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Abstract

Silk fibroin is a useful protein polymer for biomaterials and tissue engineering. In this work,
porogen leached scaffolds prepared from aqueous and HFIP silk solutions were reinforced through
the addition of silk particles. This led to about 40 times increase in the specific compressive
modulus and the yield strength of HFIP-based scaffolds. This increase in mechanical properties
resulted from the high interfacial cohesion between the silk matrix and the reinforcing silk
particles, due to partial solubility of the silk particles in HFIP. The porosity of scaffolds was
reduced from ~90% (control) to ~75% for the HFIP systems containing 200% particle
reinforcement, while maintaining pore interconnectivity. The presence of the particles slowed the
enzymatic degradation of silk scaffolds.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Introduction

Biomaterial scaffolds are an integral part of tissue engineering, which is an alternative
approach to designing implant systems capable of restoring function to diseased or damaged
tissues, in lieu of the fundamental limitations of autograft and allograft tissue as a clinical
resource.[1] Autografts have problems such as restricted amounts of material for use in other
sites in the body, donor site morbidity, and suboptimal clinical outcomes. Allografts carry
the risk of transmission of disease and adverse immunological reactions.[23] Conversely,
three-dimensional porous scaffolds have proven effective temporary substrates to template
engineered tissue and have shown biological compatibility and integration. Meanwhile,
there have been numerous attempts to optimize scaffold function toward improved
remodeling characteristics, cell-material interactions, host integration, and structural
stability. Aside from tissue engineering standpoints, scaffolds can also be used for the study
of diseases due to the three-dimensional approximation to in vivo micro-environments
compared to the two-dimensional monolayer cell culture systems.[4]

The frequency and types of degenerative skeletal tissue disorders in a progressively aging
human population makes musculoskeletal tissue repair prominent among tissue-engineering
research.[1:3] Skeletal tissue engineering scaffolds could supplant the role of artificial non-
degradable prostheses, which do not interface seamlessly with surrounding host tissues and
offer no remodeling potential. Conversely, biocompatible and osteoconductive scaffolds are
further tasked with stringent mechanical requirements and improved integration
demands.[33] Scaffolds formed from soft materials must resist handling during surgery and
post-implantation mechanical and hydrodynamic stresses and strains.[®] The ability to
control pore size in the scaffold is also important in terms of in vitro and in vivo tissue
formation.[”] Large pores support vascularization and enhance osteogenesis, but can
diminish the implant’s in vivo load-bearing capacity. Furthermore, slow degradation is
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important, e.g., to ensure that the supportive functions are maintained until adequate
mineralization takes place during resorption and new bone formation. 8l

Silk fibroin has emerged as an important biomaterial to meet scaffold design specifications
due to the protein's good mechanical properties,[®] biocompatibility,8-10-12] and
biodegradability.[8:10.13-16] |n previous works, 3-D silk-based scaffolds were able to support
bone and cartilage development in vitro[817-20] and were used for healing critical size femur
defects in rats.[5] They were useful in bridging large defects with new bone after 8 weeks
and exhibited good load-bearing capabilities and torque when compared to other
experimental and control groups.[®] The scaffolds also exhibited good biocompatibility,
biodegradability, and vascularization in vivo.[8:20] However, 3-D silk scaffolds still need
substantial improvement to meet the requirements of musculoskeletal tissue repair. For
instance, it was reported that after 12 weeks of bone tissue ingrowth, despite increase in
strength, they remained much weakerl17] (wet compressive modulus <200 kPa and yield
strength <40 kPa) than natural bone.

Bone is an apatite—collagen composite material at the ultra-structural level and hence, a
polymer matrix composite appears a natural choice for supporting bone growth.[21]
Moreover, a composite system may offer synergistic material features and thus be able to
meet the multiple design requirements. Existing composite design approaches include
coating a bioactive layer of one material over a bioinert materiall22:23] to improve cell
adhesion and growth, and adding particles to a polymer matrix to enhance mechanical
properties and/or cellular interactions.[22:24-32] The published reports suggest that improved
mechanical properties and bioactivity could be achieved using composite systems versus
single components alone. However, despite the progress and opportunities with composites,
no approach to date has established the capacity to develop mature bone, both structurally
and functionally, nor demonstrated sufficient efficacy of a relevant implant to warrant
human clinical trials.

Composite design faces a challenge of compatibility between components. Poor
compatibility between components can result in inhomogeneous mixtures and phase
separation, and also adverse tissue reactions.[?1] Furthermore, non-synchronous degradation
rates can lead to other complications, such as premature pore collapse. We hypothesized,
therefore, that a biocompatible, biodegradable and mechanically superior composite scaffold
could be formed from a single polymer, by incorporating silk particles in a regenerated silk
matrix. This new type of composite system, wherein both components are the same protein,
could potentially exploit the interfacial compatibility between the continuous and particle
phases and thus eliminate or at least reduce some of the complications associated with the
composite materials.

