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ABSTRACT: The exfoliation of silk ﬁber is an attractive method to produce silk micro- and nanoﬁbers that retain the secondary
structure of native silk. However, most ﬁbrillation methods used to date require the use of toxic and/or expensive solvents and the
use of high energy. This study describes a low cost, scalable method to produce microﬁbrillated silk nanoﬁbers without the use of
toxic chemicals by controlling the application of shear using commercially scalable milling and homogenization equipment.
Manipulation of the degumming conditions (alkaline concentration and degumming temperature) and the shear in milling and/or
homogenization enabled control over the degree of ﬁbrillation. The microﬁbrillated silk was then characterized to determine
structural change during processing and the stability of the resulting suspensions at diﬀerent pH. Silk nanoﬁbers obtained from
milling degummed silk were characterized using atomic force microscopy. Nanoﬁbers obtained both with and without high-pressure
homogenization were then used to produce silk “protein paper” through casting. Silk degumming conditions played a critical role in
determining the degree of microﬁbrillation and the properties of the cast silk papers. The silk papers produced from homogenized
nanoﬁbers showed excellent mechanical properties, high water absorption, and wicking properties. The silk papers were excellent for
supporting the attachment and growth of human skin keratinocytes, demonstrating application possibilities in healthcare such as
wound healing.

■

INTRODUCTION

The availability of nanodimensioned subunits within a silk
ﬁber provides the opportunity to obtain novel nano-featured
materials for applications, that is, from nonwoven cell scaﬀolds
to electronic and environmental applications.9,10 Approaches
to date have used either bottom up11,12 or top down
processing.9,12−17 Bottom up processes involve the production
of nanoﬁbers from dissolved silk using forced assembly
methods such as electrospinning (reviewed in ref 10) or
through the self-assembly of nanoﬁbers from solution.11−13,18,19 However, dissolving silk and then reassembling
it destroys silk’s hierarchical structure, resulting in materials

Silk, like some other strong natural ﬁbers, derives its
remarkable mechanical properties from its highly ordered
hierarchical assembly of nanoﬁbers.1 The basic substructure of
silk ﬁber consists of antiparallel β-sheet nanocrystals embedded
in a less ordered, semiamorphous phase.2,3 These domains are
arranged into the form of nanoﬁbrils and are aligned as a result
of shear forces applied during spinning from the silk gland.4,5
Silk nanoﬁbrils are, in turn, packed together in hierarchal
bundles with strong cohesive forces to form the silk ﬁbroin
ﬁber. The unique mixture of toughness and extensibility of silk
is derived from this highly ordered structure; when stress is
applied to the ﬁber, the β-sheet nanocrystals embedded within
the nanoﬁbrils interlock to resist extension, inducing strain
hardening and distributing the load evenly between nanoﬁbrils
across the entire ﬁber.2,6−8
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swelling in CaCl2/CH3CH2OH/H2O
followed by mechanical shearing
(high speed blender)

B. mori

B. mori
B. mori
no organic solvents required.

rapid, relatively low energy.

150−200 nm
287.7 ± 75 nm

ribbons of 25 nm × 0.4 nm
200 to 400 nm

mechanical energy (wet grinding)

mild conditions (no organic solvents)
no organic solvents required.

13 ± 4 nm up to 200−300 nm
(dependent on energy input)

B. mori

no organic solvents required. tight size distribution.

20−100 nm

liquid exfoliation using urea/GuHCl
(deep eutectic solvent) followed by
ultrasonication
partial dissolution in NaClO followed
by homogenization then ultrasonication.
liquid exfoliation using NaOH/urea
liquid exfoliation in 8.8 M urea

produces very ﬁne nanoﬁbers with tight size
distribution. Very high concentrations of nanoﬁbrils can be made in HFIP.15
relatively safer chemicals used

20 ± 5 nm

B. mori Tussah silk
(species name not provided)

liquid dissolution enables easy reprocessing
(e.g., into membranes, electrospinning etc.).

20−170 nm

HFIP exfoliation followed by ultrasonication

Antheraea pernyi

advantages
simple, no organic solvents required
simple, rapid, requires no chemicals.

CaCl2−formic acid exfoliation
(dissolution to nanoﬁbril scale)

reported nanoﬁber diameter
unknown
25−60 nm

ﬁbrillation technique
hand beating of silk in NaOH
ultrasonication

B. mori

B. mori
spider silk
(Ornithoctonushuwena) and
B. mori silk
B. mori

silk type

Table 1. Summary of the Published Approaches to Silk Microﬁbrillation
disadvantages

time − requires 3 days at −12 °C.
requires 30 days to exfoliate nanoﬁbrils. requires large
amounts of urea (8.8 M = 529 g/L)
limited evidence of isolation of the ﬁbrillated ﬁbers,
unclear if the milled ﬁbers form acolloidal suspension
(for processing into new materials).
still requires the use of CaCl2 and ethanol

low yield, particularly for small nanoﬁbers. Use of sodium
hypochlorite may damage nanoﬁbers through oxidation.

low yield, particularly for ﬁne nanoﬁbers − large quantities
of solvent needed (1:100 silk/solvent)

use of corrosive organic solvent (formic acid). Nanoﬁbrils
are not stable in CaCl2−formic acid
(reported to be less than 6 h).16
use of HFIP limits scaling up due to the prohibitive cost of
HFIP.

