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a b s t r a c t

The bone marrow is a soft, spongy, gelatinous tissue found in the hollow cavities of flat and long bones
that support hematopoiesis in order to maintain the physiologic turnover of all blood cells. Silk fibroin,
derived from Bombyx mori silkworm cocoons, is a promising biomaterial for bone marrow engineering,
because of its tunable architecture and mechanical properties, the capacity of incorporating labile
compounds without loss of bioactivity and demonstrated ability to support blood cell formation. In this
study, we developed a bone marrow scaffold consisting of a modular flow chamber made of poly-
dimethylsiloxane, holding a silk sponge, prepared with salt leaching methods and functionalized with
extracellular matrix components. The silk sponge was able to support efficient platelet formation when
megakaryocytes were seeded in the system. Perfusion of the chamber allowed the recovery of functional
platelets based on multiple activation tests. Further, inhibition of AKT signaling molecule, which has been
shown to be crucial in regulating physiologic platelet formation, significantly reduced the number of
collected platelets, suggesting the applicability of this tissue model for evaluation of the effects of bone
marrow exposure to compounds that may affect platelet formation. In conclusion, we have bio-
engineered a novel modular system that, along with multi-porous silk sponges, can provide a useful
technology for reproducing a simplified bone marrow scaffold for blood cell production ex vivo.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous approaches have beenmade towards development of
an “ideal” bone marrow scaffold for blood cell production for
transfusions and tissue repair as well as for drug testing ex vivowith
tissue engineering solution being one of the greatest emerging
option to address these needs [1,2].

The bonemarrow is a soft, spongy, gelatinous tissue found in the
hollow cavities of axial and long bones, which accounts for
approximately 5% of the body weight in adult humans and consists
of hematopoietic tissue islands and adipose cells surrounded by
vascular sinusoids interspersed within a meshwork of trabecular
bone [3,4]. In long bones, one or more arteries pass through the
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cortical bone entering the marrow cavity obliquely, while in flat
bones, the bone marrow is served by numerous blood vessels of
various sizes entering the marrow via large and small canals [3].
After entry, the artery splits into multiple branches that give rise to
a multitude of small thin-walled arterioles and sinusoids that let
cells to enter the bloodstream [4e6]. The main bone marrow
scaffolding is represented by the components of the extracellular
matrix (ECM), which provide, depending on their composition,
localization and stiffness, the ideal microenvironment to support
hematopoietic stem cell (HSC) differentiation into committed lin-
eages and release of mature cells into blood [7e9].

Research on the bone marrow is currently achieved by bone
marrow histopathology which allow the analysis of mature stages
of the blood cells differentiation, but not of dynamic processes such
as cell migration and platelet production. Further, the quality of the
marrow sections is governed by numerous variables related to
specimen collection and processing, including fixation, decalcifi-
cation, embedding, sectioning and staining, which may affect the
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integrity of the sample [3]. To this regard, laboratory research has
intensively investigated in vitro culture techniques and animal
models to extrapolate invaluable insights into hematopoiesis.
However, in vitro cultures fail to reproduce the three-dimensional
bone marrow architecture, while interspecies differences be-
tween humans and common animal models sometimes make it
difficult to translate the achieved results.

One of the major challenges for the field is the development of
bio-compatible scaffolds that can meet the needs to support
platelet formation and functions ex vivo [9e11]. To this regard, silk
fibroin is a biologically-derived protein polymer purified from
domesticated silkworm (Bombyx mori) cocoons that has demon-
strated excellent properties for biomedical applications, including
biocompatibility, robust mechanical strength, and slow, controlled
degradation to nontoxic products in vivo [12e14]. Further, silk can
be processed entirely in aqueous systems using mild, ambient
conditions of temperature and pressure, allowing the incorporation
of labile compounds, as well as complex fluids, without loss of
bioactivity [15,16]. Importantly, silk can be prepared in a range of
material formats, including films, hydrogels, microspheres and
sponges, already tested in a wide range of tissue engineering
challenges, from bone to vessels modeling [17]. In particular, silk
sponges are a promising candidate material for development of a
bone marrow scaffold because of their demonstrated ability to
support megakaryocyte (Mk) function and platelet production
[16,18]. Importantly, the low thrombogenicity, non-toxicity and
low-immunogenicity of silk provide a unique and versatile system
for reconstituting bone marrow properties for blood cell
production.

In this study, we developed a modular chamber design, rapid to
manufacturer by 3D printing and easy to manage, to hold a silk-
based 3D sponge with interconnected and controlled-size pores.
The advantages of the system include the presence of inlet and
outlet ports for perfusion of medium throughout the scaffold and
the tunable properties of the silk biomaterials that can be chemi-
cally and mechanically tailored to entrap bioactive molecules while
retaining bioavailability. We envision this system as a manageable
and versatile tool for culturing cells in a 3D environment under
perfusion. The validation of this technology for studying hemato-
poiesis was achieved by culturing human cord blood-derived Mks
within the system and by collecting released platelets through
perfusion into a transfusion bag. Importantly, collected platelets
displayed comparable structure, granule content, antigen expres-
sion and functionality of human peripheral blood platelets. Thus,
the silk-based 3D sponge presents major advantages for studying
released platelet phenotype and functionality that are not easily
captured with conventional 2D static culture systems.