We have recently developed a fabrication method to prepare ultrafine particles from silk
fibers through a combination of standard milling processes.[33:341 These particles retain
substantial crystallinity from the parent fibers and were considered useful for scaffold
reinforcement. Previously, commercial silk particles[35:36] were used for scaffold
reinforcement. Co-precipitation and freeze drying techniques were adapted for scaffold
fabrication and non-silk polymers were used as the continuous matrix. In the present work,
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we followed the porogen-leaching process to fabricate the novel silk/silk macro-porous
composite scaffolds from aqueous and 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP) silk
solutions through the addition of crystalline silk particles. Measurements of their
morphology, mechanical properties and degradation behavior are reported. As properties of
composites may be affected by composition, size distribution, and volume/weight
percentage of particles,[?] the effects of such variants were also studied.

Experimental Part

Preparation of Milled Silk Powder

Bombyx mori (B. mori) and Philosamia cynthia ricini (P. c. ricini) silk cocoons were
purchased from North Eastern India. B. mori cocoons were cut to remove pupae. P. c. ricini
cocoons were open mouthed and were free from pupae. They were degummed in a
laboratory dyeing machine (Thies Corp.) using 0.02 w sodium carbonate and 0.6g - L1
sodium dodecy!l sulfate (Sigma—Aldrich) at 100 °C with a fiber (kg) to liquor (L) ratio of
1:25. The batch size of cocoons was 1 kg. Degumming time was 20 min for B. mori and 120
min for P. c. ricini cocoons. Degummed fibers were milled as previously described.[33]
Briefly, fibers were chopped into snippets using a cutter mill (Pulverisette 19, Fritsch). A
stirred ball mill (1S Attritor, Union Process Inc.) was used for wet grinding of the chopped
snippets using 20 kg yttrium treated zirconium oxide grinding media (5 mm) in a 9.5 L tank.
The stirrer speed was 280 rpm. Time of milling was 6 h for P. c. ricini and 10 h for B. mori.
Distilled water was used in the wet grinding operation. Dry powders from the wet milled
slurry were recovered using a laboratory spray dryer (B-290, Buchi Labortechnik AG). A
Sturtevant laboratory air jet mill with a grinding air pressure of 110 kg - cm~2 was used to
further reduce the particle size. Pre-processed silk powder was fed with a powder hopper (K-
Tron) at a feed rate of 200 g - h™1 and processed continuously by the air jet mill.

Preparation of Regenerated Silk Solution

Bombyx mori (B. mori) silk fibroin solutions were prepared as described previously.[16:37]
Briefly, cocoons were degummed at 100 °C for 40 min in an aqueous solution of 0.02 w
Na,CO3 with a fiber (kg) to liquor (L) ratio of 1:400 and then rinsed thoroughly with
deionized water. The degummed silk was dissolved in 9.3 » LiBr solution at 60 °C yielding
a 20% wi/v solution. This solution was dialyzed against water using Slide a-Lyzer dialysis
cassettes (Pierce, MWCO 3500) for three days with frequent change of water. The final
concentration of the aqueous silk fibroin solution was about 7% w/v. Part of the silk solution
was frozen at —80 °C and then lyophilized. The lyophilized silk was added to
hexafluoroisopropanol (HFIP) (Sigma—Aldrich) to prepare 17% w/v solvent-based silk
solution.

Preparation of Composite Scaffolds

Aqueous-Derived Composite Scaffolds—Aqueous-derived composite scaffolds were
prepared by modifying the method of porogen leached aqueous-derived silk scaffolds
previously described.[26] A schematic diagram illustrating aqueous-derived composite
scaffold fabrication is shown in Figure 1. Silk powder was suspended in deionized water and
then ultrasonically dispersed using a Branson 450 Sonifier (Branson Ultrasonics Co.) to
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achieve a stable aqueous suspension of powder. To achieve different mixture ratios in the
composites, the silk powder suspensions were added to aqueous silk solutions at varying
concentrations so that % powder loaded varied from 0 to 25% based on the “matrix” weight
(derived from the silk solution). Final matrix concentration was kept constant at 6% w/v
(i.e., 60 mg silk per 1 mL solution). As an example, for a 25% composite, the final matrix
mass being 120 mg (from a 2mL solution), 30 mg of powder (in suspension) was mixed with
the silk solution of an appropriate concentration. The mixture was added to a cylindrically-
shaped container (18 mm in diameter) and 4 g of granular NaCl (particle size 500-600 um)
was added slowly to the container. Then, the container was covered and left at room
temperature for 2 d followed by leaching out the NaCl particles in deionized water over 3 d.

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)-Derived Composite Scaffolds—
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)-derived composite scaffolds were prepared by
modifying methods used to prepare HFIP-based silk scaffolds as previously
described.[516:37.38] Figure 2 shows the schematic diagram of HFIP-derived composite
scaffold fabrication. 1 mL of 17% w/v HFIP-based silk stock solution was poured into a
glass vial (15 mm diameter) containing 3.4 g NaCl particles premixed with a desired amount
of silk power. The % of silk powder to silk matrix w/w was controlled up to 200%. For
example, for a 200% HFIP composite, the final matrix mass was estimated to be 170 mg,
and thus 340 mg of powder was premixed with NaCl particles and put in a glass vial before
the 1 mL HFIP solution was added. Pore size of the scaffolds was controlled by using NaCl
particles of different size (210-300, 500-600, and 850-1000 pum). The glass vials were
covered and centrifuged at 365 x g rcf. to help the viscous silk solution permeate the
porogen-particle bed, and were kept covered overnight to allow for complete saturation.
Subsequently, the solvent was evaporated at room temperature for 2 d. The matrices were
then treated in 80% methanol for 3 h to induce a protein conformational transition to B-sheet,
followed by drying for two days in a fume hood to remove the methanol. A porous
composite was derived after leaching out the NaCl particles in deionized water over 3 d.