labor intensive
low yield due to large quantity of water required
(0.05 g silk in 100 mL water)
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Our approach may oﬀer advantages, for example, ﬁbroin from
some silk varieties contains the RGD peptide for cell
attachment, which may be of advantage when producing
scaﬀolds for cell types that respond to this signal.35−37
In addition to fundamental studies on the exfoliation of
submicron or nanoﬁbril scale materials, microﬁbrillated silk can
produce a stable suspension and, when assembled through
casting or ﬁltration, can form free-standing materials due to
entanglement of ﬁbrillated ﬁbers and strong physical
interaction between them after drying. Such material can
essentially be considered a silk “paper” since the process is
similar to the cellulose paper-making process. These silk papers
may be useful not only for biomedical materials but for other
applications such as for ﬁltration devices; the use of silk, which
can be easily functionalized due to the presence of a variety of
amino acids, may provide beneﬁts to achieve speciﬁc properties
based on application needs.
The aim of this study was therefore to demonstrate that Eri
silk microﬁbrillated ﬁbers are suitable to form structurally
stable and strong silk “protein papers”. All processes were
carried out in water and chemical processing was limited to the
use of very dilute sodium carbonate in the degumming step
and during the milling process to encourage ﬁbrillation.
Compared with sonication, milling and homogenization are
low energy and are highly scalable thanks to the availability of
commercial scale equipment already used in various industries.
More recently, stone grinding has been used to ﬁbrillate silk
ﬁbers that produced ﬁlms and claimed substantial cost savings
compared to bottom up approach to produce silk ﬁlms.17,30
We have adopted a similar approach in this work but use our
own milling approach followed by high-pressure homogenization to produce much ﬁner nanoﬁbers than reported in the
past. The nanoﬁbers were then used to produce papers with
much better mechanical properties than those reported by
Okahisa et al.38 We have recently reported fabrication details
of our scalable and sustainable approach from Bombyx mori silk
without using any chemicals and achieving nanoﬁber of high
aspect ratio and suspension stability.39 This study used a
systematic approach to investigate changes in degumming
conditions on ﬁbrillation by milling with or without the
subsequent step of homogenization. The physical and
mechanical properties of the paper samples were then
characterized. Silk papers were also used as scaﬀolds to grow
cells to establish the cytocompatibility of the material and to
determine its suitability for potential biomedical applications.

that tend to be weak and brittle. In addition, the need to use
toxic chemicals to dissolve silk and their separation by slow
dialysis process makes the process challenging for industrial
production. Therefore, there are considerable advantages to
producing nanoﬁbers directly from native silk ﬁbers (top down
processing).
One area of top-down processing that is receiving some
attention is the exfoliation of silk ﬁbers to release mesoscale
structures; that is, submicron nanoﬁber bundles,9,14−16,20−22
eﬀectively moving back one step in silks’ structural hierarchy.
Such methods are appealing since nanoﬁbers retain the native
structure (and mechanical properties).20 Therefore, there is
great potential to produce strong, robust materials from
exfoliated or as we refer to as microﬁbrillated silk. However,
the production of silk nanoﬁbers using the exfoliation route is
in its infancy compared with other biopolymers such as
cellulose or chitin.20
Several approaches to silk microﬁbrillation have been
demonstrated, ranging from high energy ultrasonication to
partial dissolution and liquid exfoliation to mechanical grinding
(Table 1).
Many methods had to rely on chemicals which are either
toxic and/or require additional steps to separate from the
manufacturing system (Table 1, refs 13, 16, 25, and 26). Other
methods achieve ﬁbrillation mostly from the surface still having
a large amount of large ﬁbers that require separation using
centrifugation with the inherent drawback of poor yield, a
lengthy process, and the diﬃculty to control and implement in
an industrial scale. It is also encouraging to note that wateronly based milling methods have been used but with limited
control on nanoﬁber size (Table 1, refs 17, 23, 24, and 28).
The current state of research on nanosilk ﬁber fabrication and
application is far behind compared to the production of
cellulose nanoﬁber and its application, which has reached to
the level of commercial production. This gap has motivated us
to investigate this work. Moreover silk, being a protein, has
many functional amino acids for chemical modiﬁcation and the
binding of biomolecules compared to cellulose. Besides, the
established advantages of silk for many biomedical, biosensing,
and other biotechnological applications provide the scope to
research for silk nanoﬁbers’ fabrication and applications
following the widely used and advanced exfoliation method
for cellulosic materials.
A simple and scalable alternative to exfoliate silk is the use of
milling or homogenization without needing any harsh chemical
agents. We have, in the past, developed a range of physical
treatments to produce submicron particles directly from ﬁbers
(keeping the crystallinity of silk intact) with little or no
chemical treatment.31−34 Such milling methods were modiﬁed
for this study to serve as pretreatments for fabrication of
exfoliated ﬁbers. An additional beneﬁt of using purely physical
processing is that it can be adapted for any silk variety,
including semidomestic species such as the Eri silk (from
Samia cynthia ricini silkworms) used in this work and other
wild varieties that show poor solubility in the solvent systems
commonly used with B. mori silk. Diﬃculty in the dissolution
of nonmulberry silk often forces researchers to obtain solution
from the silk gland. However, a collection of silk from gland
tissue is not feasible for commercial production due to
logistical, economical, and ethical issues. Besides, a solutionbased approach cannot achieve the natural self-assembled
structure present in a native silk ﬁber that provides silk’s
outstanding mechanical properties in both dry and wet states.

