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Abstract

Silk fibers spun by silkworms and spiders exhibit exceptional mechanical properties with a unique
combination of strength, extensibility and toughness. In contrast, the mechanical properties of
regenerated silk materials can be tuned through control of the fabrication process. Here we
introduce a biomimetic, all-aqueous process, to obtain bulk regenerated silk-based materials for
the fabrication of functionalized orthopedic devices. The silk materials generated in the process
replicate the nano-scale structure of natural silk fibers and possess excellent mechanical properties.
The biomimetic materials demonstrated excellent machinability, providing a path towards the
fabrication of a new family of resorbable orthopedic devices where organic solvents are avoided,
thus allowing functionalization with bioactive molecules to promote bone remodeling and
integration.
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1. Introduction

The outstanding mechanical properties of natural silk fibers derive from their unique
structure, which is determined by spinning process and the nature of the spinning solution.
In the natural spinning process of silkworm, Bombyx mori, the silk fibroin (hereafter
referred to as silk) concentration increases gradually and controllably from ~12% to 30% as
the silk molecules move from the posterior to the anterior region of the silk glands [1].
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Meanwhile, the chains assemble to micelles, follow by arrange and stack them together in a
step-by-step manner, and form the compact solid architecture under regulation of external
environments, such as pH, ion concentration, physical shear and/or elongational flow [2].
Many efforts have been explored to regenerate silk materials with mechanical properties
comparable to or exceeding those of natural silk fibers [3-5]. Silk fibers stronger and
tougher than natural undegummed B. mori silkworm silk have been obtained from
regenerated B. morisilk solutions via microfluidic chip [3] and wet spinning [5]. One
common feature of those studies is a spinning dope of highly concentrated silk solutions,
which is a prerequisite to form a dense, compact solid structure in natural spinning process
[1]. However, the focus has mainly been limited to the generation one-dimensional silk
fibers in the micrometer range, which significantly hinders their application. There is need to
develop three-dimensional silk materials in larger dimensions that can be used to fabricate
devices with high mechanical demands, such as orthopedic devices.

Metals like titanium alloys and stainless steel remain the gold standard for orthopedic
devices due to their robust mechanical properties and ease of fabrication and implantation,
whereas limitations of stress shielding, infections, bone remodeling and second surgical
removal have shifted significant interest to degradable devices [6, 7]. Resorbable orthopedic
devices composed of poly-L-lactic acid and polyglycolic acid reduces the need for hardware
removal and improved bone remodeling. However, the degradation of these resorbable
devices is associated with inflammatory foreign body reactions due to the acidic degradation
products, osteolysis and incomplete bone remodeling [8]. In addition, orthopedic devices are
historically designed to provide mechanical stability to the surrounding bone and soft tissue,
whereas functionalization of the device to improve the implant integration and mitigate
adverse events associated with the foreign body reaction or infection has been largely
neglected [8]. Only recently, a few functionalization methods have been developed via
applying biological coating to orthopedic devices to modulate the surrounding
microenvironment. These approaches inlclude coatings to enhance osteointegration (e.g.,
calcium phosphate-like coatings [10-13] and biomolecules coatings [14-18] and coatings to
mitigate foreign body reaction (e.g., bisphsphonates coatings [19-21]) and infection (e.g.,
adhesion resistant coating [22—24], coatings with antibiotics [25, 26] and silver impregnated
coatings [27, 28]). Surface coatings normally involve complicated procedures and they do
not always possess long-term stability due to the degradation and detachment of the
coatings. In contrast, bulk-incorporated bioactive molecules can exert their effects v/aboth
surface contact and sustained release. However, the bulk incorporation of labile
biomolecules in current orthopedic devices remains a challenge due to the harsh conditions
of the manufacturing process. Therefore, degradable orthopedic devices with appropriate
mechanical properties, pro-osteogenic and antimicrobial features, would have a major
impact on orthopedic repairs in promoting accelerated healing, reducing second surgeries
and improving long-term patient outcomes.

Silk is an unique candidate to address these issue due to its excellent mechanical properties,
biocompatibility, tunable degradability [29, 30], as well as the ability of silk to stabilize
various of bioactive compounds [31]. We recently demonstrated the feasibility of silk protein
as a molding and machinable biomaterial system for the preparation of devices for
craniofacial repairs, based on the use of an organic solvent-based process (1,1,1,3,3,3
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hexafluro-2-propanol (HFIP)) [29]. To obtain water-stable structures, HFIP was required to
facilitate silk solubility and methanol to induce the formation of B-sheet structure [29].
However, HFIP can limit utility due to cost, risk for residuals in the devices, and difficulty in
incorporating labile biomolocules in the fabrication process. These caveats drive us to
develop new types of silk orthopedic implants basing on the aqueous silk solution. However,
high concentration aqueous silk solution (> 20%, wt/wt), a prerequisite to form a dense,
compact solid structure in natural silk spinning process [1], is highly instable and shows a
strong tendency to form hydrogels or aggregates, which introduces challenges and increases
complexity throughout the fabrication process. Natural spinning process of spiders and
silkworms have inspired us to build bulk silk materials in a more facile and “green” way. In
the present study, we developed a biomimetic process to generate bulk silk materials that
avoided the use of organic solvents and harsh chemicals. The regenerated silk materials have
excellent machinability and were successfully machined into various orthopedic devices.
Importantly, the mild aqueous-based process facilitates the bulk incorporation of dopants
and bioactive compounds, thus providing additional clinical benefits like osteoinductive,
osteoconductive and anti-microbial/anti-inflammatory features.