Particle Characterization

Particle Size—A Mastersizer 2000 (Malvern Instruments, Worcestershire, UK), which is a
laser diffraction-based particle size analyzer, was used to measure size distribution of silk
particles. A Hydro 2000S side feeder was used to disperse particles for measurement and
propan-2-ol (Sigma—Aldrich) was used as the dispersion medium. A refractive index of
1.561 and 1.542 were used for B. mori and P. c. ricini fibers, respectively, and were
determined from the refractive indexes perpendicular and parallel to silk fiber axial
direction.[3%] An imaginary refractive index of 0.01 was used for necessary calculations with
the software, Mastersizer 2000 (ver 5.21). The size and shape of the particles were also
examined, after gold sputter coating, with a scanning electron microscope (SEM) (LEO
1530 FEG-SEM) at 2 kV accelerated voltage and 2-4 mm working distance.

Particle Solubility—An experiment was performed to evaluate the extent of silk particle
dissolution in HFIP and the ability of the HFIP/silk particle solutions to form homogeneous
films. 5% wiv silk particles were mixed with water or HFIP and kept at room temperature

for up to 9 d, while being visually monitored. To study the presence of crystalline particles,

Macromol Biosci. Author manuscript; available in PMC 2014 July 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rajkhowa et al.

Page 6

films prepared from stored mixtures were subsequently scanned by Fourier transform
infrared (FTIR) Spectrophotometry (Vertex 70 from Bruker) using attenuated total
reflectance (ATR). Each spectrum was obtained in absorbance mode in the range 4000-600
cm~L. The films were also gold sputter coated and then examined under SEM (Leica S440
W-SEM) at 10 kV accelerated voltage and 8 mm working distance.

Composite Scaffold Characterization

Scanning Electron Microscope (SEM)—Scaffolds were fractured in liquid N, using a
surgical blade. Morphologies of gold sputter-coated scaffolds were observed with a Leica
S440 W-SEM at 10 kV accelerated voltage and 15 mm working distance.

Porosity Measurement by Liquid Displacement—~Porosity of the scaffolds was
determined via a liquid displacement method with hexane, as previously reported.[371 The
scaffolds were lyophilized and then immersed in a graduated cylinder of known volume of
hexane (v1). A series of quick evacuation—repressurization cycles were performed to
completely evacuate entrapped air and to impregnate the scaffold with hexane; thereafter,
the volume in the cylinder was recorded (V). The hexane impregnated scaffold was
removed and the volume was recorded again (v3). Any change of volume due to evaporation
during the evacuation cycles was checked using another cylinder without the scaffold. The
porosity of the scaffold is expressed as:

Porosity=((v1 — v3)/(v2 — v3)) x 100%

Porosity Measurement by Density—The bulk density of the scaffolds (o) was
determined by dividing the weight of the dry scaffolds by measured scaffold volume (v, —
v3) from the hexane method above. The density of silk (o) (matrix + particles) was
calculated from known density of silk from a previous study[39 (1.355 g-cm™3 for B. mori
and 1.314 g-cm™3 for P. c ricini). The relative density and the porosity were calculated by
the following equations:

Relative density=py/p

Porosity=(1 — Relative density) x 100%

Mechanical Tests—Unconfined compression tests were performed on an Instron
(Norwood, MA, USA) 3366 testing frame equipped with a 100 N capacity load cell, and
smooth impermeable stainless steel compression test platens. Tests were conducted in a 37
°C temperature controlled 0.1 » PBS bath (Biopuls, Instron Corp.). These samples were
soaked in PBS at 20 °C for more than 24 h to ensure equilibration in wet conditions,
followed by at least 2 min of temperature equilibration in the 37 °C bath prior to initiating
the tests. All tests were performed using a displacement control mode at a rate of 5 mm -
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min~1, and all other conditions followed ASTM standard D1621-04a (Standard Test Method
for Compressive Properties of Rigid Cellular Plastics) with the following alterations. After
the tests, the compressive stress and strain were graphed based on the measured cross-
sectional area (diameter of 12 mm) and sample height (hominal ~4-5 mm, measured
automatically at 0.02 N tare load), respectively. The yield strength as well as the
compressive modulus and standard deviation were determined after testing was complete,
based on previously reported methods.[17.1940] Briefly, the elastic modulus was calculated
based on a linear regression fitting of a 5% strain section that precedes an identifiable
plateau region. The compressive yield strength was determined using an offset-yield
approach. A line was drawn parallel to the modulus line, but offset by 0.5% of the initial
sample gauge length. The corresponding stress value at which the offset line crossed the
stress—strain curve was defined as the compressive yield strength of the scaffold, and is an
estimate of the linear elastic and collapse plateau transition point. The compressive modulus
and yield strength were divided by the bulk density to calculate the specific modulus and
specific yield strength.