2. Materials and methods

2.1. Materials

B. mori silkworm cocoons were supplied by Tajima Shoji Co., Ltd.
(Yokohama, Japan). Pharmed tubing was from Cole-Parmer (Ver-
non Hills, IL, USA). Transfer bags for platelet collection were from
Fenwal (Mont Saint Guibert, Belgium). Thrombin was from Sigma
Aldrich (Saint Louis, MO, USA and Milan, Italy). AKT inhibitor VIII,
isozyme-Selectine, AKTI-1/2 was from Calbiochem (La Jolla, CA).
Convulxin was from Enzo Life Scinces (Rome, Italy). Type I collagen
was purified as described previously [19]. Immunomagnetic sepa-
ration system was from Miltenyi Biotech (Bergisch Gladbach, Ger-
many and Bologna, Italy). Recombinant human thrombopoietin
(TPO) and interleukin 11 (IL-11) were from Peprotech (London, UK).
TruCount tubes, human fibronectin and PAC-1 FITC were from
Becton Dickinson (S. Jose, CA, USA). 5-(and 6)-Carboxyfluorescein
diacetate succinimidyl ester (CFSE) was from BioLegend (London,
UK). The following antibodies were used: mouse monoclonal anti-
CD61, clone SZ21, from Immunotech (Marseille, France); rabbit
monoclonal anti-b1-tubulin was a kind gift of Prof. Joseph Italiano
(Brigham and Women's Hospital, Boston, USA); rabbit polyclonal
anti-human von Willebrand Factor (Dako, Milan, Italy); goat poly-
clonal anti-CD61 (clone C-20) (Santa Cruz Biotechnology, CA, USA);
PE mouse monoclonal anti-human CD42b (clone HIP1), FITC mouse
monoclonal anti-human CD61 (clone PM6/13) and mouse mono-
clonal anti-Thrombospondin (clone A4.1) (Abcam, Cambridge, UK);
mouse monoclonal anti-CD42b (clone SZ2) (Beckman Coulter,
Milan, Italy); rabbit polyclonal anti-fibronectin and mouse mono-
clonal anti-phosphotyrosine (clone 4G10) (Millopre, Milan, Italy);
mouse monoclonal anti-fibronectin (clone EP5) (Santa Cruz
Biotech, TX, USA); mouse monoclonal anti-b-actin (clone AC-15)
and mouse monoclonal anti-a-tubulin (clone DM1A) (Sigma
Aldrich, Milan, Italy); Alexa Fluor-conjugated secondary antibodies
and Hoechst 33258 were from Life Technologies (Monza, Italy);
anti-goat horseradish peroxidase (HRP)-conjugated secondary
antibody (Santa Cruz Biotechnology, California, USA); anti-mouse
and anti-rabbit HRP-conjugated secondary antibody and Precision
Plus protein standard (Bio-Rad, Milan, Italy). Enhanced chem-
iluminescence reagents (ECL) were from Millipore (Milan, Italy).

2.2. Cell culture

Human umbilical cord blood was collected following physio-
logic pregnancies and deliveries upon informed consent of the
parents. All human samples were obtained in accordance with the
ethical committee of the IRCCS Policlinico San Matteo Foundation
and the principles of the Declaration of Helsinki. Mks were differ-
entiated from human CD34þ hemopoietic progenitor cells using
previously described methods [20,21]. Briefly, CD34þ cells were
separated by an immunomagnetic beads technique and cultured for
13 days in Stem Spanmedium (STEMCELL Technologies, Vancouver,
Canada) supplemented with 10 ng/mL TPO, IL-11, 1% penicillin-
streptomycin and 1% L-glutamine, at 37 �C in a 5% CO2 fully-
humidified atmosphere.

2.3. Peripheral blood platelet sample preparation

Human whole blood was collected from healthy volunteers, in
accordance with the ethical committee of the IRCCS Policlinico San
Matteo Foundation and the principles of the Declaration of Hel-
sinki, using citric acid-citrate-dextrose (ACD) as anticoagulant.
Human peripheral blood platelets were isolated from whole blood
that was centrifuged at 200 � g for 10 min to obtain platelet-rich
plasma (PRP). Platelet were finally washed in Tyrode's buffer
(134 mM NaCl; 0.34 mM Na2HPO4; 2.9 mM KCl; 12 mM NaHCO3;
20 mM HEPES; 5 mM glucose) in presence of 0.2 U/ml apyrase and
1 mM PGE 1 (Sigma, Milan, Italy) and allowed to rest at room
temperature for 1 h, before being used. Morphology and func-
tionality of peripheral blood platelets were analyzed by micro-
scopy, western blotting or flow cytometry, as subsequently
described. For immunofluorescence microscopy, whole blood was
smeared on a glass microscope slide, air dried and then stain, as
subsequently described.