■

MATERIALS AND METHODS

Degumming and Fibrillation of Silk Fibers. Raw cocoons
without pupae from the multivoltine domesticated S. cynthia ricini
silkworm (Eri silk) were purchased from Rudrasagar Silk Ltd., India.
Cocoons were degummed in an Ahiba IR Pro rotary dying machine
(Datacolor, Lawrenceville, U.S.A.). All degumming was conducted
using sodium carbonate (Na2CO3) and unscented olive oil soap
(Vasse Virgin, Wilyabrup, Western Australia, Australia) as a wetting
agent. A range of sodium carbonate concentrations in degumming
were tested in order to determine their eﬀect on silk ﬁbrillation.
Degummed ﬁbers were chopped with a rotary Pulverisette 19 cutter
mill (Fritsch Gmbh, Germany) ﬁtted with a 0.2 mm grid. An HSA
attritor (Union Process, U.S.A.) containing yttrium-treated zirconium
oxide grinding media was used for wet grinding chopped silk (3% silk
in 0.5% sodium carbonate solution) with a stirrer speed of 200 rpm.
Water was circulated to prevent overheating during milling. A heating
step was carried out at 70 °C for 1 h after milling and the milled short
silk ﬁbers were washed with dH2O until neutral pH was obtained.
C
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Figure 1. Schematic diagram of silk nanoﬁber preparation process.
Finally, a PandaPLUS 2000 laboratory high-pressure homogenizer
(GEA, Düsseldorf, Germany) was used as the ﬁnal stage of
microﬁbrillated silk at 700 bar for three passes. The nanoﬁber
fabrication process is summarized in Figure 1.
Preparation of Silk Nanoﬁber Papers. Fibrillated silk from
diﬀerent stages of processing was used for paper making. The ﬁbers
were concentrated and washed by centrifuge and then resuspended to
a concentration of 2% w/v in 50 mL of dH2O. The dispersions were
cast into 12 cm2 Petri dishes and allowed to dry overnight at room
temperature. The ﬁnal weight of the dried paper samples was
approximately 1 g.
Characterization of Nanoﬁber Suspension and Cast Papers
Scanning Electron Microscopy (SEM). The morphology of the
scaﬀolds made under diﬀerent conditions was visualized using a Supra
55VP ﬁeld emission scanning electron microscope (Zeiss, Oberkochen, Germany) after coating with a 5 nm layer of gold using an EM
ACE600 high vacuum sputter coater (Leica Microsystems, Wetzlar,
Germany). Images were acquired using the secondary electron
detector at an accelerating voltage of 5 kV and a working distance of
5−7 mm.
Atomic Force Microscopy (AFM). Dynamic-mode AFM images
were obtained by an NTEGRA Prima Scanning Probe Laboratory
(NT-MDT, Zelenograd, Russia) microscope at ambient conditions
using the Universal Head (SF005NTF, NT-MDT) and a 100 μm ×
100 μm × 10 μm closed-loop piezo scanner (SC100NTF, NT-MDT).
The probes used for imaging were HQ:NSC15/Al BS silicon AFM
probes (μmasch, Soﬁa, Bulgaria) with a typical tip radius of 8 nm, a
force constant of ∼40 N m−1 and a typical resonant frequency of 325
kHz. Three-dimensionally rendered AFM height images were
obtained by Blender 3D creation suite (https://www.blender.org),
version 2.8 (Blender Foundation, Amsterdam, The Netherlands).
Nanoﬁber Suspension Stability and Surface Charge. The
stability of the nanoﬁbers suspensions was tested by observing settling
of ﬁbers over time. Brieﬂy, 10 mL of each ﬁber suspension (at a
concentration of 1% w/v) was stirred well and placed in 20 mL glass
vials. Digital photos were taken at 0 h, 6 h, 24 h, 3 days, 7 days, and 1
month.
To further investigate the stability and surface charge of
homogenized SNF suspensions, 15 mL of three diluted suspensions

