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ABSTRACT: Silk fibroin (SF) is a promising candidate for a variety of
application in the fields of tissue engineering, drug delivery, and
biomedical optics. Recent research has already begun to explore the
construction of nano- and micropatterned SF films under ambient
environment. The structure and biocompatibility of SF are dependent on
SF state (solution or solid) and the method of drying the SF solution to
prepare various biomaterials such as films, sponges, and fibers. Therefore,
it is important to explore the construction of SF nano- and micropatterns
under aqueous solution. This paper reports a novel application of atomic
force microscopy (AFM) under liquid for direct deposition of the
relatively hydrophobic protein SF onto hydrophilic mica. We demonstrate that the AFM tip, in either the contact or the tapping
mode, can fabricate SF micropatterns on mica with controlled surface topography. We show that the deposition process requires
a mechanical force-induced SF sol−gel transition followed by a transfer to the mica surface at the tip−surface contact, and the
efficiency of this process depends on not only AFM operation mode but also the SF bulk concentration, the SF amount on mica,
and the AFM tip spring constant.
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Stable, precisely controlled, and reproducible micro- and
nanopatterning of biomolecules on surfaces has attracted

increasing attention in recent years owing to its potential
applications in medicine and biotechnology, such as the
preparation of biochips and biosensors, drug discovery, and
fundamental studies of biological processes.1,2

Several types of techniques have been developed to fabricate
nano-to-microscale biomolecule architectures, including tradi-
tional photolithography,3,4 microcontact/nanocontact print-
ing,5,6 electron-beam lithography,7,8 nanoimprint lithogra-
phy,9,10 and scanning probe lithography (SPL).11 Among
these techniques, SPL is a popular high-resolution patterning
technique that uses a sharp tip to pattern nano-to-microscale
features onto a surface.12−14 Atomic force microscopy (AFM),
a type of scanning probe technique, has been successfully
applied to image molecules on the surface,15 image surface
characterization,16,17 manipulate molecules on the surface,18−21

and mechanically fabricate 3D nanostructures.22 On the basis of
AFM, many kinds of SPL methods have been developed,
including dip-pen nanolithography,23−25 nanoshaving,26 nano-
grafting,27 and so on. These AFM-based lithographic methods
have been widely used for the patterning of a large variety of
substances such as small organic molecules,28−30 polymers,31,32

carbon nanotubes,33 nanoparticles,34−36 biological molecules
(proteins,11,37,38 peptides,39−41 and DNA42,43), viruses,44,45 and
bacteria.46 The patterning of substances by AFM lithography
mainly utilizes contact mode AFM. Tapping mode AFM has

also already been explored to pattern substances onto a
substrate.47,48 Currently the micro- and nanopatterning of
biomolecules by AFM lithography were mainly performed in
the ambient air with high humidity. However, low humidity
might result in denaturation of biomolecules.49 It is well-known
that the molecule structure and bioactivity of biomolecules in
liquid can be more easily kept than in an ambient environment
with high humidity. It is important to explore the application of
AFM lithography under liquid for the biomolecule deposition
where biomolecules are always maintained under liquid and the
molecule structure and bioactivity can be easily kept. Though
AFM lithography has already been used to pattern small
molecules such as lipids50 and thiols27 under liquid, to our
knowledge, no AFM lithography work of patterning bio-
macromolecules under liquid has been reported until now. In
addition, the AFM-based lithography equipment is generally
not available to most scientists. It is important to explore the
possibility of patterning molecules using a standard AFM,
which will be beneficial to the future application of patterns.
Biomacromolecules, such as silk fibroin (SF), are promising

