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Natural bone is a highly vascularized tissue that relies on blood vessels for the timely supply
of blood and nutrition to maintain skeletal integrity.[X: 21 Thus in bone regeneration the
newly formed bone tissue to heal bone defect should be vascularized.[X 31 It has been
established that angiogenesis (blood vessel formation) can promote osteogenesis (new bone
formation).[!: 4] However, current bone tissue engineering strategies often fail to produce
new bones with high densities of blood vessels.[5] Several strategies have been proposed to
enhance vascularization, including the design of a 3D biomimetic scaffold;[6] delivery of
angiogenic growth factors such as vascular endothelial growth factor (VEGF);[7] or the use
of highly potent cell sources such as stem cells or mature vascular cells.[] Nonetheless,
these approaches have achieved only limited success in increasing vascularization in new
bone.

To design a material that can support cell growth and induce angiogenesis, biological
mechanisms of angiogenesis should be considered. It is known that angiogenesis depends on
the adhesive cell-cell and cell-matrix interactions.[% 191 Integrins are cell adhesion
molecules. More than 20 integrins have been discovered in nature, out of which at least six
including af3, ayPs, asPi, ayPi, azPs and aqf3q play a crucial role in blood vessel
regeneration.[!1] Among them, the integrins containing a, are highly expressed in the
activated endothelial cells (EC) (not in inactivated EC) in blood vessels during wound
healing and thus are vital for blood vessel regeneration.[12] Because such integrins
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specifically recognize Arg-Gly-Asp (RGD) peptide in the extracellular matrix (ECM) to
regulate the EC migration and adhesion,[13] the presence of RGD in a matrix will recruit
activated EC needed for angiogenesis. Unlike the activated EC, inactivated EC, such as
those pre-seeded on a scaffold, will not favor angiogenesis.[°]

Hence, a smart matrix that can recruit these activated EC instead of inactivated EC in situ
should be designed for inducing angiogenesis. To seek such a matrix, we proposed to
employ filamentous phage, a human-safe virus nanofiber (~880 nm long and 6.6 nm wide)
that specifically infects bacteria.[24] This virus nanofiber has ~3000 copies of helically
ordered major coat protein (pV1I1) on the side walls encapsulating DNA (Figure 1). By
genetically engineering the phage DNA, we successfully fused RGD to the solvent exposed
terminal of each pVIII, generating a phage nanofiber with a high-density ordered
distribution of RGD on the side walls.[®] The resultant phage nanofiber is termed RGD-
phage. We recently found the RGD-phage could induce the differentiation of MSCs into
bone forming cells (osteoblasts) without any osteogenic supplements.[15] Additionally,
RGD-phage has several advantages over pure RGD peptides in terms of modifying the
scaffolds. First, RGD-phage as a nanofiber can form a matrix that can mimic ECM, and
exhibits 3D spatial structures, which cannot be derived from sole RGD peptide. Second, it is
difficult to chemically conjugate RGD to the surface of the calcium phosphate scaffolds.
Thus RGD peptide can only be physically adsorbed onto the surface of such scaffolds. As a
result, when the scaffolds with RGD physically adsorbed are co-cultured with cells in
culture media or when they are in the in vivo environment, the weakly bound RGD
molecules might be desorbed from the surface and enter culture media or blood. However,
for the purpose of bone regeneration, RGD is expected to stay with the scaffolds for a long
period of time. On the basis of these facts, to solve the problem that currently engineered
bone tissue lacks sufficient blood vessels, we designed a virus-activated matrix (VAM),
where the RGD-phage nanofibers are integrated into the pores of 3D printed biomimetic
bone scaffold to induce the regeneration of vascularized bone in vivo (Figure 1).

To construct the VAM, first a biomimetic bone scaffold, consisting of a biphasic calcium
phosphate (BCP) with a composition of hydroxyapatite (HA) and p-tricalcium phosphate (-
TCP) at a mass ratio of 60/40, was produced using a 3D printing technique we have
previously described.[26: 17] This scaffold showed uniform structure with interconnected
macro-scale pore (Figure 2a), and also presented micro-scale pores in the scaffold column
(Figure 2b). The RGD-phage was produced using our published protocol,[28 19l and
displayed a high density of RGD peptides, because the phage bears ~3,000 copies of a major
coat protein, each of which can be genetically fused with an RGD peptide (Figure 2c,d).
Since the RGD-phage showed a negative charge, we introduced the other natural
biomaterial, chitosan with positive charge, and combined them together to form a
consolidated matrix network in the scaffold pore (Figure 2€). When the tip of the RGD-
phage was immuno-labeled by a Rhodamine-tagged antibody, confocal fluorescence
imaging showed the presence of RGD-phage inside the pores (Figur e 2f).