2. Materials and Methods

2.1. Preparation of aqueous silk solution

Silk fibroin solution was prepared from B. mori cocoons using our established protocol with
some modifications [32]. First, sericin was removed by boiling the cocoon pieces in 0.02 M
aqueous Na,COj3 solution for 30 minutes followed by extensive rinses in distilled water. The
degummed silk was then dried overnight and dissolved in 9.3 M LiBr at 60°C for 4 hours,
yielding a 20% (w/v) solution. The pH of LiBr solution was adjusted by adding 1 M LiOH
solution so that the pH of the final silk solution after dialysis was 8.0. The silk/LiBr solution
was dialyzed against distilled water for 2 days with 10 changes of water. The solution was
centrifuged for 2 x 20 min at 9,000 rpm. The silk concentration was determined by
evaporating water from a solution of known weight and weighing the remaining solid using
an analytical balance.

2.2. P24 synthesis

The BMP-2-related peptide P24 (SKIPKASSVPTEL-SAISTLYLDDD) was synthesized by
Tufts university core facility. The peptides were made on an ABI 431 Peptide Synthesizer
using Fmoc chemistry and HBTU activation. The purity of the peptides was greater than
90%.

2.3 Preparation of silk-based blanks for machining

Silk solution of 6-8 % (wt/wt) was subjected to forced airflow and water was slowly
removed at 10°C until the silk concentration reached 25-30%. The concentration of the
solution was monitored by weighing the remaining solid after drying. Rectangular molds
with water-permeable membranes were used to prepare silk blanks for machining. As an
example, 3-12 ml Slide-A-Lyzer dialysis cassette (Thermo Fisher, USA) with inner chamber
dimensions of 65mm x 28mm x 6.5mm was loaded with concentrated silk solution and
placed into a refrigerated incubator with forced air flow at 10°C for 3 to 4 days. Water
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evaporated through the porous water-permeable membrane from both sides of the cassette
and resulted in solid silk materials. The materials were then left in a fume hood for 4 days
followed by another 4 days in a 45°C oven to remove the remaining water. To produce silk-
based composite materials, silica (20-200 nm, Sigma, USA) and hydroxyapatite (HAP) (200
nm, Sigma, USA) were first dispersed in water by sonication and mixed with silk fibroin
solution to obtain a suspension with desired amount of silica or HAP. The same dehydration
procedure as described above was conducted to obtain silk/SiO, and silk/HAP composite
blanks. To produce antibiotic-containing silk materials, a suspension of ciprofloxacin-HClI in
water was mixed with 26.5% (wt/wt) silk solution to a final ciprofloxacin content of 5% (wt/
wt). The mixture was loaded into molds and dehydrated at 10°C for 3 days followed by
room temperature drying in a fume hood for 2 weeks. Osteoinductive silk materials were
obtained in a similar way except that BMP-2 (Wyeth, USA) and P24 solution was mixed
with concentrated silk solution at a concentration of 30 ug BMP2/g silk and 1.0 mg P24/g
silk, respectively. The pH of silk solution used for BMP2 mixing was maintained at 6.5 to
prevent the aggregation of BMP2 at pH 8, as BMP2 has an isoelectric point of 8.5 [15].

2.4. Machining of silk orthopedic devices

The silk blanks were machined into screws and intramedullary (IM) nails using a CNC lathe
(Trak TRL 1440 EX). For IM nails, the silk blank was left on the CNC lather once the
desired diameter was reached and a needle type tip was placed on the end for insertion. For
screws with bone screw threads, a custom single point external cutter (Vargus, USA) was
used on the CNC lathe to cut screw threads by matching turning speed with horizontal speed
of the cutter to cut a desired pitch length (outer diameter ~ 1.8 mm, pitch = 600 um). The
screw heads were machined to have a cylindrical heads by use of the CNC lathe. Once
machined, the screw or IM nail was then cut off behind the head or length of nail. A
diamond cutter was mounted to the lathe and used to cut a slot in the screw head for screw
insertion. For plates, rectangular silk blanks were machined using a CNC milling machine
(Trak DPM). The milling machine was used to cut the desired shape of the mold and
thickness (Figure S6). Once the plate was shaped and sized, cylindrical or conical screw
holes were cut using a 90 degree Ford countersink.

