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Traditional bone fixation devices made from inert metal alloys provide structural strength for bone repair but are
limited in their ability to actively promote bone healing. Although several naturally derived bioactive materials
have been developed to promote ossification in bone defects, it is difficult to translate small-scale benchtop
fabrication of these materials to high-output manufacturing. Standard industrial molding processes, such as
injection and compression molding, have typically been limited to use with synthetic polymers since most
biopolymers cannot withstand the harsh processing conditions involved in these techniques. Here we demon
strate injection and compression molding of a bioceramic composite comprised of hydroxyapatite (HA) and silk
fibroin (SF) from Bombyx mori silkworm cocoons. Both the molding behavior of the HA-SF slurry and final
scaffold mechanics can be controlled by modulating SF protein molecular weight, SF content, and powder-toliquid ratio. HA-SF composites with up to 20 weight percent SF were successfully molded into stable threedimensional structures using high pressure molding techniques. The unique durability of silk fibroin enables
application of common molding techniques to fabricate composite silk-ceramic scaffolds. This work demonstrates
the potential to move bone tissue engineering one step closer to large-scale manufacturing of natural proteinbased resorbable bone grafts and fixation devices.

1. Introduction
Bone grafts and bone fixation devices should provide high structural
stability and maintain functional alignment while simultaneously
encouraging new bone formation [1–3]. Although metal alloys
commonly used for bone repair meet the required strength criteria for
load-bearing applications, they lack the ability to promote native bone
healing. Synthetic polymers offer one alternative solution since they
display tunable biosorption profiles allowing native bone replacement
over time [4,5]. Since these materials, like most polymers, lack sufficient
strength required for use as a bone replacement or fixation material,
osteoinductive biopolymers have been combined with high strength
bioceramics, such as hydroxyapatite, to create composite scaffolds
[6–9].
These
polymer
composites,
such
as
polylactic
acid-hydroxyapatite, are readily formed using a variety of processing
techniques ranging from 3D printing to injection molding [10–13].

However, unless combined with a delivered bioactive substance, syn
thetic polymers do not effectively stimulate cellular proliferation within
the defect. Instead, natural biopolymers, such as collagen, fibrin, silk,
and alginate, have been explored for use as bioactive implants due to
their proven ability to induce bone remodeling [5,14–17].
Bioceramics are commonly used in bone tissue engineering due to
their close similarity to the chemical structure of bone, their ability to
integrate with native osseous tissue, and their capacity for slow
resorption over time [18–20]. Composite implants comprised of poly
meric and inorganic mineral phases leverage both the high compressive
strength of ceramics as well as the high fracture toughness of polymers
[21–23]. However, when it comes to manufacturing, ceramic composite
molding is a complicated process that requires close attention to powder
properties, packing density, binder selection, and flow characteristics,
and involves a less standardized work flow than thermoplastic
manufacturing due to added complications such as phase separation and
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post-injection shrinkage [24–27]. Despite these challenges, ceramic in
jection molding can generate parts with higher complexity and tighter
tolerances at a faster rate than standard ceramic manufacturing tech
niques, such as slip casting, uniaxial or cold isostatic pressing [28]. The
durability of injection molds, typically made from steel, far exceeds the
durability of the porous molds used for slip casting, typically made from
plaster, thereby allowing for longer production runs and reduced vari
ability. Unlike synthetic polymers, which exhibit thermoplastic behavior
in that they readily flow when heated, most natural biopolymers will
quickly aggregate or denature when exposed to the high pressure and
high heat conditions used for industrial molding [29]. Proteins will fall
out of solution during processing thereby impeding material flow into
the molding cavity and resulting in an inhomogeneous product. Thus,
there is a need for a mechanically robust yet bioactive natural polymer
amenable to standard industrial processing in the orthopedic space.
The goal of this study was to investigate the feasibility of injection
molding to fabricate composite scaffolds made of hydroxyapatite with
regenerated silk fibroin from Bombyx mori silkworm cocoons. Silk
fibroin is an ideal biopolymer for injection and compression molding
due to its high stability and resistance to degradation in response to heat
or shear stress. Silk can be processed into a variety of physical formats
ranging from raw fiber to regenerated aqueous and organic solventbased silk solutions that can be cast into various scaffold forms, and
specific parameters of silk cocoon processing can be controlled to tune
properties of the regenerated silk solution, such as molecular weight.
These factors play a role in regulating the rheological behavior and flow
of the regenerated silk solution as well as the structure of the final
scaffold. Our previous work on silk consolidation casting of
hydroxyapatite-silk composites has shown that silk can be used as an
effective binder in the production of stable green bodies [30]. In com
bination with calcium phosphate ceramics, silk can increase the
toughness of the mineral component providing a greater balance be
tween strength and fracture resistance [31]. These advantages make silk
fibroin well-suited for injection and compression molding to create
composite scaffolds and implants. Although the use of silk fibroin in
injectable calcium phosphate-based bone cements has been investigated
previously [32,33], these studies have been mainly conducted using
low, syringe-controlled injection speeds and pressures not comparable
to the high flow rates and pressures associated with injection molding.
In this work we present how HA-SF composites were prepared, how
the rheological behavior can be tuned, and how they can be formed into
scaffolds using both compression and injection molding processes. In
both processes, an aqueous HA-SF paste was molded and subsequently
heated to initiate β-sheet crystallization of the silk fibroin to stabilize the
structure of the composite. The injection molding of HA-SF composites
demonstrated here exhibits similarities to aqueous injection molding,
which involves injecting an aqueous thermo-gelling polymer, such as
agar, into a mold maintained at a temperature below the sol-gel tran
sition to induce polymer gelation, followed by drying and sintering [34].
However, silk fibroin does not exhibit a sol-gel transition. There are also
similarities to powder injection molding (PIM) in which heavily filled
polymer system is injection molded to form parts that are subsequently
de-bound and sintered. Although extensive research has been done on
PIM for HA composites to create bone scaffolds, these composites have
never contained silk fibroin [35,36].