candidates for a variety of applications in the fields of tissue
engineering, drug delivery, and biomedical optics. SF protein is
a type of natural structural protein of silk produced by Bombyx
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mori (mulberry silkworm). SF is a relatively hydrophobic
protein consisting of a heavy chain of approximately 390 kDa
and a light chain of approximately 25 kDa.51,52 It has been
widely used as textiles for centuries. Due to SF’s excellent
biocompatibility, high mechanical strength, long-term biode-
gradability, and low cost, it has been recently explored for
nontextile applications such as surgical sutures, wound dressing
materials, substrates for cell culture, enzyme immobilization,
drug delivery, and scaffolds for bone regeneration and
repair.53−55 Recent research has already begun to explore the
construction of nano- and micropatterned SF films under
ambient environment for tissue engineering and biomedical
optics.56,57 Nano- and micropatterned SF films were formed by
depositing and drying SF solution onto customer-designed
templates and then removing the templates. The structure and
biocompatibility of SF are dependent on SF state (solution or
solid) and the method of drying the SF solution to prepare
various biomaterials such as films, sponges, and fibers.58−61

Therefore, it is important to explore the construction of SF
nano- and micropatterns under aqueous solution.
To prepare stable silk patterns under aqueous solution, it is

necessary to use hydrophilic substrates such as mica to make
sure that the hydrophobic SF molecules do not spontaneously
deposit onto the hydrophilic substrates and only AFM tips
transfer SF onto the substrates. Herein, we report a novel
application for direct micropattern of relatively hydrophobic SF
proteins onto mica using in situ solution AFM. Our results

confirm that the relatively hydrophobic SF proteins do not
spontaneously deposit onto hydrophilic mica under aqueous
solution and can be successfully micropatterned onto mica
using the AFM tip, in either the tapping or the contact mode.
We show that the deposition process requires a mechanical
force-induced SF sol−gel transition followed by a transfer to
the mica surface at the tip−surface contact, and the efficiency of
this process depends on not only the AFM operation mode but
also the SF bulk concentration, the SF amount on mica, and the
AFM tip spring constant.

■ RESULTS AND DISCUSSION

Tip-Induced Micropatterning Using in Situ Solution
Tapping Mode AFM. Using in situ solution tapping mode
AFM with a NP-series silicon nitride tip (the nominal spring
constant of the cantilever is 0.58 N/m), a square SF
micropattern can be fabricated by scanning the mica surface
in ultrapure water. Figure 1 presents a set of in situ time-lapse
images of the direct SF deposition on mica at a SF bulk
concentration of 0.006% (w/w). The mica was first imaged, and
the AFM image showed the mica surface is ultraflat and clean
(data not shown). After injection of SF solution, some
nanofeatures appeared on the mica at 8 min (Figure 1a).
During the AFM tip scanning on the same area (Figure 1a−e
and g−i), the deposition amount of the nanofeatures increased
over time. An in situ solution tapping mode AFM experiment
without the injection of SF proteins showed no nanofeatures

Figure 1. In situ solution tapping mode AFM images of direct SF deposition onto mica using a NP-series silicon nitride tip (0.58 N/m) at a SF bulk
concentration of 0.006% (w/w). Height scales for (a−d) and (e−j) are 20 and 50 nm, respectively. (a−e) and (g−i) show the continuous deposition
of SF proteins onto the scanning area of mica. (f) and (j) are zoomed out scaning images and show SF proteins only deposited onto the scanning
areas (a square of 5 × 5 μm). Times are (a) 8, (b) 25, (c) 50, (d) 67, (e) 111, (f) 120, (g) 129, (h) 146, (i) 180, and (j) 189 min. (a′) and (b′) are
zoomed in pictures from the corresponding regions in (c) and (h), respectively. Section Analyses (1) and (2) are along the corresponding black lines
in (a′) and (b′), respectively.
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were formed onto the mica even for 3 h (data not shown),
which demonstrates the nanofeatures in Figure 1 are SF
proteins. The zoomed out scanning images (Figure 1f and j)
showed that SF proteins only deposited onto the scanning areas
(a square of 5 × 5 μm, indicated by black dashed squares),
which demonstrates that relatively hydrophobic SF proteins51,52

