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Immobilized growth factors on tissue matrices play a critical role in

controlling cell growth processes and cell morphology. We report

a strategy for immobilizing growth factors on genetically engineered

phage matrices for tissue regeneration. We modified M13 phages to

express biotin-like peptides (HPQ) and/or integrin binding peptides

(RGD) on their major and minor coat proteins. The resulting phages

formed nanofibrous matrices that could easily immobilize growth

factors FGFb and NGF. We demonstrated the synergistic roles of

the growth factors and integrin binding peptides in controlling cell

morphologies and growth. Our phage matrices, which can be easily

functionalized with various ligands and growth factors, can be used

as a convenient test bed for investigating the functions of various

biochemical stimulants of numerous cell types.
Designing biomimetic materials with precisely controlled structural

organization that closely mimics the natural tissue environment is

critical for the development of regenerative medicine. In the body,

cells are in close contact with neighboring cells and the extracellular

matrix (ECM).1,2 The ECM is composed mainly of nanofibrous

protein networks3–6 with fibrils that have diameters ranging between

3 and 20 nm.7–9 These nanofibrous structures, their mechanical

stiffnesses, and various biochemical ligands provide instructive cues

to nearby cells, dynamically orchestrating their morphologies and

fates.10,11 The components of the ECM and the ligands bound to cell

receptors provide chemical signalling to control cell behavior. The

signals for adhesion, migration, proliferation and differentiation are

provided by integrin binding, growth factors, and cytokine stimula-

tion.12–15 These signalling motifs can be presented either directly upon

contact or hidden and exposed only upon matrix remodelling or

tissue injury.16–18 The matrix components can bind to soluble growth

factor molecules from the physiological milieu and present them to

cells as needed.19–21 Mimicking such complex and dynamic environ-

ments is challenging. We believe we can create a simplified cellular

environment with preserved function by immobilizing effective

growth factors. The use of immobilized growth factors has been
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shown to have merits over the use of soluble growth factors.

Immobilized EGF and insulin are known to prolong tissue stimula-

tion effects.22,23 Sustained receptor activation by membrane-bound

ligands or context-dependent growth factor and extraceullular matrix

(ECM) presentation are recognized to be important mechanisms for

controlling stem cell fate.24,25 Presenting growth factors as part of an

extracellular matrix, rather than just releasing them into the liquid

medium, improves nerve regeneration and growth of smooth muscle

cells during the engineering of artificial arteries.26 However, the

process of chemically modifying matrices to immobilize different

growth factors is burdensome and often results in undesired changes

to their physical and chemical structures. The development of a facile

bioconjugation method for immobilizing chemical ligands with

minimal change to the tissue scaffolds would, therefore, possess great

merits for the development of novel tissue engineering materials.21,27,28

The engineering of phages provides a novel toolkit for creating

functional nanomaterials for the development of various applications

in energy, electronics, and biomedical engineering.29–34 The previous

use of engineered phages in biomedical applications has shown that

phages effect little inflammation at targeted tissue sites.35,36 In addi-

tion, endocytosed phages in human tumor-derived cells and endo-

thelial cells are degraded via the lysosomal pathway,37,38 a safe

material clearance route for cell specific phages. Phages that have

been modified to express RGD on their minor coat proteins have

been used as vehicles to deliver therapeutic genes to target tissues and

specific cancer imaging reagents.39 Recently engineered filamentous

phage has been used to construct novel tissue engineering matrices

that exhibit desired functions.40–43 In particular, our group has used

these engineered phages to construct nanofibrous materials that can

self-assemble, self-replicate through bacterial infection, and have

potential for use in several applications.40,41 Multiple signalling and

therapeutic peptide motifs can be simultaneously displayed on the

pIII, pVIII, and pIX protein coats of M13 phages through genetic

modification.44 Identical copies of the engineered phage can be easily

reproduced in large scale through bacterial amplification, and the

resulting phage can be used to construct two- and three-dimensional

long-range ordered nanofibrous network structures without the use

of microfabrication techniques. Therefore, phages may be good

candidate materials for constructing versatile tissue matrices that can

immobilize biochemical ligands and growth factors for the develop-

ment of future regenerative medicines. Here, we report a facile growth

factor immobilization strategy using novel phage-based tissue engi-

neering matrices. We constructed phages to display biotin-like
Soft Matter
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Table 1 Genetically engineered functionalized pVIII and pIII phagea