(concentrations of 0.3% w/v) was prepared, centrifuged, and
resuspended in the prepared buﬀer at diﬀerent pH (SI Table S1).
The surface charges of the suspensions at diﬀerent pH values were
measured using a Malvern Zetasizer (Malvern Panalytical, United
Kingdom) in disposable folded capillary cells (DTS 1070) under zeta
mode. The stability of these nanoﬁber suspensions was then measured
after 48 h of sedimentation in these buﬀers (SI Table S1).
Measurement of Surface Roughness. The top and bottom
surfaces of dried nanoﬁber papers were imaged using an OLS 4100
Laser Confocal Microscope (Olympus, Tokyo, Japan). Scans were
taken at a magniﬁcation of 50× and used to calculate the mean area
roughness parameter (Sa). The roughness was determined for at least
three ﬁelds of view for each sample and expressed as the mean ±
standard deviation of these measurements. Diﬀerences in roughness
between the top and bottom surface of each sample were compared
statistically using a paired sample t test using Origin version 2019b
(Originlab, Northampton, MA, U.S.A.) at the 0.05 signiﬁcance level.
Mechanical Properties. Nanoﬁber paper samples were cut into
10 × 55 mm strips and tested according to Australian/New Zealand
Standard Methods at 448 and 437 s with slight modiﬁcation. Brieﬂy,
the samples were conditioned to 20 °C ± 2 °C and 65% ± 2% relative
humidity for at least 24 h prior to testing.
Conditioning was carried out to avoid inﬂuence of moisture on
tensile properties. Samples were tested to break on an Instron 5967
tester with 50 N load cell (Instron, Norwood, MA, U.S.A.). Samples
were tested with a gauge length of 20 mm and a crosshead speed of 2
mm/min. The weight of each sample was measured on a 4 decimal
place balance and the tensile index was calculated from tensile
strength per unit width (N/m) divided by GSM (g/m2) and express
as N·m/g.
Contact Angle. Water contact angle of the samples was measured
according to ASTM D5946-09 using KSV CAM200 goniometer. A 5
μL droplet of water was placed on each specimen and images were
taken of the droplet on the surface at intervals of 0.33 s. Using Young/
Laplace method (Attension- theta software version 4.1.9.8), the water
contact angle was calculated on each sample ∼1 s after the droplet
was placed on the surface. The average of left and right contact angles
was recorded.
D
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Images of the droplet on each sample were captured until it was all
absorbed and the absorption time was recorded. Average and standard
deviation for both contact angles and absorption times were
calculated.
Wicking Test. Paper samples were cut into 60 × 10 mm strip and
ﬁxed on a steel ruler at 65 mm high and a Petri dish ﬁlled with colored
dye solution was put underneath the strips. The dye pick-up was
measured using another ruler at 15, 30, and 60 min (SI Figure S2).
Water−Vapor Transmission Rate Test. Water−vapor transmission rate was measured using a W3-031 water vapor transmission
rate tester (Labthink Instruments Co., Ltd., China). Each paper
sample was cut into three discs of 11.04 cm2 by a sample cutter and
mounted into the test dish (with 2 mL of distilled water). A water
vapor permeability method was used with 6 cycles per specimen. Each
side of the disc was tested while putting it facing down allowing the
moisture to penetrate through. The test temperature was 38 °C, the
humidity was 90% RH, and time interval was 5 min.
Silk Secondary Structure. The secondary structure change in silk
during processing was measured using the ATR mode on a LUMOS
FTIR microscope (Bruker Biosciences Pty, Australia). For each
sample, 128 scans were taken at a resolution of 2 cm−1. The spectra
were obtained from 4000 to 600 cm−1, then the secondary structure of
the ﬁbroin was quantiﬁed following published methods.40,41 The
scanned spectra were subjected to a Fourier self-deconvolution and
curve ﬁtting process using OPUS 7.2 software (Bruker, Billerica, MA,
U.S.A.). The deconvolution was performed for the amide I region
(1705−1595 cm−1) using a Lorentzian model with bandwidth of 25
cm−1 and a noise reduction factor of 0.3. A baseline correction was
then carried out, followed by curve ﬁtting using a Gaussian model.
The percentage area under each peak was calculated and assigned to
side chain, β-sheet, random coil, α-helix, and β-turn for speciﬁc
regions within 1705−1595 cm−1.40,41
Cytocompatibility. Cell adhesion to silk paper scaﬀolds was
evaluated with immortalized human keratinocyte (HaCaT) cultures.
Cells were routinely cultured in Dulbecco’s Modiﬁed Eagle Medium
(High glucose 4.5 mg/L) (Gibco) with 10% fetal bovine serum and
antibiotic/antifungal (penicillin and streptomycin (5000U/mL,
Invitrogen). For the assay, stock cultures were resuspended in
DMEM and plated onto prewetted samples of test material (10000−
50000 cells on material precut to 7 mm diameter discs using a biopsy
punch to ﬁt 96-well plates). Samples were cultured for 48 h in a
humidiﬁed cell culture incubator at 37 °C with 5% CO2 to allow
adhesion, ﬁxed in 10% buﬀered formal saline, washed in 1× PBS
(Gibco) and stained with DAPI (4′,6-diamidino-2-phenylindole,
dihydrochloride) (Molecular Probes). Control wells were cultured
onto tissue culture plastic and treated exactly as per the test samples.
All materials were imaged on a Nikon Eclipse Ti2 inverted
ﬂuorescence microscope with attached Ds-Qi2 monochrome camera
(Nikon, Japan). A 10× CFI Plan Fluor objective (NA 0.30, WD 16.0
mm (Nikon Japan)) was used to view materials with images saved as
ND2 ﬁles using Nikon Elements software (v 5.11.01).
Assessment of cell proliferation was performed using the CellTiter
96 Aqueous One Solution Cell Proliferation Assay (Promega
Corporation). Brieﬂy, 10 000 cells in a total of 100 μL of DMEM
were cultured on 7 mm scaﬀold discs (n = 3), along with tissue
culture plastic control wells, for 48 h. Twenty microliters of assay
solution was added to all wells and incubated for 4 h at 37 °C with 5%
CO2. A total of 120 μL was removed from each well and added to a
fresh plate. Plates were then read at wavelength of 490 nm absorbance
using an Epoch colorimetric plate reader (BioTek). Absorbance is
directly proportional to the number of living cells in culture.
Statistics. Data are expressed as mean ± standard deviation.
Where appropriate, results were compared using a one-way ANOVA
with Tukey posthoc analysis using Origin 2019b. Results were
considered statistically signiﬁcant at p ≤ 0.05. For simple comparisons
between 2 means (for the surface roughness measurements), t tests
were conducted using the 0.05 signiﬁcance value.
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RESULTS AND DISCUSSION
In order to investigate the eﬀect of silk processing on the
degree of exfoliation and ability to form silk papers, four silk
degumming conditions were investigated by changing the
temperature and sodium carbonate concentration (2and 5 g/L
Na2CO3 at temperatures of 98 and 120 °C) as shown in Figure
2. Silk papers were prepared from pulp after milling with or