2.4. Modular flow chamber design and 3D printing

A modular flow chamber has been designed to re-create the
characteristic features of the bone containing spongy marrow. The
chamber consists of one well of 19.8 � 36.0 � 8.2 mm having a
hollow cavity of 3.4 � 20 � 5 mm, enclosed in a block of
35.4 � 51.6 � 21.58 mm and connected to the outside of the
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chamber through two channels of 3.4 mm diameter. Stainless steel
needles (10 G) were inserted into the channels, to connect the
chamber to the perfusion system (Syringe Pump PHD 2000, Har-
vard Apparatus, Holliston, MA) at the inlet and a blood collection
bag containing acid-citrate-dextrose (ACD) at the outlet. The
chamber can be closed by a cover top of 35.4� 52.0� 12.2 mm that
can be secured by means of plastic tips to be inserted into coaxial
holes in the cover and in the chamber. A cover top having a hollow
cavity, parallel to the one of chamber, can be used to allow gas
exchange into the system during 3D cell culture.

The chamber was manufactured using 3D printing technology
and molding technique. We first designed the geometry of the
chamber and of the cover, then we created the two respective
molds, using CAD software (Solidworks, Dassault Syst�emes). Each
mold is composed by two interlocking parts, namely a main
structure and a base (Supplementary Fig. 1), in order to aid the
cleaning of the 3D printed pieces. The mold components were
exported from the CAD software as STL (Standard Triangulation
Language) files and 3D printed using a Projet460 Plus (3DSystems),
based on binder jetting technology. The 3D printer works using a
gypsum-based powder (VisiJet® PXL™) deployed in layers of
100 mm and a binder (VisiJet® PXL™ Clear) to harden the powder
and create the final object. After the printing, the remaining pow-
der was accurately cleaned off the molds, which were subsequently
treated with an infiltrating adhesive (ColorBond), to increase their
mechanical properties. The molding was performed using a poly-
dimethylsiloxane (PDMS) (Sylgard®184, Dow Corning), mixed in a
10:1 ratio of base material and curing agent. The selected material
is stable both at lowand high temperatures (�45 to 200 �C) and it is
resistant to UV, water and solvents. The PDMS was poured into the
3D printed molds that were positioned into a vacuum chamber to
remove all the air bubbles. The curing of the PDMS took 48 h at
room temperature (about 24 �C); the molds were then separated
and the final models were extracted and sterilized by autoclave.

2.5. Silk solution preparation

Silk fibroin aqueous solution was obtained from B. mori silk-
worm cocoons according to previously published literature
[22e24]. Briefly, dewormed cocoons were boiled for 10 min in
0.02M Na2CO3 solution at a weight to volume ratio of 5 g to 2 L. The
fibers were rinsed for 20 min for three times in ultrapurewater and
dried overnight. The dried fibers were solubilized for 4 h at 60 �C in
9.3 M LiBr at a weight to volume ratio of 3 ge12 mL. The solubilized
silk solution was dialyzed against distilled water using a Slide-A-
Lyzer cassette (Thermo Scientific, Waltham, MA, USA) with a
3500 MW cutoff for three days and changing the water a total of
eight times. The silk solution was centrifuged at maximum speed
for 10 min to remove large particulates and stored at 4 �C. The
concentration of the silk solution was determined by drying a
known volume of the solution and massing the remaining solids.

2.6. Silk sponge fabrication and assembly

In order to explore silk as a scaffold for reproducing the spongy
architecture of bone marrow niche, silk solution (8% w/v) [24] was
mixed with 25 mg/mL fibronectin and dispensed into the modular
chamber. NaCl particles (approximately 500 mm in diameter) were
then sifted into the solution in a ratio of 1 mLe2 g of NaCl particles.
The scaffolds were then placed at room temperature for 48 h and
then soaked in distilled water for 48 h to leach out the NaCl par-
ticles. The scaffolds were sterilized in 70% ethanol, and finally
rinsed five times in PBS over 24 h. Silk scaffolds were characterized
by confocal and scanning electron microscopy, as subsequently
described. The pore size of silk scaffolds was calculated to be
slightly smaller than the salt particles used, as the salt is partially
dissolved, having an average diameter of 370 ± 115 mm. Perfusion of
the silk scaffold was tested at different flow rates (10e1000 ml/min)
[25,26]. The total volume collected after each test corresponded to
that injected in the system by the pump.

At day 13 of differentiation, 3e4X105Mkswere seeded into each
silk sponge and kept at 37 �C and 5% CO2. In some experiments,
before being seeded, Mkswere labeledwith 0.5 mMCFSE for 15min,
at room temperature, washed 2 times with culture media and
finally dispensed into silk scaffold. During incubation, a cover top
having an inner cavity to allow gas exchange sealed the chamber.
After 24 h, the chamber was sealed and the outlet ports were
connected to the outlet needles. Culture medium-filled syringes
and tubing were connected to the inlet needles. The chamber was
placed into the incubator (37 �C and 5% CO2) and transfer bags for
platelet collection containing acid-citrate-dextrose (ACD) were
secured to the outlet ports. The syringes were placed into a syringe
pump (PHD 2000, Harvard Apparatus, Holliston, MA) located
outside the bioreactor and media was pumped for 8 h at a flow rate
of 90 ml/min [16,18].

2.7. Scanning electron microscopy

Silk scaffolds were fixed in glutharaldehyde 2.5%, followed by a
secondary fixation in 1% osmium tetroxide. Samples were then
dehydrated in graded ethanol (10-20-50-95-100%) and freeze
dried. The scaffolds were coated with platinum/palladium for 60 s
before observation. Samples were then imaged by a Zeiss EVO
MA10 scanning electron microscope (SEM) (Carl Zeiss, Oberkochen,
Germany).

