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Abstract 

Silk fibroin is a unique biomaterial that can be processed into numerous different 

physical states, that can be used for applications such as drug delivery, tissue engineering, 

and optics. This thesis explored two new neurological applications for silk fibroin 

biomaterials that could lead to significant advancements in drug / gene delivery and in 

vitro models of brain injury.  

First, silk fibroin hydrogels were optimized to create a biomimetic brain phantom 

in a traumatic brain injury model using a mixture of silk fibroin hydrogels and 200µm 

silk fibroin fibers. These hydrogels were able to mimic the biomechanical properties of 

mouse and rat cortical tissue in confined compression (~50 kPa), and were able to match 

the rheological properties (dynamic viscosity and dynamic shear modulus) of these 

cortical tissues within the physiological range for traumatic brain injury (~20 kPa in the 

range of 60-100 rad/s). In addition, these hydrogels exhibited the same diffusivity 

properties as cortical tissue. Cell encapsulation studies were also briefly explored and 

showed promising initial results.   

Second, silk fibroin films were explored for their drug and gene delivery 

capabilities. Therapeutic necrostatins were loaded into silk fibroin films and delivered to 

the mouse cortex in a controlled cortical impact traumatic brain injury model to explore 

the ability to inhibit injury-induced necroptosis. Additionally, adeno-associated viral 

vectors were loaded into similar silk films and delivered to the cortex of mice to explore 

transduction of sub-dural cortical neurons, and dural fibroblasts for potential disease 

model targets such as meningioma.  



 III

Acknowledgments

I would first like to thank the most important people in my life: my parents 

Melissa and Vince, who have never stopped believing in me and by whose example I can 

credit most of my successes, my sisters Celine and Natalie without who life would not be 

as enjoyable as it is today. They are without doubt my best friends and I am beyond 

grateful for how close of a relationship we all maintain. I also want to thank my 

grandparents Jim McShea, and Pierre and Marie-Jose Valentin for all their generosity and 

support in helping me grow. I also want to thank all of my friends over the years who 

have been there to enjoy all of the time we spent together, and who helped keep me sane 

and grounded. 

I would chiefly like to thank Dr. David Kaplan for all of the opportunities he has 

given me over the past 4+ years during my undergraduate career and through my time as 

a graduate student. I could never have dreamed such an amazing mentor existed. Eleanor 

Pritchard was also instrumental in shaping the researcher I have become. Without her 

excellent example, I would not have gained the motivation and passion for research that I 

have today. 

  I would also like to thank my advisors Gary Leisk and Catherine Kuo and my 

collaborators Michael Whalen and Casey Maguire. Your guidance and help throughout 

has been instrumental in getting me here. To all of my colleagues at Tufts, Dr. Min Tang-

Schomer, Dr. Jelena Rnjak, Amy Hopkins, Lee Tien, Dr. Jon Kluge, Steph McNamara, 

Dan Graziano, Tory Gray and Dr. Rosalyn Abbott, I am indebted to you for all of your 

help over the years. 

Thank you all.  



 4 

Table of Contents 

Abstract ........................................................................................................................................ II 

Acknowledgments ..................................................................................................................... III 

Chapter 1. Silk Fibroin as a biomaterial ......................................................................... 11 

Chapter 2. Silk Fibroin hydrogels as a biomimetic brain      tissue phantom ........ 15 
A. Introduction ............................................................................................................................... 15 
B. Materials & Methods ............................................................................................................... 18 

1. Silk Fiber Preparation ......................................................................................................................... 18 
2. Silk Hydrogel Preparation ................................................................................................................. 18 
3. Silk Film Preparation .......................................................................................................................... 19 
4. Agarose Hydrogel Preparation ......................................................................................................... 20 
5. Collagen Hydrogel Preparation ....................................................................................................... 21 
6. Brain Tissue Sample Preparation .................................................................................................... 21 
7. Confined Compression Testing ....................................................................................................... 21 
8. Rheology ................................................................................................................................................. 23 
9. Cell Encapsulation ............................................................................................................................... 23 
10. Hydrogel Diffusivity ......................................................................................................................... 24 
11. In vivo Diffusivity .............................................................................................................................. 24 
12. Statistics ................................................................................................................................................ 25 

C. Results & Discussion ................................................................................................................ 26 
1. Rheology ................................................................................................................................................. 26 
2. Confined Compression ....................................................................................................................... 27 
3. Diffusivity .............................................................................................................................................. 29 
4. Cell Encapsulation Studies ................................................................................................................ 29 

D. Conclusions ................................................................................................................................ 30 

Chapter 3. Silk Fibroin films for controlled delivery of     therapeutic drugs ....... 37 
A. Introduction ............................................................................................................................... 37 
B. Materials & Methods ............................................................................................................... 40 

1. Silk Film Preparation .......................................................................................................................... 40 
2. In vitro Release ..................................................................................................................................... 41 
3. In vivo Release ...................................................................................................................................... 41 
4. CCI Model .............................................................................................................................................. 42 
5. Immunostaining .................................................................................................................................... 42 

C. Results & Discussion ................................................................................................................ 43 
1. In vitro Release ..................................................................................................................................... 43 
2. In vivo Release ...................................................................................................................................... 45 

D. Conclusions ................................................................................................................................ 47 

Chapter 4. Silk Fibroin films as vehicles for controlled     gene delivery using 

adeno-associated viral     vectors .......................................................................................... 48 
A. Introduction ............................................................................................................................... 48 
B. Materials & Methods ............................................................................................................... 50 

1. Silk Film Preparation .......................................................................................................................... 50 
2. AAV Preparation .................................................................................................................................. 51 
3. In vitro Release ..................................................................................................................................... 51 
4. In vivo Release ...................................................................................................................................... 52 
5. In vivo Experimental Setup ............................................................................................................... 53 



 5 

C. Results & Discussion ................................................................................................................ 54 
1. In vitro AAV Delivery........................................................................................................................ 54 
2. In vivo AAV Delivery ......................................................................................................................... 58 

D. Conclusions ................................................................................................................................ 60 

 



 6 

� List of Figures 

Figure 1 Cartoon of silk fibroin processing showing sericin removal from Bombyx mori cocoons and 

subsequent LiBr dissolution and dialysis. Silk cocoon image: 

http://www.nytimes.com/slideshow/2011/03/07/science/08SILK.html 

12 

Figure 2 PDMS mold for casting silk fibroin films. 19 

Figure 5 Confined compression set up constructed from aluminum sock. 22 

Figure 5 Ultra-fine porous steel filtering disc used for drainage of water from the samples during 

equilibrium. 
22 

Figure 7 Acrylic plastic (PMMA) guide for sample alignment. 23 

Figure 7 Loaded sample with platens at nominal gap of ≤ 2mm. 23 

Figure 8 Craniectomy is first drilled using a 4mm hole saw, being careful not to damage the dura 

mater or brain tissue below. Once drilled, the bone flap is removed with forceps. After placing the 

silk film on the surface of the brain, the bone flap is replaced and the incision is stitched closed. 

24 

Figure 10 30m boil time, 4% (w/v) silk hydrogel. Compressive load over time shows the asymptotic 

leveling-out of the compressive load during equilibrium. 
28 

Figure 10 30m boil time, 4% (w/v) silk hydrogel. Compressive load vs. strain shows minimum load 

after equilibrium. The slope of the regression of these minima is converted to the aggregate modulus 

of the hydrogel. 

28 

Figure 11 Confocal microscopy of a fiber reinforced silk hydrogel with 0.04% collagen after 4 days of culture 

in neurobasal medium. Live / Dead stains were incubated for 12 hours overnight in order to allow for diffusion 

into the hydrogel. The brighter, rectangular shapes are the silk fibers that have absorbed the Live stain. 

30 

Figure 12 Frequency sweep for the Dynamic Shear Modulus at constant strain (ε = 1%). Silk control hydrogels 

(4% and 6% silk with no fibers), 0.6% Agarose and Collagen hydrogels were compared against fibrous 

hydrogels and brain tissue. Within the physiological range (ω = 60-100 rad/s), 6% silk, 0.6% agarose and 

collagen hydrogels were all extremely significantly different from brain tissue. Within the physiological range, 

all 4% silk hydrogels (including fibrous hydrogels) were all statistically similar (no significant difference) to 

brain tissue. 

32 

Figure 13 Strain sweep for the Dynamic Viscosity at constant frequency (ω = 5 rad/s). Strain-dependent 

viscosity responses of 4% Silk hydrogels (including fibrous hydrogels) are broadly similar to that of brain 

tissue. 0.6% agarose and collagen hydrogels are orders of magnitude less viscous than the silk hydrogels and 

brain tissue. 

33 

Figure 14 Aggregate modulus as observed during a stress-relaxation confined compression test. 3 different 

boil times at two different concentrations each were tested in order to gather a baseline for potential 

candidates. It was determined that 30m boil-time silk was the best candidate to move forward with fiber-

reinforcement studies. 

34 

Figure 15 Aggregate modulus as observed during a stress-relaxation confined compression test. 30m boil-time 

4% silk hydrogel with 4% fibers was statistically similar to both brain tissue sample groups. All other 

hydrogels, including 3% and 5% fiber hydrogels, were statistically different from brain tissue. 

35 

Figure 16 Evans Blue diffusion penetration depth over time. 200µm fiber silk hydrogels had diffusion rates 

broadly similar to that of in vivo brain tissue, whereas non-fibrous silk hydrogels and agarose hydrogels had 

much higher rates of diffusion. 

36 

Figure 17 Representation of the CCI impactor used to induce controlled TBI. Used with minor 38 



 7 

modifications from [1-3]. 

Figure 19 Controlled release of 3-5 kDa and 70 kDa FITC-Dextrans and EB was achieved over 6 

days. Silk films were placed in 200µL PBS in a 96-well plate. Films were transferred to new wells 

containing fresh PBS at each time point. Release was quantified using a UV-Vis plate reader using 

Absorbance for EB at 620nm and Fluorescence for FITC-Dextrans at Excitation 490nm and 

Emission 525nm. Error bars represent standard deviation, n=6 for all groups. 

44 

Figure 19 Burst release of 3-5 kDa and 70 kDa FITC-Dextrans and EB. Silk films were placed in 

200µL PBS in a 96-well plate. Films were transferred to new wells containing fresh PBS at each 

time point. Release was quantified using a UV-Vis plate reader using Absorbance for EB at 620nm 

and Fluorescence for FITC-Dextrans at Excitation 490nm and Emission 525nm. Error bars represent 

standard deviation, n=6 for all groups. 

44 

Figure 20 EB diffusion (red) through coronal sections of the cortex at 24, 72 and 192 hr post-

implantation. Ipsilateral hippocampus CA3 regios denoted by white box. Scale bar 500µm. 

Reproduced with permission from Dr. Min Tang-Schomer. 