2.5. Characterization

The morphology of the biomimetic silk materials and silk-based orthopedic devices were
characterized by scanning electron microscopy (SEM) and atomic force microcopy (AFM).
The structure was analysed with a JASCO 6200 FTIR spectrometer.

SEM: For morphological analysis, samples were sputtered coated with
platinum and imaged with a Zeiss Supra55VP SEM (Cal Zeiss, Germany). Silk
rod of 1.5 mm was fractured in liquid nitrogen and fracture surface was imaged
under SEM.

AFM: AFM was performed on a MFP-3D-BIO AFM (Asylum Research, USA)
with tapping mode. Cr/Au(5/45) coated silicon cantilever with a tip radius
below 10 nm was used (k = 2 N/m, v ~ 70 kHz, Asylum Research, USA).

Biomaterials. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

ATR-FTIR: SF solution of 26.5% was flash frozen in liquid nitrogen and
freeze dried to preserve original structure before FTIR analysis. FTIR spectra
were gathered utilizing FT/IR-6200 Spectrometer (Jasco, USA), equipped with
a triglycine sulfate detector in attenuated total reflection (ATR) mode. The
measurements were taken in the range of 4000-400 cm™! at a resolution of 2
cm~1 with 128 scans. The background spectra were collected under the same
conditions and subtracted from the scan for each sample.

2.6. Mechanical Testing

Mechanical characterization of the compressive properties of the silk and silk/HAP blanks
were tested on an Instron 3366 (Instron, USA) testing frame equipped with a 10 kN load
cell. Silk and silk/HAP blanks were machined into cylinders of 4 mm in diameter and 4 mm
in height. All tests were performed using a displacement control mode at a rate of 5 mm/
min.

The double lap shear test was performed on silk and silk/HAP (80/20, wt/wt) pins (1.5 mm
in diameter and 6 mm in length) at dry state and hydrated environments by immersion in
Dulbecco’s PBS (ThermoFisher, USA) at 37 °C for 14 days. The fixture consists of three
adjacent stainless steel plates with aligned holes of 1.5 mm that allow the tight fitting of the
silk pins (Figure S7a). The bottom fixture remained stationary and the top fixture was
mounted to an Instron 3366 test frame and compressed at a rate of 5 mm/min until fracture
of the pins (ASTM standard F2502-11). Maximum shear stress was determined from the
maximum load and the cross section area of the pins.

Silk plates with a width of 7 mm, length of 29 mm and thickness of 2 mm were tested for
bending strength (Figure S6) at dry state. The plates were four-hole plates with 2 mm
diameter holes. Holes were placed 3.5 mm from the ends of the plates with the nearest hole
separated by 4.5 mm. The 2 center holes were separated by 13 mm. A four-point bending
fixture was machined from stainless steel with brass loading rollers and support rollers
(Figure S6b, supporting information), allowing rolling during testing to avoid frictional
forces. The fixture has a loading span and center span of 6 mm with support rollers placed
directly between the 2 outer holes. The bottom fixture remained stationary while the top
fixture was mounted to an Instron 3366 test frame and compressed at a rate of 5 mm/min
until fracture or complete compression to the bottom fixture. The bending stiffness, bending
structural stiffness and bending strength were determined from the load vs. load-point
displacement curve using the methods described in ASTM standard F2502-11. Bending
modulus was determined using equation 1 [32].

E :m4pL8
4P 8wt3 q (1)

Where:
E4» = 4-point bending modulus (MPa)

M, = 4-point bending stiffness (N/mm)
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Lo = length between support rollers (mm)
t = thickness of plate (mm)

w = width of plate (mm)

2.7. In vitro zone of inhibition test and antibiotics release

In vitro antibacterial effect of the ciprofloxacin-loaded silk orthopedic device was estimated
by using the Kirby-Bauer susceptibility test. Briefly, 50 ul of the Sraphylococcus aureus (S.
aureus, ATCC 25923) overnight culture ([O.D]ggonm = 0.8-1.0) were plated on Tryptic Soy
Agar plates. After 24 hours, the zone of inhibition was measured using image J software.
Ciprofloxacin-containing silk pins (1.5 mm in diameter and 3-4 mm in length) were placed
on the plates and incubated at 37 °C to allow bacteria to grow. The cirprofloxacin release
was determined by immersing drug-loaded silk pins (5% wt/wt) in Dulbecco’s PBS (0.2
mL) and PBS supplemented with protease IXV (5 unit/mL) at 37°C. At desired time points,
the buffer was removed and replaced with fresh buffer. The amount of release was
determined using the direct zone of inhibition assay. The active antibiotic was quantified by
comparing zone of clearance in bacteria lawns with zones of clearance generated by
standards of known antibiotic concentration..