2.8. Immunofluorescence microscopy

For immunofluorescence imagingMkswere labeledwith 0.5 mM
CFSE as described above. Alternatively, samples were fixed in 4%
paraformaldehyde (PFA) for 20 min and then blocked with 5%
bovine serum albumin (BSA, Sigma) for 30 min, at room tempera-
ture. Samples were probed with anti-CD61 (1:100) or anti-
fibronectin (1:100) over night at 4 �C, and then immersed in
Alexa Fluor secondary antibody (1:500) for 2 h at room tempera-
ture. Nuclei were stained with Hoechst. Samples were imaged by a
TCS SP2 or SP8 confocal laser scanning microscope (Leica, Heidel-
berg, Germany). For silk fibroin scaffolds imaging we took advan-
tage of silk auto-fluorescence in UV light. In some experiments silk
fluorescence was brighten by staining with Hoechst [27]. For all
immunofluorescence imaging, the acquisition parameters were set
on the negative controls. 3D reconstruction and image processing
performed using Leica licensed software or Image J software.

2.9. Analysis of megakaryocyte and platelet morphology

For analysis of both culture Mk, peripheral blood and ex vivo
collected platelet morphology, different approaches were used.
First, Mks at the end of differentiation and platelets form peripheral
blood or perfused medium were visualized by light microscopy
with an Olympus IX53 (Olympus Deutschland GmbH, Hamburg,
Germany). For the analysis of cytoskeleton components and gran-
ules samples, cells were stained as previously described [28].
Briefly, collected platelets were fixed in 4% PFA and centrifuged
onto poly-L-lysine coated coverslip, peripheral blood smears were
air-dried, while Mks at the end of differentiation were allowed to
adhere overnight, at 37 �C and 5% CO2, on glass coverslips previ-
ously coated with 25 mg/mL fibronectin and then fixed in 4% PFA.
Proplatelet forming Mks were identified as cells displaying long
filamentous structure ending with platelet-sized tips. All samples
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were permeabilized with 0.1% Triton X-100 for 5 min and blocked
with 5% BSA for 30 min, at room temperature. In order to visualize
microtubules organization samples were probed with anti-b1-
tubulin (1:1000) or anti-a-tubulin (1:700) for 1 h at room tem-
perature and then immersed in Alexa Fluor secondary antibody
(1:500) for 2 h at room temperature. In order to visualize a granules
samples were probed with anti-von Willebrand Factor (1:100) for
1 h at room temperature and then immersed in Alexa Fluor sec-
ondary antibody (1:500) for 2 h at room temperature. Samples
weremounted onto glass slides with ProLong Gold antifade reagent
(Invitrogen, Milan, Italy) and then imaged by an Olympus BX51
fluorescence microscope (Olympus Deutschland GmbH, Hamburg,
Germany) or TCS SP2 confocal laser scanning microscope (Leica,
Heidelberg, Germany).

For analysis of platelet spreading 25 mg/mL type I collagen was
coated onto glass coverslips at 4 �C, overnight. Washed peripheral
blood platelets or ex vivo produced platelets were allowed to
adhere for 30 min at 20 �C, as previously described [29]. Adherent
platelets were fixed in 4% PFA, permeabilized with 0.1% Triton X-
100 for 5min, blockedwith 5% BSA for 30min, at room temperature
and then probed with anti-b1-tubulin (1:1000) 1 h at room tem-
perature and then immersed in Alexa Fluor secondary antibody
(1:500) for 2 h, at room temperature. Samples were mounted onto
glass slides with ProLong Gold antifade reagent (Invitrogen, Milan,
Italy) and then imaged by an Olympus BX51 fluorescence micro-
scope (Olympus Deutschland GmbH, Hamburg, Germany). For all
immunofluorescence imaging the acquisition parameters were set
on the negative controls, which were routinely performed by
Fig. 1. Design of the flow chamber mimicking the bone marrow niche. (A) Bone marrow i
network of sinusoids and ECMs, surrounding maturing blood cells. Within this context he
committed lineages. Thrombopoietin (TPO) specifically promotes HSC commitment and d
endothelial cells lining bone marrow sinusoids, where they extend multiple long pseudop
mature platelets can be attributed to blood hydrodynamics which allow their final sheddin
supporting casket having a central cavity connected to gas-permeable tubing to allow perf
model can be patterned directly into the chamber by incorporating a silk-based spongy sca
omitting the primary antibody.
2.10. Flow cytometry

Flow cytometry settings for analysis of Mks, peripheral blood
and ex vivo generated platelets were established, as previously
described [30e34]. Collected platelets produced ex vivo were
analyzed using the same forward and side scatter pattern as human
peripheral blood and identified as CD61þCD42bþ events. Isotype
controls were used as a negative control to exclude non-specific
background signal. Platelet number was calculated using a Tru-
Count bead standard. For the analysis of platelet functionality,
platelets were suspended in Tyrode's buffer and allowed to rest for
1 h at room temperature. Samples were then activated with 3 U/mL
thrombin for 15 min at 37 �C, in presence of 2.5 mM CaCl2 and
2.5 mM MgCl2. Un-stimulated platelets were used to gate for non-
activated platelets. All samples were probed with FITC conjugated
PAC-1. Cells exhibiting PAC-1 binding were considered functional
activated platelets. Importantly, PAC-1 binding was measured using
the same fluorescence intensity of human peripheral blood plate-
lets. All samples were acquired with a Beckman Coulter Navios flow
cytometer. Off-line data analysis was performed using Beckman
Coulter Navios software package.
2.11. Western blotting