do not spontaneously deposit onto the hydrophilic mica
(outside the black dashed squares). Therefore, the main reason
for the formation of SF micropatterns is that the AFM tip
induces the SF deposition from the solution to the mica in
ultrapure water. Figure 1g−j also demonstrates that in situ
solution tapping mode AFM can redeposit SF proteins onto a
designated region such as the previous deposition area. The
heights of SF micropatterns at 120 and 189 min were 13 ± 7
and 21 ± 7 nm, respectively.
Further, the effects of SF bulk concentration on the SF

deposition using solution tapping mode AFM with a NP-series
0.58 N/m silicon nitride tip were studied. Figure 2 presents a
set of in situ time-lapse images of the direct SF deposition on
mica at a SF bulk concentration of 0.03% (w/w). The mica was
first imaged, and the AFM image showed the mica surface is
ultraflat and clean (data not shown). After injection of SF
solution, SF proteins appeared on the mica at 17 min (Figure
2a). During the AFM tip scanning on the same deposition area
(Figure 2a−d and e−g), the deposition amount of SF increased
over time. The zoomed out scanning image (Figure 2i) further
confirms that SF proteins do not spontaneously deposit on

mica, and the AFM tip takes the responsibility for the formation
of the SF micropattern.
Figure 2i shows the obvious 2 × 2 μm SF micropattern onto

the 5 × 5 μm SF micropattern. The heights of 5 × 5 μm and 2
× 2 μm SF micropatterns to mica were 24 ± 7 nm and 43 ± 8
nm, respectively. Therefore, it is possible to redeposit SF
proteins onto a SF micropattern to form a complex 3D
nanostructure using in situ solution tapping AFM. It took 85
min to deposit a dense 5 × 5 μm SF micropattern with a height
of 24 ± 7 nm at a SF bulk concentration of 0.03% (w/w)
(Figure 2i). However, it took 120 and 189 min, respectively, to
deposit 5 × 5 μm SF deposition features with heights of 13 ± 7
(Figure 1f) and 21 ± 7 nm (Figure 1j), respectively, at a SF
bulk concentration of 0.006% (w/w). In addition, the in situ
solution tapping mode AFM experiment using a NP-series 0.58
N/m silicon nitride tip at a SF bulk concentration of 0.0015%
(w/w) showed no SF proteins were deposited onto the mica
even for 3 h (data not shown). Therefore, the SF deposition
behavior in solution tapping mode AFM with a NP-series 0.58
N/m silicon nitride tip is dependent on the SF bulk
concentration: the critical deposition concentration is 0.006%
(w/w), and high SF bulk concentration increases the
deposition amount of SF on mica.
Then, to investigate the effect of the AFM tip on the SF

deposition, we also tried SNL-series silicon tips (the nominal
spring constant of the cantilever is 0.32 N/m) for the tip-
induced deposition experiment. Figure 3 presents a set of in
situ time-lapse images of the direct SF deposition on mica using

Figure 2. In situ solution tapping mode AFM images of direct SF deposition onto mica using a NP-series silicon nitride tip (0.58 N/m) at a SF bulk
concentration of 0.03% (w/w). Height scales are shown on the right of the height images. (a−d) and (e−g) show the continuous deposition of SF
proteins onto the scanning area of 5 × 5 μm and 2 × 2 μm, respectively. (h) and (i) are zoomed out images and show SF proteins only deposited
onto the scanning areas (squares of 2 × 2 and 5 × 5 μm). Times are (a) 17, (b) 42, (c) 59, (d) 85, (e) 94, (f) 119, (g) 153, (h) 162, and (i) 171 min.
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solution tapping mode AFM with a 0.32 N/m SNL-series
silicon tip at a SF bulk concentration of 0.006% (w/w). The
mica was first imaged, and the AFM image showed the mica
surface is ultraflat and clean (data not shown). After injection of
SF solution, SF proteins appeared on the mica at 8 min (Figure
3a). During the AFM tip scanning on the same deposition area
(Figure 3a−e and g−i), the deposition amount of SF increased
over time. The zoomed out scanning image (Figure 3f and j)
further confirms that SF proteins do not spontaneously deposit
on mica, and the AFM tip takes the responsibility for the
formation of the SF micropattern. Figure 3g−j also
demonstrates that in situ solution tapping mode AFM can
redeposit SF proteins onto a designated region such as the
previous deposition area. The heights of SF deposition features
at 145 and 240 min were 8.6 ± 5 and 13 ± 9 nm, respectively.
Compared with the NP-series silicon nitride tip (Figure 1f and