Name pVIII pIII

RGD8 ADSGRGDTEDP
HPQ8 AEFSHPQNTDP
HPQ3 A-C-HPQGPP-C-GGGSAE
RGD8HPQ3 ADSGRGDTEDP A-C-HPQGPP-C-GGGSAE

a Peptide inserts are shown in italic and bold. Functional sequences are
also underlined.
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peptides (His-Pro-Gln; HPQ) and/or integrin binding peptides

(Arg-Gly-Asp; RGD) on their major and minor coat proteins. The

resulting phages easily bound to streptavidin-conjugated FGFb and

NGF, two growth factors for neural cells, and were able to stimulate

and guide neural stem cells to proliferate and differentiate into desired

morphologies. Our facile growth factor immobilization approach

may be useful for studying biochemical cues in cell biology and

creating future tissue engineering materials.

The engineered phages used in our study are presented in

Fig. 1A and Table 1 (detailed methods for construction are

provided in the ESI†). The HPQ motif allows binding to strep-

tavidin-conjugated molecules, and the RGD motif promotes cell

adhesion on the phage matrices. M13 phage is a filamentous

bacterial virus (880 nm � 6.6 nm) that is covered mainly by 2700

copies of a major coat protein (pVIII) (Fig. 1A). pVIII covers

�98% of the viral surface and is spaced 2.7 nm apart, enabling

a very dense and uniform peptide display. The pVIII is also

readily available for protein binding interactions.45 In addition,

there are five minor coat proteins (pIII) at one end of the phage.

Longer amino acid sequences can be inserted at the N-terminus

of pIII (compared to pVIII) without compromising the structure

or function of the phage.46 The HPQ-peptide, which specifically

binds to streptavidin, was previously identified by us and other

research groups through phage display.47–50 Linear and circular

HPQ motifs were found to have biotin-like specificity to strep-

tavidin.51–53 We used both linear and circular HPQ motifs to

genetically modify the pVIII and pIII phage coat proteins,

respectively. We engineered the phage to display a relatively

short linear peptide, FSHPQNT (Kd¼ 125 mM),51,54 on its major

coat (HPQ8) to prevent interference with phage structure or

propagation. We also engineered our phage to display a circular

HPQ-peptide, C-HPQGPP-C (Kd ¼ 670 nM), on the five copies

of pIII (HPQ3). The circular HPQ-peptide had a higher affinity

for streptavidin than the linear HPQ-containing peptides.52,55

The inserted peptides were linked to a flexible glycine trimer to
Fig. 1 Schematic illustration of the construction of multifunctional phage e

cell) growth and fate. (A) We used genetically engineered M13 phages that d

major coat proteins with RGD-integrin binding motifs. (B) Strategy for immo

phage for directing NPC proliferation or differentiation.
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give the peptides easier access to their binding receptors.21,56,57

We also inserted integrin binding peptides on the major coat

proteins of phage that expressed HPQ on their pIII proteins

(RGD8HPQ3). Through the HPQ sites, we were able to immo-

bilize streptavidin-conjugated FGFb (strep-FGFb) and NGF

(strep-NGF) onto matrices constructed by the phage. Using this

system of ligand immobilization, matrix bound cytokines and

growth factors could be delivered to cells and induce desired cell

behaviors.13,21 The effects of the phage matrices immobilized

with FGFb and NGF on rat hippocampal neural progenitor cells

(NPCs) were examined. We used NPCs for our model cell culture

system because of their sensitivity to biochemical cues and their

environment. A schematic of our approach is shown in Fig. 1B.

We measured the specificity of the HPQ8 phage to streptavidin

using ELISA binding assays and used RGD8 phage as a negative

control (Fig. 2A). Different concentrations (400, 200, 100, 50 and

25 ng per well) of phages were applied onto streptavidin-coated

(400 ng per well) ELISA plates and visualized using an anti-

phage antibody, a secondary HRP (horseradish peroxidase)-

conjugated antibody, and 3,30,5,50-tetramethylbenzidine (TMB)

substrate solution (KPL, Gaithersburg, MD). The binding

assays showed that only HPQ-phage bound to streptavidin in

a dose-dependent manner. We applied mixtures of HPQ8 and

RGD8 at different ratios (100%, 80%, 60%, 40%, 20% and 0%, at
xpressing HPQ, a biotin-like motif for directing NPC (neural progenitor

isplayed HPQ on either pVIII and/or pIII and further functionalized the

bilizing streptavidin-linked FGFb or NGF on our genetically engineered

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Characterization of biotin-like (HPQ) peptides on the coat proteins of M13 phage. (A) Streptavidin binding assay with HPQ8 or RGD8