In order to evaluate the expression of platelet-specific lineage
markers and platelet activation, peripheral blood platelets and
s a spongy tissue, contained in the hollow cavities of flat and long bones, composed by a
matopoietic stem cells (HSCs) undergo self-renewal as well as differentiation into all
ifferentiation toward megakaryocytes (Mks). Mature Mks are typically found close to
ods, called proplatelets, that assemble platelets at their terminal ends. The release of
g. (B) In order to mimic bone architecture, we designed a modular chamber made of a
usion of medium and a cover top to ensure sterility to the system. The bone marrow
ffold with interconnected pores mimicking bone marrow microcirculation.
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ex vivo produced platelets were washed in Tyrode's buffer and
allowed to rest for 1 h at room temperature. Samples were then
activated or not with 3 U/mL thrombin for 15 min or 100 ng/mL
convulxin for 60 min, at 37 �C, in presence of 2.5 mM CaCl2 and
2.5 mMMgCl2. Samples were lysed with Hepes-glycerol lysis buffer
(Hepes 50 mM, NaCl 150 mM, 10% glycerol, 1% Triton X-100, MgCl2
1.5 mM, EGTA 1 mM, NaF 10 mM, PMSF 1 mM, Na3VO4 1 mM, 1 mg/
mL leupeptin, 1 mg/mL aprotinin) in reducing conditions. For acti-
vation experiments platelets were pooled from multiple flow
chambers perfused in parallel. Protein lysates were subjected to
12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membrane (BioRad,
Milan, Italy). Membranes were probed with antibodies against
CD61, CD42b, fibronectin, thrombospondin, phospho-tyrosine or b-
actin following the conditions recommended by themanufacturers.
Immunoreactive bands were detected by horseradish peroxidase-
labeled secondary antibodies (BioRad), using enhanced chem-
iluminescence reagent (Merck-Millipore). Pre-stained protein lad-
ders were from BioRad.

2.12. Statistics

Values were expressed as mean plus or minus the standard
Fig. 2. Manufacturing of the bone marrow model. (A) The negative molds of the support
PXL™) by a Projet460 Plus printer based on binder jetting technology. Then, polydimethylsilo
was prepared inside the chamber by dispensing an aqueous silk solution (i), mixed with
sterilized (iii) (scale bars ¼ 1 cm).
deviation (mean ± SD). Student's t-test was performed for paired
observations. A value of p < 0.01 was considered statistically sig-
nificant. All experiments were independently replicated at least
three times.

3. Results

3.1. Design of the 3D modular chamber

In human adults the medullary cavity, which holds the he-
matopoietic bonemarrow niche, is located inside flat bones and the
proximal epiphyses of long bones, protected by a dense outer layer
consisting of compact bone [3]. The bone marrow is served by
blood vessels that branch out into a multitude of small thin-walled
arterioles and sinusoids which allowmature blood cells to enter the
bloodstream (Fig. 1A). Within this context, HSCs differentiate into
Mks, under control of TPO, which release mature platelets into
bone marrow sinusoids (Fig. 1A). In order to mimic this tissue
structure, we have designed a modular chamber made of a sup-
porting casket having a central cavity connected to gas-permeable
tubing to allow perfusion of medium. A silk-based bone marrow
can be patterned directly into the chamber by incorporating a silk
3D structure, prepared with salt leaching methods, to model a
ing scaffold and of the cover top were printed with a gypsum-based powder (VisiJet®

xane (PDMS) was used to finally shape the system (scale bars ¼ 1 cm). (B) A silk sponge
salt particles (ii). After leaching out the salt, the resulting porous silk sponge can be
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spongy scaffold with interconnected pores of 370 ± 115 mm diam-
eter mimicking bloodstream. Further, a cover, presenting two locks
for chamber sealing, was utilized in order to ensure overall pro-
tection and sterility to the system (Fig. 1B).

We designed a negative mold of the chamber to be printed with
a gypsum-based powder (VisiJet® PXL™) and a binder (VisiJet®

PXL™ Clear), and we used PDMS, an optically clear, inert and non-
toxic polymeric organosilicon already employed in a wide range of
medical applications, to finally shape the system (Fig. 2A). To test
the functionality of the resulting chamber, a porous silk scaffold
was assembled in the central cavity (Fig. 2B) and connected to heat-
treatable stainless steel needles at the inlet and outlet ports
(Fig. 3Ai). The cover top was secured with plastic tips (Fig. 3Aii) and
the chamber connected to an electronic syringe pump to allow
perfusion of the system (Fig. 3Aiii). The chamber was able to effi-
ciently support diffusion of the perfused medium throughout the
silk scaffold and outflow, from 10 up to 1000 ml/min without
affecting shape and integrity of the silk scaffold (Fig. 3B). Of note,
the total volume collected after perfusion of the silk scaffold cor-
responded to that injected in the system by the pump, thus no
restraints to the flow were exerted by the scaffold.
Fig. 3. Testing the functionality of the bone marrow model. (A) The flow chamber was co
cover top was secured with plastic tips (ii). Then the system was connected to an electroni
bars ¼ 2 cm). (B) The chamber supported diffusion of the perfused medium throughout t
integrity of the silk scaffold.
3.2. The functionalized silk scaffold supports 3D megakaryocyte
culture