1j), the SNL-series silicon tip decreased the SF deposition
speed.
Previously, several groups reported the formation of either

SF nanofibrils62,63 or SF nanoparticles64 at different conditions.
Here, SF nanofibrils (indicated by black arrows in Figure 1−3)
were formed in the early phase when the local SF content on
the mica surface was relatively low, and SF nanoparticles
(indicated by white arrows in Figure 1−3) were formed in the
later phase when the local SF content on the mica was relatively
high. The morphological sizes are summarized in Table 1 and
are similar to these previous reports. The tip-induced SF
deposition using in situ solution tapping mode AFM
demonstrates that the self-assembly of SF proteins is dependent
on the SF bulk concentration in solution, SF local content on
mica, and AFM tip materials: (1) SF proteins self-assemble into
nanofibrils at low local content on mica but form nanoparticles
at high local content on mica; (2) high SF bulk concentration

Figure 3. In situ solution tapping mode AFM images of direct SF deposition onto mica using SNL-series silicon tip (0.32 N/m) at a SF bulk
concentration of 0.006% (w/w). Height scales are 50 nm. (a−e) and (g−i) show the continuous deposition of SF proteins onto the scanning area of
mica. (f) and (j) are zoomed out images and show SF proteins only deposited onto the scanning areas (a square of 5 × 5 μm). Times are (a) 8, (b)
34, (c) 68, (d) 102, (e) 127, (f) 145, (g) 162, (h) 188, (i) 231, and (j) 240 min. (a′) and (b′) are zoomed in pictures from the corresponding regions
in (c) and (i), respectively. Section Analyses (1) and (2) are along the corresponding black lines in (k) and (l), respectively.

Table 1. Morphological Sizes of SF Proteins in the Tip-Induced Deposition Experiments Using in Situ Solution Tapping Mode
AFMa

experiment condition nanofibrils nanoparticles

conc. (w/w) AFM tip time (min) height (nm) length (nm) time (min) diameterb (nm)

0.006% NP 0.58 N/m 8−111 2.8 ± 2.0 116 ± 42 120−189 12 ± 5
0.03% NP 0.58 N/m 17−85 5.1 ± 1.7 213 ± 62 94−162 39 ± 12
0.006% SNL 0.32 N/m 8−127 5.4 ± 1.9 127 ± 34 145−240 48 ± 10

aThe standard deviations were calculated using 30 individual measurements for each parameter. bDiameter is the measured height of the SF protein
using AFM software.
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increases the height and length of SF nanofibrils and increases
the diameter of SF nanoparticles; (3) compared with the NP-
series silicon nitride tip, the SNL-series silicon tip increases the
height of SF nanofibrils, decreases the formation of SF
nanoparticles, and increases the diameter of SF nanoparticles.
To investigate the role of the AFM tip in the SF deposition

on the mica, the AFM tips after the above-mentioned
experiments were examined by field emission scanning electron
microscopy (FE-SEM) as shown in Figure 4a and 4b.

Compared with the clean unused AFM tips (e.g., the unused
AFM tips located at the end of the 0.58 N/m NP-series
cantilever and 0.32 N/m SNL-series cantilever as shown in
Figure 4d and 4e), SF “rings” were shown on the AFM tips
located at the end of the NP-series 0.58 N/m cantilever
(indicated by a black arrow in Figure 4a) and SNL-series 0.32
N/m cantilever (indicated by a black arrow in Figure 4b). In
addition, a SF “flower” (indicated by a black arrow in Figure 4c)
was shown on the AFM tip located at the end of the NP-series
0.12 N/m cantilever after the NP-series 0.58 N/m tip-induced
SF deposition for 120 min. This NP-series 0.12 N/m tip was
oscillated away from the surface during the SF deposition
process. Therefore, the amount of SF gels on the AFM tip
increased with time. Finally, CD spectra of RSF at different
concentrations (Figure 5) present negative adsorption at ∼195
nm, a typical characteristic of random coils, which is consistent
with previous work of sol−gel transition.65 Therefore, SF sol−
gel transition occurred on AFM tips.
Silk sol−gel transition can be induced by several methods