45 

Figure 23 EB diffusion through the cortex over 8 days. Measured as the center distance of its radial 

diffusion profile using Image J (NIH). Error bars indicate standard deviation 
46 

Figure 21 Fluorescence images of silk films delivered to the cortex before CCI. (a.) Nec-3-FITC was 

loaded into silk films and shows successful uptake by damaged neurons (green). (b.) Vehicle control 

films were placed on the cortex, but contained no therapeutic drugs and displayed increased cell 

injury post-CCI. (c.) Nec-1 films exhibited decreased cell injury post-CCI as compared to the 

vehicle control films. For (b.) & (c.) injections of PI (250 µg/ml in PBS) were administered 5 hr 

post-CCI to stain injured cortical cells. PI positive cells marked in red (b.) & (c.). Scale bar = 

100µm. Reproduced with permission from Dr. Min Tang-Schomer. 

46 

Figure 22 Quantification of PI positive cells (injured cells) in CCI injured brains. Control counts 

(vehicle control films) contained significantly higher injured cell counts than Nec-1 film counts.** 

signifies 0.001 < p < 0.01. Reproduced with permission from Dr. Min Tang-Schomer. 

46 

Figure 24 Silk film delivery vehicle in a transwell system for AAV release on to cultured primary neurons 52 

Figure 26 qPCR Quantification of AAV8-GFP and AAV9-GFP release from 60m water-annealed 

Silk-AAV9 films (7 x 10
7 g.c.

/mL). Silk-AAV9 films were released through transwell system over 

cultured primary neurons, but these images proved inconclusive and it was decided to analyze in 

vivo transduction instead (under the assumption that AAV9 transduction didn’t work very well in an 

in vitro model). 

56 

Figure 26 (A) Fluorescence microscopy images of cortical neuron transduction from AAV8-GFP 

silk films using the transwell delivery system. (a) Phase contrast images of cortical neurons 

expressing GFP. (b) Immunostaining with neural cytoskeletal marker βIIITB, (c) MAP2, and (d) 

astrocyte marker GFAP. (B) Quantification of AAV8-GFP transduction following release from silk 

films (1 x 10
9 
g.c./mL, green) compared with AAV8-GFP delivered as a solution. Suggests ~56% 

AAV8-GFP successfully released from films in culture. Scale bar = 100µm. DIV = days in vitro. 

Reproduced with permission from Dr. Casey Maguire & Dr. Min Tang-Schomer. 

56 

Figure 27 AAV9-GFP release kinetics for 45m boil-time Silk-AAV9 films water annealed for 45m. 57 

Figure 28 Fluorescence microscopy images (From Tufts microscope) showing both native GFP 

fluorescence and also Anti-Vimentin staining. Silk film with AAV9 and DMSO with dura intact. 
58 

Figure 29 Fluorescence microscopy images (From Tufts microscope) showing Anti-GFP staining 59 



 8 

with Alexa Fluor® 594. Silk film with AAV9 and DMSO with dura intact. 

Figure 30 Immunostaining of cortical sections illustrating dural transduction using AAV9-loaded 

(3.85 x 10
10

 g.c./film) silk films. No duratomy performed prior to film implantation. Scale bar = 

100µm. Reproduced with permission from Dr. Min Tang-Schomer. 

60 

 



 9 

� List of Tables 

Table 1 Amino acid composition (
g
/100g) of degradation products of porous silk fibroin sheets exposed to α-

chymotrypsin, collagenase-IA and Protease XIV. Adapted from [38]. 
13 

Table 2 Summary of applicable TBI Models (Adapted from [47]). *DVS = Rate of Death, Vegetative 

survival, or Severe disability in hospitalized TBI patients [87, 88]. 
16 

Table 3 P-Value Summary 25 

Table 4 Published values for angular velocity in animal TBI models. 26 

Table 5 Genes that regulate necroptosis (Adapted from [114]). 39 

Table 6 Experimental setup for each animal trial. Control (Ctrl) conditions did not contain any necrostatins. 

Blank Ctrl films were empty silk films that contained no drugs/stains. 
41 

Table 7 Targeted organs (and diseases) and their respective AAV serotypes. rAAV indicates recombinant 

AAV. 
48 

Table 9 Experimental design for in vivo trial with increased AAV9 loading concentration. DMSO was not 

added to the films and no duratomies were performed. 
54 

Table 8 Experimental design for in vivo trial. Stereotaxic injections contained 2.33 x 10
8 g.c.

/injection at a flow 

rate of 0.2 
µL

/min for 5 min (into striatum). The sham control mouse had a craniectomy and duratomy, but no 

film was implanted. 

53 



 10

� List of Abbreviations 

TBI Traumatic Brain Injury 

PTSD Post-traumatic Stress Disorder 

DAI Diffuse Axonal Injury 

EB Evans Blue 

PDMS Polydimethylsiloxane 

CCI Controlled Cortical Impact 

FITC Fluorescein Isothiocyanate 

Nec-1 Necrostatin-1 

Nec-3 Necrostatin-3-FITC 

PI Propidium Iodide 

AAV Adeno-associated Virus 

CNS Central Nervous System 

AAV8 Adeno-associated Virus Serotype 8 

AAV9 Adeno-associated Virus Serotype 9 

GFP Green Fluorescent Protein 

DMSO Dimethyl Sulfoxide 

FPLC Fast Protein Liquid Chromatography 



 11

Chapter 1. Silk Fibroin as a biomaterial 
 

Silk has a long history of use as a suture material that goes back thousands of years. As a 

biomaterial it is considered biocompatible (does not cause an inflammatory reaction) and 

biodegradable (degrades naturally in vivo) making it a good candidate for multiple applications. 

Any biomaterial should satisfy the following criteria: 

1. Causes little or no inflammatory or toxic reaction, 

2. Resorbs completely in a timely, controllable fashion, and 

3. Sufficient mechanical, chemical and physical properties to support the tissue. 

One of the biggest attractions of silk is that it can be processed and formulated to satisfy all of 

the above criteria.  

Silk fibroin exists in two main forms: virgin, pre-spun silk fibroin is referred to as Silk I, 

and the processed and/or crosslinked silk is referred to as Silk II. Silk 1 is water soluble but also 

very unstable. When exposed to shearing forces, drawing, heating or spinning (as when a spider 

spins a web) it is irreversibly converted to Silk II. The β-sheet structure of Silk II is more 

energetically favorable than that of Silk I. An electrical current can also reversibly convert Silk I 

to Silk II depending on the direction of the current book [4]. This conformational change results 

in an extension of the chain lengths and an 18.3% decrease in protein separation distance which 

makes it more water insoluble as the water is now excluded from the spaces between the protein 

chains [5]. The insolubility of silk II and the smaller inter-chain distances make it essentially 

invulnerable to water, dilute acids/alkali, chaotropes (urea, guanidine hydrochloride), most 

organic solvents and many proteolytic enzymes. 
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Silk II fibroin, as it is spun by insects, needs to be processed in order to be converted 

back into the Silk I form which is typically needed for it to be used in the vast majority of 

biomaterial applications. The processing protocol involves first de-gumming the silk (sericin 

removal) through boiling in a 0.02M sodium bicarbonate solution [Figure 1]. The silk fibers are 

then solubilized in a 9.3M lithium bromide (LiBr) solution followed by dialysis in water to 

remove the LiBr, leaving only the solubilized silk fibroin [5]. 

 The biomedical potential of silk arises from silk II being reverted back into the pre-spun 

silk I conformation through the resolubilization process. Resolubilized silk is much more 

hydrophilic and water soluble enzymes, drugs, protease inhibitors, etc. can be dissolved into the 

aqueous silk solution for numerous drug delivery applications. The aqueous silk solution can 

then be crosslinked mechanically, electrically, chemically or through water vapor annealing back 

into the silk II form. Mechanical crosslinking can be done using ultrasonication or vortexing [6, 

7]; electrical crosslinking can be done by inserting two oppositely charged probes into the silk 

solution which will then reversibly form a hydrogel around the positively charged probe [4]; 

Silkworm Cocoon

4.24g Na2CO3

5g cocoon pieces

20 minutes

Heater

2L boiling water

1L Milli-Q water

20 minutes20 minutes20 minutes

2nd3rd3rd
Drying 

in hume hood 1st

Figure 1 Cartoon of silk fibroin processing showing sericin removal from Bombyx mori cocoons and subsequent 

LiBr dissolution and dialysis. Silk cocoon image: 

http://www.nytimes.com/slideshow/2011/03/07/science/08SILK.html 

9.3 M LiBr solution 28mL

7g of dried cocoon

60°C, 4 h

12mL of fibroin LiBr sol.

20mL syringe

Stirrer
Stirrer bar

Dialysis cassette

Dialysis, 48 h

Centrifuge

9,000 rpm

20 minutes

2 times

Dissolving in LiBr solution
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Table 1 Amino acid composition (
g
/100g) of degradation products of porous silk fibroin sheets exposed to α-

chymotrypsin, collagenase-IA and Protease XIV. Adapted from [38]. 

Amino Acid 

 Concentration in degradation solution after 9 days of exposure (
g
/100g) 

α-chymotrypsin  Collagenase IA Protease XIV 

Lysine 3.92 4.13 1.19 

Histidine – – – 

Arginine 3.92 2.16 2.25 

Aspartic Acid 13.73 – 0.24 

Threonine 3.92 1.38 1.42 

Serine 7.84  0.39 2.49 

Glutamic Acid  7.84 5.11  0.71  

Proline – 1.77 – 

Glycine 19.61 12.76 11.61 

Alanine 13.74 11.98 26.61 

Cysteine – 13.56 18.74 

Valine 7.84 8.25 1.41 

Methionine 1.96 3.14 10.56 

Isoleucine 3.92 3.54 1.19 

Leucine 3.92 7.66 3.08 

Tyrosine 3.92 9.63 15.66 

Phenylalanine 3.92 14.54 3.20 

 

chemical crosslinking can be done with a highly concentrated salt solution [8-15] or methanol 

[16-19]; and water vapor annealing is done in a vacuum chamber [20-22]. The process of 

crosslinking the silk locks in the β-sheet structure and entraps the solute in a way that stabilizes 

and protects the solute (e.g. prevents covalent coupling of enzymes, decreases in antibiotic 

activity, prevents unfolding or denaturing of encapsulated proteins, etc.). Crosslinking also 

essentially locks in the physical structure of the silk, allowing for numerous different physical 

conformations such as brittle films [16-22], hydrogels [4, 6, 7, 23-27], porous sponges [8-15], 

electrospun mats [28-34], and microspheres [35-39]. Crosslinking also increases the degradation 

life of the silk substrates due to an increase in hydrophobicity [5].  

The degradation of silk has been extensively studied both in vivo and in vitro [15, 40, 41]. 