To test ability of the developed bone marrow model to support
blood cell functions, we took advantage of our expertise in human
Mk culture and analysis of platelet production [9,16,18]. Human
cord blood-derived HSCs were differentiated in presence of TPO
towards the megakaryocytic lineage, seeded at day 13 of differen-
tiation within the system and sealed with a cover top having a
hollow cavity, parallel to the silk sponge, to allow gas exchange into
the system (Fig. 4A and Supplementary Fig. 2). The silk scaffold was
functionalized with 25 mg/mL fibronectin, an ECM component
known to support Mk adhesion and platelet formation [20,35]. The
porous structure of the resulting silk scaffold was not affected by
functionalization (Fig. 4Aii,iii and Supplementary Video 1)
compared to un-functionalized control (Fig. 3Aii,iii and Supple-
mentary Video 2), as assed by SEM and confocal microscopy. The 3D
reconstruction of functionalized silk scaffold demonstrated that
fibronectin was mainly distributed as silk surface (Fig. 4Bi-iv,
Supplementary Fig. 3B and Supplementary Video 3,4) allowing
efficient Mk adhesion upon seeding into the system (Fig. 4Bv).
Importantly, the high pore interconnectivity of the functionalized
nnected to heat-treatable stainless steel needles at the inlet and outlet ports (i) and the
c syringe pump to allow perfusion of culture medium (iii) at different flow rate (scale
he silk scaffold and outflow, from 10 up to 1000 ml/min without affecting shape and
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silk scaffold efficiently supported rapid soaking of the structure,
from the bottom of the sponge throughout the entire construct
(Fig. 4Ci), thus supporting a homogeneous Mk distribution, as
assessed 5 min after seeding by immunofluorescence confocal
microscopy analysis of CFSEþ samples (Fig. 4Cii-v).

Supplementary videos related to this article can be found at
Fig. 4. Silk scaffold functionalized with human fibronectin supports megakaryocyte adh
silk scaffold was functionalized with 25 mg/mL fibronectin. During Mk culture the chamber w
gas exchange into the system. (Ai) The resulting silk scaffold was analyzed by Scanning Ele
microscopy (blue ¼ silk; scale bar ¼ 200 mm). (Bi) 3D confocal microscopy reconstru
red ¼ fibronectin; scale bar ¼ 200 mm). (Bii,iii) z-stacks of the functionalized silk scaffold ana
of one representative z-stack from functionalized silk scaffold analysis revealed fibronectin s
microscopy analysis of CFSEþ Mks adhering onto functionalized silk scaffold (green ¼ Mks; r
scaffold upon Mk-containing medium pipetting into the system (scale bar ¼ 0.5 cm). (Cii-v) C
after CFSEþ Mks seeding (green ¼ Mks; blue ¼ silk; scale bar ¼ 100 mm). Of note the porous
homogenously distributed throughout the scaffold. (For interpretation of the references to
http://dx.doi.org/10.1016/j.biomaterials.2017.08.006.
3.3. The perfusion of the modular chamber allows physiologic
platelet formation and release

After 24 h incubation, the system was locked, connected to a
esion. (A) To test ability of the bone marrow model to support human Mk function, the
as sealed with a cover top having a hollow cavity, parallel to the silk scaffold, to allow
ctron Microscopy (SEM) (scale bar ¼ 500 mm) and (Aii) immunofluorescence confocal
ction of functionalized silk scaffold showing fibronectin distribution (blue ¼ silk;
lysis (blue ¼ silk; red ¼ fibronectin; scale bar ¼ 200 mm). (Biv) Orthogonal cross-section
taining at silk surface (blue ¼ silk; red ¼ fibronectin; scale bar ¼ 200 mm). (Bv) Confocal
ed ¼ fibronectin; scale bar ¼ 200 mm). (Ci) Representative picture of functionalized silk
onfocal microscopy imaging of different fields of the silk scaffold analyzed immediately
structure of the silk scaffold allowed rapid soaking of the entire system and Mks were
colour in this figure legend, the reader is referred to the web version of this article.)