In vitro Enzymatic Degradation—The degradation of the silk fibroin scaffolds was
evaluated using protease XIV from Streptomyces griseus (Sigma—Aldrich) with an activity
of 4.5 U - mg~L. Each sample (12 mm diameter, 2 mm height) was lyophilized and divided
into two parts and weighed. One part was treated with 1 mg of the protease per 1 mL
phosphate buffer (pH 7.4) and the other part only in phosphate buffer as control. The
material to liquid ratio was 1:150 and the samples were agitated at 37 °C on a shaker (New
Brunswick Scientific, NJ, USA). Enzyme solutions were replaced every 2 d to maintain
enzyme activity. Scaffolds were collected at different time points, washed gently and
thoroughly with deionized water, lyophilized, and weighed. Percentage loss in weight at
respective points was calculated.

Statistical analysis was performed using Student's t-test (two tails). Differences were
considered significant when p < 0.05.

Results and Discussion

Particle Characteristics

Table 1 contains the silk particle specifications in terms of silk species as source material (B.
mori or P. c. ricini), particle preparation method, and median particle size [d(0.5)] of a
volume-based size distribution. SEM images of silk particles are shown in Figure 3. Attritor
milled (AM) particles were nearly spherical aggregates (images “a” and “b” in Figure 3). Air
jet milling (AJM) separated the aggregates and further reduced the particle size (image “c”
in Figure 3) to less than 1 um. Table 1 and Figure 3(a, b) suggest that the size and
morphology of B. mori AM (BM-AM) and P. c. ricini AM (P.C.R-AM) silk particles were
similar.
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Formability of Composite Scaffolds

It is known that NaCl induces chain folding and chain—chain interactions in silk fibroin,
leading to gelation, and formation of a water stable p-sheet structure.[26] In order to prepare
porous scaffold from aqueous silk solution, slow and homogeneous gelation is required to
form the silk network around the porogens.[*6] An increase in concentration of silk solution
resulted in a failure of scaffold formation and excessive gelling is thought responsible for
this failure.[16] In the aqueous scaffold composite protocol presented here, the presence of
the silk particles did not induce gelation of silk fibroin solution prior to the addition of NaCl
and did not inhibit scaffold formation with up to 25% particle addition. Hence, the particle-
reinforced aqueous-based silk porous scaffolds from a 6% silk solution were successfully
obtained through the salt leaching method. However, higher loading of the silk particles
(50%) in the aqueous silk solution did not result in the formation of free standing porous
scaffolds. It was reported that insoluble silk microspheres induced p-sheet during silk film
preparation.[41] Hence, an accelerated rate of NaCl-induced hydrogel formation might occur
with a high density of silk particles in the silk solution. Therefore, the initial silk solution
concentration as well as particle loading amount should be the key factors for forming
aqueous composite scaffolds. Conversely, HFIP does not induce ionic dissolution of NaCl,
resulting in no B-sheet formation of silk molecules in the HFIP process. Hence, methanol
treatment was required to stabilize porous scaffolds prior to NaCl leaching.[16:37] These
differences led to differing optimization strategies for each system, and showed that the
HFIP-based process offered the widest range of initial concentrations of silk solution as well
as higher particle loading for composite scaffolds.

In the present work, shrinkage of the scaffolds was restricted as indicated by the visual
observation during the methanol treatment. It is known that, depending on the process
employed during silk scaffold formation, methanol treatment presents a problem of
dimensional stability. For example, 35.7% shrinkage during methanol treatment with freeze-
dried silk scaffolds was reported, while reinforcement by chitin whiskers reduced this effect
substantially.[®] The good dimensional stability of the scaffolds in the present study is due to
the porogen approach and the use of the silk particles. Another problem cited previously
with HFIP-based scaffolds was the lack of homogeneity due to non-uniform rate of
drying.[16:37] However, HFIP-based composite scaffolds with high particle loading (100-
200%) in this study were less heterogeneous (Figure 2).

Gross Pore Morphology of Composite Scaffolds

Aqueous-Derived Scaffolds—Scanning electron microscope (SEM) images of
interconnected porous structures of the aqueous-derived scaffolds without particles and with
24% BM-AM, PCR-AM, and PCR-AM-AJM particles are presented in Figure 4. Based on
previous findings on formability and optimum mechanical properties of aqueous based silk
scaffolds, porogen size was restricted to 500-600 pm.[16:42] The surface of the control
scaffolds without particles was smooth [Figure 4(a, b)]. Images of scaffolds reinforced with
submicron scale particles of PCR-AM-AJM are shown in Figure 4(d-f). Pore
interconnectivity was not affected by the particles according to Figure 4(d). The embedded
particles are clearly seen in Figure 4(e), while the fracture image in Figure 4(f) shows no
evidence of phase separation, demonstrating good miscibility of PCR-AM-AJM particles
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with the matrix. Comparing “c” and “g” with “d” in Figure 4, it is clear that roughness of
pore walls increased due to the larger particles (PCR-AM and BM-AM). Greater roughness
due to larger particles is particularly evident from the enlarged image, Figure 4(h). Despite
the rough walls, smooth fracture image in Figure 4(i) further demonstrates excellent
miscibility between the matrix and the BM-AM particles. It was observed that both PCR-
AM and BM-AM reinforced scaffolds were brittle when dry and were difficult to handle
compared to the no particle control and the composite scaffold reinforced with ultrafine
particles (PCR-AM-AJM).