2.8. Biofilm inhibition test

The ability of silk material functionalized with ciprofloxacin to inhibit development of
biofilm on its surface was evaluated using Sraphylococcus epidermidis (S. epidermidis,
ATCC 35989). Silk pins loaded with/without ciproprofloxacin (1.5mm in diameter, 3mm in
length) were incubated in 4mL of a suspension of S. epidermidis ([OD]goonm = 0.2) in
Trypticase Soy Broth (TSB) for 2 days. SEM was used to examine the biofilm formation. In
brief, samples were fixed with 4% parafomaldehyde (PFA), followed by dehydration using a
series of graded ethanol and dried by hexamethyldisilazane. The samples were then
sputtered coated with platinum prior to SEM analysis.

2.9. Human mesenchymal stem cell (hMSCs) isolation and expansion

hMSCs were isolated from total bone marrow aspirate from a healthy, non-smoking male
under the age of 25 (Lonza, USA). Whole bone marrow was diluted in expansion medium,
plated in 175 cm? flasks (Corning, USA) at a density of 200,000 cells/cm? and cultured at
37 °C with 5% CO» in a humidified environment. Expansion media consisted of Dulbecco’s
modified eagle medium (DMEM), 10% fetal bovine serum (FBS), 1% non-essential amino
acids, 1 ng/ml bFGF, and 1% antibiotic/antimycotic (ThermoFisher Scientific, NY, USA).
Each flask contained a final volume of 35 ml, which was rocked daily to allow hemopoietic
cells to remain in suspension and the stromal cells to adhere to the flask. The adherent cells
were allowed to reach 80% confluence, after which they were trypsinized, suspended in FBS
containing 10% DMSO and stored in liquid nitrogen. Second passage cells were used for
experiments.

2.10. Osteogenic differentiation of hAMSCs induced by BMP2/P24-incorporatd screws

Silk sponge of pore size of 400-500 pum was prepared as previously described [31]. Tubular
silk sponge (2 mm inner diameter, 4 mm outer diameter, 4 mm height) were cut from the
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sponge with dermal punches. Ethylene oxide sterilized BMP2- and P24-loaded silk screws
were then inserted into the tubular sponge and one million hMSCs were seeded in the
sponge. The construct was then maintained in osteogenic medium for 6 weeks. The
harvested constructs were cut in half along the longitudinal axis in order to expose the
interface of the screw and sponge. The samples were then stained with Osteolmage and
observed under Keyence BZ-X710 fluorescent microscope.

2.11. Statistic analysis

Statistical analysis was performed by two-tailed Student’s t-test using GraphPad software
(GraphPad Prism software, CA). pvalues < 0.05 were considered statistically significant.

3. Results and Discussion

3.1 Regenerated silk materials by mimicking natural processing

Inspired by the natural spinning process (Figure 1a), we developed a “green”, controllable
strategy to create silk materials with unique structure that mimics the natural silk fibers
(Figure 1b). Aqueous silk solution of 25-30%, matching the silk concentration in the
anterior region of silkworm gland, was first obtained by a slow dehydration process. Highly
concentrated aqueous silk solution (> 20% wt/wt) is highly instable and shows a strong
tendency to form hydrogels or aggregates. Therefore, the pH of the silk solution was
controlled at 8.0 and low temperature (10 °C) was maintained during dehydration to prevent
early hydrogel formation. The concentrated silk solution was then loaded into molds to
allow further water removal at 10°C without premature gelation. The remaining water was
then removed by further dehydration at elevated temperatures, resulting in optically clear,
solid silk blanks.

A remarkable feature of the silk blanks is their machinability. The silk blanks can be
machined into various types of orthopedic devices, such as bone screws, plates and IM nails,
which is discussed in detail in section 3.2. In comparison to our previously developed
solvent-based system, the advent of an aqueous silk formulation to generate orthopedic
devices with improved mechanical properties eliminates the risks with the use of toxic
organic solvents. Furthermore, the mild aqueous-based process facilitates the addition of
dopants and bioactive compounds during blank preparation, thus providing additional
clinical benefits like osteoinductive, osteoconductive and anti-microbial/anti-inflammatory
features. As illustrated in Figure 1c, silk blanks can also be machined into other desired
shapes readily, such as cylinder, triangular prism, star and flash sign. Therefore, this new,
bio-friendly silk biomimetic material may find use in the fabrication of engineered
components with complex shapes and desired functionalities.