http://dx.doi.org/10.1016/j.biomaterials.2017.08.006
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syringe pump at the inlet and to a gas-permeable collection bag,
containing acid citrate dextrose (ACD) as anticoagulant, at the
outlet, and placed into an incubator at 37 �C and 5% CO2 for addi-
tional 8 h (Fig. 5A). Confocal microscopy imaging of the 3D culture
before starting perfusion demonstrated the presence of the char-
acteristic cytoplasmic rearrangements of proplatelet forming-Mks
(Fig. 5Bi), with the extension of multiple proplatelet shafts
assembling nascent platelet at their terminal ends (Supplementary
Fig. 4), thus demonstrating that the 3D culture conditions effi-
ciently supported physiologic Mk function. When culture medium
was perfused at ~90 mL/min through the system, the flow allowed
Fig. 5. Flow chamber perfusion and ex vivo produced platelets recovery. (A) After 24 h in
permeable collection bag, containing anticoagulant, at the outlet, and placed into an incuba
analysis of mature Mks seeded into the silk sponge. (Bi) 3D Mk culture imaged before start
shafts, which assemble nascent platelets at their terminal ends, within the hollow space of
analysis of a Mk-forming proplatelet into the lumen of a silk pore during perfusion of the
analysis of platelet particles released into perfused medium at different time frames after sta
like particles from the proplatelet shaft and platelets released into the silk pore lumen (scale
figure legend, the reader is referred to the web version of this article.)
the detachment of platelet-like particles from the proplatelet shaft
extending from Mk adhering to silk scaffold into the lumen of the
silk pores (Fig. 5Bii). Imaging of the perfused scaffold at different
time frames demonstrated the presence of released platelets
dispersed within the lumen of the silk pores, while Mks remained
adherent to the scaffold (Fig. 5Biii-iv). Accordingly, few Mks were
present into the effluent with respect to the sample seeded in the
silk sponge at the beginning of the experiment (Supplementary
Fig. 5).
cubation, the system was locked, connected to a syringe pump at the inlet and to a gas-
tor at 37 �C and 5% CO2 for additional 8 h (scale bars ¼ 2 cm). (B) Confocal microscopy
ing perfusion. Boxes highlight Mks in adhesion to silk scaffold, elongating proplatelet
silk pores (green ¼ Mks, blue ¼ silk) (scale bars ¼ 50 mm). (Bii) Confocal microscopy
system at a flow rate of ~90 ml/min (scale bar ¼ 10 mm). (Biii,iv) Confocal microscopy
rting perfusion (2 and 5 h, respectively). The box highlights the detachment of platelet-
bars ¼ (iii) 50 mm and (iv) 20 mm). (For interpretation of the references to colour in this
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3.4. Ex vivo produced platelets present physiologically-relevant
structure

The characterization of released particles by light microscopy
(Fig. 6Ai-iv) and immunofluorescence staining (Fig. 6Av-vii) high-
lighted the presence of all known characteristic stages of platelet
morphology after shedding from the proplatelet shaft, namely big
pre-platelets intermediates of >4 mm diameter, dumbbell-shaped
platelets, and little disc-shaped platelets of 2e4 mm diameter.
Importantly, all platelet were showing the b1-tubulin coil at their
periphery (Fig. 6Av-vii), typically present in peripheral blood
platelets (Supplementary Fig. 6A). Further, the collected platelets
were stained with anti-CD61 and anti-CD42b antibodies and
analyzed by flow cytometry. Platelets exhibited expression of both
lineage-specificmarkers (Fig. 6B), with same forward (FSC) and side
scatter (SSC) of peripheral blood platelet control (Supplementary
Fig. 6. Characterization of ex vivo produced platelets. The modular flow chamber was pe
bags. (Ai-iv) Light microscopy analysis of the collected medium demonstrated presence of
Immunofluorescence staining of b1-tubulin (red) highlighted the presence of the microtub
analysis of expression of CD61 and CD42b surface markers. (D) Western blotting analysis of C
samples (MW ¼ molecular weight). (D) Platelet count was assessed by flow cytometry by m
inh) significantly reduced the number of collected platelets (scale bar ¼ 2 cm). (For interpre
version of this article.)
Fig. 6B). Western blot analysis of platelet lysates confirmed
expression of surface antigens and demonstrated also the presence
of the a-granules proteins fibronectin and thrombospodin (Fig. 6C),
normally expressed by peripheral blood platelets, used as positive
control (Supplementary Fig. 6C). a-granules were also imaged by
immunofluorescence staining of von Willebrand Factor and
compared to cultured Mks and peripheral blood platelets
(Supplementary Fig. 7). Interestingly, the presence of a-granules in
Mks and proplatelets demonstrated that they are delivered directly
from Mk cytoplasm, along the proplatelet shaft, into nascent
platelets [36].

Of note, pre-treatment with a selective inhibitor of AKT, a
signaling molecule which is known to prevent proplatelet forma-
tion [18,35,37], significantly reduced the number of collected
platelets, thus demonstrating that the observed platelet release and
collection within the system could be attributed to active
rfused with culture media for 8 h and released platelets collected into gas-permeable
large pre-platelets, dumbbells and little discoid platelets (scale bars ¼ 10 mm). (Av-vii)
ule coil typically present in resting platelets (scale bars ¼ 5 mm). (C) Flow cytometry
D61, CD42b, fibronectin (FNC) and thrombospondin (TSP) in cell lysates from collected
ixing samples with counting beads. Mk pre-treatment with 10 mm AKT inhibitor (AKT
tation of the references to colour in this figure legend, the reader is referred to the web
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proplatelet formation and extension, rather than to passive
detachment due to perfusion of medium (Fig. 6D).
3.5. Ex vivo collected platelets are physiologically functional