2.1. Preparation of regenerated silk fibroin
Bombyx mori silk fibroin solution was prepared as previously
described [37]. Briefly, 5 g of silk cocoons were boiled in 2 L of an
aqueous solution of 0.02 M sodium carbonate for either 30 or 60 mi
nutes, rinsed with deionized water, and dried. The dry silk fibers were
dissolved in a 9.3 M lithium bromide solution (25% wt/v) at 60 ◦ C for
4–6 hours, and the resulting solution was dialyzed against deionized
water using 3500 Da molecular weight cut off dialysis tubing (Spectrum
Laboratories, Rancho Dominguez, CA) to remove the lithium bromide.
The solution was further processed to form soluble silk powder by
freezing 8% wt/v aqueous silk solution from either 30-mb or 60-mb
(minutes boiled) silk fibroin for 24 hours at − 20 ◦ C, and lyophilizing
(Labconco, Kansas City, MO) at a pressure of 0.020 Torr for 24–48 hours.
After lyophilization, the resulting lyophilized silk was ground into a fine
powder using a conventional kitchen blender and stored at low humidity
conditions (<30%) until further use.
2.2. Particle size, morphology, and composition
Mean particle size and particle size distribution of hydroxyapatite
and silk fibroin powders were determined using dynamic lightscattering particle size analysis (Horiba LA-300, Horiba Instruments
Inc., New York, USA). Pre-measured samples of either HA or SF powders
(n = 3) were dispersed in 70% isopropanol and sonicated for 2 minutes
at 15% amplitude (Misonix Sonicator S-4000, Qsonica Inc., Newtown,
CT) prior to particle analysis to break up powder aggregates. Grain size
and morphology of the HA or silk fibroin powders was visualized using a
field emission scanning electron microscope (FESEM Ultra55, Carl Zeiss
AG, Oberkochen, Germany). Dry power samples (n = 3) were sputter
coated (SC7620 mini sputter coater, Quorum Technologies, Kent, UK)
with gold (5–10 nm) and imaged at a voltage of 5 kV. Phase composition
of hydroxyapatite and silk fibroin powder samples (n = 2) was analyzed
using a Scintag PAD X powder x-ray diffractometer with a Peltier cooled
Si(Li) solid state detector with a 0.5 mm scatter slit and a 0.2 mm
receiving slit. A CuKα x-ray source (wavelength 1.54 Å) was operated at
a voltage of 45 kV and a current of 40 mA. Samples were scanned at a
rate of two degrees per minute.
2.3. Rheological characterization of HA-SF composites
Rheological tests on the HA-SF composite slurries were conducted
using an ARES Rheometer (TA Instruments Inc., New Castle, DE) with
cone and plate geometry (ø = 25 mm, cone angle = 0.1 rad). For each
test, 2 g of HA-SF composite powders containing variable amounts of SF
powder (0, 1, 10, or 20% wt/v) was mixed with different amounts of
deionized water to achieve the desired powder-to-liquid (P/L) ratio (0.5,
0.6, or 0.7) and mixed for 1 minute to form a slurry. The slurry was then
transferred to the cone and plate fixture, and excess slurry was removed
from the edges of the cone to ensure full contact of the complete surface
area of the cone geometry during testing. Tests were initiated immedi
ately after mixing, and the measurement temperature for all tests was
kept constant at 25 ◦ C. The maximum test duration was 2 minutes to
minimize drying effects. Steady state testing was conducted over a shear
rate ramp from 1 to 100 s− 1 with a 5 second equilibration time and 5
second measurement time. Each steady rate test was performed inde
pendently using a freshly mixed 2-g sample of the HA-SF slurry (n = 3 for
each group). To assess the dynamic rheological properties of the HA-SF
composites, strain-sweep testing was conducted from 0.1% to 100%
strain at a frequency of 1 Hz to determine the linear viscoelastic range of
the material. A subsequent frequency sweep was performed at a critical
strain of 0.1% over a frequency range of 0.1–100 rad/s. Each frequencysweep test was conducted independently using a freshly mixed 2-g
sample of the HA-SF composite (n = 3 for each group). A no silk
fibroin control (0 wt% SF) was tested at each P/L ratio (n = 3) for each of
the above tests.