such as electricity,66 vortexing,67 shear,68 pH,69 temperature,69

and sonication.70 Here, the sol−gel transition on the AFM tips

might be induced by electricity or tip oscillations (similar to
vortexing). To understand the exact reason, the NP-series 0.58
N/m silicon nitride tip was incubated in a 0.006% (w/w) SF
aqueous solution for 140 min, and then the AFM tip was
engaged and in situ scanned a 5 × 5 μm mica surface as shown
in Figure 6. The results were similar to the experiment where
the AFM tip was not incubated in SF solution before in situ
scanning (Figure 1), which implies that the tip-induced sol−gel
transition results from tip oscillation. Therefore, in the tapping
mode AFM, the tip oscillation induces SF sol−gel transition on
the AFM tip, and then the tip tapping on the mica surface
induces SF deposition.
Compared with the NP-series silicon nitride tip (Figure 4a),

there are some wrinkles (indicated by the white arrow in Figure
4b) on the SNL-series silicon tip and less SF proteins
(indicated by the black arrow in Figure 4b) on the point of
the SNL-series silicon tip, which demonstrate that the SF sol−
gel transition mainly occurred on the point of of NP-series 0.58
N/m silicon nitride tip and on the SNL-series 0.32 N/m silicon
tip. Considering that the SF sol−gel transition is induced by tip
oscillation and the differences of the AFM tips are material
(silicon nitride vs silicon) and spring constant (0.58 vs 0.32 N/
m), the main reason for the deposition difference might be the
difference of the tip spring constant. During the in situ scanning
process, the drive frequencies of both the 0.58 N/m NP-series
cantilevers and the 0.32 N/m SNL-series cantilevers were
selected to 8−9 kHz. Therefore, tip oscillation might not be the
main reason for the deposition difference between the two
cantilevers. A low spring constant might produce less
mechanical force with which the tip is tapping on the surface;
therefore, less SF gel forms, and less SF gel is transferred from
the AFM tip to the substrate. Hence, the SNL-series 0.32 N/m
silicon tip decreases the SF deposition speed (Figure 3 vs
Figure 1).
According to the above analyses, we propose that the

micropattern of SF proteins on mica in solution tapping mode
AFM involves tip-induced deposition. First, the SF sol−gel
transition occurs on the AFM tip due to AFM tip oscillation
(Figure 9b). Second, the AFM tapping on the mica surface
induces that SF gel is transferred to the mica surface (Figure
9c).

Tip-Induced Micropatterning Using in Situ Solution
Contact Mode AFM. Solution contact mode AFM was tried
for the tip-induced SF deposition experiments. Figure 7
presents a set of in situ time-lapse images of the direct SF
deposition on mica using solution contact mode AFM with the

Figure 4. Topographies of AFM tips examined by FE-SEM (a) and
(b): the AFM tips located at the end of the NP-series 0.58 N/m and
the SNL-series 0.32 N/m cantilever, respectively, after tip-induced SF
deposition for 120 min. (c) The AFM tip located at the end of the NP-
series 0.12 N/m cantilever after NP-series 0.58 N/m tip-induced SF
deposition for 120 min. This NP-series 0.12 N/m tip was oscillated
away from the surface during the SF deposition process. (d) and (e):
The unused AFM tips located at the end of the NP-series 0.58 N/m
cantilever and SNL-series 0.32 N/m cantilever, respectively.