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)-Derived Scaffolds—Compared to the
aqueous-based process, HFIP allows a wider range of porogen sizes to be used in scaffold
processing.[2] Hence, a greater range of porogens (210-300, 500-600, and 850-1 000 um)
were examined. The HFIP protocol was also used to understand the effects of particle
volume/weight fraction as more particles could be used effectively through this process. To
minimize the influence of other particle variants during this study and also based on initial
test results which suggest more homogeneous composites from BM-AM particles, only BM-
AM particles were used for all combinations of porogen size and particle load. However, for
screening the effects of silk species and particle size, PCR-AM and PCR-AM-AJM were
also used, but restricted to composites prepared with 500-600 um porogens and 100%
particle reinforcements only.

Figure 5 shows the morphology of HFIP-based composite scaffolds containing
interconnected pores. However, the interconnectivity is less widespread compared to
aqueous-derived scaffolds (Figure 4) irrespective of the content of silk particles. This result
could be explained by both the high concentration of silk solution (17% silk) used in HFIP
processing and the lack of ionic dissolution of NaCl. Hence there was no salt induced
microsphere formation from the NacCl fibroin interface to create the gaps in pore walls.
Formation of such microspheres from aqueous silk solution has been reported(43] and can
also be seen in aqueous composite scaffolds (Figure 4). However, it did not happen during
HFIP-based scaffold processing. A previous study also reported less interconnected porous
structure from a 17% HFIP silk solution.[37]

Scanning electron microscope (SEM) images (Figure 5) show the effect of BM-AM particle
mass loading on gross porous structure. We estimated that the thickness of the pore walls
increased and distance between the pores widened while increasing particle content from 0
to 200% for HFIP-based scaffolds. Roughness of pore walls and fracture surfaces are shown
in Figure 5(d—f). Excellent mixing of the particles with the matrix is evident from the lack of
phase separation. Comparing “d” with “e and f” in Figure 5, the presence of particles is
clear. Morphologies of scaffolds with P. c. ricini silk particles of similar nature (PCR-AM)
were found to be same (results not included). Together with our observation during scaffold
preparation, these fracture images encouraged us to look for evidence of partial solubility of
silk particles in HFIP.
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Silk Particle Interaction with 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)

To test silk solubility in HFIP, particles (“BM-AM” or “PCR-AM?”) alone were mixed with
HFIP and then cast into films. Allowing the mixture to stand longer increased the total
dissolution in HFIP. There was no separation of particles from HFIP at any point of time
during storage. These effects can be seen from the images as well as photographs of the
films at different time points [Figure 6(a—d)]. A granular structure in Figure 6(a) was formed
when the mixture was immediately cast into a film (day 0). It was observed that the film was
fragile and could easily be crushed into powder.

The FTIR scan “a” in Figure 7 has a peak at 1626 cm~! (amide 1). However, another peak
developed at 1653 cm™1 in films prepared from the particles treated with HFIP for extended
periods of time. To represent the p-sheet fraction in amide I, Tretinnikov and Tamada used
1626 cm™1, while peaks in the range 1641 to 1659 cm~1 were taken to represent random coil
and a-helix fractions in B. mori silk fibroin.[44] Thus, FTIR scan results suggest that silk
particles (BM-AM) retained their crystalline -sheet features. Scan “d” represents an
amorphous film without p-sheet prepared from silk solution. Comparing scans “b, ¢” with
scans “a” and “d,” the film from particles mixed with HFIP and stored for some time seems
to have characteristics between crystalline silk particles and amorphous lyophilized silk. The
PCR-AM particles behaved similarly (results not shown). On the other hand, both BM-AM
and PCR-AM were totally insoluble in water and no films formed. The FTIR scans of HFIP-
based films prepared solely from particles suggest that partial dissolution of silk particles
occurred during scaffold formation while the silk solution in HFIP was allowed to saturate
the silk particles. This resulted in increased miscibility between the matrix and particles. The
partial solubility of silk particles could be due to high surface area of the particles and
defects created in the p-sheet structure during silk milling. In addition to good miscibility
due to partial solubility, particulates still generated a rougher surface which might be useful
toward improved cell attachment.[28]

Porosity of Scaffolds

Table 2 shows the porosity of the HFIP-derived composite scaffolds measured by the two
methods. The bulk density of a scaffold takes into account the volume of pores. The
percentage porosity was estimated from the ratio between the bulk density of a scaffold and
the density of polymer matrix, silk. However, this measurement does not distinguish close
and open porous structures. On the other hand, the liquid displacement method measures the
porosity by taking into account the diffused liquid into the pores. As the presence of closed
pores is not accounted for, porosity measured by liquid displacement is usually less than the
density method. Hexane was used for porosity measurement as it does not change the
volume of silk.[37]