2. Materials and methods
Silkworm cocoons from Bombyx mori were obtained from Tajima
Shoji Co., LTD (Yokohama, Japan. Commercially available hydroxyap
atite (Ca10(PO4)6(OH)2) was obtained from Fisher Scientific (Pittsburg,
PA). All other chemicals and reagents were obtained from Sigma (St.
Louis, MO).
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2.4. Compression molding of HA-SF composites

significantly larger than the height. Therefore, the results should be used
for comparison purposes.

Compression molding of HA-SF composites was performed at room
temperature (20-25 ◦ C) using a 120 kN (12 ton) hydraulic press (Carver
Inc., Wabash, IN). Molds with varying cavity sizes were used for molding
scaffolds (25 mm diameter x 12.75 mm thickness for the largest cavity,
9 mm diameter x 6.25 mm thickness for the smallest cavity). The mold
was lined with aluminum foil that was pre-treated with commercial
silicone mold release (Smooth-On Inc., Macungie, PA). HA-SF slurries
containing 1, 10, or 20 wt% silk fibroin by mass were mixed with water
(1.4 mL/g) to obtain a homogenous paste at a P/L ratio of 0.7, and
packed into the mold allowing excess material and water to flash
through the parting line of the mold. The molds were pressed at 50 kN
and held at maximum load for 3 minutes. After pressing, the molds were
treated at 60 ◦ C for 48–72 hours to promote complete scaffold drying.
The finished scaffolds were removed and stored at ambient conditions
until further testing.