Figure 2. Formation of paper from P. ricini silk degummed at 98 °C
(a) and 120 °C (b). Treatment conditions are given a code which is
used throughout the manuscript. For example, 1M = silk nanoﬁber
group 1, milled; 1M+H = group 1, milled and homogenized.

without subsequent homogenization from ﬁbers processed
using each of these degumming conditions. Degumming
conditions were selected based on preliminary experiments.
Of the four degumming conditions tested, silk degummed
using the mildest degumming conditions (2 g/L, 98 °C) did
not produce paper after milling without subsequent homogenization (group 1M); ﬁbrillation was evident in this group
(see Supporting Information (SI), Figure S1a) but the degree
of ﬁbrillation caused by milling was insuﬃcient to allow the
enough ﬁber entanglement to form a free-standing paper.
Formation of a free-standing paper requires suﬃcient
interaction between ﬁbers. Nanoﬁber network density and
thus the contact points increase with higher surface area of
ﬁner ﬁbers and higher aspect ratio resulted from microﬁbrillation. Poor ﬁbrillation of group 1M therefore did not
result in formation of a free-standing paper. Subsequent
E
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homogenization of ﬁbers degummed using these conditions
did provide enough ﬁbrillation (SI Figure S1b) to produce a
paper (Figure 2a, sample 1M+H). The extent of ﬁbrillation
and the morphology of microﬁbrils are shown in the AFM
images (Figure 3). Splitting and branching out and formation
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Figure S1g,h). The most likely reason for this is excessive
alkaline hydrolysis of ﬁbroin caused by the high sodium
carbonate concentration, further mediated by the high
temperature. Such aggressive conditions are known to reduce
ﬁbroin molecular weight42,43 and produced very weak
ﬁbers.42,44 Milling and homogenization of this highly damaged
ﬁbroin resulted in the production of brittle and very short
nanoﬁbers (SI Figure S1g,h) with a lower aspect ratio and
hence less number of contact points. These factors led to a
brittle paper that collapsed during drying (Figure 2b, samples 4
M and 4M+H). Li et al. also reported formation of brittle
paper with poor mechanical properties if silk ﬁbers were
intensively processed prior to ﬁbrillation.24
Silk Nanoﬁber (SNF) Paper Surface Morphology and
Roughness. SEM images of the top and bottom surfaces of
the silk nanoﬁber papers are presented in Figure 4. Increasing
the Na2CO3 concentration or degumming produced a higher
degree of ﬁbrillation. However, when concentration was
increased to 5 g/L together with a degumming temperature
of 120 °C, the ﬁbers were severely ruptured along the length
during milling, resulting in short ﬁbers as reﬂected in the SEM
images (see SI Figure S1g,h). Such degraded silk could not
form good papers as shown in Figure 2 (4M and 4M+H). In all
images (Figure 3), the top surfaces present the long and
entangled nanoﬁbers across the surface of the paper (Figure
4a,d,g,j,m). In contrast, the ﬁbers at the bottom surface of the
paper (Figure 4b,e,h,k,n) are shorter and more compact. This
diﬀerence corresponded with the mean roughness of the paper
samples, measured by laser confocal microscopy; with the
exception of sample 3M+H, the top surface for each paper type
(Figure 4c,f,i,l,o, black bars) was signiﬁcantly rougher than the
bottom surface (Figure 4c,f,i,l,o, gray bars). These diﬀerences
are most likely due to ﬁber settling during drying, where ﬁbers
that are larger (in diameter) or shorter presumably settle faster
rather than becoming entangled within the paper. The bottom
surface was also signiﬁcantly smoother as a result of drying in
contact with the smooth Petri dish surface.
SEM images support that microﬁbrillation occurred even
due to milling alone; however, it was not suﬃcient for the 1M

Figure 3. Three-dimensional rendering of an AFM image featuring
the ﬁber network and branching. Inset: AFM scan featuring higher
magniﬁcation to reveal the thinner nanoﬁbers.

of network are clearly evident in the image. The magniﬁed
AFM image of a submicron strand (Figure 3 inset) also shows
that the nanoﬁbers consisted of much ﬁner (<50 nm)
nanoﬁbers and thus represents a nanoﬁber bundle. Such
bundles were, however, ﬁne enough to form a good network,
giving a strong free-standing paper. Similarly, under the most
intensive conditions (group 4:5 g/L sodium carbonate and 120
°C degumming temperature), paper could not be formed (SI

Figure 4. SEM images of the SNF paper on both sides. (a,b) 1M+H top and bottom; (c) 1M+H roughness; (d,e) 2M top and bottom; (f) 2M
roughness; (g,h) 2M+H top and bottom; (i) 2M+H roughness; (j,k) 3M top and bottom; (l) 3M roughness; (m,n) 3M+H top and bottom; (o)
3M+H roughness (scale bars: main images = 10 μm, inset images = 2 μm). Double headed white arrow in (g) indicates an example of a poorly
ﬁbrillated ﬁber bundle, width = 8.17 μm. Inset images show a higher-magniﬁcation view of the larger image. Roughness graphs show mean ±
standard deviation, star symbols on graphs (*) indicate statistically signiﬁcant diﬀerence between the roughness of the top and bottom surface (t
test statistic: P < 0.05).
F
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Figure 5. (a) Stability of 1% w/v SNF before and after homogenizing. Red arrows indicate the formation of a clear zone in the water as the
unhomogenized samples settle. (b) Zeta-potential and (c) pH stability after 48 h of sedimentation of the homogenized solutions (0.3% w/v).