The results in Table 2 reveal that with the exception of scaffolds prepared with 210-300 pm
porogens and 200% particle reinforcement, interconnectivity in HFIP-derived scaffolds was
sufficient for liquid to pass into the pores. Though less interconnected structures were
indicated by the SEM images (Figure 5), the sinking of scaffolds during porosity
measurement as well as insignificant difference between porosity measured by density and
liquid displacement methods in most cases (p > 0.05) suggests otherwise. Previous studies
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showed that HFIP-derived scaffolds from 17% silk solution (same as the controls used in the
present study) supported well-distributed tissue development indicating that such scaffolds
had interconnectivity required for cell ingrowth.[38:45] Data in Table 2 show that the liquid
displacement porosity was lower for 850-1 000 um 100% BM-AM particle reinforced
scaffolds (p < 0.05) compared to density porosity, indicating some closed pores. In the case
of 210-300 pm 200% BM-AM particle reinforced scaffolds, the difference was significant
(p < 0.01). This could be the result of insufficient space between finer porogens (210-300
um) to accommaodate the silk particles and hence probably a thick coating of particles was
formed over the porogens during mixing. The porosity of other scaffolds was above 75%
even with 200% particles. The results are encouraging as pore size, geometry, and pore
distribution are important in bone tissue engineering.[]

Mechanical Properties

Observations and Mechanism—-Preliminary tests indicated poor mechanical properties
of all aqueous-derived composites compared to HFIP-based ones. Moreover, particle
reinforcement was limited to only 25%. Hence, investigations focused on the HFIP-based
composites in this work. Figure 8(a) shows that the compressive load—strain curves changed
substantially after BM-AM particle reinforcement. Three distinct deformation regimes were
identified for each compression test, in accordance with a theoretical framework defined for
low-density open-cell foams,[46] used previously for studying the behavior of tissue
engineering scaffold architectures.[47] The first “linear elastic” load—strain behavior of a
material consisting of open-pore cells is controlled by cell edge bending and buckling
resistance. Theoretically, before yielding, compressive loads induce small deformations of
cell edges along the direction of load, and the walls do not buckle. During the first region,
the “elastic modulus” can be measured and offset approach used to estimate the yield point
at the first load-strain inflection location. A second nearly “plateau” region was identified
for each specimen, following the theoretical yield point, which suggests cell wall buckling
and pore collapse which continues without much additional increase in force. The third
“densification” region represents total pore collapse throughout the material (cell walls
pressing against each other) which ultimately causes the material to act like a solid non-
porous material.[4647] For the entire load—strain curve, local strut or pore wall characteristics
impart global strength properties.

The increase in stiffness of scaffolds due to particles was most likely caused by the
compatibility between the silk matrix and silk particles and due to the excellent interfacial
cohesion due to the partial dissolution of particles. It was reported that partial dissolution of
polyphosphazene could bind nano-hydroxyapatite to form stronger particulate reinforced
composites.[48] Such features of a strong interlock between particles and the polymer matrix
can effectively transfer the load from the matrix to the reinforcement and help eliminate
stress concentrations, resulting in increased toughness and strength.[21] In the absence of
similar strong interfacial bonds, binding agents such as glutaraldehyde were used in the past
to improve interfacial cohesion between the particles and matrix in the case of nano-
hydroxyapatite reinforced silk fibroin composites, which in turn led to increased strength.[4%]
These results suggest that silk—silk composite provide an important option to enhance
material interactions through hydrogen bonding assisted by the partial solubility in HFIP.
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The role of intermolecular hydrogen bonds between silk fibroin chains in p-sheets is well
known.[50]

Effects of Particle Content

Modulus and Yield Strength: The improvement in mechanical properties due to the
increase in BM-AM particle content is reflected in modulus and yield strength results in
Figure 8. The 50% particle reinforced scaffolds were prepared only with 210-300 um
porogens and hence data of 50% particle loaded scaffolds are absent for scaffolds prepared
using other porogens in Figure 8. The highest mechanical properties of about 2 250 kPa
stiffness and 250 kPa yield strength were achieved in the case of 200% particle loaded
scaffolds prepared with 850-1000 pum porogens. The compressive properties of scaffolds
prepared for bone repair from various natural,[40] synthetic polymers,[29:51.52] and polymer
blends[>354] are often tested dry, which would make direct comparisons irrelevant.
Moreover, the variations in processing techniques and pore sizes further complicate
comparative analysis. Wet compressive properties were reported for silk scaffolds[175556]
and collagen/glycosaminoglycan[47] scaffolds which were mechanically inferior to the silk/
silk composite scaffolds reported here in terms of both modulus (stiffness) and yield
strength.

Specific Modulus and Specific Yield Strength: The bulk density of the scaffolds increased
with a corresponding decrease in porosity due to the change in mass with the addition of silk
particles. Theoretically, modulus and the yield strength of elastomeric open cell foams are
proportional to the square of the relative density (density of scaffolds including the pores/
density of material forming the scaffold) and also proportional to the stiffness (elastic
modulus) of the material forming the scaffold.[4"] In the present study, we have found that
the relative density increased 2-3 times after 100-200% particle reinforcement. Hence,
theoretically modulus and yield strength should have increased 4-9 times. However, with
200% reinforcement, both modulus and yield strength increased up to about 114 times.
Specific modulus and yield strength (calculated by normalizing modulus and yield strength
by the scaffold density) increased up to about 40-fold. Even for scaffolds with 50% silk
particles with a corresponding increase in relative density of about 1.3 times, the increase in
specific modulus was around 15.3 times. In an earlier study with silk scaffolds, the specific
modulus increased by nearly 7.5 times when reinforced with 50% chitin whiskers[®l and
such an increase was attributed to strong hydrogen bonds between filler and matrix.
Similarly, about a two-fold increase in modulus and yield strength was reported in chitosan
scaffolds reinforced with ceramic particles[?4] and silk scaffolds reinforced with 70% nano-
hydroxyapatite particles.[49] It is clear that a large increase in stiffness and strength of
scaffolds in the present study was primarily due to the increase in stiffness of pore walls, by
increasing the amount of stiffer silk particles, although an increase in relative density
(change in pore wall dimensions) could also play a secondary role.