2.8. Statistical analysis
Statistical analyses were performed with either one-way or two-way
analysis of variance (ANOVA) with Bonferroni procedure for post-hoc
comparison using GraphPad Prism. P < 0.05 was considered statisti
cally significant and significance levels were indicated in each of the
figures as *p < 0.05, **p < 0.01, and ***p < 0.001.
3. Results
3.1. Hydroxyapatite and silk fibroin characterization
Silk from B. mori silkworm cocoons was processed into a soluble silk
powder that could be combined with hydroxyapatite to create ceramicsilk fibroin slurries for rheological testing and molding (Fig. 1A).
Scanning electron micrographs of the SF and HA precursor materials are
shown in Fig. 1B. Particle size distribution analysis (Fig. 1C) revealed
that HA particles (10.36 ± 10.26 μm) were significantly smaller than
both 30-mb and 60-mb silk particles (247.67 ± 134.81 μm, 230.56 ±
129.18 μm, respectively) (Table 1). Boiling time (degumming time) of
the raw silk fibers during processing, which is a critical step for
biocompatibility to remove inflammatory sericin protein coating the silk
fibers, did not influence the average particle size made by grinding the
lyophilized silk fibroin solution. X-ray diffraction spectra showed
several major characteristic HA peaks (peaks (002) at 25.9◦ , (300) at
32.9◦ , (310) at 39.8◦ , and (213) at 49.5◦ ) (JCPDS 09–0432), however,
no distinct peaks could be identified in the SF powder. The combination
of the two showed a hybrid spectrum (Supplemental Figure 1).

2.5. Injection molding of HA-SF composites
Injection molding of the HA-SF composites was carried out using a
vertical piston injection molding machine (DACA Instruments Inc.,
defunct) with a maximum shot size of 7.2 cm3 (0.24 oz.). An aluminum
mold with an edge-gated disk cavity (32 mm diameter by 3 mm thick
cavity, 3 mm × 4 mm parabolic runner) was used for the injection
molding trials. As with compression molding, the injection mold was
lined with aluminum foil and treated with silicone mold release. The
barrel temperature was set to the threshold temperature of 30 ◦ C to
prevent premature crystallization of the silk fibroin prior to injection.
Conversely, the mold temperature was set to 60 ◦ C to initiate silk sta
bilization and scaffold drying immediately after injection. Batches of
HA-SF composites (4 cm3 total material) containing 1 to 20 wt% silk by
mass were mixed with water (1.4 mL/g) to obtain a homogenous paste at
a P/L ratio of 0.7, which was loaded into the barrel. Additional clamping
tonnage was applied to the mold using screw jacks to prevent flashing
and leakage at the nozzle due to the low viscosity of the material
compared to conventional thermoplastics. The HA-SF composites were
injected at a pressure of 157 bar and were set under packing pressure for
5 minutes at 60 ◦ C. The mold was removed and placed in a 60 ◦ C oven for
48–72 hours to complete the drying of the HA-SF scaffolds. The finished
scaffolds were removed and stored at ambient conditions until further
testing.

3.2. Rheological behavior of HA-SF composites
Rheological testing was conducted to assess the effects of solids
loading content (powder-to-liquid ratio), silk fibroin content, and silk
fibroin boil time on the flow properties of the HA-SF slurries. The
degumming process, which involves boiling the raw silk fibers, strongly
influences the molecular weight of the regenerated silk fibroin solution,
and the effects of degumming boil time on silk fibroin properties have
been thoroughly characterized elsewhere [38]. Under steady-state shear
testing, pseudoplastic behavior was observed for all HA-SF composites
regardless of powder-to-liquid (P/L) ratio, SF content, or SF boil time.
Shear thinning behavior can be seen in representative flow curves shown
in Fig. 2A. Powder-to-liquid ratio produced the most dramatic effects on
slurry behavior, with slight modifications leading to significant changes
in viscosity with increasing shear rate. At a given P/L ratio, however,
slurries containing higher SF content reached a constant steady-state
viscosity at lower shear rates regardless of SF boil time (Fig. 2B).
These differences can be more easily appreciated by comparing slurry
viscosity at a specific shear rate of 39 s− 1 as is done in Fig. 3. For samples
made with 10 wt% 60-mb silk fibroin, a change in P/L ratio from 0.5 to
0.6 resulted in a 3.7-fold increase in viscosity, and a further increase by
3.2-fold was observed at a P/L ratio of 0.7 (Fig. 3A). Adjusting SF con
tent also afforded control over slurry viscosity for both 30-mb and
60-mb silk, however, slurries containing 30-mb fibroin exhibited more
complex behavior with regards to SF content. A significant drop in vis
cosity of 30-mb samples did not occur until the SF content reached 20 wt
% regardless of P/L ratio. This is evidenced by the fact that only 20 wt%
SF slurries made with 30-mb SF exhibited significantly lower viscosities
than the 0 wt% SF control (p < 0.001 for 20 wt% 30-mb slurries at P/L
ratio 0.7), whereas with 60-mb SF both 10 and 20 wt% slurries exhibited
significantly lower viscosities than the no SF control (p < 0.01 and p <
0.001 for 10 wt% and 20 wt% respectively at P/L ratio 0.7) (Fig. 3A). SF
boil time also led to significant differences in viscosity with lower boil
time corresponding to higher viscosities regardless of P/L ratio or SF

