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ABSTRACT: An inkjet printing approach is presented for the
facile fabrication of microscopic arrays of biocompatible silk
“nests” capable of hosting live cells for prospective biosensors.
The patterning of silk fibroin nests were constructed by the
layer-by-layer (LbL) assembly of silk polyelectrolytes chemi-
cally modified with poly-(L-lysine) and poly-(L-glutamic acid)
side chains. The inkjet-printed silk circular regions with a
characteristic “nest” shape had diameters of 70−100 μm and a
thickness several hundred nanometers were stabilized by ionic
pairing and by the formation of the silk II crystalline secondary
structure. These “locked-in” silk nests remained anchored to
the substrate during incubation in cell growth media to provide
a biotemplated platform for printing-in, immobilization,
encapsulation and growth of cells. The process of inkjet-assisted printing is versatile and can be applied on any type of
substrate, including rigid and flexible, with scalability and facile formation.

■ INTRODUCTION

Fabrication of large-scale functional arrays of organic,
polymeric, or biological materials is a crucial challenge in the
field of biosensing for the controlled placement of living cells
on various substrates.1 There are many advanced patterning
techniques that can be utilized for the wet-fabrication of such
arrays including inkjet printing, microcontact printing, micro-
molding and dip-pen nanolithography.2−10 These techniques
allow target molecules to be deposited on various substrates in
controlled configurations with a variety of periodic patterns and
the inclusion of components at different spatial scales. The
selection of proper materials for such arrays, especially for
environmentally sensitive cell-based biosensors, is a critical
issue, where biocompatibility and natural material scan offer
significant benefits.
Among natural polymers considered for such applications,

silk fibroin is one of the most promising materials due to its
excellent physical, chemical, and biological properties.11−19 Silk
has been used in medical sutures due to its biocompatibility.
Silk can be applied as dispersant for hydrophobic materials due
to its amphiphilic properties, and the protein in various material
formats can be exploited as a tough matrix or as a universal
binder for nanocomposite materials. The protein can be applied
as flexible and optically transparent biomaterial for photonic
devices, or used as a biocompatible scaffold for composite
materials for biosensing applications.20−28 For biosensing, silk is
a useful material because it can be genetically modified for
production of specific silk properties.29 Moreover, silk can be
used for enzyme immobilization and stabilization for biosensing
and for cell protection.30,31 The silk secondary structure can be
changed from random coil (amorphous state) to β-sheet
(crystalline state) structure upon controlled drying and with

methanol treatment.32,33 On the other hand, the solubility of
silk can be improved by ionic polymer grafting such as with
polylysine or polyglutamic acid.34,35

Silk and modified silks are compatible with a variety of
conventional wet-chemistry fabrication processes such as drop-
casting, spin-casting, electrospinning, Langmuir−Blodgett
deposition, and layer-by-layer (LbL) assembly. Among these,
LbL technology is widely used to fabricate ultrathin coatings
and complex materials from synthetic and natural polymers,
nanoparticles, and fibers with a variety of functionalities,
controlled thickness, permeability, strength, porosity, and
environmentally responsive properties.36−50 In recent studies,
responsive silk microcapsules have been assembled by electro-
static interactions.51 Combining biodegradable silk materials
and LbL assembly was utilized for microcapsules and ultrathin
coatings.52−54 In addition, the release properties could be tuned
by changing treatment conditions.55 However, making
patterned arrays from silk materials with conventional micro-
fabrication remains challenging due to long-term solution
precipitation, need to work with low solution concentrations,
and easily changing secondary structure.
Inkjet printing is a promising patterning process, widely

applied to fabricate complex arrays on the microscopic
level.56,57 In addition, this technique can be used to pattern
target molecules such as protein on virtually any substrate,
including those that are flexible, porous, and rigid, and the
technique can be adapted to large scale manufacturing.58 Inkjet
printing is an outstanding candidate for bio patterning due to
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mild patterning conditions, mark-less patterning and non-
contact printing. The contact-free patterning prevents con-
tamination from printing process that is crucial for biosensing
applications.59 Moreover, inkjet printing can be combined with
LbL technology to fabricate patterns with controlled local
thickness and from biological materials.60−63 However, robust
inkjet printing of cell-based biosensors has not been
demonstrated due to issues related to the damaging conditions
of direct cell printing on solid supports.64 Inkjet printing can be
utilized for printing and coprinting of various biocompatible
templates and living cells because of mild patterning processing
conditions and potential scalability for fabrication of large
(thousand dots) arrays of firmly tethered encapsulated bacterial
cells which can potentially serve as multiplexing biosensors.65