Structural insight into the self-assembled biomimetic materials was obtained by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). The combination of the
two techniques revealed a uniform and dense structure composed of silk globules of around
30 nm in size (Figure 1d, e and f), reminiscent of the globular structure of the native silk
fiber. Spider silk showed isotropic ~10 nm globules, whereas silkworm silk generates
globules that are anistropic ~23nm x16 nm [35]. Another unique feature of the regenerated
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silk materials is the hierarchical organization of the material. Silk nano-globules formed
aggregates of tens to hundreds of nanometer in size (Figure 1e, white circle), and these
aggregates interacted with each other to form a dense network. The density of the
biomimetic silk materials was estimated to be 1.39 + 0.04 g-cm~3 based on the mass and
volume of machined cylindrical samples (1.5 mm in diameter and 5 mm in length), which is
comparable to that of the native silk. This result is in line with the microstructural
resemblance between the biomimetic silk materials and natural silk fiber.

Fourier transform infrared spectroscopy (FTIR) was used to monitor the structural change
during the assembly process of the silk materials (Figure 1g). The 1515 cm™1 band in amide
Il region, assigned to the aromatic ring C-C stretching of the tyrosine (Tyr) side chain, is a
local monitor for the conformational change and hydrophilicity of the Tyr microenvironment
[36]. A decrease in the wavenumber to 1512 cm~1 was observed with dehydration, which
could be related to a more hydrophobic microenvironment induced by peptide folding [37].
After dehydration at 10°C for 3 days and room temperature for 4 days, absorbance bands
appeared around 1632 and 1697 cm™1 (plot B in Figure 1g), indicating the formation of
intramolecular and intermolecular B-sheet structure, respectively [38]. Further dehydration at
45°C did not induce significant changes in silk structure (plot C in Figure 1g).

Figure 1j sketched the structural evolution of silk molecules in our designed biomimetic
fabrication process, according to the aforementioned structural evidences. Protein molecules
tend to further form reversible cluster/aggregates due to the contribution of attractive forces
and repulsive excluded volume effect [39-41]. The silk molecules are present as oligomeric
aggregates in concentrated silk solutions adopting mainly random coil structure (plot A in
Figure 1g), similar to the silk molecules in spinning duct. As the local protein concentration
increases with further dehydration, crystal nucleation between protein chains is trigged,
leading to the formation of ordered fibrous/globular intermediate structures, consisting of
nanosized globules. While water molecules continue to leave the system, these intermediate
structures formed a network via hydrogen bonds and eventually a densely-packed solid silk
material. The control of solution pH and slow dehydration process allows sufficient time for
the fibroin chains to self assemble and thus p-sheet content increases over time (Figure 1g).
The resulting materials exhibit a microstructure composed of interlocked nano-globules
(Figure 1f), which is also the fundamental structures of nanofibrils in natural silk fiber [35].
These nano-globules of different sizes, which are responsible for the nonslip kinematics,
restricted shearing between fibrils, allowing controlled local slipping and energy dissipation
without bulk fracturing [42].

Considering the highly structural similarity with natural silks as well as superb mechanical
performance of natural silk fibers, we sought to evaluate the mechanical properties of the
biomimetic silk materials (Figure 1h). The compressive stress-strain profile was similar to
that of natural bone: an elastic region followed by a plastic deformation phase. The
compressive yield strength of 123.6 + 8.6 MPa and modulus of 4.2 + 0.4 GPa were well
above the mechanical tolerance of cancellous bone (2-12 MPa and 50-500 MPa,
respectively [43]) and approached that of cortical bone (100-230 MPa and 7-30 GPa,
respectively [43]). Remarkably, the mechanical properties of biomimetic silk materials can
be further improved by adding inorganic fillers. For example, when 20% nano-HAP, a
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natural component of bone, was included in the silk materials, the compressive yield
strength and modulus increased to 164.0 £ 5.9 MPa and 6.4 + 0.7 GPa, respectively. In
figure 1i, our biomimetic silk materials (yellow eclipse) are compared with the specific
strength as a function of specific Young’s modulus for natural silk fibers, bone and bone-
substitute materials. The specific strength and modulus of the biomimetic silk materials were
obtained from the stress-strain curves with a density of 1.39 + 0.04 g-cm™3. The specific
modulus of the biomimetic silk materials is significantly higher than that of the cancellous
bone, while comparable to the natural silk fibers and compact bone. Notably, the specific
strength of the biomimetic silk materials is significantly higher than that of the dense
polymer materials, while the specific modulus falls within the higher end values for dense
polymer materials.