2.6. Scaffold morphology
Structural morphology of the HA-SF scaffolds (n = 3) were visualized
using field emission scanning electron microscope (FESEM, Ultra55 or
Supra55VP, Carl Zeiss AG, Oberkochen, Germany). Dry samples (5 mm
height x 5 mm diameter) were fractured and the inner surfaces of the
scaffolds were sputter coated with gold (5–10 nm) and imaged at a
voltage of 5 kV.
2.7. Mechanical testing
Compression tests were performed on an Instron E10000 (Instron,
Inc., Norwood, MA, USA) testing frame equipped with a 10 kN load cell.
The dry HA-SF scaffolds (roughly 23.6 mm diameter x 3.6 mm thickness
after drying) were not pre-conditioned prior to testing. Tests were
conducted on compression molded samples at a crosshead speed of 2
mm/min and load was applied until a strain of 10% was reached or until
fracture occurred. The compressive modulus was calculated as the slope
of the linear region of the stress-strain curve. Yield was taken as the
inflection point of the elastic region before the plateau on the stressstrain curve. The geometry of the samples was dictated by the
compression molds available and it is acknowledged that it does not
comply with ASTM standards for ceramics in that the sample diameter is
3
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Fig. 1. HA-SF processing and characterization. A. Processing of raw silk fibers from B. mori cocoons via degumming and fiber hydrolysis to produce aqueous re
generated silk fibroin (SF) solution which is later lyophilized and ground into powder. B. Scanning electron microscopy images of hydroxyapatite (HA) and SF
powders (processed with either 30 min or 60 min of boiling during degumming). Scale bars are 10 μm in the HA image and 200 μm in the SF images. C. Particle size
distribution of HA and SF powders.

boil time are seen for representative curves at P/L 0.6 in Fig. 4B. Higher
SF content significantly decreased the modulus of HA-SF slurries, with a
more pronounced effect observed at higher P/L ratios, specifically P/L
0.7 (Fig. 4C). This decrease in modulus was observed for both 30- and
60-mb silk fibroin, however, 60-mb slurries exhibited significantly lower
moduli than 30-mb slurries (e.g. 15-fold lower for 1 wt% SF content at
P/L ratio 0.7). Slurries containing 30-mb silk fibroin generally displayed
a greater dependence on both the SF content and P/L ratio of the sam
ples. This was most evident at a P/L ratio of 0.7 where 30-mb slurries
exhibited average storage moduli of 602 kPa, 124 kPa, and 4.6 kPa for
SF contents of 1, 10, and 20 wt% respectively. As expected, increasing P/
L ratio led to higher dynamic moduli. However, this effect diminished
with increasing SF content until samples with 20 wt% silk exhibited
moduli that were effectively independent of P/L ratio (Fig. 4D).