Furthermore, scaling down spatial dimensions of individual
biotemplating dots to below 100 μm will allow for
miniaturization of the resulting biosensing arrays.
Therefore, in this study, we focus on the facile fabrication of

patterned arrayed substrates from biocompatible silk materials
via inkjet printing technique. Successful patterning of silk arrays
was constructed by the multiple LbL deposition of dots
composed of ionomeric silk chemically modified with poly-(L-
lysine) and poly-(L-glutamic acid) side chains. Robust inkjet-
assisted circular LbL structures with diameters of ∼70−100 μm
were stabilized by ionic pairing and by the formation of silk II
secondary structures to generate characteristic “nest” morphol-
ogies with well-defined rims on both rigid (glass) and flexible
(polymer) substrates. These “locked-in” silk nests with depleted
central regions and elevated rims remained anchored to the
substrate during incubation in cell growth media, thereby
providing a biocompatible platform for immobilization of
biological cells without compromising their viability. Prelimi-
nary results show the ability for printing-in E. coli cells confined
within these silk microscopic regions.

■ EXPERIMENTAL SECTION
Materials. Polystyrene (PS, Mw = 250000) and toluene (J.T. Baker

grade) were purchased from VWR (San Dimas, CA). Anhydrous
sodium carbonate (Na2CO3), lithium bromide (LiBr), sodium chloride
(NaCl), and sodium monobasic phosphate (NaH2PO4) were
purchased from Sigma-Aldrich (Saint Louis, MO). All chemicals
were used without further modification. Nanopure water (Barnstead)
with an 18.2 MΩ·cm resistivity was used for all experiments. Yeast
extract, Bacto-trypton, casamino acids were purchased from BD
Bioscience (San Jose, CA).

Silk was obtained from Bombyx mori silkworm cocoons as described
previously.52,66 The solution was dialyzed with deionized water by
using Slide-a-Lyzer dialysis cassettes (molecular weight cutoff
(MWCO) 3500, Pierce) overnight at room temperature to remove
the LiBr. Silk was modified to obtain cationic or anionic ionomers for
electrostatic interaction by grafting polylysine (Mw = 15 kDa) or
polyglutamic acid (Mw = 15 kDa) on silk molecules with diazonium
activation of the abundant tyrosine side chains in the silk molecules
followed by poly(amino acid) grafting, as we have described
previously.51,67,68 E. coli (from Clontech Inc., Mountain View, CA)
for printing were transformed to encode a theophylline synthetic
riboswitch RS21.1.69 For activation of riboswitch (RS), synthetic
minimal medium (SMM) containing reduced concentration of amino
acids was used along with theophylline stock solution (100 mM) in
DMSO, which was diluted into assay to the final concentration of 5
mM. For printing, cells were collected in 15 mL centrifuge tubes by
centrifugation at 3000 rpm for 2 min and washed three times with
phosphate buffer (Na+ 0.05 M and K+ 0.1 M, pH 5.5) and kept in
SMM medium.

Fabrication and Characterization. Inkjet patterns were
fabricated by adjusting the pH of the silk-polylysine (1 mg/mL in
0.05 M NaH2PO4) to pH 5.5 and printing the silk solution on a PS-
coated glass substrate to avoid silk film dewetting (Figure 1). A
solution of silk-polyglutamic acid (1 mg/mL in 0.05 M NaH2PO4, pH
5.5) was printed on top of silk-polylysine dots at the same positions to
generate the first silk bilayer stabilized by ionic interactions. The
printing process was repeated to produce the desired number of silk
bilayers (number of bilayers from 1−10) without using washing during
the intermediate steps (Figure 1). For preliminary evaluation of the