Effect of Pore Size—In the present study, mechanical property changes due to porogen
size were not statistically significant for the scaffolds [Figure 8(b, c)] except that the 200%
particle reinforced composite prepared from 850 to 1000 um porogens had significantly
higher modulus (p < 0.05) compared to scaffolds fabricated using smaller sized porogens for
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the same reinforcement mass. The yield strength was likewise higher, though not
statistically significant (p > 0.05). Theoretically, increasing porogen size for increased pore
size should have no significant effect on the overall stiffness of composites.[47] This is due
to a confluence of opposing mechanisms related to the response of foam-like structures to
mechanical deformation. Strength and stiffness properties of foams are directly proportional
to strut surface area and inversely proportional to strut length. In processing scaffolds,
increasing porogen size will increase wall length (i.e., strut length) and decrease the number
of walls; this would decrease the global strength properties. However, this effect is
counteracted by an increase in spaces between the large sized porogens, thus thicker walls
(i.e., strut cross-sectional area) should theoretically increase global strength properties.[46]
During HFIP-based composite processing, space between porogens was sufficient in
scaffolds containing 850-1000 um porogens to uniformly pack 200% silk particles. The
penetration of the silk solution, as observed during the experiments, was better in such
scaffolds compared to scaffolds having smaller porogens, resulting in more homogeneous
composites. We observed that the penetration of the silk solution was difficult through the
porogen particle mixture prepared with 210-300 um porogens and 200% silk particles.
These factors were probably responsible for improved processibility and thus enhanced
mechanical properties in the 200% particle reinforced composites prepared from the large
porogens. It has been observed experimentally in an earlier study also that an increase in
pore size enhanced the modulus of both flexible and rigid foams.[7] The findings could
further promote developing strategies to form functional bone tissue in vitro and in vivo,
since previous data showed that using larger-sized pores enhanced bone development.[58]

Influence of Particle Type—100% reinforced composites were prepared using PCR-AM
or PCR-AM-AJM with 500-600 um porogens to compare particles from silk species and
size. Table 3 shows that for such loading and porogen size, there was no significant
difference (p < 0.05) in specific modulus between scaffolds made from BM-AM and PCR-
AM, but BM-AM-formed scaffolds provided better specific yield strength (p < 0.05). This
could be due to better interfacial strength between matrix protein and particles as both the
components were prepared from the same silk species (B. mori). The amino acid
composition and thus chemistry of P.c.ricini silk particles (PCR-AM) is different from the
matrix protein B. mori.[5%-61] Due to relatively poor mechanical properties of P.c. ricini
particle reinforced scaffolds, most of the studies as discussed were confined to B. mori
particle reinforcements only.

The results in Table 3 do not indicate a noticeable difference between scaffolds prepared
from PCR-AM and PCR-AM-AJM particles, though the finer and non-aggregated particles
are expected to provide better composite mechanical properties as they have less
interparticle contact points, from which cracks generate and propagate.[?2] In our earlier
study, PCR-AM-AJM particles showed poor bulk density despite their smaller size, which
was attributed to the generation of static charges during particle preparation in the AJM.[33]
A lack of uniform and compact packing in PCR-AM-AJM particles probably failed to
further enhance the composite performance despite their submicron size and non-aggregated
nature. Further studies are warranted to understand the effect of particle size on composite
properties.
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Enzymatic Degradation

Figure 9 shows the mass change of the HFIP-derived scaffolds prepared using 210-300 um
NaCl with and without added silk BM-AM particles over a degradation period of 8 d by
protease IXV (1 mg - mL™1, 4.7 U - mg™1). The scaffolds in phosphate buffer without
protease showed no degradation. The scaffolds prepared without silk particles rapidly
degraded and the average mass remaining was only 29% after 8 d. The results in Figure 9
also show that the degradation was slower due to the reinforcing particles; scaffolds having
50% BM-AM and PCR-AM particles retained 76 and 74% mass, respectively after 8 d.
Enzymatic degradation of aqueous-derived scaffolds under similar conditions revealed that
the scaffold structure was completely lost within 2 d. Rapid loss of weight of aqueous
scaffolds compared to HFIP scaffolds was also reported earlier.[8:16] Such differences in
degradability can be attributed to difference in secondary structure between silk fibroins
processed differently; the influence of secondary structure on silk degradability has been
established.[15.62] The ability to control degradability by particle reinforcement along with
excellent mechanical properties compared to most other biodegradable scaffolds offers
important potential for these silk—silk macro-porous composites for skeletal tissue
engineering. Apart from weight loss, additional studies on degradability of the particles will
be needed to shed light on the degradation behavior of the composites.