Table 1
Characterization of HA and SF powders. Mean particle size and specific surface
area (n = 3).
Material

Mean particle size
(μm)

Std.Dev.
(μm)

SSA
(m3)

Std.Dev.
(m3)

Hydroxyapatite
30-mb SF
60-mb SF

10.36
247.67
230.56

10.26
134.81
129.18

56.26
–
–

5.51
–
–

content. However, differences between 30- and 60-mb were generally
more pronounced at lower P/L ratio and higher SF content (Fig. 3B).
Frequency sweeps on HA-SF slurries were performed at 1 Hz (6.283
rad/s) in the linear viscoelastic region (0.1% strain) as determined with
strain sweep testing (Supplemental Figure 2). Representative frequency
sweeps are shown in Fig. 4A for 60-mb silk at a P/L ratio of 0.7. All
slurries exhibited dominant storage modulus (G’) over loss modulus
(G”) across the entire range of frequencies tested, with a modest increase
in storage modulus with increasing frequency. Effects of SF content and

3.3. Compression and injection molding of HA-SF composites
Compression molding under standard pressures produced stable
composite scaffolds for all HA-SF compositions (Fig. 5A). Stability of the

Fig. 2. Shear behavior of HA-SF slurries. A. Representative curve showing shear thinning behavior at all three P/L ratios of HA-SF slurries made with 10 wt% 60-mb
SF. B. Magnification of the low shear rate regime (boxed region: 0 to 40 s-1) of shear thinning curves for 30- and 60-min boil SF with varying P/L ratios (0.5, 0.6, and
0.7 ratio of HA:SF) and 1, 10, and 20 wt% SF content (n = 3, error bars are SD).
4
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Fig. 3. Effects of SF content, SF molecular weight, and P/L ratio on HA-SF slurry viscosity. A. Influence of powder-to-liquid (P/L) ratio on the viscosity of HA-SF
slurries at two different SF molecular weights (as a result of varying silk fibroin degumming time). B. Influence of SF content on HA-SF slurry viscosity shown at
three different P/L ratios. Statistical analysis performed with two-way ANOVA with Bonferroni posttest (***p < 0.001, n = 3, error bars are SD).

Fig. 4. Dynamic rheological behavior of HA-SF slurries. A. Representative curves from frequency sweep testing (0.1–100 rad/s) on HA-SF slurries performed at 0.1%
strain showing differences in G′ and G′′ as a result of SF content. B. Differences in dynamic rheological behavior of HA-SF slurries as a result of SF content and
molecular weight. C. Effects of SF content on storage modulus of HA-SF slurries. D. Effects of P/L ratio on the storage modulus of HA-SF slurries. Statistical analysis
performed with two-way ANOVA with Bonferroni posttest (**p < 0.01, ***p < 0.001, n = 3, error bars are SD).

parts increased with higher SF content as observed by flaking of the
samples containing low SF content. However, more undesirable adhe
sion of the HA-SF material to the molding plates was observed at higher

SF content. Injection molding trials also successfully produced parts
from the investigated HA-SF compositions with more complex geometry
(Supplemental Figure 3). However, the geometry of the injection
5

S.L. McNamara et al.

Biomaterials 269 (2021) 120643

Fig. 5. HA-SF composite scaffold characterization. A. Images of compression molded HA-SF scaffolds with 20, 10, and 1 wt% SF content made with 60-mb SF at a P/L
ratio of 0.7 along with corresponding scanning electron microscopy images of fractured surfaces (arrows indicate SF sheets interwoven within the ceramic matrix).
Mechanical testing was performed to evaluate the compressive modulus (B), yield strain (C), and yield stress (D) of the HA-SF scaffolds. Statistical analysis performed
with two-way ANOVA with Bonferroni posttest (*p < 0.05, **p < 0.01, n = 6, error bars are SD).

molded samples was dictated by the injection molding cavities available
and, due to the thin geometry of the cavity, parts made with 1 wt% SF
often experienced brittle fracture. As such, mechanical testing was only
conducted on compression molded parts. As with compression molding,
higher SF content facilitated better scaffold stability after injecting.
However, the 20 wt% silk fibroin injection molded samples displayed
significant anisotropic shrinkage. Shrinkage in the direction of flow was
substantially lower (7.9%) than the transverse direction (11.9%). This is
likely due to the pressure gradient across the cavity resulting in lower
shrinkage near the gate location.