To determine the effect of the resultant VAM on vascularized bone repair, we also prepared
two negative controls and one positive control. The negative controls include 3D printed
scaffolds filled with wild-type phage (i.e., phage not displaying RGD peptide) and pure 3D
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printed scaffold without filling any phage. For the positive control, the angiogenic growth
factor, VEGF, a gold standard for vascular regeneration, is added into VAM (VAMVEGF+),

Since a protein directly added to a matrix is less functional than that formed from gene
expression by cells in terms of sustained release, stability and efficiency,[2%] we introduced
VEGF protein into the matrix in the form of VEGF gene. VEGF gene could be transferred
into MSCs that could produce the fresh VEGF protein in situ. To construct the positive
control of VAMVEGF* the VEGF gene was firstly bound with the gene vector,
polyethylenimine (PEI) modified silica nanoparticles (~50-100 nm, Figure Sla), to form a
complex of DNA-vector. The optimal ratio of DNA-vector was around 1 to 25 (wt%) based
on the results of zeta potential and agarose electrophoresis (Figure Slb,c). Also, this
specific DNA vector was able to protect the plasmid DNA against the degradation of DNase
| in vitro (Figure S1d). The complex of DNA-vector with optimal ratio was subsequently
loaded on the VAM to generate the positive control (Figure S2). Subsequently, the MSCs
were respectively seeded on the VAM and the controls, and we found VEGF gene in the
positive control was successfully transferred from the VAM to MSCs to express the VEGF
protein (Figure S3).

The MSCs-seeded VAM (i.e., without VEGF but with RGD-phage) and controls were
respectively implanted into a rat radius-bone defect. Eight weeks after implantation, the
newly formed bone was examined by histological analysis and micro-computed tomography
(micro-CT). Comparison of the hematoxylin and eosin (H&E) staining between VAM
(Figure 3i,j) and two negative controls (Figure 3g,h and Figure S4) indicated that scaffolds
filled with wild-type phage induced the formation of new bone, and when the wild-type
phage was replaced with RGD-phage to form VAM, bone formation was further enhanced.
In addition, less bone formation was detected in pure scaffolds (Figure S4) than in scaffolds
filled with wild-type phage (Figure 3i,j). The VAM exhibited less new bone tissue ingrowth
than the positive control (Figure 3Kk,I). The new tissue growth was oriented along the
channel of bone scaffolds in both VAM and controls (Figure 3h,j,l). 3D micro-CT
reconstructions further revealed that both VAM and positive control successfully achieved
bone repair in situ (Figure 3a-f). A measurement of bone volume density, defined by a ratio
of bone volumeftissue volume (BV/TV) (Figure 3m), suggested that the VAM almost
reached the level of the normal control. The level of bone volume density in VAM group
was higher than that in the negative control but lower than that in the positive control.

The new blood vessels were observed by immunofluorescence and histological staining.
Using CD31 as a specific marker for EC cells, newly formed vessels were identified in the
implants (Figure 4a,c,e). We believe that the RGD-phage recognizes integrins highly
expressed on activated EC cells, leading to the recruitment of the activated EC cells from
surrounding tissue by VAM and the consequent endothelialization and vascularization.[®: 111
Furthermore, H&E staining was used to observe newly formed blood vessels and some red
cells were clearly found in the vessels (Figure 4b,d,f). By calculating the average number of
blood vessels from two different regions of the implants (i.e., edge and center areas), the
VAM was shown to significantly promote the vasculation of the mineral scaffolds in
comparison with the negative controls although it did not genereate more blood vessels than
the positive control (Figures 4g and S4). Thus we found both phage-bearing scaffolds and
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positive control induced vascular regeneration (angiogenesis) together with bone repair
(osteogenesis) (Figures 3 and 4). Namely, to our suprise, without VEGF in the scaffolds,
both wild-type phage and RGD-phage nanofibers induced the formation of new vascularized
bone tissue. When RGD-phage was used in VAM instead of wild-type phage, more
vascularized bone tissue was formed. When VEGF was further added to VAM, the
vascularized bone regeneration was further enhanced because VEGF is known to promote
vascularization and osteogenesis.[41 However, pure scaffolds, VAM devoid of either RGD-
phage or wide-type phage, generated little vascularized bone (Figure S4), suggesting the
presence of phage nanofibers indeed contributed to the formation of vascularized bone when
VEGF was not present.