3.2 Silk orthopedic devices from biomimetic regenerated silk materials

In order to meet the morphology and structure requirements of orthopedic devices, we
explored the machinability of the regenerated silk materials generated by the biomimetic
aqueous process. Silk screws, pins and plates were successfully machined from silk blanks.
The resultant silk screws (major diameter ~1.8 mm) appeared a glossy surface without any
defects, and more importantly, showed distinct threads with sharp edges (Figure 2a). Their
refined features were revealed by SEM image (Figure 2b), which showed uniform depth of
threads (about 100 um) with thread pitch of 600 um. In addition, the screw displayed
relatively homogeneous appearance at scale of few hundreds of microns, while a rougher
surface at scale of several microns (Figure S1, supporting information). A high roughness
profile at several microns scale should improve early fixation and long-term stability due to
the mechanical interlocking between the implants and bone ingrowth [44]. Moreover, this
rough topographic features play a decisive role on the biological response to orthopedic
implants [45]. We then evaluated the mechanical properties of the obtained silk orthopedic
devices. Shear forces are one of the most prominent forces experienced by bone fixation
devices. Silk pins with a diameter of 1.5 mm were used to determine the maximum shear
stress (Figure 2g). The silk pins reached a maximum shear stress of 80.2 £ 8.5 MPa, which
is comparable to that of the HFIP solvent-based systems (~ 90 MPa) [28]. These values are
also comparable with the current resorbable systems which have a shear force of 100-185
MPa [46, 47]. The mechanical properties of silk plates were measured by a four-point
bending test using four-hole plates of 29 mm length and 2 mm thickness (Figure 2h). The
mechanics of aqueous plates (bending stiffness of 206.3 + 13.8 N/mm, structural stiffness of
18574.4 +1242.8 N/mm2, bending strength of 469.6 + 92.8 N-mm, and bending modulus of
2.7 £ 0.2 GPa) were significantly improved relative to those of solvent-based plates (bending
stiffness of 162.8 + 23.0 N/mm, structural stiffness of 11621.7 + 2608.7 N/mm?, bending
strength of 389.6 + 56.4 N-mm, and bending modulus of 1.7 + 0.3 GPa) [48].

The tight packing of silk nano-globules is a key factor in determining the mechanical
properties and machinability of the regenerated silk materials. We explored two alternative
processes of fabricating silk blanks (Figure S2, supporting information). Silk blanks
obtained by pregelation process can be machined into screws, pins and plates, but the
mechanical properties of the devices were significantly lower than those from the
biomimetic process. For example, the maximum shear stress of the silk pins was 20.4 £ 1.5
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MPa compared to 80.2 £ 8.5 MPa of pins from the biomimetic silk blanks. A close-up view
of the surface morphology of the screw revealed a globular structure with nano/micro-sized
pores (Figure S3e, supporting information), which corresponds to the pores present in the
hydrogel. The less interaction/interlocking between the globules might be responsible for the
different mechanical property of the resultant devices. Silk blanks from the fast dehydration
process can be machined into pins and plates, but not screws with a more complexed
contour. In this process, methanol treatment induced faster formation of fibers/globules with
[B-sheet structure, resulting in pores and thus more loosely packed structures as revealed by
AFM image (Figure S4, supporting information).

We then evaluated the stability of the silk-derived materials in DPBS buffer. After 4-week
incubation at 37°C, silk screws maintained their structural integrity and original shape
(Figure S5A and B). We also studied the degradation of regenerated silk materials in DPBS
and in the presence of proteinase XIV and a-chymotrypsin. As shown in Figure S5D, there
was about 10% weight loss when samples were incubated in PBS and a.-chymotrypsin after
9 weeks, while there was about 44% weigh loss in protease XIV. The projected /in vitro
degradation time to complete loss of the samples in proteases was approximately 5 months,
which is faster than that of HFIP-based silk materials of 7 months [28]. These results are in
line with our previous findings that aqueous-derived silk scaffolds degraded faster than
HFIP-derived scaffolds /n vivo [49].

We next evaluated the mechanical properties of the silk-based orthopedic device in the
hydrated state. Incorporation of nano-HAP significantly improved the maximum shear force
of the silk pins from 80.2 + 8.5 MPa to 94.1 + 5.7 in the dry state, while from 18.2 + 1.5
MPa to 23.2 + 1.2 MPa in the hydrated state (Figure S5D). Although one limitation of the
current silk format is the hydrated mechanical strength, adding nHAP reduced swelling and
enhanced hydrated mechanics. These findings were consistent with previous studies where
the addition of hydroxyapatite reduced the swelling and increased mechanical properties of
various types of composite scaffolds [50-52]. Furthermore, the mechanical properties of the
silk materials could be improved with the addition of silk micro-fibers or silk micro-particles
to meet the mechanical demand for orthopedic use [53,54].

3.3. Osteoinductive silk-based orthopedic devices

One main appeal of the aqueous-based process lies in the development of osteoinductive
orthopedic devices. The current metallic and resorbable orthopedic fixation systems do not
provide osteogenic functionality. Thanks to the all-aqueous process, silk orthopedic device
was functionalized with osteoinductive factors through bulk-incorporation of bone
morphogenetic protein 2 (BMP2) or P24 peptide in the fabrication process. P24 is a
synthetic BMP-2-related peptide corresponding to residues of the knuckle epitope of
BMP-2, which could regulate adhesion and differentiation of bone marrow stromal cells and
induce ectopic osteogenesis. Immunostaining of BMP2 demonstrated the uniform
incorporation of BMP2 in silk pins. The release kinetics of BMP2 was determined by
ELISA and showed a peak release on dayl followed by sustained release over time (Figure
S8). The bioactivity of the released BMP2 was verified by improved ALP activity and
calcification in stem cells cocultured with BMP2-incorporated silk under osteogenic
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conditions (Figure S9, supporting information). A similar low level of BMP2 was reported
to improve the gene expression of related osteogenic markers in human osteoblasts [55].