(control). ELISA results show that phage binding to streptavidin increased with increasing concentrations of HPQ8 but was minimal with increasing

concentrations of RGD8. (B) Binding to streptavidin was tested using mixtures of different ratios of HPQ8 and RGD8 and was found to be linearly

dependent on HPQ8 concentration. (C) WST1 assay of NPCs grown on varying concentrations of HPQ8 or RGD8 in the presence of strep-FGFb.

Proliferation was modulated by either HPQ8 concentration or strep-FGFb concentration, whereas minimal effects were produced by changing RGD8

concentration (* p < 0.05, two-factor ANOVA with replication). All data are shown as means � standard deviation (SD) of 3 independent samples.
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a total of 400 ng phage per well) to the streptavidin-coated plates.

We observed that the ELISA intensity profiles decreased linearly

with decreasing ratios of HPQ8 to RGD8 applied (Fig. 2B).

Therefore, the HPQ-peptides on the phage surfaces were active

and induced specific binding of the phage to the streptavidin.

Because NPCs are able to proliferate only in the presence of

FGFb in media, and because withdrawal of FGFb prompts these

cells to stop growing, we tested the activity of the immobilized

FGFb on NPCs using a WST1 assay (Roche, Indianapolis, IN).

Wells were coated with HPQ8 or RGD8 at 106, 109, 1012 phages

per mL, blocked with 1% BSA (bovine serum albumin) in PBS

(phosphate buffered saline), and incubated with different

concentrations (20, 100, 400 ng mL�1) of streptavidin-conjugated

FGFb. After washing the coated substrates, the NPCs were

seeded onto the wells and cultured for 8 days in basic media with

no growth factors. Fig. 2C shows that cell metabolic activity

increased with increasing HPQ8 and strep-FGFb concentration.

However, such effects were not observed in the RGD8 samples

since they could not immobilize FGFb (p < 0.05, two-factor

ANOVA with replication). Thus, we confirmed that the HPQ-

peptide expressed on the pVIII of HPQ8 phage was fully func-

tional for binding streptavidin and that the conjugated FGFb

could modulate the metabolic activity of NPCs.
This journal is ª The Royal Society of Chemistry 2011
We investigated the combined effects of the HPQ-expressing

phage with the RGD-expressing phage. During growth, cell

spreading and migration play critical roles in controlling cell

morphology and are known to be affected by RGD. Therefore,

we cultured the NPC cells on streptavidin-conjugated FGFb

immobilized on a mixture of RGD8 and HPQ8. We observed

that the NPCs spread well and proliferated on the phage matrices

only when FGFb was immobilized (Fig. 3A). In contrast, when

the NPCs were cultured with strep-FGFb on a mixture of

wildtype-phage (phage with no modification) and HPQ8, the

NPCs exhibited aggregated morphology despite the outgrowth

of NPCs (Fig. 3B). These cell spreading and aggregation

morphologies indicated that the matrices needed multiple

components to promote the growth of cells into desired tissue

morphologies. We, therefore, constructed multifunctional phage

that simultaneously displayed the RGD-peptide on pVIII and

the HPQ-peptide on pIII (RGD8HPQ3). We then compared

the effects of the immobilized FGFb using the three sets of

phage (HPQ8, HPQ3, RGD8HPQ3). We hypothesized that the

expression of HPQ on pVIII (HPQ8) would promote greater

metabolic activity after FGFb immobilization than HPQ

expression on pIII (HPQ3) simply due to the greater number of

motifs that can be expressed on the major coat (2700) compared
Soft Matter
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Fig. 3 Combined chemical cues presented by HPQ8 and/or RGD8. (A) NPCs cultured on a mixture of RGD8 and HPQ8. (B) NPCs cultured on a

mixture of wildtype-phage and HPQ-phage. (C) WST1 assays of NPCs grown on HPQ8, HPQ3, and RGD8HPQ3 with FGFb immobilized

via streptavidin (strep-FGFb concentration used: 50 ng per well). Data are shown as means � standard deviation (SD) of 3 independent experiments