mV for the three samples (Figure 5b); this also falls in line
with the reported values for silk, which ranged from −16.5 to
−43 mV.11,49 Interestingly, the isoelectric point of the
nanoﬁber suspensions changed slightly for ﬁbers prepared
with a higher concentration of sodium carbonate during
degumming. Perhaps the higher alkali during degumming
corresponded with greater ﬁbroin hydrolysis, resulting in an
increase in the proportion of amino acids with negative charges
on the ﬁber surface.
The zeta potential data correlated with the sedimentation
results. Sedimentation of nanoﬁbers was encouraged by higher
zeta potential (Figure 5c). The ﬁbers close to isoelectric points
did not settle even after a long time whereas sedimentation
with clear water above the ﬁbers is visible as the pH shifted
away from the isoelectric point. It is likely that the nanoﬁbers
formed networks resulting in a higher suspension stability
when surface charge was small. As the surface charge increased,
there was repulsion breaking the network and eventually the
ﬁbers settled with time. It is clear from this study that low zeta
potential helped to form a stable network of nanoﬁbers which
provided a higher suspension stability. All nanoﬁber
suspensions within the pH range 3−7 had zeta potential
below 30 (positive or negative) as shown in Figure 5a. A higher
degree of sedimentation at higher alkaline pH could be also
from a change in density due to water absorption but further
studies are warranted to conﬁrm this hypothesis.
FTIR Results and Proposed Fibrillation Mechanism.
Secondary structure of silk ﬁbroin plays an important role in
the mechanical properties, degradation behavior, and many
other important aspects for silk materials. FTIR was used to
understand if there was any change to the secondary structure
of silk during process. The results suggest that regardless of
treatment severity, the degumming, milling, and homogenization steps preserved β-sheet structures within the silk paper
samples, as indicated by the presence of strong peaks around
1697 and 1620−1630 cm−1 (Figure 6). For all treatment
groups, the milling step introduced a shift in the major β-sheet
peak from 1620 cm−1 for degummed ﬁbers to 1629 cm−1 for all
milled and homogenized samples (Figure 6). The most likely
explanation for this peak shift is the loss of the weak
intermolecular β-sheet peak located between 1616 and 1621
cm1;40,50,51 this result matches our previous ﬁnding that attritor
milling disrupts intermolecular packing without completely
destroying β-sheets.34,35 The FTIR spectra of the milled vs

sample to form paper. In the case of 3M, nanoﬁbers were still
not separated and remained as a bundle, and an example with a
width = 8.17 μm is presented in Figure 4j with a double
headed white arrow; however, their ﬁbrillation was suﬃcient to
form a free-standing paper (Figure 2). Signiﬁcant exfoliation by
milling only process was particularly evident in the 2M sample;
thus milling plays a signiﬁcant role in the process and can
generate nanoﬁbers. Further processing in the homogenization
step increased the degree of exfoliation and ﬁbers mostly with
submicron scale width are evident in 2M+H and 3M+H
samples.
Homogenization had the most noticeable impact on
reducing roughness of the top surface of the paper, bringing
it closer to the roughness of the bottom surface (Figure 4 f vs i
and l vs o). Group 3M+H produced the ﬁnest ﬁbers on the top
surface (Figure 4m) with widths ranging from under 50 nm to
approximately 1 μm. The impact of homogenization is
consistent with similar studies on nanocellulose where
homogenization was found to be highly eﬀective in reducing
ﬁber diameter and increasing aspect ratio.45
Stability of SNF Suspension. Stability studies of the
suspensions were performed to understand the aspect ratios of
the SNFs (Figure 5a). All ﬁber suspensions were stable at
room temperature for 6 h, and then the sedimentation started,
as indicated by the presence of clear water on top of the
suspended ﬁbers (Figure 5a, red arrows). All homogenized
samples remained stable and there was no sign of
sedimentation even after one month. The high stability of all
of the suspensions in water suggests that the ﬁbers have a high
aspect ratio, since sedimentation is prevented by network of
ﬁbers and higher aspect ratio improves network formation for a
given concentration of ﬁbers in the suspension.46,47
Zeta Potential and Suspension Stability at Diﬀerent
pH. To understand the eﬀects of surface charge of silk
nanoﬁbers on the stability of ﬁber suspensions, we measured
zeta potential across the pH range of 3−11 (Figure 5b). The
isoelectric point of the samples ranged from just under 4 for
the 1M+H and 3M+H samples to close to 5 for 2M+H. This is
similar to the reported isoelectric point of B. mori silk, which is
found at pH 3.9.48 The zeta potential is likely to be inﬂuenced
by the size and morphology of the material since the chemistry
at the material surface can be diﬀerent compared to the bulk
material. The results from this study show that the zeta
potential of the nanoﬁbers at pH 7 was between −27 and −29
G
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The contact angle of the paper samples ranged from 31° to
58° (Figure 7a). The contact angles of silk papers prepared
from homogenized silk nanoﬁbers were higher than the ones
prepared from unhomogenized silk (Figure 7a).