Figure 5. CD spectra of regenerated silk fibroin (RSF) at different
concentrations in ultrapure water. All CD spectra present negative
adsorption at ∼195 nm, a typical characteristic of random coils.
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NP-series 0.58 N/m silicon nitride tip at a SF bulk
concentration of 0.03% (w/w). The mica was first imaged,
and the AFM image showed that the mica surface is ultraflat
and clean (data not shown). After injection of SF solution, SF
proteins appeared on the mica at 8 min (Figure 7a). During the
AFM tip scanning on the same deposition area (Figure 7a−e
and f−i), the deposition amount of SF increased over time.
There are mainly nanofibrils on mica during the tip-induced
deposition process. The zoomed out scanning images (Figure
7f and j) further revealed SF proteins do not spontaneously
deposit on mica, and the AFM tip is the main reason for the
formation of the SF micropattern (squares of 5 × 5 and 10 ×
10 μm, indicated by black dashed square and black dotted
square, respectively). Figure 7f−i also demonstrates that in situ
solution contact mode AFM can redeposit SF proteins onto a
designated region such as the scanning area which covers a
previous one. The height of the SF micropattern at 68 min was
43 ± 17 nm (Figure 7: section analysis (1)). The heights of 5 ×
5 μm and 10 × 10 μm SF micropatterns to mica at 128 min
were 40 ± 15 nm and 143 ± 44 nm (Figure 7: section analysis
(2)), respectively. The height of the 5 × 5 μm SF micropattern
at 128 min using contact mode AFM (Figure 7j) was greater
than that of the 5 × 5 μm SF micropattern at 171 min using
tapping mode AFM (Figure 2i). Moreover, the deposition time
of the forth (128 min) was less than that of the latter (171
min). Therefore, the SF deposition in the contact mode AFM is
faster than that in the tapping mode AFM. The faster
deposition behavior also resulted in that the imaged SF features
were a little bit noisy as shown in Figure 7a′. SF nanofibrils
were produced in contact mode AFM experiments, while both

SF nanofibrils and SF nanoparticles were produced in tapping
mode AFM experiments.
Further, using in situ solution contact mode AFM with a NP-

series 0.58 N/m silicon nitride tip, as shown in Figure 8, a
square SF micropattern (5 × 5 μm) can be generated on mica
at a SF bulk concentration of 0.3% (w/w). The height of the SF
micropattern was 55 ± 33 nm for a deposition time of 69 min.
We also investigated the effect of low SF bulk concentration

in solution on the tip-induced micropatterning. Figures S1 and
S2 (Supporting Information) present sets of in situ time-lapse
images of the direct SF deposition on mica using solution
contact mode AFM with a NP-series 0.58 N/m silicon nitride
tip at a SF bulk concentration of 0.006% and 0.0015% (w/w),
respectively. Both the AFM experiments showed that the SF
deposition features were pushed by a solution contact mode
AFM tip. The possible reason is that the tip−surface force in
contact mode is enough to push the SF deposition features
away. By comparing with the SF deposition amount at the SF
bulk concentration of 0.0015% (Figure S2, Supporting
Information), 0.006% (Figure S1, Supporting Information),
0.03% (Figure 7), and 0.3% (Figure 8), we can conclude that
the SF deposition amount increases with the increase of SF
bulk concentration, and the critical micropattern concentration
is 0.03% (w/w). Therefore, the sol−gel transition amount
increases with the increase of SF bulk concentration.
Considering that the AFM tip is in physical contact with the

substrate in contact mode,71 the permanently shear force on the
mica might be the main reason for the sol−gel transition.
Therefore, we propose that the micropattern of SF proteins on
mica in solution contact mode AFM involves a tip-induced

Figure 6. In situ solution tapping mode AFM images of direct SF deposition onto mica using a NP-series silicon nitride tip (0.58 N/m) after 140
min incubation in a 0.006% (w/w) SF aqueous solution. Height scales are 20 nm. Times are (a) 8, (b) 25, (c) 50, and (d) 67.
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deposition process. First, SF sol−gel transition occurs between
the tip and surface due to the shear force (Figure 9d). Second,
the AFM tip scanning induces that SF gel is transferred to the
mica surface (Figure 9e).
One of the grand challenges in nanotechnology is to prepare