(*p < 0.05, single factor ANOVA).
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to the minor coat (5). Interestingly, we also observed significant

cellular metabolic activity when we cultured NPCs on

RGD8HPQ3 with strep-FGFb (Fig. 3C) (p < 0.05, single factor

ANOVA). Although the density of FGFb immobilized on

RGD8HPQ3 was �500 times lower than on HPQ8, the meta-

bolic activity of the NPCs on RGD8HPQ3 was comparable to

that of NPCs on HPQ8. We believe that the integrin binding sites

provided to the cells by RGD played a synergistic role with

FGFb in promoting cell spreading and proliferation.

We used these dual-functionalized phages to further control neural

cell proliferation and differentiation. We coated tissue culture slides

(Lab-TekII chamber slides, Nalgen Nunc International, Naperville,

IL) with RGD8HPQ3, HPQ3, or HPQ8 and then linked them with

strep-FGFb or strep-NGF. NPCs were then seeded onto the slides,

and bright field microscopy images were taken of the NPCs after

4 days of culture (Fig. 4A). We observed that cells grown on HPQ8

in the presence of strep-FGFb showed a high degree of proliferation

with cells aggregated in regions where they initially attached. Cells

grown on RGD8HPQ3 with strep-FGFb were more evenly distrib-

uted due to enhanced interaction between the RGD ligands on the

phage and integrin on the cell surfaces. In the presence of strep-NGF,

neurite outgrowth was observed from all NPC cells on the

RGD8HPQ3, HPQ8, and HPQ3 phage matrices. Neurite elongation

and cell spreading were particularly enhanced on the RGD8HPQ3

sample in the presence of strep-NGF. NPC proliferation (promoted

by FGFb) and differentiation (promoted by NGF) were confirmed

by immunostaining with anti-nestin (for progenitor cells) and anti-b-

tubulin III (for neural cells), respectively (Fig. 4B shows cells on

RGD8HPQ3 and HPQ8). We quantified the effects of the stimula-

tion generated by the immobilized growth factors and RGD-integrin

binding peptides by characterizing parameters such as cellular

distribution (cell to cell distance), cell density (number of cells per

mm2), neurite growth lengths, neurite numbers per cell, and cell

aggregation (cell numbers in each aggregated cell colony) (Fig. 4C–

G). The average cell to cell distances on RGD8HPQ3, HPQ3 and

HPQ8 in the presence of strep-FGFb were 33.4, 22.2 and 17.7 mm,

respectively (RGD8HPQ3 > HPQ3 > HPQ8) (p < 0.05, single factor

ANOVA, n ¼ 25). Similarly, in the presence of strep-NGF, the

average cell to cell distances on RGD8HPQ3, HPQ3 and HPQ8 were
Soft Matter
85.2, 35.8 and 28.1 mm, respectively (p < 0.01, single factor ANOVA,

n ¼ 20). These cell to cell distances showed that the RGD-peptide

enhanced cellular spreading and distribution (Fig. 4C). Cellular

densities (cells mm�2; Fig. 4D) were measured in selected areas where

cells were found and are inversely related to cell to cell distances.