In vitro studies showed that degradation of silk is possible using Protease XIV, Collagenase IA, 

α-chymotrypsin and Protease XXI but Protease XIV was the most successful at uniformly 

degrading the silk [40]. Protease XIV non-discriminately cleaves the protein chains into smaller 

particles (0.1-2.4 kDa, but most range from 0.1-0.5 kDa) and continues to further break down the 
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particles over time. All of the aforementioned agents degrade the silk into its constituent amino 

acids [Table 1] [41]. These amino acids are readily resorbed by the body which prevents a long 

term immune reaction. In vivo degradation studies also illustrated a weaker immune response 

with silk over other established biomaterials such as poly(lactic acid) and collagen [17]. 

These biomaterial properties have made silk fibroin an ideal choice for numerous 

biomaterial applications. Using different processing techniques, silk fibroin can be cast into 

various different shapes, while retaining biocompatibility and biodegradable abilities.  This goal 

of this thesis was to explore silk fibroin’s ability to mimic the biomechanical properties of brain 

tissue, and to allow for controlled, sustained release of therapeutic drugs and gene delivery 

vectors. 
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Chapter 2. Silk Fibroin hydrogels as a biomimetic brain   

   tissue phantom 

A. Introduction 
Traumatic brain injury (TBI) is an increasingly important health issue with at least 10 

million TBIs occurring annually around the world [42]. In the United States alone, 1.4 million 

people suffer a TBI each year, resulting in 1.1 million emergency department visits, 235,000 

hospitalizations, 80,000 permanent severe neurological disabilities, and 50,000 deaths [43-45]. In 

addition, with the onset of the Unites States led wars in Iraq and Afghanistan, there has been a 

significant surge in the number of combat-related TBIs. These are strongly linked with post-

traumatic stress disorder (PTSD) and other problems such as depression and impaired cognitive 

function [46]. Because the exact mechanisms and pathophysiology of TBI have not been fully 

explored, accurate TBI models are necessary to further our understanding. Currently, there are 

three major paradigms of TBI in animals and are classified as Impact Acceleration Models, 

Inertial (non-impact) Acceleration Models, and Direct Brain Deformation Models [47].  

Impact acceleration models consist of direct cranial impacts with a piston, captive bolt 

pistol, pendulum or weight drop and have been used in primates [48-53], sheep [54-57], cats 

[58], rats [59-61], mice [62-67] and rabbits [68]. Inertial acceleration models involve angular 

acceleration of the head without acute impact, and generally generate more consistent results as 

compared to linear acceleration models [47]. Inertial acceleration-related TBIs are also 

significantly more destructive as they lead to diffuse axonal injury (DAI) from the resultant shear 

forces [Table 2]. DAIs consist of widespread axonal damage throughout the parasagittal white 

matter of the cerebral cortex, corpus callosum, and the pontine-mesencephalic junction  



 16

near the superior cerebellar peduncles [69-71]. Inertial acceleration models have been used in 

primates [72-77], pigs [78-80], cats [81], rabbits [68], and rats [82-86].  

This goal of this project is to establish a silk fibroin hydrogel brain phantom that could 

accurately model both Impact Acceleration and Inertial Acceleration Models of TBI in vitro. In 

order to make the model as accurate as possible, it would additionally mimic the drug diffusion 

properties of small molecular weight dyes, which could allow for development of an in vitro TBI 

brain phantom with encapsulated neurons. An in vitro brain phantom made from silk fibroin 

hydrogels would allow for rapid prototyping of novel TBI models in a reproducible manner and 

without the need for the maintenance of animal models. 

Hydrogel brain phantoms have thus far been limited to catheter perfusion studies or used 

to establish 3-dimensional computerized models of the brain. Hydrogel brain phantoms have 

typically been made using various biomaterials such as 0.2-0.6% agarose [89-92] and gelatin 

[93-95] for positive-pressure catheter infusion-related studies, and poly(vinyl alcohol) [96, 97] 

for MRI and ultrasound modeling. Computerized models for TBI are excellent for studying the 

mechanics of TBI, but they can only predict possible outcomes. A living in vitro model would be 

able to empirically generate data on actual cell response to TBI. 

Table 2 Summary of applicable TBI Models (Adapted from [47]). *DVS = Rate of Death, Vegetative survival, or 

Severe disability in hospitalized TBI patients [87, 88]. 

Model type Primary TBI Damage Secondary TBI Damage %DVS* Mechanical Model 

Impact linear 

acceleration 

Focal  

· Vascular injury 

· Axonal injury 

· Contusion 

· Laceration 

Focal 

· Focal hypoxic-ischemic injury 

· Focal brain swelling 

8-10% Confined compression: 

stress-relaxation 

Inertial angular 

acceleration 

Diffuse 

· Diffuse axonal injury 

· Diffuse vascular injury 

Diffuse 

· Diffuse hypoxic-ischemic 

injury 

· Diffuse brain swelling 

42% Parallel-plate rheology 
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This study proposes using silk fibroin as a biomaterial to create an aqueous hydrogel that 

accurately mimics the mechanical and diffusive properties of brain tissue. Silk fibroin hydrogels 

have been extensively characterized [23, 98] and can be formed via ultrasonication (used in this 

study) [6], vortexing [7] and electrogelation [99]. Silk hydrogels have also been used for cell 

encapsulation of human mesenchymal stem cells [6]. Combined with the ability seed cells within 

the hydrogel  [6], these hydrogels can be cast into any potential shape and will accurately mimic 

the mechanical viscoelastic properties of brain tissue while encapsulating cortical neurons. 

Through testing a range of different hydrogel configurations and by optimizing each property, 

the specific aims of this study were to, 

1. Accurately mimic the compressive properties of cortical brain tissue in confined 

compression 

2. Accurately mimic the rheological properties of cortical brain tissue in dynamic shear and 

dynamic viscosity 

3. Accurately mimic the diffusivity properties of small molecules into in vivo cortical brain 

tissue 

4. Encapsulate cortical neurons and promote cell survival 

The sonicated silk hydrogel brain phantom used in this study optimized the mechanical 

properties of the hydrogel to match that of mouse brain tissue in a confined compression stress-

relaxation test. The viscoelastic properties (dynamic complex modulus and dynamic viscosity) 

were also optimized against those of mouse brain tissue, along with the passive diffusion of 960 

MW Evans Blue dye though the hydrogel / brain tissue.  
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B. Materials & Methods 

1. Silk Fiber Preparation 

Silk fibers were prepared using Bombyx mori silkworm cocoons supplied by Tajima Shoji 

Co (Yokohama, Japan) and following the established protocol that has been successfully used to 

create silk fibers through hydrolysis [100]. The cocoons were degummed by boiling in a 0.02M 

sodium carbonate solution for 20 min, washed in deionized water and air dried.  

Sodium hydroxide pellets weighing 3.5g were added to 5 ml of distilled water to obtain a 

17.5M solution. When approximately 70% of the NaOH pellets had been dissolved, 0.35g of the 

dried silk was added and stirred with a spatula for 180 seconds. To stop the hydrolysis reaction, 

45 mL of water was added and the fibers were then centrifuged at 3,500 rpm for 5 minutes. The 

supernatant was discarded and the fibers were resuspended in 50 ml of purified water, stirred and 

centrifuged again 5 to 8 times in order to remove excess remaining alkali. The pH of the solution 

was then adjusted to 7.0 using hydrochloric acid. The neutralized fiber solution was once again 

centrifuged at 3,500 rpm for 5 minutes and resuspended in water (repeated 3-5 times). Finally, 

the fiber solution is lyophilized.  

2. Silk Hydrogel Preparation 

Silk solution was prepared from Bombyx mori cocoons as outlined in previous studies [9, 

11, 28, 101, 102]. The cocoons were boiled for 20m, 30m and 45m, in a 0.02M sodium carbonate 

solution, rinsed three times with distilled water and dried overnight. The extracted silk fibroin 

was then dissolved in a 93M LiBr solution at 60°C for 4 hours. The solution was then dialyzed in 

distilled water using Slide-a-Lyzer dialysis cassettes (MWCO 3500, Pierce) for 2 days to remove 

the LiBr from the solution.  

To suspend the silk fibers in the hydrogels, the silk fibers were first suspended in purified 

water, and then added to the concentrated silk solution to yield a final concentration of 4% (w/v) 
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200µm silk fibers in a 4% (w/v) silk fibroin solution. This solution was then sonicated using a 

Branson Digital Cell Disruptor ultrasonification system for 20s at 20% amplitude.  

For the confined compression studies, 3mL of the sonicated silk solution was transferred 

to a 3.5cm-diameter petri dish to yield hydrogels with a height of approximately 2.5mm. For the 

confined compression stress-relaxation model, the hydrogel samples were designed to have an 

aspect ratio of 2:1 (5mm diameter, 2.5mm height). To decrease gelation time, the dish was then 

wrapped in Parafilm and placed in a 60⁰C oven for 1-3 hrs or until fully gelled. Once gelled, a 

5mm-diameter biopsy punch (VisiPunch Dermal Biopsy Punch, Huot Instruments) was used to 

punch out the hydrogels. Hydrogels were then stored in a 10cm-diameter petri dish with purified 

water to prevent desiccation. 

For rheological studies, 4mL of the sonicated silk solution was transferred to a 5cm-

diameter petri dish to yield gels of approximately 2mm in height. The dish was then wrapped in 

Parafilm and placed in a 60⁰C oven for 1-3 hrs or until fully gelled. Once gelled, a 10mm-

diameter biopsy punch was used to punch out the hydrogels. Hydrogels were then stored in a 

10cm-diameter petri dish with purified water to prevent desiccation.  

For EB diffusion studies, 1mL of the sonicated silk solution was pipetted into a 2mL 

eppendorf tube, sealed and placed in a 60⁰C oven for 1-3 hrs or until fully gelled. The diffusion 

studies would take place in the eppendorf tube. At each time point, selected gels would be 

removed from the tubes and sacrificed for 

imaging and analysis. 

3. Silk Film Preparation 

Silk solution was prepared from Bombyx 

mori cocoons as outlined in the previous section. 

Figure 2 PDMS mold for casting silk fibroin films.  
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The purified silk solution was diluted to 2% (w/v), and 10 mg/mL Evans Blue (EB) (Info) was 

mixed in gently by inversion. A Polydimethylsiloxane (PDMS) mold was cast with raised 5mm-

diameter cylinders in an 8 x 12 pattern [Figure 2]. 13µL of the EB / silk solution was pipetted 

onto each raised cylinder and spread with a pipette tip to cover the entire surface of the cylinder. 

Films were rendered water insoluble by introduction of β-sheets through water-annealing in a 

vacuum for 3 hours in the presence of a water source at room temperature [103-105]. After water 

annealing, films dried and carefully lifted from the PDMS mold using a scalpel and forceps. The 

films were stored at room temperature and protected from light. 