must be amenable to standard manufacturing production methods. In
this study, we showed that injection and compression molding can be
used to fabricate reproducible HA-SF composite scaffolds using an
aqueous-based formulation. Rheological evaluation performed on
HA-SF slurries revealed that slurry viscosity and viscoelastic behavior
was strongly influenced by factors such as SF content, SF molecular
weight, and powder-to-liquid ratio. HA-SF slurries containing up to 20
wt% silk content were amenable to flow-based injection and compres
sion molding processes, which yielded stable green bodies with me
chanical properties that are highly dependent on SF content and
molecular weight.
The replacement of thermoplastic carriers that are traditionally used
in ceramic molding with a biomaterial to create implants and grafts is
highly attractive, however, unless the biopolymer can withstand the
harsh processing conditions involved in injection molding it will be
unlikely to survive the process without undergoing substantial degra
dation. The polymer must also afford some control over the flow
behavior of the melts and the setting time of the molded parts. Silk is a
hydrophobic polymer that exhibits exceptional protein stability to suit
this need [44]. A dry SF powder formulation was chosen to generate
HA-SF slurries based on the ability of the powder to dissolve rapidly in
water forming a dispersant for the HA particles to generate a colloidal
suspension. By combining HA with SF in a solid powder form rather than
as a solution, the P/L ratio of the slurry could be easily controlled.
Rheological characterization revealed that all HA-SF slurries,
regardless of SF content, SF molecular weight, or P/L ratio exhibited
shear thinning behavior characteristic of a low solids-loading ceramic
suspension. Slurry viscosity and dynamic modulus were significantly
impacted by all three parameters. Strain sweep testing showed a small
plateau region with yield point at approximately 0.15–0.2% strain. For
all slurries, no crossover point was observed in frequency sweep testing
and the slurries predominately displayed solid or gel-like properties
within the tested frequency range. As expected, P/L ratio, which most
significantly impacts the solids loading content of a ceramic slurry,
produced a dramatic change in both viscosity and modulus. A narrow
range of P/L ratio (0.5–0.7) was selected based on observed differences
in rheological behavior and because slurries were not capable of flow
above a P/L ratio of 0.7 due to HA particle aggregation. However,
although modulating P/L ratio produced large variations in flow
behavior, controlling P/L ratio is not ideal for molding ceramic scaffolds
since higher water content is inversely related to solids loading and thus
sacrifices the strength of the final scaffold.

