https://dx.doi.org/10.1016/0168-1656(87)90016-2
https://dx.doi.org/10.1016/j.jconrel.2006.11.021
https://dx.doi.org/10.1016/j.actbio.2017.09.020
https://dx.doi.org/10.1016/j.actbio.2017.09.020
https://dx.doi.org/10.1016/j.mcat.2018.07.009
https://dx.doi.org/10.1016/j.mcat.2018.07.009
https://dx.doi.org/10.1002/bit.260250520
https://dx.doi.org/10.1002/bit.260250520
https://dx.doi.org/10.1002/bit.260250520
https://dx.doi.org/10.1002/bit.260250520
https://dx.doi.org/10.1016/j.biombioe.2010.08.033
https://dx.doi.org/10.1016/j.biombioe.2010.08.033
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.9b01971?ref=pdf


Surface Hydrophilicity/ Hydrophobicity on Enzymatic Activity and
Stability. Biomass Bioenergy 2012, 39, 59−66.
(61) Chatterjee, S.; Yadav, D.; Barbora, L.; Mahanta, P.; Goswami,
P. Silk-Cocoon Matrix Immobilized Lipase Catalyzed Transester-
ification of Sunflower Oil for Production of Biodiesel. J. Catal. 2014,
2014, 868535.
(62) Ellenrieder, G.; Daz, M. Thermostabilization of Naringinase
From Penicillium Decumbens By Proteins in Solution and Immobiliza-
tion on Insoluble Proteins. Biocatal. Biotransform. 1996, 14, 113−123.
(63) Lee, K. H.; Ki, C. S.; Baek, D. H.; Kang, G. D.; Ihm, D.-W.;
Park, Y. H. Application of Electrospun Silk Fibroin Nanofibers as an
Immobilization Support of Enzyme. Fibers Polym. 2005, 6 (3), 181−
185.
(64) Singh, M.; Bollella, P.; Gorton, L.; Dey, E. S.; Dicko, C.
Conductive and Enzyme-like Silk Fibers for Soft Sensing Application.
Biosens. Bioelectron. 2020, 150, 111859.
(65) Rockwood, D. D. N.; Preda, R. R. C.; Yücel, T.; Wang, X.;
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