4. Agarose Hydrogel Preparation 

0.6% (w/v) Agarose hydrogels were prepared according to [89-92]. The 0.6% agarose 

solution was heated to speed dissolution of the agarose. For confined compression studies, 3mL 

of the agarose solution was transferred to a 3.5cm-diameter petri dish to yield hydrogels with a 

height of approximately 2.5mm. The dish was then wrapped in Parafilm and stored at 4⁰C until 

fully gelled. Once gelled, a 5mm-diameter biopsy punch (VisiPunch Dermal Biopsy Punch, Huot 

Instruments) was used to punch out the hydrogels. Hydrogels were then stored in a 10cm-

diameter petri dish with purified water at 4⁰C to prevent desiccation. 

For rheological studies, 4mL of the agarose solution was transferred to a 5cm-diameter 

petri dish to yield gels of approximately 2mm in height. The dish was then wrapped in Parafilm 

Figure 3 Chemical structure of evans blue dye (Sigma-Aldrich). 
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and stored at 4⁰C until fully gelled. Once gelled, a 10mm-diameter biopsy punch was used to 

punch out the hydrogels. Hydrogels were then stored in a 10cm-diameter petri dish with purified 

water at 4⁰C to prevent desiccation. 

5. Collagen Hydrogel Preparation 

Collagen hydrogels were prepared from Collagen I from rat tail (BD), 10X 199 medium 

(Gibco) and 1M NaOH. Gels were prepared with 88% (v/v) collagen I, 10% (v/v) 10X 199 

media, and 2% (v/v) 1M NaOH. For rheology studies, 500µL of collagen hydrogel placed on a 

12mm diameter coverslip and incubated at 37°C until fully gelled and transferred onto the 

rheometer platens before testing. The collagen gels were too structurally weak to be loaded into 

the confined compression fixture. 

6. Brain Tissue Sample Preparation 

Whole mouse brains were collected from 6-10 week old, female balb/c mice post-mortem 

(sacrificed via CO2 asphyxiation). The brains were immediately removed, stored in chilled 

phosphate buffered saline solution, and tested immediately. For confined compression studies, a 

5mm-diameter biopsy punch (VisiPunch Dermal Biopsy Punch, Huot Instruments) was used to 

punch out the appropriately sized samples from the cortex, which were then trimmed to 

approximately 2.5mm in height using a scalpel. For rheological studies, a 10mm-diameter biopsy 

punch was used to punch out the samples from the cortex, which were then trimmed to 

approximately 2mm in height using a scalpel. 

7. Confined Compression Testing 
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A customized confined compression setup was machined using aluminum stock 

(McMaster Carr) [Figure 5] and 40µm pore size Ultra-Fine Filtering Type 316L Stainless Steel   

Porous Discs (McMaster Carr) [Figure 5]. The 5mm hydrogels were placed in the bottom hole of 

the aluminum collar, which was then carefully inverted and placed on top of the aluminum rod 

containing the filter discs. An Instron mechanical tester was used for confined compression. The 

stress-relaxation test was performed by slowly lowering the indenter at 0.1% compressive strain / 

sec. until the load cell registered 0.05 kgf. At this point the gauge length of the sample was 

zeroed and the sample was compressed at a rate of 0.1% compressive strain / sec. to 5% 

compressive strain. At this point the indenter position was held in place for 500 seconds, to allow 

for equilibrium of the sample. The sample was then compressed an additional 5% of the initial 

gauge length and equilibrated until the sample had been compressed by 35% compressive strain. 

Rapid impact was avoided due to the aqueous nature of these hydrogels. Under rapid 

compression the sample does not have time to equilibrate and the registered modulus will be 

dominated by the 

effects of water (an 

incompressible fluid) 

being forced out of 

the small pores in the 

hydrogel. By allowing 

for equilibration, the 

modulus registered 

will be of the 

Figure 5 Confined compression set up 

constructed from aluminum sock. 

Figure 5 Ultra-fine porous steel filtering disc 

used for drainage of water from the samples 

during equilibrium. 
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hydrogel itself instead of the water.  

8. Rheology 

 Two 25mm-diameter parallel plate geometries (TA Instruments) were used and 

augmented with Very Fine 220 Grit Stick & Sand
®

 adhesive sandpaper (Norton Abrasives, 

Niagara Falls, NY) that had been trimmed to 25mm-diameter circular sections. The 10mm-

diameter hydrogels were placed in the center of the platens with the help of a customized acrylic 

plastic guide designed for sample alignment [Figure 7]. The platens were then lowered to a ≤ 

2mm gap with the normal force remaining within 1-5 g·cm [Figure 7].  Frequency sweeps were 

performed from 1-100 rad/s at a 

controlled 1% strain and at room 

temperature. Strain sweeps were 

performed from 0.1-100% strain at a 

controlled 5 rad/s frequency and at 

room temperature.  

9. Cell Encapsulation 

Silk hydrogels for cell 

encapsulation studies were prepared by suspending the fibers in the silk solution in the same 

manner as for the mechanical tests. In order to aid with cell adhesion to the hydrogels, 0.04% 

(w/v) Rat Tail Collagen I (BD) was added to the hydrogels. After addition of the collagen, the 

hydrogels were sonicated for 10 sec. at 15% amplitude. Primary neuron cultures (Provided by the 

laboratory of Dr. Steve Moss, Tufts Medical Center for Neuroscience) were then added at such a 

concentration to yield approximately 100,000 cells per well. 50µL of ungelled silk hydrogel was 

then added to a well of a 96 well plate. The cell-loaded gels were then incubated at 37°C  and 5% 

CO2. The increased temperature in the incubator speeds gelation of the silk hydrogels. At 1 day 

Figure 7 Acrylic plastic (PMMA) 

guide for sample alignment. 
Figure 7 Loaded sample with 

platens at nominal gap of ≤ 2mm. 
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and 4 day time points, a Live/Dead assay was performed and imaged using confocal microscopy 

(Leica).  

10.  Hydrogel Diffusivity 

Silk hydrogels with varying fiber concentrations were prepared in 2 mL eppendorf 

microcentrifuge tubes as previously stated. Once gelled, an EB-loaded silk film was placed on 

top of the hydrogel in the center, and the eppendorf tube sealed and stored at 37⁰C. At each time 

point, hydrogels were sacrificed by removing the hydrogel from the eppendorf tube and cutting it 

in half using a scalpel. The cross-section of the hydrogel was then imaged and processed using 

Image J (National Institutes of Health) to quantify penetration depth into the hydrogel.  

11. In vivo Diffusivity 

In vivo diffusion of Evans Blue was done using a mouse animal model in accordance 

with the protocol (2004N000286) approved by the Massachusetts General Hospital Institutional 

Animal Care and Use Committee and is compliant with the NIH Guide for the Care and Use of 

Laboratory Animals. Mice were anesthetized using isoflurane, an incision was made through the 

scalp and a craniotomy was performed using a 4mm-diameter surgical hole saw. Following the 

craniotomy, EB-loaded silk films were placed on top of the dura mater of mice and the bone flap 

replaced on top of the film [Figure 8]. At each time point, subject mice were sacrificed by 

Figure 8 Craniectomy is first drilled using a 4mm hole saw, being careful not to damage the dura mater or brain tissue 

below. Once drilled, the bone flap is removed with forceps. After placing the silk film on the surface of the brain, the 

bone flap is replaced and the incision is stitched closed. 
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anesthesia with isoflurane followed by decapitation. 

The brains were recovered, cryo-sectioned and imaged 

using a fluorescence microscope through a Texas Red 

filter. Images were processed using Image J (NIH) to 

measure penetration depth into the brain at each time 

point.  

12. Statistics 

All statistics were performed using GraphPad Prism. The significance of each sample vs. 

mouse brain tissue was calculated using a 1-way Dunnett ANOVA test at each sampling point 

and then averaged. The average significance of each sample in the relevant physiological rangeof 

ω = 60-100 rad/s (applicable to published values for angular velocity or frequency (ω) in animal 

TBI models) was calculated for the dynamic shear modulus. For the aggregate modulus study, 

the significance of each sample vs. mouse brain tissue was calculated using a 1-way Dunnett 

ANOVA test.  For the EB Diffusion study, the significance of each sample vs. mouse brain 

tissue was calculated using a 1-way Dunnett ANOVA test. For all tests in which statistics were 

performed, the average statistical summary is listed in the corresponding graph legend.  

 

Table 3 P-Value Summary 

P-Value Significance Marker 

< 0.001 
Extremely 

Significant 
*** 

0.001 – 0.01 
Very 

Significant 
** 

0.01 – 0.05 Significant * 

> 0.05 
Not 

Significant 
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C. Results & Discussion 

1. Rheology 

4% (w/v) silk hydrogels with 3-5% (w/v) fibers were tested in both a frequency sweep to 

analyze the dynamic shear modulus [Figure 12] and strain sweep to analyze the dynamic 

viscosity  [Figure 13]. Mouse brain tissue, as well as four control hydrogels [6% (w/v) silk with 

no fibers, 4% (w/v) silk with no fibers, 0.6% (w/v) agarose, and collagen] were also tested under 

the same experimental conditions. The dynamic shear modulus properties of these silk hydrogels 

are consistent with previous rheological studies [61]. By inspection, the different fiber 

concentrations had no significant effect on the rheological properties. The limiting factor appears 

to be the overall silk concentration in the hydrogel. While the brain tissue samples have a 

different frequency-dependence than the silk hydrogels, they both appear to align in the higher 

frequency range (ω=60-100 rad/s). These values are consistent with the physiological range of 

published values for angular velocities used for in vivo 

animal models of diffuse TBI that successfully induced 

DAI [Table 4]. This suggests that within the range used to 

induce TBI, the 4% silk hydrogels accurately mimic brain 

tissue. Within this range, the dynamic shear modulus of the 

6% silk hydrogels is significantly higher than both the 4% 

hydrogels and the brain tissue. Additionally, the dynamic 

shear moduli of both agarose and collagen control hydrogels are significantly lower than that of 

the 4% silk hydrogels and the brain tissue samples. 

A similar result is seen with the dynamic viscosities for 4% silk hydrogels and brain 

tissue. Over the strain sweep, the dynamic viscosities for the 4% hydrogels and brain tissue 

samples are broadly similar as compared to the 6% silk hydrogels, as well as the agarose and 

Table 4 Published values for angular 

velocity in animal TBI models. 

Angular Velocity ω  (rad/s) Source 

138 

[106] 

118 

104 

82 

78 

78 

61 

59 

56 

96 [107] 

138 [108] 
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collagen hydrogels. One future direction could explore the effects of cerebrospinal fluid (CSF) in 

the hydrogels instead of water. There is a chance that a fluid like this could affect the rheological 

properties of the hydrogels. The effect of CSF in silk hydrogels has not yet been explored and it 

is unknown whether or would change the beta sheet formation or other properties of the 

hydrogel, but this would be another potential area of exploration.  