Clinical translation of tissue-engineered grafts for bone repair has been limited by
inadequate vascularization, which results in the lack of blood supply to bone.[21] When
blood is not supplied in time to large engineered bone constructs, seeded cells — especially
those in the central zone of scaffolds — die quickly because of insufficient nutrition and
hypoxia.ll: 221 Thus, the rate and range of vascular growth determine the efficiency of new
bone formation.l4 Our MSC-seeded VAM combines the benefits of biomimetic bone
scaffolds, high density of adhesive molecule RGD (i.e., ~3000 copies displayed on a 880 nm
long virus nanofiber) for promoting endothelialization, and highly potent MSCs, which all
contribute to the ingrowth of vessels and bone in vivo.[2: 3. 231 Moreover, our study shows a
new role of phage nanofibers in vascularized bone regeneration. The RGD-phage precisely
surface-displays a high density of helically ordered RGD, which could activate the migration
and adhesion of EC in blood vessel during wound healing.[24] It was also found to induce
osteoblastic differentiation of MSCs by us recently.[5] Consequently, it is not suprising that
the RGD-phage in VAM could induce osteogenesis and angiogenesis. Although we have not
studied the fate of phage in bone, it is believed that phage does not show obvious toxicity
once in animals or human beings.[2°]

In summary, we propose a novel VAM strategy for improving the formation of vascularized
bone. This strategy develops a smart matrix composed of three key components: RGD-
phage; porous bone-like BCP scaffold and MSCs. Due to the presence of RGD-phage, the
VVAM can regulate the EC migration and adhesion to induce endothelialization and
simultaneously activate osteoblastic differentiation of MSCs, and thus induce osteogenesis
and angiogenesis in vivo. The unexpected new role of the engineered virus nanofiber, RGD-
phage, in inducing angiogenesis and osteogenesis, will open up a new avenue in virus-based
nanomedicine and regenerative medicine.

Experimental Section

Preparation of RGD-phage

The RGD peptide was displayed on the N-terminus of pVIII, which was the major coat
protein on the side wall of M13 bacteriophage, by following our reported protocols.[18: 26]
Briefly, the replication form of M13 DNA was used as a template to amplify the entire
coding sequence of pVIII using Phusion® High-Fidelity DNA Polymerase (New England
Biolabs, US) by polymerase chain reaction (PCR). The sense primer (Invitrogen, US), 5’-
ATCCATGGCGCGTGGCGACGATCCCGCAAAAGCG-3’, was designed to add RGD
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sequence to the N-terminus of pVIII and introducing a Ncol restriction site. The antisense
primer, 5’- GCAAGCTTTTATCAGCTTGCTTTCGAG -3’, was designed to contain a
Hindlll restriction site. The amplified product was cloned into a phage vector after
restriction enzyme digestion. The recombinant plasmid was confirmed by DNA sequencing
(MCLAB, San Francisco, CA) and transformed into E. coli strain TG1. The engineered
phage was amplified by adding helper phage, as well as 0.1 mM isopropyl-3-D-
thiogalactosidase, and then purified by double PEG/NaCl precipitation.

Fabrication of 3D printed bone scaffolds

The bone scaffolds were produced using a 3D printing technique as reported in our earlier
publications.[26] Briefly, biphasic powders with a composition of HA/B-TCP at a mass ratio
of 60/40 were purchased from Trans-Tech (Trans-Tech, Adamstown, MD). Inks were
prepared by mixing ceramic particles in a 20 wt% Pluronic® F-127 solution. Ceramic inks
loaded with 67 wt% solids were used for scaffold printing. The ink was sieved through a 75
um mesh to minimize the presence of aggregates before printing and then was loaded into a
3 ml syringe (BD, Franklin Lakes, NJ) with an HDPTFE custom-sized plunger for printing.
Biphasic scaffolds were fabricated by printing the inks through a 250 pm nozzle (EFD
precision tips, EFD, East Providence, RI) using a robotic deposition device (RoboCAD 3.0,
3-D Inks, Stillwater, OK). Ceramic inks were loaded into a syringe and printed on a mirror-
polished silicon wafer (0.6 mm thick). After printing, the samples were dried for two days at
room temperature, removed from the substrate, and sintered on the top of zirconia balls (500
um diameter) to promote a homogeneous shrinkage. Scaffolds were calcined at 600 °C (2
°C/min heating rate) for 2 h to burn the organics, and then sintered for 2 h at 1,100 °C with a
heating and cooling rate of 5 °C/min.