Conclusion

New silk—silk composites were generated via the addition of silk particles. Up to 200% silk
particles could be loaded into HFIP solutions of silk to prepare uniform and stiff scaffolds.
The interfacial compatibility between the particles and the bulk phase was responsible for
significant increase in mechanical properties. In addition, the partial solubility of
mechanically fabricated silk particles in HFIP resulted in high interfacial cohesion between
matrix and the particles and thus a substantial increase in mechanical properties. This
increase was higher than expected from changes in dimensions of the pore walls. Specific
modulus and yield strength increased nearly 40 times with the addition of 200% particle
reinforcement prepared with large sized porogens (850-1000 pum), when compared to
controls (without particle additions). The enzymatic degradation of the scaffolds was slowed
by the presence of the added particles. Combined with the inherent biocompatibility of silk
and ability to form large porous structures, the slowly degrading and mechanically stable
silk—silk composites could be useful for bone and other skeletal tissue engineering
applications.
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Figure 1.
Schematic diagram of formation of aqueous based silk-silk composite scaffolds.
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Figure 3.
Scanning electron microscope (SEM) image of silk particles; (a) BM-AM, (b) PCR-AM,

and (c) PCR-AM-AJM.
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Figure 4.
Scanning electron microscope (SEM) images of aqueous-derived scaffolds (6% w/v matrix,

500-600 um NaCl particles); (a) with no reinforced silk particles, (b) magnified image from
“a,” (c) reinforced with 24% PCR-AM particles, (d) reinforced with 24% PCR-AM-AIM
particles, (e) magnified image of pore wall of “d,” (f) magnified image of fracture surface of
“d,” (g) reinforced with 24% BM-AM particles, (h) magnified image of pore wall of “g,” (i)
magnified image of fracture surface of “g.” Black arrows show the self assembled silk
particles formed due to salt-matrix silk interactions. White arrows show the location of the
embedded reinforced silk particles.
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Figure 5.
Scanning electron microscope (SEM) images of HFIP-derived scaffolds (17% wi/v matrix

with BM-AM particle reinforcement); first two columns (a—f) NaCl 210-300 pm, third
column (g—i) NaCl 850-1 000 um; top row (a), (d), and (g) no particles, middle row (b), (e),
and (h) 100% silk particles, bottom row (c), (f), and (i) 200% silk particles, (d) magnified
fracture image of “a,” (e) magnified fracture image of “b,” (f) magnified fracture image of
o
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Figure 6.
Films from silk particles (BM-AM) in HFIP (5% w/v); (a) day 0, (b) day 2, (c) day 6, and
(d) day 9.
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Figure 7.
Fourier transform infrared (FTIR) scans of films prepared from 5% silk particles (BM-AM)

in HFIP; (a) day 0, (b) day 4, (c) day 9, and (d) film prepared from lyophilized silk dissolved
in HFIP without particles.
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Compressive properties of HFIP-derived silk (17% wi/v) scaffolds reinforced with different
% BM-AM silk particles: (a) raw compression curves prior to analysis, (b) compressive
modulus changes with varying porogen size, (c) compressive yield strength changes with

varying porogen size; N = 5.
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Figure 9.
Mass remaining from enzymatic degradation of HFIP-derived scaffolds; N = 4.
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Table 1

Specification of silk particles for composites.

Particle code Type of species  Particle fabrication method  Volume d(0.5)

pm
BM-AM B. mori Wet attritor milling for 10 h 7.5
PCR-AM P.c.ricini Wet attritor milling for 6 h 5.6
PCR-AM-AJM  P.c.ricini PCR-AM + air jet milling 0.77
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Percentage porosity of HFIP-derived scaffolds.

Silk particles Porogen size
% pm
Density method

210-300  500-600  850-1000
0 943+0.7 935%+06 91.3+0.8
509) 90.1+0.6 - -
100 819+09 844+14 815+09
200 782+x04 792%x24 778%0.1
Liquid displacement method

210-300 500-600  850-1000
0 935+11 923%12 90.9%0.8
502) 89.6+13 - -
100 80.1+10 833x12 788%14
200 66.7+21 772+23 78613

Porosity values are average + standard deviation; N = 4.

a)
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Table 2

No scaffolds were made with 50% reinforcement other than 210-300 pm pore size.
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Specific compressive properties of silk scaffolds. Mechanical property values are average + standard
deviation; N = 5.

Table 3

Type of particles

Porogen size

Percentage of silk particles

Specific modulus

Specific yield strength

um kPa-gt.cmd kPa-gt-cmd
No particles 210-300 0 205.8 +£93.7 195+85
BM-AM 210-300 50 3150.6 + 215.1 339.3+56.1
BM-AM 210-300 100 3774.6 +808.2 685.3 + 103.7
BM-AM 210-300 200 4616.4 + 1033.5 648.8 + 224.5
No particles 500-600 0 232.8+96.3 246+7.8
BM-AM 500-600 100 41935+ 17.6 670.6 + 149.7
BM-AM 500-600 200 5065.5 * 650.5 663.6 + 88.9
No particles 850-1000 0 189.2 +104.2 21+6.2
BM-AM 850-1000 100 3735.2 £ 649.3 516 +59.2
BM-AM 850-1000 200 7722.4 + 812.6 853.8 +179.4
PCR-AM 500-600 100 4055.8 + 790.8 449.9 £49.2
PCR-AM-AIM 500-600 100 3725.4 £ 649.3 435.8 +£163.9
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