Figure 1. (Top) Fabrication process of inkjet-assisted silk array for cell encapsulation. (Bottom) Optical image of silk array with encapsulated cells.
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feasibility of silk arrays for cell encapsulation, the solution with E. coli
was printed at the center of the silk nests, followed by capping the silk.
A JetLab II inkjet printer (MicroFab Technologies) was used for
experiments with a 50 μm nozzle diameter for all experiments in this
study.
Surface morphology and thickness of inkjet-assisted ionomeric silk

bilayers was characterized with atomic force microscopy (AFM). The
AFM images were acquired by using a Dimension 3000 microscope in
a “light” tapping mode according to our standard procedures.70,71 The
silk arrays were gently dried and scanned at selected surface areas of
100 μm × 100 μm, 20 μm × 20 μm, and 5 μm × 5 μm using silicon
cantilevers with a 330 kHz resonance frequency and 40 N/m spring
constant. The silk dot thickness was measured at the center of the
circular regions in the each array by using AFM cross-sectional analysis
for multiple dots (five independent dots). Optical and fluorescence
microscopy studies were performed on a DM 4000 M (Leica)
microscope.

■ RESULTS AND DISCUSSION

Morphology of Silk Nest Arrays. The thickness of the
deposited silk regions with diameters varying from 70 to 100
μm was controlled by varying the silk concentration and the
number of printed silk bilayers. The shape and dot size of the
array depended on the hydrophobicity and smoothness of the

substrate as well as deposition conditions (jet velocity, solution
concentration) and overall alignment of the deposition steps.72

The silk dot arrays were printed on hydrophobic substrates
(glass coated with a thin PS film) to obtain uniform surface
covering, to avoid severe dewetting during deposition and
drying of aqueous solution, and to ensure a smaller dot size
(below 100 μm). The freshly cleaned hydrophilic glass
substrates resulted in fine dispersion of the solution and
dewettable dot morphologies with larger sizes due to the
spreading of the initial solution. The processing steps were
similar to those described for the aqueous-based polymer arrays
in our previous study.73 The typical dot size for silk
multilayered films was around 100 μm with minimal sizes
reaching 70 μm.
Surface morphology of a typical silk structure prepared from

0.5 and 1 mg/mL silk solutions with 1, 3, and 5 bilayers is
illustrated in Figure 2. The initial silk regions were uniform with
thicker regions showing significant aggregation, a common
behavior of silk materials on solid substrates at low solution
concentrations due to a strong tendency for silk molecules to
form nanofibrillar bundles and globular aggregates with strong
intermolecular interactions.74−77 Increasing silk solution
concentration and the number of deposition cycles (number

Figure 2. 3D surface morphology of silk nests inkjet-fabricated from 0.5 mg/mL (top) and 1 mg/mL (bottom) silk solutions at different numbers of
silk bilayers: (A) 1 bilayer, (B) 3 bilayers, and (C) 5 bilayers. (D, E) Cross section of AFM images of 1 bilayer (D), 3 bilayers (E), and 5 bilayers (F)
1 mg/mL dot showing silk nest shape. The scan size is 100 μm for all images. Z-scale is 1000 nm for A−C and 2000 nm for D and E. Grooves and
lines are caused by local damaging during scanning.
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of bilayers) resulted in more uniform, round silk regions
(Figures 2 and 3). All dot-like deposited silk regions with

different numbers of silk bilayers possessed characteristic “nest”
shapes. The cross-section (Figure 2D−E) of these regions
showed elevated rims (430 nm height for 1 bilayer regions) and
depleted central regions (150 nm; Figure 2D).
Such a characteristic shape is caused by a complex balance of

solution impact, outward microflow distribution, and different
evaporation rates between the center and the periphery of the
deposited material during formation of so-called coffee-ring
structures.78−80 Overall, a capillary-driven outward flow from
the center of the silk dots to the edge resulted in the excessive
accumulation of material and higher silk thickness at the edge
of round regions.81 Occasional misprints caused by various
instrumental factors (e.g., step-motor missteps or microdroplet
deviations) might lead to individual “defective” shape
compromises for less than 5% of dots of larger arrays.
Such “nest” shapes have been observed in our previous