We next proceeded to analyze the functionality of ex vivo pro-
duced platelets. The b1-tubulin staining demonstrated no relevant
cytoskeleton organization in resting platelets (Fig. 7Ai), while, after
seeding onto immobilized type I collagen, platelets actively re-
assembled their micro-tubules and spread (Fig. 7Aii). Platelet
functionwas further assessed by stimulationwith 3 U/ml thrombin
(THR). The treatment determined a marked increased activation of
aIIbb3 integrin, as assessed by flow cytometry analysis of PAC-1
binding (Fig. 7B). In parallel, activation of intracellular signaling
was demonstrated by the increased phosphorylation of tyrosine
residues, evidenced by Western blot analysis, in protein lysates of
samples treated with 3 U/ml THR or 100 ng/mL convulxin (CVX),
with respect to un-stimulated platelets (Fig. 7C). For all functional
tests, peripheral blood platelets were used as positive control
(Supplementary Fig. 8).
Fig. 7. Analysis of ex vivo produced platelets functionality. (Ai) b1-tubulin staining of res
reorganization of microtubules. Magnification highlights b1-tubulin assembly upon adhes
collected platelet activation before and after treatment with 3U/mL thrombin (THR) demo
analysis of platelet lysates by western blotting evidenced increased phosphorylation of tyro
activation of intracellular signaling upon exposure to activating stimuli (MW ¼ molecular w
4. Discussion

Bone marrow is a spongy tissue where HSCs support the phys-
iologic homeostasis of all blood cells [4e6]. There is a critical need
for bioengineering scaffold that are able to reproduce key features
of the physiological bonemarrow environment for functional blood
cell generation and screening of therapeutic compounds ex vivo [1].
In this paper, we propose a simple design to recapitulate the
microarchitecture of the bone marrow to sustain platelet produc-
tion fromMks.We fabricated a flow chamber, reproducing the bone
surrounding themarrow, with a central cavity connected to an inlet
and an outlet to allow perfusion of the system. A silk sponge was
made to fit the central cavity of the chamber mimicking the spongy
structure of the bone marrow. Perfusion of the silk sponge was
made possible by the interconnection of the pores resulting from
the salt leaching preparation. Moreover, silk was functionalized
with ECM components that are expressed in the physiological bone
marrow structure [7]. Importantly, it was previously shown that
silk preserves the activity of the encapsulated molecules [13,15,16].

To demonstrate that this new system reproduces the basic
ting platelets. (Aii) After adhesion on type I collagen platelets spread and showed the
ion with respect to resting state (scale bars ¼ 5 mm). (B) Flow cytometry analysis of
nstrated increased PAC-1 binding indicating physiologic CD41 activation. (C) Parallel
sine residues I response to 3U/mL thrombin or 100 ng/mL convulxin (CVX), indicating
eight). b-actin has been used to ensure equal loading.
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features of the 3D bone marrow structure, in vitro differentiated
Mks were seeded within the system for 24 h prior to perfusion and
collection of released platelets into a transfusion bag positioned at
the outlet of the chamber. Collected platelets showed the same
morphology as peripheral blood platelets and comparable expres-
sion of the principal platelet receptors as demonstrated by both
flow cytometry and Western blot analysis. Most importantly, the
collected platelets expressed fibronectin, thrombospondin and
vWF, proteins normally present in platelet a-granules. Consistently,
an increase of tyrosine phosphorylation was observed upon
thrombin and convulxin activation. Together, these data demon-
strate that collected platelets displayed a physiological structure
and function in vitro. Finally, inhibition of AKT prevented platelet
generation in the silk sponge proving that Mk function within the
system may respond to the addition of external soluble factors.
Thrombocytopenia is one of the most frequent hematologic
adverse events in different cancer treatments, including those
involving Perifosine, an oral AKT inhibitor [38]. It is known that AKT
inhibition prevents proplatelet formation without affecting Mk
viability [8,39,40], however, the impact of such treatment on bone
marrow niche has yet to be determined. Based on our results, we
expect that the new multi flow chamber will provide a new tech-
nology for pharmacological studies aimed at predicting outcomes
of therapies that may affect Mk functions.

The search for biomaterials that can support platelet formation
and functions in vitro remains a major challenge for the field. Pol-
ydimethylsiloxane (PDMS) has been recently used to fabricate three
different bioreactors based on different perfusion systems to pro-
mote platelet production. The first one consisted in a scaffold with
two different media flows to maximize platelet production [41],
while the second device consisted of two channels, separated by a
series of columns to trap Mks entering the upper channel allowing
proplatelet extensions and platelet release in the bottom chamber
[42]. Both these devices enabled real-time visualisation of Mks
during culture and released platelet collection. Finally, a third
system, made by PDMS, was developed with a wide array of von
Willebrand Factor-coated micropillars supposed to act as anchors
on Mks, allowing them to extend proplatelets under a hydrody-
namic shear [11]. Compared to these systems for platelet produc-
tion, a critical feature of our flow chamber is the use of natural silk
protein biomaterial to leverage its versatility such as programmable
mechanical properties, and surface binding of growth factors and
ECM components, while retaining their bioavailability [13,16]. In
our previous BM model we used silk tubes and sponges to recreate
the vascular niche where Mks release platelets [16]. In the current
system the goal was to provide an easy to assemble and manage-
able tool to expose Mks to a 3D environment, functionalized with
ECM components, and collect platelets through perfusion of the
entire silk-sponge. Our hypothesis is that this systemmay be useful
for scaling up platelet production as well as for studying drug re-
sponses and new therapeutic targets.

In conclusion, we developed a simple system to mimic the
essential features of the 3D bone marrow structure and composi-
tion to support platelet generation from Mks. The combination of
3D printed scaffolds with silk biomaterial allows the development
of a versatile and tailored platform for ex vivo platelet production.
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