Figure 6. FTIR spectra of the silk paper samples compared with
degummed ﬁbers from the same treatment group. Gray vertical lines
indicate the position of the β-sheet peak of the samples (1620 cm−1
for all degummed ﬁbers and 1629 cm−1 for all milled and
homogenized samples).

milled + homogenized samples were indistinguishable (Figure
6 M vs M+H samples), suggesting that the homogenization
step does not change the ﬁbroin secondary structure.
In addition to these results, preliminary work established
that the cutter mill step and the choice of screen used to ﬁlter
the cut snippets had a signiﬁcant impact on ﬁbrillation
eﬃciency and that ﬁbrillation appeared to begin at the cut ends
of the snippets. By taking these ﬁndings together, a ﬁbrillation
mechanism can be proposed. Alkaline degumming is known to
cause signiﬁcant damage to ﬁbroin43,44 with the degree of
damage relative to the severity of degumming conditions.
Therefore, the more severe degumming conditions used in this
experiment (5 g/L Na2CO3 and 120 °C degumming
temperature) would result in greater ﬁbroin damage. The
defects introduced to ﬁbroin during degumming presumably
create weak points that could form ﬁbrillation sites, explaining
the higher degree of ﬁbrillation as degumming severity
increased. Following degumming, the production of ﬁber
snippets using the cutter mill increases the proportion of free
ﬁber ends and therefore increases possible ﬁbrillation sites. The
media milling step then weakens the intermolecular β-sheet
bonding through the application of shear to the ﬁber snippets.
Fibrillation begins at this point but is ineﬃcient with some
ﬁbrillated ﬁbers remaining in clumps (Figure 4i), presumably
due to a certain degree of cohesion between the bundles and
nanoﬁbers (van der Waal’s interactions, nonspeciﬁc hydrogen
bonding, and so forth). Finally, the application of shear
without media through homogenization disrupts this residual
intermolecular bonding, producing a much more homogeneous dispersion and giving the higher level of microﬁbillation.
Interaction and Transfer of Water and Water Vapor.
The water absorption and wettability are important properties
to consider if silk papers are to be used for applications where
liquid comes in their contact. The silk papers were expected to
have a diﬀerent degree of porosity and microchannels based on
ﬁber size and morphology. We looked at the absorption
behavior of a water drop as well as water contact angles. The
contact angle was recorded immediately after the water drop
was placed on the paper surface (∼1 s).

Figure 7. Average water contact angle (a) and average absorption
time (b) of the SNF papers. Letters above the bars (Figure 7b)
indicate statistically similar groups.

All the silk papers absorbed the water drop within 20 s
except group 2M+H (Figure 7b).
This sample also had the highest contact angle of all samples
tested (58°; Figure 7a), which is approaching the contact angle
reported for electrospun B. mori silk ﬁber mats, which is
around 75°.52 The SEM image of the bottom surface (Figure
4b,e,h,k, n) which was used for the water contact angle study
also shows that ﬁbers presented a compact structure and the
surface was less porous.
Thus, as expected the porosity of the surface played the key
role in water penetration behavior. Silk papers prepared only
by milling without the homogenization step absorbed water
immediately due to porous surface with larger ﬁbers. The
diﬀerence in water penetration properties between the two
surfaces, particularly for the paper from sample 2M+H also
demonstrates that paper with directional water transmission
properties can be produced by adjusting the processing steps
to create a more compact surface on one side while leaving the
other side porous.
A wicking test was used to further investigate the rise of
liquid through the capillary action of the papers (Table 2).
Liquid migration was monitored visually by observing the
height of the color of the dye solution at 15, 30, and 60 min;
no further movement of the dye front was observed after that.
H
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Table 2. Results of Wicking Testing after Certain Duration
(mm)
Testing duration
sample name

15 min

30 min

60 min

1M+H
2M
2M+H
3M
3M+H

26
18
26
20
29

26
22
29
22
31

31
24
32
24
32

Results presented in Table 3 show that silk paper from
homogenized nanoﬁbers provided faster and higher wicking
Table 3. Water−Vapor Transmission Rate of SNF Papers
sample name
1M+H
2M
2M+H
3M
3M+H

top side (g/m2·24 h)
3442.76
3279.39
2838.78
3673.26
3266.44

±
±
±
±
±

326.79
175.14
149.14
124.69
156.74

bottom side (g/m2·24 h)
3053.28
3181.10
2713.43
3526.72
3184.9

±
±
±
±
±

282.13
210.73
51.45
122.35
125.39

property. The wicking is inversely proportional to the time of
absorption. Increasing compactness due to ﬁner nanoﬁbers
resulted in a greater number of smaller capillaries and
produced superior water transfer properties through the
capillaries.
The water vapor transfer through the paper is useful to
understand the barrier properties of the materials. The transfer
properties were measured separately for both sides of the
paper. The results presented in Table 3 show that the trend is
similar to the water absorption tests. Papers prepared from
ﬁner homogenized nanoﬁbers allowed less vapor transfer
compared to more porous papers prepared from nonhomogenized silk. Moreover, the bottom side which produced
more resistance to water penetration also had slightly more
resistance to vapor transfer compared to the top side but the
diﬀerence was not statistically signiﬁcant. The top side of the
1M+H sample, which was the most porous as reﬂected in the
SEM images, allowed the most moisture vapor transfer among
the homogenized silk papers. The transmission rate of
unhomogenized samples (2M and 3M) was greater than that
of the homogenized samples (2M+H and 3M+H) in both sides
under same degumming condition. The diﬀerence between the
transmission rate of the top and bottom sides in 1M+H was
the largest (around 390 g/m2·24 h), while others were all less
than 150 g/m2·24 h), reﬂecting that the structure of 1M+H
was not uniform under this degumming condition. 1M+H also
had the largest diﬀerence between the top and bottom among
all homogenized groups. Conversely, the transmission rate of
2M+H was the least among all samples, reﬂecting that the
microﬁbers prepared by this condition were ﬁner and more
even, and produced most compact paper and had the
smoothest surface out of all samples (Figure 4).
Tensile Testing. The compactness of the homogenized silk
paper samples resulted in a signiﬁcant increase in their tensile
stress compared to paper from nonhomogenized silk as shown
in Figure 8. The tensile stress nearly doubled after
homogenizing. The strength of the paper primarily depends
on the degree of entanglement, which is enhanced with the
degree of microﬁbrillation, thereby increasing the number of
contact points. It resulted in an increase in hydrogen bonding