Greater expression of HPQ induced higher cell densities in the

presence of strep-FGFb (HPQ8 > HPQ3 > RGD8HPQ3), with

average cell densities on RGD8HPQ3, HPQ3, and HPQ8 being 1333,

1604, and 2979 cells mm�2, respectively (p < 0.05, single factor

ANOVA, area n¼ 3). Cell densities in samples grown in the presence

of strep-NGF exhibited similar trends. The cell densities were 250,

458, and 583 for RGD8HPQ3, HPQ3, and HPQ8, respectively (p <

0.05, single factor ANOVA, area n¼ 3). Interestingly, neurite lengths

were longer in the presence of RGD (RGD8HPQ3 > HPQ3 >

HPQ8) and increased with culture time (day1–day2–day4; p < 0.05,

single factor ANOVA, n ¼ 8; Fig. 4E). However, higher densities of

strep-NGF binding sites increased the number of neurites formed by

each cell (HPQ8 > HPQ3 > RGD8HPQ3; lower panel in Fig. 4A and

F). Highly aggregated cell islands were commonly observed

throughout the samples without the RGD-integrin binding peptide in

samples stimulated by FGFb or NGF. In the presence of strep-

FGFb, greater densities of HPQ induced higher cell counts in each

colony (HPQ8 > HPQ3 > RGD8HPQ3), which increased with

culture time (day1–day2–day4) (p < 0.01, single factor ANOVA

colony n ¼ 5–22) (Fig. 4G). We believe that the high density of

binding sites for strep-FGFb and the absence of cell spreading

induced the formation of highly aggregated cell island colonies in

HPQ8. Therefore, the growth factors together with biochemical cues

are critical for simultaneous cell spreading, cell proliferation, and

differentiation. Our dual-functionalized phage (RGD8HPQ3) engi-

neered with both RGD and HPQ motifs exhibited the morphologies

that reflect both cell proliferation and differentiation.

The immobilization of growth factors and biochemical ligands on

tissue matrices has become a critical issue in tissue regeneration.

Various immobilization techniques have been developed using

chemical or genetic modifications of the target tissue constructs.21,27,28

However, making these modifications without changing other

chemical and physical parameters of the tissue matrices remains

challenging. In our study, we demonstrated a novel strategy for
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Neural cell growth and fates directed by HPQ-phages. (A) NPC cells grown on RGD8HPQ3, HPQ3, and HPQ8 in the presence of strep-FGFb.

Dotted arrow denotes the distribution of cells. (B) Immunostaining of NPCs grown on RGD8HPQ3 or HPQ8 with strep-FGFb or NGF, showing

proliferation (by FGFb) and differentiation (by NGF). We stained for nestin (a neural progenitor cell marker) in FGFb-treated cells and for b-tubulin

III (a neural cell marker) in NGF-treated cells. (C) Cell distribution, (D) cell density, (E) neurite lengths, (F) neurite numbers and (G) aggregated cell

numbers were measured. Neurite lengths and neurite numbers per cell were measured in the presence of strep-NGF, and aggregated cell numbers were

measured in the presence of strep-FGFb. Data are shown as means � standard deviation (SD). All experiments were performed in duplicate, and 4 to 5

images were taken and analyzed for each trial (*p < 0.05, ANOVA test).

This journal is ª The Royal Society of Chemistry 2011 Soft Matter
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immobilizing growth factors using M13 phage tissue engineering

matrices that have been engineered to display HPQ, a biotin-analog

peptide. With little change to the basic structure and function of the

phage, we incorporated target growth factors onto phage matrices by

simply mixing the phage with streptavidin-conjugated growth factors.

In our report, we demonstrated that growth factors immobilized on

phage matrices were functional (FGFb to regulate cell proliferation

and NGF to regulate differentiation) and could direct cell growth

towards desired cellular morphologies and fates. In addition, we

constructed phages to simultaneously display RGD and HPQ and

studied the combined effects of the integrin binding peptides and

growth factors. The RGD8 phage provided a high density of

chemical signalling (1.5 � 1013 RGD ligands per cm2) along the

nanofiber-like phage structure (880 nm by 6.6 nm), and the RGD-

peptides were uniformly displayed with a spacing of 2.7 nm axially

and 2 nm laterally.33,58 The additional expression of HPQ on the five

copies of pIII on RGD8 provided a modulation-linker that could

bind to various biochemical ligands, with little change to the phage.

Our phage tissue matrix system can, therefore, be used as a test bed

for characterizing the effects of biochemical cues using desired growth

factors. Optimized densities, spacing, and presentation of growth

factors and cytokines are important factors for inducing desired

cellular morphologies.59–62 Using the RGD8HPQ3 dual-functional-

ized phage, we demonstrated that the combined chemical cues of

RGD-integrin and growth factors are important in orchestrating

desired cellular growth and morphologies.
Conclusions

We developed novel phage tissue matrices that were engineered to

express biotin-like (HPQ)- and integrin binding (RGD)-peptides. The

resulting HPQ-phages could be easily attached to various functional

motifs through streptavidin conjugation. We demonstrated that the

HPQ-engineered phage could immobilize growth factors (FGFb and

NGF) while still enabling them to retain their bioactivity. Together

with the phage expressing RGD-integrin binding peptide, the HPQ-

phage was able to orchestrate NPC proliferation and differentiation.

Our HPQ-phage system may provide a tool for studying various

biochemical effects in cell biology and may be useful for developing

convenient tissue matrices for engineering tissues.
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