studies of inkjet printing of LbL arrays from synthetic
polyelectrolytes but are more pronounced here, probably due
to the higher viscosity of the silk solution used in the present
experiments.73 The overall morphology of the silk dots can be
controlled by adjusting the evaporation rate, solution

concentration, and drying temperature.82−84 The microrough-
ness of silk regions (measured within 10 μm × 10 μm surface
areas) decreased significantly with increasing solution concen-
tration and higher thickness of the silk regions: from 6.1 to 4.6
nm for the thinnest deposits and from 58.7 to 9.1 nm to the
thicker (5 bilayers) silk dots (Figure 3).
The thickness of these silk nests, as measured from cross-

section profiles in the central region, increased from 100 to 600
nm, with an increasing number of bilayers from 1 to 5 and with
increasing solution concentration (Figure 4). The growth

characteristics of the silk regions during inkjet deposition of
ionomeric silks were similar to conventional LbL films, with a
linear regime controlled by ion pair interactions.85 However,
the average thickness of 115 nm per bilayer was much higher
than the average thickness of other LbL films prepared from
synthetic and natural polyelectrolytes fabricated by traditional
dip- and spin-assisted LbL methods (around 4−6 nm per
bilayer).86,87 This high average thickness per bilayer may be
attributed to the partial transition of silk molecules from silk I
(water-soluble) to silk II (water insoluble) form during shear
stress, which locks in the silk materials in water insoluble
forms.88,89 The partial transformation of the silk molecule from
shear stress can be generated by high pressure inside inkjet
nozzles and impact of the silk droplets on the substrates. In
addition, the absence of washing intermediate steps caused
remaining excessive ionomeric silk molecules, which increased
overall thickness of the silk nest.
It is important to note that the elimination of washing steps

between depositions due to the continuous inkjet deposition
process is, in part, responsible for excessive accumulation of silk
material, in contrast to traditional LbL technology with
intermediate washing steps. This excessive material does not
decrease the global stability of the nest morphologies due to the
subsequent conversion to stable silk II format. In contrast, it is
important to note that very small microdroplet volumes (60−
90 pl) of silk solution used to fabricate the silk nests in a single
deposition step limits the overall amount of silk material
delivered in a single spot and allows for consistent growth of
the silk dots without clogging the silk dot arrays. Finally, some

Figure 3. Surface morphology of 0.5 mg/mL (left) and 1 mg/mL
(right) inkjet-assisted silk-polylysine/silk-polyglutamic acid at different
number of bilayer: (A) 1 BL, (B) 3 BL, and (C) 5 BL. Z-scale is 1000
nm for all images.

Figure 4. Thickness at the center of silk nests fabricated from 0.5 mg/
mL and 1 mg/mL silk solutions with different numbers of bilayers.
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excessive silk material could be partially removed by exposing
the silk nests to aggressive cell medium as discussed below.
Stability of Inkjet Array of Silk Nests. In order to test the

stability of silk nest arrays in liquid media for further
encapsulation of cells, the arrays were exposed in a SMM
medium for different periods of times (Figure 5). The general
shape of the silk nest arrays remained intact after exposure to
the cell media for 12 h. However, the excessive silk material was
partially removed during the immersion in SMM media based
on the AFM images of silk dots collected at different
magnifications (Figure 6). Such removal resulted in a significant
reduction of silk dot thickness (from approximately 400 to 150
nm) immediately after exposure to cell media (Figure 7). This
removal of silk material stabilizes at longer exposure times (2−
12 h) with some possible rearrangement of silk protein
molecules of material or more likely swelling of the silk.90,91

The inkjet printing process can be applied to various targeted
substrates with proper wetting properties with respect to the
aqueous silk solution. A substrate should be partial wetting by
aqueous solution and can be instantly dried without significant
swelling. The fabrication process can be applicable to modestly
hydrophobic substrates, both rigid and flexible. One of those
arrays is demonstrated for commercial PET plastic film in
Figure 8.