2. Confined Compression 

An initial study of varying silk hydrogels was performed with boil-times of 20m, 30m 

and 45m. The goal of this was to identify whether boil time had an effect on mechanical 

properties. Figure 14 shows that 30m boil time silk at a concentration of 4% (w/v) had the most 

desirable mechanical properties. Based on these results, 30m boil time 4% (w/v) silk hydrogels 

were chosen for further fiber-reinforcement studies. 3-5% (w/v) 200µm fibers were suspended in 

the hydrogels and evaluated in confined compression [Figure 15]. A stress-relaxation test was 

performed and was water was allowed to flow out through a porous steel disc underneath the 

hydrogel during equilibration between compression steps. Brain tissue samples from mice and 

rats as well as agarose hydrogels were tested in the same conditions.  

Stress relaxation tests consist of a series of compression steps, followed by an extended 

relaxation period before the next compression step. During this equilibrium step, the indenter is 

held at the same position and water is allowed to flow out of the sample. The purpose of this is to 

allow for equilibrium of the sample. Fluid dynamically, water is considered an incompressible 

fluid so the resistance of the water that is trapped within the hydrogel dominates the forces 

measured by the transducer during the compression step. By allowing for equilibrium, the 

compressed water is allowed to exit the hydrogel and whatever force is measured at the end of 

the equilibrium period is the force exerted by hydrogel matrix itself. Figure 10 illustrates the 

compressive force over time. Figure 10 shows the compressive load vs. compressive strain. The 



 28

peaks represent the compression step (stress), 

which is quickly followed by the sample 

returning to its equilibrium state (relaxation) 

which is represented by the local minima. The 

minimum force registered during each 

relaxation/equilibrium period is then plotted. 

A linear regression of the minima on the 

compressive load vs. compressive strain graph 

[Figure 10] is then obtained and the slope of 

these equilibrium points is converted into the 

Aggregate Modulus (HA) for that particular 

sample.  

The compressive properties of the hydrogels used in this study are consistent with the 

results from previous studies [6, 23]. The aggregate modulus of the 4% fiber hydrogels was 

almost identical to both types of cortical brain tissue, where as the 5% fibers were significantly 

above, and the 0% fiber hydrogels, 3% fiber hydrogels, 2% silk hydrogels and the 0.6% agarose 

hydrogels were all significantly below the cortical brain tissue.  This shows that the fiber-

reinforced 4% hydrogels are significant closer to the actual aggregate modulus of cortical brain 

tissue than other published brain phantom models. 

The results of this study are similar to the rheology studies in that the major contributing 

factor for mechanical properties appears to be the overall silk concentration in the hydrogel. 

Unlike with the rheology tests where the fiber concentration had an insignificant effect on 

Figure 10 30m boil time, 4% (w/v) silk hydrogel. Compressive 

load over time shows the asymptotic leveling-out of the 

compressive load during equilibrium. 
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Figure 10 30m boil time, 4% (w/v) silk hydrogel. Compressive 

load vs. strain shows minimum load after equilibrium. The slope 

of the regression of these minima is converted to the aggregate 

modulus of the hydrogel. 
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mechanical properties, in confined compression the fiber concentration has a significant effect 

and can be used to fine-tune the aggregate modulus to match that of the tissue of choice.  

Possible reasons for the significant change of modulus in hydrogels without fibers 

compared with that of hydrogels with fibers included, could be that the fibers have altered the 

beta sheet structure of the hydrogel during crosslinking. One method that this could be examined 

would be with FTIR spectroscopy. This would be able to detect any altered beta sheet formation 

immediately surrounding the fibers and it would be possible to form a hypothesis as to whether 

or not this could be responsible for the change in modulus.  

3. Diffusivity 

EB diffusion through the hydrogels showed that the silk hydrogels containing 200µm 

fibers controlled the diffusion of EB through the hydrogel significantly. When compared to the 

diffusion of EB in an in vivo animal model, the rate of diffusion in both fibrous silk hydrogels 

and in in vivo brain tissue were broadly identical, as compared to non-fibrous silk hydrogels and 

agarose hydrogels [Figure 16]. Similarly with the confined compression studies, there is a chance 

that the fibers changed the beta sheet structure of the hydrogel and that some EB became trapped 

in this modified beta sheet, which limited its diffusion. These are observations that could also be 

made using FTIR spectroscopy.  These results indicate an ability of these hydrogels to allow for 

small-molecule drug diffusion into the hydrogel at a similar rate to that of brain tissue. 

4. Cell Encapsulation Studies 
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The goal of incorporating live neurons and astrocytes into this brain phantom model was 

to create a living brain phantom that could give in vitro feedback of TBI in ways that mechanical 

models cannot. There are numerous cell-based assays that could be used to analyze the extent of 

cell damage as a result of a TBI. The benefit of using silk hydrogels as a matrix is they can be 

cast in almost any shape and have been shown to successfully encapsulate hMSCs. Early 

preliminary results showed that these fiber-reinforced hydrogels could successfully encapsulate 

neurons and astrocytes for up to 4 days [Figure 11]. After these promising initial results, a full-

scale study was attempted numerous times to repeat these results but this either yielded 

unimpressive results or for unknown reasons the cells did not survive. Due to time availability, 

the cells had been isolated many hours prior to encapsulation and the extended period of 

incubation time in a high concentration of cells may have proved fatal. Another possibility is that 

the concentration of the silk hydrogel along with the fibers and collagen may have been too 

much for the cells to survive.  

D. Conclusions 
Silk fibroin, already known used in 

countless biomaterial applications, has now 

been shown to be an excellent biomaterial for 

a biomimetic brain phantom. The numerous 

methods in which silk hydrogels can be 

customized to alter their mechanical properties 

make it an ideal choice for future studies 

seeking to establish biomimetic phantoms of 

other tissue types. By taking advantage of boil 

Figure 11 Confocal microscopy of a fiber reinforced silk 

hydrogel with 0.04% collagen after 4 days of culture in 

neurobasal medium. Live / Dead stains were incubated for 

12 hours overnight in order to allow for diffusion into the 

hydrogel. The brighter, rectangular shapes are the silk 

fibers that have absorbed the Live stain. 
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time (30m), silk fibroin protein concentration [4% (w/v)], fiber length (200µm) and fiber 

concentration [4% (w/v)] it was possible to create a brain tissue phantom with the same 

mechanical properties in compression and shear as well as diffusivity. These results have shown 

that it is possible to create a hydrogel that can be optimized to the same mechanical and diffusive 

properties of cortical brain tissue, and previous studies have illustrated the ability of silk 

hydrogels to successfully encapsulate cells. Future directions could combine the proven ability of 

these 4% (w/v) hydrogels to encapsulate cells to create a living brain phantom. 
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Figure 12 Frequency sweep for the Dynamic Shear Modulus at constant strain (ε = 1%). Silk control hydrogels (4% and 6% silk with no fibers), 0.6% Agarose 

and Collagen hydrogels were compared against fibrous hydrogels and brain tissue. Within the physiological range (ω = 60-100 rad/s), 6% silk, 0.6% agarose and 

collagen hydrogels were all extremely significantly different from brain tissue. Within the physiological range, all 4% silk hydrogels (including fibrous 

hydrogels) were all statistically similar (no significant difference) to brain tissue.  
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Figure 13 Strain sweep for the Dynamic Viscosity at constant frequency (ω = 5 rad/s). Strain-dependent viscosity responses of 4% Silk hydrogels (including 

fibrous hydrogels) are broadly similar to that of brain tissue. 0.6% agarose and collagen hydrogels are orders of magnitude less viscous than the silk hydrogels 

and brain tissue.   
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Figure 14 Aggregate modulus as observed during a stress-relaxation confined compression test. 3 different boil times at two different concentrations each were 

tested in order to gather a baseline for potential candidates. It was determined that 30m boil-time silk was the best candidate to move forward with fiber-

reinforcement studies. 
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Figure 15 Aggregate modulus as observed during a stress-relaxation confined compression test. 30m boil-time 4% silk hydrogel with 4% fibers was statistically 

similar to both brain tissue sample groups. All other hydrogels, including 3% and 5% fiber hydrogels, were statistically different from brain tissue.  
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Figure 16 Evans Blue diffusion penetration depth over time. 200µm fiber silk hydrogels had diffusion rates broadly similar to that of in vivo brain tissue, 

whereas non-fibrous silk hydrogels and agarose hydrogels had much higher rates of diffusion.
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Chapter 3. Silk Fibroin films for controlled delivery of  

   therapeutic drugs 

A. Introduction 
One of the most frequently used in vivo models of TBI is the controlled cortical 

impact (CCI) model, which is a type of Impact Acceleration Model mentioned in Chapter 

2 [1-3]. It has been used extensively to examine the mechanisms of TBI in mouse models 

[64, 66, 109-113]. Using a CCI mouse model, this study proposes to use the drug delivery 

abilities of silk fibroin substrates to explore potential therapeutic solutions for TBI. The 

benefit of this technology is that it does not require any additional procedures in the case 

of severe TBI. In severe TBI, a craniectomy is generally performed in order to relieve 

pressure on the brain from swelling due to trauma. This application would allow for the 

drug-loaded film to be placed on top of the brain during this procedure, without requiring 

any additional procedures since the dura mater / cortex would already be exposed. In 

addition, due to the very thin profile of these films, they would not exert any additional 

pressure on the brain when the craniectomy is replaced. Silk films are also biodegradable 

and therefore would degrade over time in vivo [15, 40, 41].  
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Controlled, localized drug delivery is advantageous in this application because it 

would avoid global administration of therapeutic drugs throughout the body, making it 

much more effective and allowing for a more concentrated delivery to the wound site. 

Global administration requires a much larger delivery dose due to clearance by the 

kidneys or liver, and uptake by other tissues in the body. This would be avoided with a 

drug-loaded film that would be placed directly over the wound site.  

The CCI model chosen in this study uses a CCI device to impart a linear impact 

onto the cortex of anesthetized mice. The CCI device [Figure 17] is a stroke-constrained 

pneumatic impactor. The device consists of a stroke-constrained cylindrical stainless steel 

pneumatic impactor with a 5.0 cm stroke length. The cylinder is mounted vertically on an 

adjustable crosshead. The impactor tip consists of a short aluminum rod measuring 9 mm 

diameter and 1.50 cm in length, with a flat face and a rounded (2.0 mm radius) perimeter 

edge.  For each trial, the impactor cylinder shaft with the impactor tip in place is extended 

the full stroke length. The 

crosshead holding the 

cylinder is then lowered 

until the impactor tip 

compresses the dura and 

underlying subdural space. 

This is used as the zero 

position from which the 

depth of the CCI is 

controlled. The cylinder 

Stereotaxic 

Frame Isoflurane Supply 

 

Impactor Tip 

Compressed Gas Line 

Figure 17 Representation of the CCI impactor used to induce controlled TBI. 