Construction of Virus-activated matrix (VAM)

The porous bone scaffolds were first autoclaved. The sterile RGD-phage nanofibers (1014
pfu/ml) and chitosan (1 mg/ml) were mixed for 30 min and centrifuged to remove bubbles.
Subsequently, the sterile scaffolds were immersed in the mixed solution of RGD-phage and
chitosan at room temperature for overnight. Afterwards, the scaffolds in the mixture were
lyophilized to prepare VAM.

In vivo evaluation of VAM

To track the performance of VAM in vivo, we employed the rat radius defect model to
evaluate vascularized bone regeneration stimulated by the complex of MSCs-seeded VAM.
To generate diaphysis defect models, the Sprague Dawley (SD) rats (Harlan, ~125 g) were
first anesthetized with isoflurane, and then a segmental defect (~8 mm long) was created in
the central radius of each animal model. The MSCs-seeded VAM specimens and its positive
and negative controls were respectively loaded into the defect site. The blank control was
also created by loading nothing into the defect site. The experiments for each group were
repeated three times. The animals were sacrificed to evaluate vascularized bone formation
using micro-CT and histological analysis after implantation for eight weeks.
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Figure. 1. An overview of VAM in vascularized bonerepair
Top: RGD peptide is fused to the solvent-exposed terminal of each copy of major coat

protein (pVI1I) constituting the side wall of filamentous phage by inserting gene into gene
VIII, generating RGD-phage. Bottom: RGD-phage nanofibers (negatively charged) are
integrated into a 3D printed bioceramic scaffold along with chitosan (positively charged),
which electrostatically stabilizes the phage nanofibers inside the scaffold. The resultant
scaffold is seeded with rat MSCs and then implanted into bone defect. The presence of
RGD-phage in the scaffold induced the formation of new bone filled with new blood
vessels.
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Figure. 2. Construction of virus-activated matrix (VAM)
(a) SEM image of a 3-D printed bioceramic bone scaffold with macro-scale interconnected

pores. (b) Each scaffold column also exhibited micro-scale pores. (c) AFM image of the
morphology of individual RGD-phage nanofibers. (d) TEM image showing the morphology
of RGD-phage. (e) SEM image of the bone scaffold with pores filled with a matrix of
chitosan and RGD-phage. (f) 3D confocal fluorescence image showing the presence of red-
dye-labeled RGD-phage inside an individual pore that is filled with the matrix. (g) and (h)
showed both VAM pores (g) and VAM column (h) could well support the MSCs adhesion .
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Figure. 3. Analysis of newly formed bone
Micro-CT analysis (a-f) showing that both VAM and its positive controls achieve bone

repair in situ. a) Normal control. b) Blank control (with defect but without any implant). ¢)
3D printed scaffold filled with VAM before implantation. d) Negative control (scaffold
filled with phage not displaying RGD peptide), showing less deposition of calcified tissue.
e) VAM, showing some deposition of calcified tissue. (f) Positive control (scaffold filled
with RGD-phage and VEGF), showing high calcified tissue and more scaffold absorption in
situ. H&E staining (g-1) of the sections of implants further shows both VAM (i,j) and its
negative (g,h) and positive (k,I) controls can induce the formation of new bone tissue in the
scaffold channel. In additon, the VAM (i,j) significantly promoted the formation of bone in
comparison with negative control (g,h), but not as efficient as positive control (k,I),
suggesting the combination of VAM and VEGF was able to enhance the osteogenesis. m)
The quantification of bone volume density (BV/TV, bone volume/tissue volume). VAM
almost reached the level of normal control, showed a higher level than negative control, but
still exhibited a lower level than the positive control. T: new tissue, S: scaffolding material.
All data represented the mean+ SD (standard deviation) (N=5, * p<0.05, **p<0.01).
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Figure. 4. Analysis of newly formed blood vessels
Immunofluorescence staining (a, c. e) and H&E staining (b, d, f) of sections of implants

were used to identify the regeneration of blood vessels. The immunofluorescence staining
for CD31 shows the positive staining in both VAM and its controls. Both
immunofluorescence staining and H&E staining showed that the VAM (c, d) showed more
blood vessels in new bone than negative control (scaffolds filled with wild-type phage) (a,
b), but fewer blood vessels than positive control (scaffolds filled with RGD-phage and
VEGF) (e, f). The quantitative analysis (g) of the average number of blood vessels in the
region of interest (ROI) further confirmed the consistent results. These data suggested that
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the sole VAM could induce both osteogenesis and angiogenesis while the combination of
VAM and VEGF can further enhance both osteogenesis and angiogenesis. All data
represented the meanz SD (standard deviation) (N=5, **p<0.01)
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