We next generated an /n vitro cell culture system to mimic the screw-bone interface /n vivo
(Figure 3a). hMSCs were seeded in the porous silk scaffold and cultured under osteogenic
conditions for 6 weeks. hMSCs underwent osteogenic differentiation and the resulting
mineralization was demonstrated by the positive staining of HAP with Osteolmage.
Osteolmage stain was detected at the screw/sponge interface and inside the sponge in
BMP2-and P24-incorporated silk screw groups (Figure 3e—j). In contrast, mineralization
only occurred at the periphery of the silk sponge in the osteogenic control without BMP2 or
P24 (Figure 3b—d). Notably, the deposition of mineralized tissue followed the contour of the
screw and was observed in direct contact with the screw surface in the presence of BMP2,
which might imply the good osteointegeration of the screw with the bony tissue when
implanted /n vivo. The ability to stabilize and control the release of osteoinductive
compound from silk could modulate the concentrations to local microenvironments,
avoiding ectopic bone complications and optimizing sustained functional features as needed.
This control would offer a distinct advantage of not only being biodegradable and resorbable
but actually promoting and inducing bone growth and remodeling only locally.

3.4. Antimicrobial and biocomposite silk-based orthopedic device

Another advantage of the biomimetic fabrication process is to add antimicrobial
functionality to the system. Incorporation of antibiotics within biodegradable orthopedic
implants could provide an approach for local antimicrobial prophylaxis of biomaterial-
related infections without significant systematic exposure. This is a major need for
orthopedic repairs [56]. For this purpose, silk devices containing ciprofloxacin were
prepared (Figure 4a). Ciprofloxacin was selected in this study as it possesses a broad
spectrum of activity, including most osteomyelitis-causing pathogens, such as S. aureus. The
antimicrobial effect of the silk/ciprofloxacin pins was demonstrated by a zone of inhibition
assay, and a clear zone lacking bacteria growth formed around the ciprofloxacin-containing
silk rods placed on the S. aureus bacterial lawn (Figure 4b). We then evaluated biofilm
formation on ciprofloxacin-loaded silk pins using S. epidermidis. S. epidermidis is one of
the leading etiologic agents associated with orthopedic implant-related infections, and it can
adhere to and aggregate on biomaterials surface and can form biofilms on many biomaterials
[57]. The biofilm formation was completely inhibited on ciprofloxacin-loaded pins, whereas
biofilm patches were observed on silk pins without antibiotics (Fig. 4c and d).

The release of ciprofloxacin was carried out in PBS as well as in the presence of protease
IXV to model the potential /7 vivo proteolytic degradation of the silk. The continuous
release of ciprofloxacin was sustained for at least 36 days, suggesting that the bioactivity of
the sensitive therapeutics was preserved during the mild, aqueous processing fabrication
process. This stabilization effect of silk on antibiotic activity was consistent with previous
findings on antibiotics stabilization within silk materials of various formats [58, 59]. In
addition, ciprofloxacin release in protease solution was significantly faster than that in PBS,
which suggested that the release profile can be tuned by silk degradation. Therefore, the
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ciprofloxacin-releasing orthopedic devices represent a novel system for long term delivery
of antibiotics to prevent orthopedic-related infections.

One major objective of current orthopedic repair strategies is to enhance the
microenvironment of metallic implants by enhancing osteoconduction. Composite screws
have previously been developed by the addition of inorganic fillers such as HAP and f-
tricalcium phosphate due to their proven osteoconductivity [60, 61]. Studies have also shown
that silica-containing materials, such as silica nanoparticle, could stimulate the
differentiation and activity of bone-building osteoblast but suppress bone-resorbing
osteoclast /n vitro[62,63]. In this study, we incorporated HAP and silica nanoparticles in
silk blanks and successfully machined the resulting composite blanks into orthopedic
devices. The composite materials showed similar machinability to silk alone. For example,
silk/HAP and silk/SiO, biocomposite screws showed a smooth surface finish after
machining (Figure 4f, g, i and j). The FTIR analysis revealed the presence of HAP and silica
nanoparticles in the screw (Figure 4h and k). Silk proteins, including silk fibroin and sericin,
have been used as biotemplates for the formation of inorganic/organic composite materials
with controlled morphology, organization and hierarchies with the aim of enhancing
properties [64—67]. For example, silk and silk sericin were selected as substitutes for
collagen I to synthesize HAP composite materials for potential utilization in bone tissue
engineering [64, 66]. The incorporation of HAP improved cell attachment, proliferation, and
most importantly, enhanced the osteogenic differentiation of bone marrow derived stem cells
[66]. Thus, this new class of biocomposite orthopedic devices has the potential of providing
improved bioactivity and better osteointegration with surrounding bone tissue.