Used with minor modifications from [1-3].  
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shaft is then returned to the fully retracted position, and the crosshead is lowered to the 

desired level of compression. The impact velocity can be controlled using compressed 

gas pressure from 1-7 m/s [1-3].  

 The goals of this study are to 

adapt previous studies using 

necrostatins to work with a functional, 

therapeutic TBI model, achieve 

localized delivery of necrostatins to the 

injury site, and to maintain controlled 

release over time as the film degrades. 

This study proposes to use drug delivery 

of various necrostatins from silk fibroin 

films as a method to prevent necroptosis 

following CCI. Necroptosis is defined 

as a regulated cellular necrosis 

mechanism, independent from apoptosis 

[114, 115]. More specifically, 

necroptosis is a mechanism of necrotic 

cell death induced by apoptotic stimuli 

in the form of activation of the death 

domain receptor by their respective 

ligands while apoptosis is inhibited 

[115]. There are 25 genes that have been 

Table 5 Genes that regulate necroptosis (Adapted 

from [114]). 

Symbol Name 

Tmem57 transmembrane protein 57 

Grb2 growth factor receptor bound 

protein 2 

Pvr poliovirus receptor 

Foxi1 forkhead box l1 

Jph3 Juntophilin 3 

Rab25 RAB25, member RAS oncogene 

family 

S100a7a 8100 calcium binding protain 

A7A 

4933439F11Rik RIKEN cDNA 4933439F11 gene 

4732429D16Rik RIKEN cDNA 4732429D16 gene 

9430015G10Rik RIKEN cDNA 9430015G10 gene 

Bmf Bcl2 modifying factor 

Defb1 defensin beta 1 

Eif5b Eukaryotic translation initiation 

factor 5B 

Dpysl4 Dihydropyrimidinase-like 4 

Commd4 COMM domain containing 4 

Txnl4b Thioredoxin-like 4B 

F730015K02Rik RIKEN cDNA F730015K02 gene 

Hspbap1 Hspb associated protein 1 

Mag Myelin-associated glycoprotein 

Mrcl mannose receptor-like precursor 

Hoxa3 Homeo box A3 

Kcnip1 Kv channel-interacting protein 1 

Galnt5 UDP-N-acetyl-alpha-D-

galactosamine: polypeptide N-

acetylgalactosaminyl1transferase 

5 

Olfr1404 Olfactory receptor 1404 

Parp2 poly (ADP-ribose) polymerase 

family member  2 

Tnfrsf1a Tumor necrosis factor receptor 

superfamily, member 1a 

Sycp2 synaptomenal complex protein 2 

Atp6v1g2 ATPase, H+ transporting, 

lysosomal V1 subunit G2 

Nudt13 nudix (nucleoside diphosphate 

linked moiety X)- type  motif 13 

Spata2 spermatogenesis associated 2 

cyld Cylindromatosis 1 

Tnfaip8l1 tumor necrosis factor, alpha-

induced protein 8-like 1 
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identified as required for necroptosis when induced by zVAD.fmk and TNFα, but not for 

apoptosis [Table 5]. The goal of this study is to delivery necrostatins from silk films to the 

CCI injury site in order to inhibit necroptosis, and minimize tissue damage. Necrostatins 

have been proven to inhibit non-apoptotic cell death, which is an important contributor to 

pathological cell damage in mouse models of cerebral ischemia and myocardial infarction 

[116, 117]. It is believed that necrostatins inhibit necroptosis through inhibiting RIP1 

kinase activity [115, 116].  

 Although drug delivery from silk fibroin substrates has been very well 

documented [18-20, 26, 30, 35, 36, 39, 118-121], an in vivo application for drug delivery 

for a TBI CCI mouse model has yet to be done with any form of localized drug delivery. 

Necrostatin-1 (Nec-1) [122-127] and Necrostatin-3 (Nec-3) [128, 129] are anti-

necroptotic signaling factors that have been extensively studied for their roles in 

preventing necroptosis through inhibition of RIP1 kinase activity. Silk fibroin films were 

loaded with Nec-1 or Nec-3 and implanted in vivo in conjunction with a CCI mouse 

model to study the effect on CCI-induced necroptosis. Silk films were also loaded with 

propidium iodide (PI) as a marker of apoptosis or necrosis [130-134]. 

B. Materials & Methods 

1. Silk Film Preparation 

 Silk solution was prepared from Bombyx mori cocoons as outlined in the 

previous chapters. The purified silk solution was diluted to 2% (w/v), and the drug(s) of 

choice were mixed in gently by inversion. A Polydimethylsiloxane (PDMS) mold was 

cast with raised 5mm-diameter cylinders in an 8 x 12 pattern [Figure 2]. 13µL of the EB / 

silk solution was pipetted onto each raised cylinder and spread with a pipette tip to cover 

the entire surface of the cylinder. Films were rendered water insoluble by introduction of 
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β-sheets through water-annealing in a vacuum for 3 hours in the presence of a water 

source at room temperature [103-105]. After water annealing, films dried and carefully 

lifted from the PDMS mold using a scalpel and forceps. The films were stored at room 

temperature and protected from light.  

2. In vitro Release 

Prior to any in vivo studies, in vitro release profiles were gathered for controlled 

release of FITC-Dextrans (3-5 kDa and 70kDa) and EB. Films were loaded with 10 
mg

/mL 

of EB or FITC-Dextrans and once cast and water-annealed, were placed in a 96-well 

plate with 200µL PBS in each well. The films were transferred to a fresh PBS well at 

each time point, and the wells were read using a UV-Vis plate reader. Absorbance for EB 

was read at 620nm, and fluorescence for FITC-Dextrans was read at Excitation 490nm, 

Emission 525nm. 

3. In vivo Release 

For in vivo studies, Evans blue (Sigma), propidium iodide (PI) (Sigma), 

Necrostatin 3-FITC, and Necrostatin-1 (both donated by collaborators) were loaded into 

silk films in the following concentrations: EB (4 µg/film), PI (1 µg/film or 3.75 

nmol/film), Necrostatin-1 and -3-FITC (8 µmol/film), and.  The number of animals used 

in each study is as follows: EB 

(n = 6), PI (n = 12), 

necrostatin-3 (n = 3), 

necrostatin-1 (n = 5), vehicle 

film (n = 5 for PI, n = 5 for 

necrostatin-1). These films 

Table 6 Experimental setup for each animal trial. Control (Ctrl) 

conditions did not contain any necrostatins. Blank Ctrl films were 

empty silk films that contained no drugs/stains.  

Condition Drus/Stain Concentration Number of 

Animals 

1 EB 4 µg 6 

2 PI 1 µg 12 

3 
Hoechst 2 µmol 

3 
PI 1 µg 

4 Nec-3-FITC 8 µmol 3 

5 Nec-1 8 µmol 5 

2 (Ctrl) Blank N/A 5 

5 (Ctrl) Blank N/A 5 
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were delivered in conjunction with a CCI mouse model performed at MGH Neuroscience 

Center. Films were implanted after the craniectomy, but either before or after the CCI to 

examine the effects of necrostatins on cell injury.  

4. CCI Model 

For the mouse CCI model, a CCI device similar to Figure 17 was used. The 

implantation and trauma protocol (2004N000286) were approved by the Massachusetts 

General Hospital Institutional Animal Care and Use Committee and comply with the NIH 

Guide for the Care and Use of Laboratory Animals. 

. Mice (CL7/BL6, 3 months of age, Jackson Laboratories, Bar Harbor, ME) were 

anesthetized with 4% isoflurane, 70% N2O and O2 and positioned in a stereotaxic frame.  

Isoflurane delivery was maintained via an opening in the tubing leading from the 

anesthesia box and isoflurane was titrated to quiet respirations and ensure a lack of toe-

pinch response [110].  A 5-mm craniotomy was made using a surgical hole saw over the 

left parietotemporal cortex (the center of the coordinates of craniotomy relative to 

bregma: 1.5 mm posterior, 2.5 mm lateral).  

CCI was produced using the previously mentioned CCI device with a velocity of 

6 m/s, and an impact depth of 0.3 mm. Sham injury involved craniotomy but no cortical 

impact.  The silk film was placed directly on top of the cortex prior to the CCI. The 

craniotomy was then replaced and the scalp was sutured. Mice were returned to their 

cages to recover from anesthesia and left for 14 days.  For implants of drug films and 

control vehicle films, the dura mater remained intact.  

5. Immunostaining 

For sacrificing, the mice were deeply anesthetized with isoflurane and 

decapitated. The brains were removed and frozen using liquid nitrogen vapor by floating 
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them in a weigh boat over liquid nitrogen. Coronal sections (14 µm) were collected (200-

250 µm apart) from the anterior to the posterior brain, mounted on poly-L-lysine-coated 

slides and stored at -80°C. Fluorescence images were acquired on a Leica DM IL 

fluorescence microscope with excitation at 540 nm and emission at 680 nm.  Using 

fluorescence microscopy, propidium iodide-positive cells were counted in a total of three 

brain sections located within the center of the contusion (bregma -1.90 to -2.70) and 

separated by at least 250 µm, for a total of 9 cortical fields assessed per animal.  Cell 

count data for each mouse were the average of the nice cortical brain fields.   

C. Results & Discussion 

1. In vitro Release 

For in vitro release studies, controlled release was achieved from silk films that 

contained 3-5 kDa and 70 kDa FITC-Dextrans and EB [Figure 19]. While the burst 

release occurred over the first few hours [Figure 19], as the films degrade in vivo as 

shown by [15, 40, 41], the remaining FITC-Dextrans or EB would be released slowly 

over time. The increased release of the 3-5 kDa FITC-Dextran over the 70 kDa FITC-

Dextran is expected due to the smaller size of the molecule which allows for it to diffuse 

out of the film more quickly once the film has swollen after being rehydrated. The lower 

release rate of the EB from the films, however, may be due to the EB sticking to the silk.  
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Figure 19 Controlled release of 3-5 kDa and 70 kDa FITC-Dextrans and EB was achieved over 6 days. Silk films were 

placed in 200µL PBS in a 96-well plate. Films were transferred to new wells containing fresh PBS at each time point. 

Release was quantified using a UV-Vis plate reader using Absorbance for EB at 620nm and Fluorescence for FITC-

Dextrans at Excitation 490nm and Emission 525nm. Error bars represent standard deviation, n=6 for all groups.  
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Figure 19 Burst release of 3-5 kDa and 70 kDa FITC-Dextrans and EB. Silk films were placed in 200µL PBS in a 96-

well plate. Films were transferred to new wells containing fresh PBS at each time point. Release was quantified using a 
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2. In vivo Release 

Controlled release of EB was achieved over 8 days in vivo [Figure 20] using the 

same silk films used for in vitro release. The films exhibited sustained release over 8 days 

in which EB was seen to diffuse through the dura mater and into the cortex, ultimately 

reaching the ipsilateral hippocampus CA3 region. EB diffusion rate through the cortex 

was calculated over the same time period [Figure 23] using Image J (NIH). This 

demonstrated the ability of silk films to 

effectively deliver drugs thorugh the dura mater 

into the cortex of mice.  