Applicability of Inkjet Silk Nest Arrays for Cell
Encapsulation. For preliminary studies of the applicability
of these silk nest arrays for cell encapsulation, E. coli was inkjet
printed in 6 × 6 arrays directly on preprinted silk arrays
according to the fabrication process (Figure 1). E. coli
dispersions in cell media were injected in the center of the
dried silk nest regions and additional silk bilayers were

Figure 5. Optical images at different magnifications of inkjet-assisted silk nests (3 bilayers) at different exposure times in SMM media (A) before
exposure, (B) after exposure for 30 min, and (C) after exposure overnight. Occasional misplacement of deposited dots can be clearly observed here.

Figure 6. AFM images at different magnifications of inkjet-assisted silk nests (3 bilayers) at different exposure times in SMM media (A) before
exposure, (B) after exposure for 30 min, and (C) after exposure overnight. Z-scale is 1000 nm for all images.
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deposited on top of the E. coli cells to complete the
encapsulation process.
The optical microscopy demonstrated that the inkjet printed

E. coli cells could be consistently encapsulated within the silk
dots (Figure 9). Encapsulated cell spreading was limited to the
circular silk nest regions and the injected cells were confined

within the rim of silk regions, which serve as a natural barrier to
cell spreading across the whole substrate (see high resolution
optical image in Figure 9). Furthermore, the AFM images
confirmed the high density of cell encapsulation within the
individual circular silk regions and the preservation of their
characteristic cylindrical shapes after the impact and forced jet-
assisted deposition on the silk-pretreated nest-shape regions of
arrays (Figure 10).

■ CONCLUSIONS
An inkjet printing approach was demonstrated for the
formation of microscopic arrays of silk nests capable of hosting
cells for prospective biosensing applications. The successful
patterning of silk fibroin LbL multilayer regions constructed
from ionomeric silk materials with anionic and cationic side
chains was demonstrated. The inkjet-assisted LbL multilayer
structures, with up to 400 silk dots explored in this study, with
diameters of about 100 μm and average thickness of 100−600
nm possessed characteristic nest shapes with depleted central
regions and elevated rims. These silk-rich regions were formed
during inkjet printing as a result of solution outflow after
impact and are stabilized by ionic pairing followed by the
formation of insoluble silk II as a result of drying. These
“locked-in” silk nests remained anchored to the substrate
during incubation in cell media providing a biocompatible,
organized, platform for printing-in and the encapsulation of E.
coli cells without compromising cell shape or function.
We suggest that the process of inkjet assisted printing of

natural silk material is robust and versatile and can be applied
on any type of modestly hydrophobic and robust substrate,
both rigid and flexible, as demonstrated here for hydrophobized
glass and flexible PET. It is worth noting that inkjet printing
technology can be readily scalable for the fabrication of larger
arrays, beyond 20 × 20 arrays fabricated here. This may require

Figure 7. Thickness at the center of inkjet-assisted silk nests (1 mg/
mL, 3 bilayers) after different exposure times in SMM media.

Figure 8. Inkjet array (20 × 20) of silk nests on a flexible PET
substrate. Inset is a high resolution optical image of this array.

Figure 9. Optical images of silk nest arrays with imprinted E. coli cells
(darker microscopic dots within silk region) strictly confined by the
silk rim.

Figure 10. Surface morphology (left) and phase (right) of silk nests
with encapsulated E. coli cells (3 silk bilayers-cell-3 silk bilayers). A)
Low resolution and B) high resolution AFM image. Z-scale is 1500 nm
for all topographical images.
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additional efforts to avoid clogging of nozzles and increased
stability of cell dispersions. This approach has intriguing
potential for the facile formation of multiplexed arrays from
biocompatible materials and for the immobilization of different
cells for further exploration as multiplexing biosensing
microarrays for biodetection of multiple chemical and biological
species. The overall of silk multi deposition using inkjet
printing was uniform with only occasional defects, and
consistent patterning for future biosensing application. Overall,
this fabrication process shows potential for the universal and
large scale fabrication of biocompatible dot array templates with
practical processing times on various practical substrates.
Indeed, preliminary results showed successful printing-in of E.
coli cells into these silk dots without compromising their
integrity as will be discussed in detail elsewhere.
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