Figure 8. Tensile mechanical properties of the SNF paper samples.
NB: Conc. = Na2 CO3 concentration during degumming, Temp. =
Degumming temperature. Letters above the bars indicate statistically
similar groups (homogeneous subsets) based on a one-way ANOVA
with Tukey posthoc analysis.

and van der Waals interaction.53 The signiﬁcant increase in
strength of group 2 and 3 silk papers compared to group 1
suggests that intensity of degumming played a key role.
Although extensive degumming treatment resulted in ﬁber
degradation as seen for group 4 samples, some degree of alkali
hydrolysis due to higher concentration of alkali (group 2) or
increase in temperature (group 3) assisted higher microﬁbrillation, as reﬂected in SEM images (Figure 4), and thereby
enhanced properties of papers. These mechanical properties
exceed those of regenerated nanoﬁber materials such as
electrospun silk mats, which typically have a stiﬀness of
I
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Figure 9. Compatibility with human skin cells. (a) SEM image of human keratinocytes adhering as a conﬂuent monolayer on the ERI silk paper
after 48 h in culture. The islands with dark edges are single cells that have separated during sample processing. The rest of the image consists of
continuous cells. (b) Fluorescence micrograph showing high cell density (conﬂuent) is supported and mitotic ﬁgures (white arrow, example shown
at higher magniﬁcation in inset image) indicating cell proliferation. Scale bars: (a) 20 μm; (b) 200 μm, inset images = 20 μm. (c) Cell adherence
and growth assessed by enzymatic growth assay. TCP = tissue culture plastic (positive control); 5% DMSO, which is cytotoxic, was used as a
negative control. Diﬀerent letters above bars represent diﬀerences that are statistically signiﬁcant (p < 0.001) based on a one-way ANOVA with
Tukey posthoc analysis.

reﬂects the higher degree of microﬁbrillation possible through
the development of specialized milling conditions for silk, as
well as through the use of high pressure homogenization and
control over the degumming conditions. There was limited
control over density due to the casting process used in this
work. Other paper making approaches, such as vacuum
ﬁltration to induce compactness, may further enhance density
and thereby tensile index, and this can be explored in the
future.
Cytocompatibility Testing. Human epidermal keratinocytes were found to adhere on all silk paper materials tested.
Qualitatively, the paper presented a ﬁbrous surface to which
the cells adhered closely and spread to form a ﬂattened
epithelial monolayer (Figure 9), which at the high density
seeding appeared conﬂuent. The presence of mitotic ﬁgures
(Figure 9b, white arrows) indicated that cells were able to
proliferate on the silk surface.
An MTT cell proliferation assay was used to compare
quantitatively between silk paper samples processed by two of
the diﬀerent degumming methods and with homogenization vs
without homogenization (1M+H, 3M, and 3M+H; Figure 8c).
Similar growth outcomes were observed from each degumming
method indicating that cell−scaﬀold interactions were
supported under the various degumming conditions.

between 1/10th and 1/100th of the highest values reported
here.54 The electrospun silk nanoﬁber membranes require
annealing to render them water stable but the process also
makes such materials very brittle with elongation at break
being in the range of 3−7%.52 Silk papers produced in this
work are ﬂexible material and 2M+H had an average
elongation at break of 14% (Figure 8).
The tensile index reported here is typically used for
measuring tensile properties of papers. It is calculated by
normalizing the breaking load by weight per square area of
paper surface and does not account for membrane thickness
directly. On the other hand, in the case of regenerated silk
ﬁlms, tensile stress is normalized by the membrane cross
sectional area thereby takin the thickness into account in the
measurement.
Increasing compactness in thickness direction would change
the cross-sectional area but not the weight per square area of a
paper surface. Therefore, data presented here cannot be
compared directly with tensile stress of regenerated silk
materials. However, silk papers prepared in this work are a
ﬂexible and ductile material with up to about 15% breaking
strain, which is an advantage over regenerated silk membranes
which are brittle when dry. Silk ﬁlms have been prepared from
microﬁbrillated silk using grinding alone, however, these ﬁlms
appeared brittle with only about 1% breaking strain.2 This
J
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degumming processing window required to ﬁbrillate Eri ﬁbers,
this study identiﬁed the conditions that produced the best
combination of ﬁbrillation without causing excessive damage
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with 2 g/L Na2CO3 with homogenization: 2M+H). These
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consistent ﬁber diameter that resulted in excellent mechanical
properties, high water absorption, and biocompatibility.
Altering processing conditions enabled tuning of properties
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it great potential for a range of potential applications including
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