Figure 20 EB diffusion (red) through coronal 

sections of the cortex at 24, 72 and 192 hr 

post-implantation. Ipsilateral hippocampus 

CA3 regios denoted by white box. Scale bar 

500µm. Reproduced with permission from Dr. 

Min Tang-Schomer. 
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EB appears to have been cleared  in vivo 

over time (less fluorescence on day 8 vs. day 3) 

but the continuing fluorescence indicated the 

continued release of EB from the films over an 

extended period of time. Film degradation was 

not examined over this time period, but it is 

possible that the extended EB release may have 

been due to film degradation in vivo leading to 

prolonged EB release. Using this data and the 

promising results, the ability of silk 

films to deliver therapeutic drugs 

in a disease model was explored. 

Nec-1 and Nec-3-FITC 

were loaded into silk films and 

delivered to the cortex of mice in 

vivo prior to a CCI, and the 
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Figure 23 EB diffusion through the cortex over 8 days. Measured 

as the center distance of its radial diffusion profile using Image J 

(NIH). Error bars indicate standard deviation 

Figure 21 Fluorescence images of silk films delivered to the cortex before CCI. (a.) Nec-3-FITC was loaded into 

silk films and shows successful uptake by damaged neurons (green). (b.) Vehicle control films were placed on the 

cortex, but contained no therapeutic drugs and displayed increased cell injury post-CCI. (c.) Nec-1 films exhibited 

decreased cell injury post-CCI as compared to the vehicle control films. For (b.) & (c.) injections of PI (250 µg/ml in 

PBS) were administered 5 hr post-CCI to stain injured cortical cells. PI positive cells marked in red (b.) & (c.). Scale 

bar = 100µm. Reproduced with permission from Dr. Min Tang-Schomer.  

Figure 22 Quantification of PI positive cells 

(injured cells) in CCI injured brains. Control 

counts (vehicle control films) contained 

significantly higher injured cell counts than Nec-1 

film counts.** signifies 0.001 < p < 0.01. 

Reproduced with permission from Dr. Min Tang-

Schomer. 
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subsequent cell damage was examined [Figure 21]. Fluorescence microscopy images of 

coronal plane sections of cortical brain tissue indicated significantly higher cell injury 

post-CCI for the vehicle control films (no necrostatins) as compared to therapeutic films 

(Nec-1 or Nec-3-FITC) [Figure 22]. Cell counts of PI positive cells (red) in cortical 

sections with vehicle control films were significantly higher (p < 0.01) than those for the 

cortical sections which received Nec-1 films. This data demonstrates successful reduction 

of necroptosis in vivo using localized necrostatin drug delivery in a therapeutic mouse 

disease model.  

D. Conclusions 
Silk fibroin films have illustrated an excellent ability to deliver and stabilize 

various drugs and dyes, as well as stabilize vaccines [21]. With the results of this study, is 

has been illustrated that silk fibroin films have the ability to deliver therapeutic drugs in 

vivo in an animal disease model of TBI, and also to maintain controlled release of these 

therapeutic agents over time as the films degrade. Future possible directions for this 

technology could be for chemotherapeutic treatment of an animal meningioma model in 

which the films are laid on top of the dura mater to help treat tumors in the meninges. 

This new application of silk films also has potential in other disease models such as 

treating epilepsy that might be located towards the surface of the cortex. 
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Chapter 4. Silk Fibroin films as vehicles for controlled  

   gene delivery using adeno-associated viral  

   vectors 

A. Introduction 
Adenoassociated viral vectors (AAVs) are exceptionally effective tools for gene 

delivery, having up to 12 serotypes, and are part of the parvoviridae family and 

Dependovirus genus. Members of the Dependovirus genus require a helper virus such as 

a regular adenovirus or herpes simplex virus to facilitate infection and replication. In the 

absence of a helper virus, AAVs establish a latent infection within the cell. This is 

beneficial because it ensures long-term, stable expression of the vector gene. The virion 

shell is approximately 25 nm in diameter and encapsulates a single-stranded DNA 

genome of 4.7 kb [135].  

The main attractions of AAVs over lentiviruses and other retroviruses are their 

high titer production capabilities, lack 

of pathogenicity, long-term transgene 

expression and wide range of targets. 

AAVs have been used to target 

numerous different organ types 

including bone [136, 137], bone 

marrow [138, 139], cardiac muscle 

[140-142], liver [143-146], kidney 

[147-149], lung [150-152], retina [153-

156], skeletal muscle [157-161], central 

Table 7 Targeted organs (and diseases) and their 

respective AAV serotypes. rAAV indicates recombinant 

AAV. 

Tissue Serotypes References 

Bone rAAV [136, 137] 

Bone marrow 2, 5 [138, 139] 

Cardiac muscle 2, 8-9 [140-142] 

Liver 8-9 [143-146] 

Kidney 1-5 [147-149] 

Lung 1-9 [150-152] 

Retina 2, 4-5 [153-156] 

Skeletal muscle 1, 6-9 [157-161] 

CNS 

 Huntington’s 

 Parkinson’s 

 Alzheimer’s 

 Glioma 

 Schwannoma 

1-2, 4-5, 8-10 [162-176] 

[164-166] 

[163, 173] 

[172, 174-176] 

[167-169] 

[162] 

Pancreas 8 [29, 177] 

Vascular tissue 1-2, 9 [178-180] 
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nervous system (CNS) [162-176], pancreas [29, 177] and vascular tissue [178-180]. 

This study will used AAV8 and AAV9 due to their high efficacy at transducing 

neural cells. AAV8 and AAV9 have been used in recent years for numerous different 

CNS disease models such as Huntington’s disease [164-166], Parkinson’s disease [163, 

173], Alzheimer’s disease [172, 174-176], glioma [167-169], and schwannoma [162].  

Current models for CNS disease models typically involve stereotaxic injection of 

AAV into the region of interest. While controlled release mechanisms of gene delivery 

have been achieved using this method, controlled release method of delivering AAVs that 

does not damage cortical tissue has yet to be achieved. The benefit of such a system 

would be to use current AAV models are becoming increasingly efficient, and limit their 

release to the region of interest without causing any damage to the cortex. Using silk 

fibroin films, localized transduction of dural fibroblasts as well as local subdural neurons 

can be achieved. Silk films are also an ideal delivery vehicle for mengioma due to the 

localization of the release to the surface of the dura mater. Stereotaxic injections would 

be extremely difficult to perform for this particular model, and therefore silk films 

present an extremely exciting new alternative delivery method.  

Silk fibroin biomaterial systems have been explored extensively as delivery 

vehicles for drugs [18, 20, 35, 37, 38, 118, 121] and genes [120, 181, 182], as well as for 

the stability of drugs [18, 20, 35, 37, 38, 118, 121] and vaccines [21], but direct delivery 

of viral vectors has yet to be achieved using silk films. The goals of this study were to:  

1. Establish controlled release of viral vectors over time 

2. Maintain sustained delivery over time as the films degrade 

3. Demonstrate in vivo transduction 
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AAV8-GFP and AAV9-GFP serotypes were chosen for transduction of dural fibroblast 

and subdural-neurons due to their ability to successfully permeate the blood brain barrier 

(BBB) [183-187].  

B. Materials & Methods 

1. Silk Film Preparation 

Silk solution was prepared from Bombyx mori cocoons which were boiled for 

45m in a 0.02M sodium carbonate solution, rinsed three times with distilled water and 

dried overnight. The extracted silk fibroin was then dissolved in a 9.3M LiBr solution at 

60°C for 4 hours. The solution was then dialyzed in distilled water using Slide-a-Lyzer 

dialysis cassettes (MWCO 3500, Pierce) for 2 days to remove the LiBr from the solution.  

After purification of the silk solution, AAV9-GFP (3.5 x 10
10-12

 
g.c.

/mL) was loaded 

into the silk solution such that it would yield a concentration of 2.33 x 10
8 g.c.

/mL or 3.85 x 

10
10 g.c.

/mL per film and a 2% (w/v) silk concentration. Silk-AAV9 films were cast on a 

PDMS mold with 4mm-diameter raised cylinders [Figure 2]. 13µL of Silk-AAV9 

solution was added to each raised cylinder and spread out using a pipette tip to cover the 

entire surface of the cylinder. The films were then left in a tissue culture hood to dry at 

room temperature. Once dry, the films were water annealed in a vacuum chamber for 45 

minutes to induce β-sheet formation, and then left to dry again in a tissue culture hood. 

Once dry, the films were carefully lifted off the surface of the PDMS cylinders with a 

#10 scalpel and forceps, being very careful to avoid cracking the film by keeping the 

angle of incidence of the scalpel blade as high as possible. Films were stored in Parafilm-

wrapped tissue culture petri dishes at 4°C until use. 
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2. AAV Preparation 

AAVs were produced by transfection of human 293T cells with AAV and helper 

DNA plasmids using the calcium phosphate technique.  Seventy-two hours post-

transfection cells were harvested and the virus was purified from crude cell lysates by 

iodixanol gradient centrifugation followed by de-salting and concentration using 

Millipore Amicon Ultra centrifugal devices (Billerica, MA). The vector titer (in genome 

copies/ml [
g.c.

/mL]) was determined using a quantitative TaqMan PCR assay using 

TaqMan® Fast Universal PCR Master Mix (Applied Biosystems, Foster City, CA), a 

TaqMan probe (6FAM-TGCCAGCCATCTGTTGTTTGCC—MGB, Applied 

Biosystems) and primer set (Forward primer, CCTCGACTGTGCCTTCTAG ; Reverse 

Primer, TGCGATGCAATTTCCTCAT), which specifically binds to a conserved region 

of the poly A region of the transgene cassette. A standard curve was prepared using serial 

dilutions of an AAV-GFP plasmid of known molar concentration. The quantitative PCR 

was performed in an Applied Biosystems 7500 Thermal cycler using the following 

conditions: 1 cycle, 94°C 30 s; 40 cycles, 94°C 3 s, 60°C 30 s. 

3. In vitro Release 

Virus release was characterized in vitro before proceeding to in vivo studies. The 

swelling of the films was first characterized by examining the swelling behavior of 45m 

boil-time silk films water annealed for 30m, 45m and 60m. Films were then placed into 

48-well plate filled with 500µL of distilled water and observed intermittently for up to 48 

hours. Using the results from the film swelling characterization studies, the 45m boil-

time, 45m water-annealed films were chosen as the ideal candidates for AAV9 release 

characterization. These films were loaded with 7 x 10
7-8 g.c.

/mL AAV9-GFP and AAV8-

GFP and placed in a 24-well plate 1µm pore size transwell system [Figure 24]. The films 
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were placed in the 

transwell, and the 

well of the plate was 

filled with 500µL 

Neurobasal medium. 