3.4. HA-SF scaffold characterization
Scanning electron microscopy images of the fractured surfaces of
injection and compression molded scaffolds show a composite material
of distinct HA and SF components. Strands or sheet-like silk structures
can be seen adhering to the ceramic component. (Fig. 5A). SF content in
the HA-SF slurries favorably impacted the mechanical strength of the
final molded scaffolds. When SF content decreased from 20 wt% to 10 wt
% the average compressive modulus of the scaffolds dropped by 9–16%,
and the yield stress dropped by 10–20% (Fig. 5A,C). The modulus
decreased by another 37–42% when reducing SF content from 10 wt% to
1 wt% silk. There was a noticeable change in mechanical behavior be
tween scaffolds made with 60-mb silk and 30-mb silk. The average
compressive modulus of the 60-mb silk scaffolds was 10-24% higher
than those made with 30-mb silk, and yield strength was 1–17% higher.
SF 60-mb scaffolds containing 20 wt% SF exhibited the highest average
compressive modulus of all tested conditions (7.2 ± 1.7 MPa), and those
made with 1 wt% 30-mb SF had the lowest compressive modulus (3.1 ±
1.6 MPa) and highest yield strain (Fig. 5A and B).
4. Discussion
Ceramic-biopolymer composites are an attractive option for ortho
pedic grafting and bone fixation due to their high compressive strength
and bioactive properties. The incorporation of silk fibroin with hy
droxyapatite has been shown to enhance scaffolds mechanics and serves
as an attachment site for cell ingrowth and a depot for drug delivery
[39–43]. Due to its highly adhesive, hydrophobic nature, silk protein
uniquely enables the fabrication of complex geometry ceramic scaffolds
due to its ability to act as a binding agent [30]. However, for
ceramic-biopolymer composites to advance towards clinical use, they
6
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The combination of SF with HA offers an alternative means of
modulating flow behavior since additional parameters such as molecular
weight of the silk fibroin can be controlled during silk processing.
Longer silk degumming times result in lower molecular weight proteins,
with 60 minutes and 30 minutes of extraction producing proteins of
approximately 50 kDa and 150 kDa, respectively [45]. Silk fibroin
boiled for 60 minutes has a viscosity of 1.6 mPa-s, which is slightly
higher than that of water [46]. As expected, slurries made with 60-mb
silk consistently displayed lower viscosities and dynamic moduli than
those made with 30-mb silk. Increasing the SF molecular weight within
the silk dispersant phase of the HA-SF colloidal suspension led to more
complex rheological behavior as seen with 30-mb slurries, which did not
display a significant drop in viscosity until the silk content reached 20 wt
%. A two-fold higher 30-mb silk content (20 wt%) was required to
achieve similar viscosity values to slurries made with only 10 wt%
60-mb SF. This suggests that the high molecular weight silk chains may
interact to a greater degree with HA particles even at low SF content thus
requiring higher shear stress to disrupt the suspension.
Both injection and compression molding produced stable HA-SF
composite scaffolds with silk content from 1 to 20 wt%. Parts contain
ing 20 wt% silk were more stable, easier to handle, and exhibited less
cracking. However, above 20 wt% silk, the slurries were highly adhesive
which disrupted flow into the molding cavity. Mechanical testing
revealed that HA-SF green body mechanics were mainly influenced by
SF content, however, 60-mb SF green bodies generally displayed higher
strength than those containing 30-mb SF. At the tested P/L ratio of 0.7,
green body compressive modulus could be controlled with adjustments
in SF content and boil time to achieve a range of 3.1–7.2 MPa, thus
allowing for tailoring of final scaffold properties. The structural integrity
of these formed green bodies is due to the adhesive nature of the silk
fibroin which can allow for immediate use after production without the
need for further processing. In the green state, these scaffolds match the
mechanical properties of human trabecular bone [47].
Despite the advantages of silk fibroin for injection and compression
molding of ceramic-biopolymer scaffolds, there are several obstacles
that must be overcome for translation of this process. Silk fibroin dis
plays excellent stability in dehydrated and aqueous states, and silk
powders retain their solubility and molecular weight distribution after
several months of storage [48]. However, once formulated, HA-SF
slurries are mainly susceptible to changes in rheological behavior due
to aging and may undergo phase separation upon drying or as a result of
protein aggregation or crystallization, particularly at elevated temper
atures. Since the SF acts as a binding material for the finished scaffolds,
this process requires evaporative drying to solidify the molded parts
instead of exploiting the phase transformation of a thermoplastic carrier
as is done in traditional ceramic injection molding. This evaporative
drying is a slow process that requires longer periods of time than would
be used in standard industrial molding equipment. A few process mod
ifications could be envisioned to scale up this process for manufacturing
including using molds with specially designed vents to facilitate drying,
incorporating low-pressure drying ovens, and using multiple molds on a
continuous production line. Additionally, while our study investigates
the rheological control of HA-SF composites using non-reactive calcium
phosphate and proves the feasibility of molding ceramic with silk
fibroin, the practical application of silk in combination with ceramic for
injection molding may be better suited with a self-setting calcium
phosphate mixed with silk fibroin.

techniques that are traditionally used with synthetic thermoplastic
materials. Here we demonstrate the feasibility of injection and
compression molding of hydroxyapatite combined with natural silk
fibroin protein. The robustness of the silk protein enables it to be molded
in combination with hydroxyapatite into stable, composite green bodies
using standard injection and compression molding methods. The
tunable properties of silk fibroin afford control over the rheological
behavior and flow characteristics of the HA-SF slurries during molding
without compromising the density, strength, and integrity of the molded
parts. The unique properties of silk could offer a potential for low cost,
reproducible manufacturing of bioactive ceramic-silk grafts and ortho
pedic implants.
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