3D nanostructures in a controllable, precise, and reproducible
fashion.22 In this work, we showed the SF redeposition
processes on the same area (Figure 1g−i and Figure 3g−i), on
the smaller area (Figure 2e-g), and on the bigger area (Figure
7f−i). Though these are in a relatively simple layer-on-layer
way, considering the development of multiple-pen dip-pen
nanolithography techniques,72,73 we can conclude the feasibility
to fabricate SF micropatterns on mica with controllable,
reproducible, precise, and complex fashion using in situ
solution tapping mode and contact mode AFM. Moreover,
our work also demonstrates the possibility of patterning
molecules without specialized lithography equipment utilizing
a standard AFM, which is available to most university
researchers. This work will be beneficial to the future
application of SF micropatterns.

■ CONCLUSIONS

In summary, this paper reported a novel application of in situ
solution AFM under liquid for the direct deposition of relatively
hydrophobic SF proteins onto hydrophilic mica. We demon-
strate that the relatively hydrophobic SF proteins do not

Figure 7. In situ solution contact mode AFM images of direct SF deposition onto mica using a NP-series silicon nitride tip (0.58 N/m) at a SF bulk
concentration of 0.03% (w/w). Height scales for (a−d), (e−h), and (i, j) are 20, 100, and 300 nm, respectively. (a−e) and (f−i) show the
continuous deposition of SF proteins onto the scanning area of mica. (f) and (j) are zoomed out scaning images and show SF proteins only
deposited onto the scanning areas (squares of 5 × 5 and 10 × 10 μm). Times are (a) 8, (b) 17, (c) 25, (d) 34, (e) 59, (f) 68, (g) 85, (h) 102, (i) 119,
and (j) 128 min. (a′) and (b′) are zoomed in pictures from the corresponding regions in (b) and (j), respectively. Section Analyses (1) and (2) are
along the corresponding black lines in (f) and (j), respectively.

Figure 8. Square SF micropattern of 5 × 5 μm onto mica prepared by
in situ solution contact mode AFM with a NP-series silicon nitride tip
(0.58 N/m) at a SF concentration of 0.3% (w/w). The deposition
time was 69 min. Section Analysis (1) is along the corresponding black
line.
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spontaneously deposit onto the hydrophilic mica. The AFM tip,
in either the contact or the tapping mode, can fabricate SF
micropatterns on mica with controlled surface topography. We
show that the deposition process requires a mechanical force-
induced sol−gel transition followed by a transfer to the mica
surface at the tip−surface contact, and the efficiency of this
process depends on not only the AFM operation mode but also
the SF bulk concentration, the SF amount on mica, and the
AFM tip spring constant. Solution tapping mode AFM induces
less SF deposition than solution contact mode AFM does. In
the SF deposition process using solution tapping mode AFM,
the critical deposition concentration is 0.006% (w/w). High SF
bulk concentration induces larger SF aggregates. SF nanofibrils
are formed at low local SF content on the mica surface, and SF
nanoparticles are formed at high local SF content on the mica
surface. Moreover, compared with the NP-series silicon nitride
tip, the SNL-series silicon tip increases the height of SF
nanofibrils, decreases the formation of SF nanoparticles, and
increases the diameter of SF nanoparticles. In the SF deposition
using solution contact mode AFM, the critical micropattern
concentration is 0.03% (w/w). SF nanofibrils are mainly
formed in the solution contact mode AFM. The sol−gel
transition amount and SF deposition amount increase with the
increase of SF bulk concentration.
In current mainstream dip-pen nanolithography processes,

the transport of biomolecules was performed in ambient air,
and low humidity might result in denaturation of biomole-
cules.31 Here, our work suggests a possible way to retain the
structure and function of biomacromolecules. In addition, this
novel application of in situ tapping mode and contact mode
AFM under liquid could be combined with multiple-pen dip-
pen nanolithography techniques73 to generate large-scale,
parallel, extraordinarily complex nano- and micropatterning of
SF proteins, which will be necessary for the application of SF
nano- and micropatterns. Moreover, our work also demon-
strates the possibility of patterning molecules without
specialized lithography equipment utilizing a standard AFM,
which is available to most university researchers. Further work
will also be necessary to explore the feasibility of the tip-
induced deposition to other hydrophobic biomacromolecules.
Additional studies must address the effect of the tip-induced
deposition process on the biomacromolecule bioactivity. These
would increase our understanding of the tip-induced
deposition.