The medium was 

collected at different 

timepoints and 

replaced with fresh medium.  

For in vitro release on to cells, cortical neurons were plated in the same 24-well 

plates underneath the transwell system. At various time points, the cells were 

immunostained for βIIITB, MAP2 and GFAP. The amount of AAV9-GFP and AAV8-

GFP released was quantified using qPCR (as outlined in AAV preparation protocol).  

4. In vivo Release 

For implantation, mice were anesthetized with isoflurane, an incision was made 

through the scalp and a 4mm-diameter craniotomy was performed using a 4mm-diameter 

bone hole saw [63]. Depending on the experimental conditions, a durotomy was also 

performed in the area of the craniotomy. The Silk-AAV9 film was then placed directly 

onto the surface of the dura or brain if a durotomy was performed. The craniotomy bone 

flap was then replaced and the scalp incision was sutured. 

After 14 days, the mice were anesthetized with an IP injection of ketamine and an 

intracardiac perfusion with formalin was performed to fix the tissues, followed by 

decapitation to collect the brain. The brains were then placed in sucrose. Following 

sucrose perfusion, the brains were frozen with isopentane and dry CO2 and stored in -

Silk Film 1µm Transwell 

AAV 

Primary Neurons 

Figure 24 Silk film delivery vehicle in a transwell system for AAV release on 

to cultured primary neurons 
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80°C until being sectioned. Brains were sectioned in 14µm sections approximately 

240µm segments (14µm sections x 8, skip ahead 9 sections).  

The implantation protocol (2004N000286) was approved by the Massachusetts 

General Hospital Institutional Animal Care and Use Committee and comply with the NIH 

Guide for the Care and Use of Laboratory Animals. 

5. In vivo Experimental Setup 

The first in vivo experiment contained regular Silk-AAV9 films (loaded with 2.33 

x 10
8 g.c.

/mL AAV9) as well as Silk-AAV9 films with DMSO that was theorized to aid in 

dura mater permeability. The experimental setup is shown in Table 8.  

For the second in vivo experiment, the DMSO was not included in the films and 

no duratomies were performed. The goal of this trial was to see if the AAV9-loaded films 

could transduce dural fibroblasts. The concentration of AAV9 was increased to 3.85 x 

10
10 g.c.

/mL. Films were implanted into 3 adult mice and 1 immature mouse [Table 9].  

Due to a miscommunication between collaborators, the brains were accidentally 

frozen before being placed in sucrose and the sections were not suitable for 

immunostaining. Therefore this trial was restarted under the same conditions but with 

only 3 adult mice and no immature mice. 

Table 8 Experimental design for in vivo trial. Stereotaxic injections contained 2.33 x 10
8 g.c.

/injection at a 

flow rate of 0.2 
µL

/min for 5 min (into striatum). The sham control mouse had a craniectomy and 

duratomy, but no film was implanted. 

Mouse Condition DMSO Duratomy Hemisphere (Coordinates) 

1 AAV9 Silk Film Yes No Left 

2 AAV9 Silk Film Yes No Left 

3 AAV9 Silk Film Yes Yes Left 

4 AAV9 Silk Film No Yes Right 

5 AAV9 Silk Film No Yes Right 

6 AAV9 Silk Film No No Right 

7 Stereotaxic Injection No No Right (x=-2.0 y=0.5 z=-0.2) 

8 Stereotaxic Injection No No Right (x=-2.0 y=0.5 z=-0.2) 

9 Sham No Yes Right 
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C. Results & Discussion 

1. In vitro AAV Delivery 

The first in vitro films were made 

of 45m boil-time silk and water annealed 

for 60m. The films were released through the transwell system over cultured primary 

neurons to examine transduction efficiency in vitro. The results from this study were that 

the films were very water insoluble and therefore released only 0.002% of the initial 

loading concentration [Figure 26]. The cultured neurons were examined under 

fluorescence microscopy [Figure 26]. Fluorescence microscopy illustrated successful 

transduction of cultured cortical neurons in vitro. Transduction efficiency was quantified 

by comparing the transduction from a silk film to the same amount of vector delivered in 

solution directly to the culture medium. The transduction from the films was 

approximately 56% that of the transduction from a vector solution, suggesting that the 

films released approximately 56% of the viral titer.   

After this study, in order to explore the water solubility of the films, the same 

films were water annealed for 30m and the release kinetics were observed. It was also 

postulated that aggregation of the viral particles prior to encapsulation in the silk films 

might be a limiting factor in the release from the films. Sodium citrate was added to the 

films to yield a concentration of 510mM in the silk solution, which was reported to yield 

96% recovery of AAV particles without aggregation [188]. The results were that the 

films resolubilized almost immediately when placed in Neurobasal medium. As a result, 

the vast bulk of the virus was released in the first day. The effect of the sodium citrate in 

Table 9 Experimental design for in vivo trial with 

increased AAV9 loading concentration. DMSO was 

not added to the films and no duratomies were 

performed.  

Mouse Condition Age 

1 AAV9 Silk Film Adult 

2 AAV9 Silk Film Adult 

3 AAV9 Silk Film Adult 

4 AAV9 Silk Film Immature 



 55

the films was negligible, and is likely due to the fact that any AAV particle aggregation 

took place during FPLC purification and the sodium citrate was unlikely to reverse the  
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Figure 26 qPCR Quantification of AAV8-GFP and AAV9-GFP release from 60m water-annealed Silk-AAV9 films (7 

x 107 g.c./mL). Silk-AAV9 films were released through transwell system over cultured primary neurons, but these images 

proved inconclusive and it was decided to analyze in vivo transduction instead (under the assumption that AAV9 

transduction didn’t work very well in an in vitro model). 

Figure 26 (A) Fluorescence microscopy images of cortical neuron transduction from AAV8-GFP silk films using the transwell delivery 

system. (a) Phase contrast images of cortical neurons expressing GFP. (b) Immunostaining with neural cytoskeletal marker βIIITB, (c) 

MAP2, and (d) astrocyte marker GFAP. (B) Quantification of AAV8-GFP transduction following release from silk films (1 x 109 

g.c./mL, green) compared with AAV8-GFP delivered as a solution. Suggests ~56% AAV8-GFP successfully released from films in 

culture. Scale bar = 100µm. DIV = days in vitro. Reproduced with permission from Dr. Casey Maguire & Dr. Min Tang-Schomer. 
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aggregation. Instead the sodium citrate should likely have been added to the buffer during 

FPLC purification.  

 Next, the film swelling was characterized. It was postulated that the key to the 

controlled release of the AAV particles might lie in the swelling behavior of the films 

once placed in an aqueous solution. 30m, 45m and 60m water-annealed silk solution 

films were prepared and the swelling in distilled water was observed over 48 hours at 

37°C. It was observed that the 30m water-annealed films resolubilized almost 

immediately, which is representative of the results seen in the second in vitro release 

study. The 45m water-annealed films swelled approximately 2-2.5x their original surface 

area from 5mm in diameter to 7-8mm in diameter. Once swelled, these films remained in 

this configuration over 48 hours of incubation at 37°C and did not resolubilize. The 60m 

water-annealed films did not swell at all.  
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Figure 27 AAV9-GFP release kinetics for 45m boil-time Silk-AAV9 films water annealed for 45m. 

AAV9 release from 45m filmsAAV9 release from 45m filmsAAV9 release from 45m filmsAAV9 release from 45m films    



 58

 Given these results, the 45m water-annealed films were chosen as candidates for 

further in vitro studies. The AAV9-GFP loading concentration was increased to 7 x 10
8 

g.c.
/mL to increase transduction efficiency in vivo. After this study, the results were much 

more promising and showed controlled release of approximately 55% of the initial 

loading concentration steadily over the first 24 hours [Figure 27]. It is assumed that as the 

film degraded in vivo the remaining virus would be slowly released as well. It was also 

postulated that these films would degrade better than the 60m water-annealed films in 

vivo due to their swelling characteristics.  

2. In vivo AAV Delivery 

Following the results of the in vitro characterization, the 45m boil-time and 45m 

water-annealed films were chosen for the in vivo model. For the first in vivo model, the 

Figure 28 Fluorescence microscopy images (From Tufts microscope) showing both native GFP fluorescence and also 

Anti-Vimentin staining. Silk film with AAV9 and DMSO with dura intact.  
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sections were stained first with Rabbit Anti-Vimentin, followed by Goat Anti-Rabbit 

Alexa Fluor® 488. Following this, they were stained with Rabbit Anti-GFP conjugated 

with Alexa Fluor® 594 [Figure 28Figure 29 (Both from same section under different 

optical filters)]. This was a lapse in judgement in that by staining with the Alexa 488 

secondary for the Vimentin, it overlapped with the native GFP fluorescence. It was 

decided that it was necessary to increase the loading concentration for the following trial 

regardless of this error, so the second animal experiment was undertaken with a higher 

loading concentration.  

For this second trial, the viral concentration was increased and films were 

implanted into 3 mice. After 14 days, the animals were sacrificed and the sections were 

Figure 29 Fluorescence microscopy images (From Tufts microscope) showing Anti-GFP staining with Alexa Fluor® 

594. Silk film with AAV9 and DMSO with dura intact.   
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stained for GFP, NeuN, and DAPI [Figure 30]. GFP (green), NeuN (red) and DAPI (blue) 

fluorescence can clearly be seen in these images. GFP fluorescence is localized to the 

dura mater, however, suggesting that the AAV9 vectors transduced the dura mater almost 

exclusively. This data is extremely promising for future disease models such as 

meningioma since it would allow for localized transduction of the meninges. Future 

studies will attempt to further increase the viral concentration, and to focus on a 

meningioma model. Further in vitro characterization will also be pursued.  

D. Conclusions 
It was shown in vitro that silk films are capable of controlled gene delivery over 

time, and that as the films degrade over time, they would slowly continue to release the 

loaded viral vectors. In addition, in vivo gene delivery was also demonstrated 

successfully. The silk films were also able to keep transduction localized to the region 

immediately surrounding the implantation site. The results of these gene delivery studies 

are extremely promising for future animal models. While mostly exploratory, these 

studies have paved the way for a future meningioma model using AAV8 or AAV9 or a 

combination of both. Transduction can be targeted to sub-dural cortical tissue or to the 

Figure 30 Immunostaining of cortical sections illustrating dural transduction using AAV9-loaded (3.85 x 1010 

g.c./film) silk films. No duratomy performed prior to film implantation. Scale bar = 100µm. Reproduced with 

permission from Dr. Min Tang-Schomer.  
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dura mater itself depending of the dura mater is left intact prior to implantation. Similarly 

to with the controlled drug delivery study, there are numerous potential future 

applications for these films in genetic neurological diseases such as Alzheimer’s, 

Huntington’s and Parkinson’s.
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