4. Conclusions

In summary, we demonstrated the feasibility of generating machinable silk materials viaa
biomimetic, all-aqueous process. We focused on the dehydration of silk solutions and the
assembly of silk molecules to generate compact crystalline structures, as a route to generate
highly dense, organized building blocks from which to generate mechanically robust silk-
based orthopedic devices. The mild, all-aqueous process provides a wide range of
opportunities by combining silk with other biomolecules (e.g., antibiotics, growth factors,
cytokines), thus providing useful avenues for functionalized orthopedic devices.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of the fabrication process, characterization and assembly mechanism

of biomimetic silk materials. (a) lllustration of spinning duct of silkworm. (b) Solid silk
materials were obtained by the biomimetic gradual dehydration of silk aqueous solution. (1)
Concentrate silk solution to 25-30% (wt/wt). (2) Inject concentrated silk solution to silk
blank molds. (3) Remove water by forced air flow at 10°C for 3—4 days. (4) Remove the
remaining water by drying in fume hood at room temperature for 4 days and then in an oven
at 45°C for 4 days. (5) Machine silk blank into orthopedic devices of desired geometry. (c)
Various shapes machined from biomimetic silk materials (scale = 1 cm). (d, ) SEM and (f)
AFM images of the cross section of a silk rod of 1.5 mm diameter (scale: 40 pm in d, 2 pm
in e, and 200 nm in f.). (g) FTIR spectra of silk materials (A: freeze-dried concentrated silk
solution; B: silk materials obtained after dehydration at 10°C and room temperature; C: silk
blanks before machining.) (h) Stress-strain curve of biomimetic silk materials. (i)
Comparison of specific strength and modulus of the biomimetic silk material with natural
silk materials, bone, polymer, ceramic and metal/alloys. Adapted with permission from
nature publishing group [34]. The yellow ellipse represents the silk and silk/HAP materials
in this study. (j) Model of the assembly process of the biomimetic silk materials. The silk
molecules form oligomeric aggregates in concentrated silk solution. Dehydration leads to the
condensation and assembly of the silk molecules into densely packed solid materials.
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Silk orthopedic devices. (a) Silk screw with bone screw thread. Scale =5 mm. The major
diameter of the screw was ~ 1.8 mm and pitch was 600 um. (b) SEM image of bone screw
(scale = 100 pm). (c) Silk IM rods of 1.5 mm diameter, scale =5 mm. (d) SEM image of silk
IM rods, scale =5 mm. (e) Four-hole silk plate of 29 mm length and 2 mm thickness (scale
=5 mm). (f) SEM image of milled surface of silk plate (scale = 100 um). (g) Representative
shear strength-displacement curve of 1.5 mm diameter silk pin by double lap shear
mechanical test. (h) Representative load-displacement curve of the four-hole silk plate of 29

mm length and 2 mm thickness by four-point bending test.
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&hMSCs

Figure 3.
Silk-based orthopedic devices with osteoinductive functionality: /n vitro differentiation of

hMSCs induced by BMP2/P24 incorporated silk screws. (a) Schematic illustrating the /n
vitro cell culture setup. BMP2/P24 incorporated silk screws were inserted into a tubular silk
sponge with pore size of 400-500 um and hMSCs were seeded in the sponge. Osteogenic
differentiation of hMSCs was assessed with Osteolmage fluorescent staining for HAP after
6-week culture in osteogenic medium. Transmitted light (b, e and h), fluorescent (c, f and i)
and overlay images demonstrated the mineralization pattern in (b—d) osteogenic control, (e
g) BMP2 and (h—j) P24 groups. Scale = 200 um.
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Figure 4.
Silk-based antimicrobial and biocomposite orthopedic devices. (a) Two-hole plate

containing 5% (wt/wt) ciprofloxacin (scale =5 mm). (b) A clear zone of inhibition formed
around ciprofloxacin releasing silk rods against S. aureus cultures (scale = 1mm). SEM of
biofilm on (c) ciprofloxacin-loaded and (d) pure silk pins, scale = 10 um. (e) The cumulative
release of ciprofloxacin from ciprofloxacin-loaded silk rod over 36 days. (f and i) Optical
images, (g and j) SEM images and (h and k) FTIR spectra of the (f-h) silk/HAP (90/10
wt/wt) and (i-K) silk/SiO, (90/10 wt/wt) biocomposite screw with bone screw thread. Scale
=5mmindandgand 100 ym in e and h, respectively.
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