■ MATERIALS AND METHODS
SF proteins were extracted from Bombyx mori silkworm cocoons
(Huzhou Academy of Agricultural Science, Zhejiang, China) as
previously described.74 Briefly, silkworm cocoons were boiled in 0.5%
(w/v) Na2CO3 aqueous solution for 30 min and then thoroughly
washed with ultrapure water (18 MΩ·cm−1) to remove the glue-like
sericin protein. This boiling and washing process was repeated once.
The degummed SF was dissolved in a ternary solvent system of
CaCl2/H2O/C2H5OH (1:8:2 in mol ratio) for 40 min at 80 °C. This
solution was dialyzed in ultrapure water using dialysis cassettes (MW:
8000−14 000) for 72 h. Finally, the resultant solution was filtered to
obtain a pure SF aqueous solution. The final bulk concentration of
aqueous SF solution was ∼3%, calculated by weighing the remaining
solid after drying. The aqueous SF solution was stored at −20 °C
immediately after dialysis. The stock solution was thawed prior to the
in situ solution tapping mode AFM experiments.

Tip-induced micropatterning by in situ solution tapping mode and
contact AFM was performed on a Nanoscope IIIa Multimode AFM
(Veeco Instruments, Santa Barbara, CA, USA) with an EV-scanner at
room temperature. For our experiments, we used NP-series silicon
nitride cantilevers (Veeco Instruments) with a nominal spring constant
of 0.58 N/m and SNL-series silicon cantilevers (Veeco Instruments)
with a nominal spring constant of 0.32 N/m. In solution tapping mode
AFM, the drive frequencies of the cantilevers were selected to 8−9
kHz according to the bandwidth cantilever tune sweep in liquid. For
both the tapping mode and contact mode AFM, the tip-induced
micropatterning was recorded at a 512 × 512 pixel resolution, and the
scan rate was 1.0 Hz. For the tip-induced micropatterning experiments,
mica was first imaged in 120 μL of ultrapure water to check the initial
state of mica. Then the SF solution was injected into the imaging
ultrapure water, and the mica surface was scanned immediately. All the
experiments were repeated three times on three independent
substrates. All images were analyzed after treatment with “flatten”
using Nanoscope III software (version 5.31r1, Veeco Instruments).
The height difference was measured using the “section” function, and
the surface plot figure was analyzed using the “surface plot” function in
the Nanoscope III software.

The topographies of AFM tips were examined by a field emission
scanning electron microscope (FE-SEM, Hitachi S-4800) operated at
an accelerating voltage of 10 kV.

Circular dichroism spectra were recorded on a Jasco J-815
spectrometer (Tokyo, Japan) at room temperature (about 25 °C). A
1 mm path length cell was employed. Three scans were accumulated
and automatically averaged in the wavelength range from 190 to 300
nm with a 1 nm step resolution. Blank ultrapure water measured under
the same experimental conditions was subtracted from the data.

Figure 9. Schematic of direct SF deposition onto mica using in situ solution tapping mode (a−c) and contact mode (a, d, e) AFM. (a): SF proteins
were injected into the working liquid. (b): SF sol−gel transition occurred on the AFM tip due to AFM tip oscillation in the tapping mode. (c): The
AFM tip tapping on mica induced that the SF gels were slowly deposited to the mica surface. (d): SF sol−gel transition occurred on the AFM tip due
to AFM permanently shear force on the mica in the contace mode.(e) The AFM tip scanning on mica induced that the SF gels were slowly
deposited to the mica surface.
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