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Abstract

Design of biomaterials for cell-based therapies requires presentation of specific physical and 

chemical cues to cells, analogous to cues provided by native extracellular matrices (ECM). We 

previously identified a peptide sequence with high affinity towards apatite (VTKHLNQISQSY, 

VTK) using phage display. The aims of this study were to identify a human MSC-specific peptide 

sequence through phage display, combine it with the apatite-specific sequence, and verify the 

specificity of the combined dual-functioning peptide to both apatite and human bone marrow 

stromal cells. In this study, a combinatorial phage display identified the cell binding sequence 

(DPIYALSWSGMA, DPI) which was combined with the mineral binding sequence to generate the 

dual peptide DPI-VTK. DPI-VTK demonstrated significantly greater binding affinity (1/KD) to 

apatite surfaces compared to VTK, phosphorylated VTK (VTKphos), DPI-VTKphos, RGD-VTK, 

and peptide-free apatite surfaces (p < 0.01), while significantly increasing hBMSC adhesion 

strength (τ50, p < 0.01). MSCs demonstrated significantly greater adhesion strength to DPI-VTK 

compared to other cell types, while attachment of MC3T3 pre-osteoblasts and murine fibroblasts 

was limited (p < 0.01). MSCs on DPI-VTK coated surfaces also demonstrated increased spreading 

compared to pre-osteoblasts and fibroblasts. MSCs cultured on DPI-VTK coated apatite films 

exhibited significantly greater proliferation compared to controls (p < 0.001). Moreover, early and 

late stage osteogenic differentiation markers were elevated on DPI-VTK coated apatite films 

compared to controls. Taken together, phage display can identify non-obvious cell and material 

specific peptides to increase human MSC adhesion strength to specific biomaterial surfaces and 

subsequently increase cell proliferation and differentiation. These new peptides expand 

biomaterial design methodology for cell-based regeneration of bone defects. This strategy of 

combining cell and material binding phage display derived peptides is broadly applicable to a 

variety of systems requiring targeted adhesion of specific cell populations, and may be generalized 

to the engineering of any adhesion surface.

*Corresponding Author: David H. Kohn, Ph.D., Department of Biologic and Materials Sciences, University of Michigan School of 
Dentistry, 1011 N. University Ave, Room 2213, Ann Arbor, MI 48109-1078, Ph: 734-764-2206, Fax: 734-647-2110, 
dhkohn@umich.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2018 July 01.

Published in final edited form as:
Biomaterials. 2017 July ; 134: 1–12. doi:10.1016/j.biomaterials.2017.04.034.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Biomimetic apatite; peptides; phage display; MSCs; adhesion strength

Introduction

Regeneration of large, clinically relevant volumes of tissue in vivo using transplanted cells is 

dependent on having a biomaterial carrier with surface properties that maximize cell 

attachment and promote cell growth, differentiation and formation of functional extracellular 

matrix (ECM) (1,2). Additionally, designing a biomaterial that can promote adhesion of 

specific cell populations can improve the efficiency of cell based therapies (3). In the context 

of bone tissue engineering, inorganic biomaterials, mineralized synthetic or natural 

polymers, and polymer-mineral composites are used to deliver physical and chemical cues to 

drive cell adhesion and osteogenesis (4–6). For example, functionalizing mineralized 

biomaterials with ECM proteins increases cell attachment, proliferation and differentiation, 

leading to increased bone healing (7–9).

Peptides derived from the functional domains of ECM proteins can direct stem and 

progenitor cells toward a bone lineage (3,7,10,11). Peptide delivery methods involve 

adsorption, covalent immobilization or encapsulation into a biomaterial. The method of 

delivery and modification of the peptide due to cyclization, post-translational modification 

or combination with other peptides play important roles in mediating cell responses (12). 

Adsorption is the primary mode of peptide delivery to mineral surfaces since covalent 

immobilization is not possible. Therefore, the accessibility of cell binding domains once the 

peptide is delivered to a mineral substrate is an important design consideration.

Variability of peptide mediated cell attachment, proliferation, differentiation and tissue 

regeneration can be linked to both the lack of proper presentation of the peptide to cells and 

the lack of peptide specificity to certain cell populations (13–15). Many ECM proteins have 

multifunctional domains that work in conjunction with one another to present cell instructive 

sequences to cell surface receptors. For instance, multifunctional ECM-derived or designed 

peptides such as GTPGPQGIAGQRGVV (P15) and DpSpSEEKFLRRIGRFG (N15)-

PRGDS, respectively, demonstrate cell and mineral binding affinity, and impart 

ostoconductive and ostoinductive cues to adherent osteogenic cells (14,16). P15, with a 

sequence similar to one found in the a1 chain of type I collagen, accelerates bone formation 

in-vivo and has advanced to the clinic in a variety of applications, including healing of 

periodontal defects, sinus augmentation, alveolar ridge augmentation, fracture healing and 

lumbar fusion (17–20).

In addition to a cell binding sequence, incorporating a second sequence that tethers the 

peptide to a biomaterial can mimic these ECM multifunctional domains. Material binding 

domains have been combined with BMP and VEGF derived peptides to increase adsorption 

to biomineral surfaces, which in turn can increase cell proliferation, differentiation and drive 

osteogenesis (9,11,21,22). Combining cell adhesive peptides with material specific binding 

domains may allow for greater control of peptide parameters that influence cell recognition. 

In addition to changing the structure of a peptide, a dual functioning peptide having a 
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material adsorption component can control the presentation of the cell binding sequence to 

cell surface receptors via both the cell and material binding domains (9,21).

In order to mediate cell specific interactions on apatite surfaces, we used phage display to 

identify a peptide sequence with high affinity and specificity of binding towards apatite 

(VTKHLNQISQSY, VTK), especially when phosphorylated (23). The primary aims of this 

study were to use phage display to identify a human bone marrow stromal cell (hBMSC) 

specific sequence, combine it with VTK and measure apatite binding affinity, hBMSC 

adhesion strength, and specificity to hBMSCs when the apatite and cell-specific peptides are 

combined into a dual functioning peptide.

Materials and Methods

Biomaterial preparation

Hydroxyapatite disks (HAP) for the phage display experiments (10 mm diameter x 4 mm 

thick) were pressed from powder (Plasma Biotal Ltd. P220) at 1 metric ton for 1 minute and 

sintered at 1350°C for 5 hours (heating rate of 10°C/minute). Biomimetic apatite films with 

a non-stoichiometric apatite surface similar to the inorganic bone micro-environment were 

used to characterize cell attachment. Apatite films were prepared by immersing 85:15 

polylactic-co-glycolic acid (PLGA, Alkermes) thin films in a simulated body fluid to 

precipitate carbonate substituted apatite with plate like nanofeatures. A 5 w/v% PLGA-

chloroform solution was cast on 15 mm diameter glass slides. The PLGA films were etched 

in 0.5M NaOH and immersed in modified simulated body fluid (mSBF) for 5 days at 37°C 

with fluid changes every 24 hrs. The mSBF was made by dissolving the following reagents 

in Millipore water at 25°C and titrating to pH 6.8 using NaOH: 141 mM NaCl, 4.0 mM KCl, 

0.5 mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2•2H2O, and 2.0 mM 

KH2PO4.

Cell sources and culture

MSCs from various sources (human, mouse primary, human iPS), osteoblasts and fibroblasts 

were used to assess specificity of peptides to cells. Clonally derived human bone marrow 

stromal cells (hBMSC) were a generous gift from the NIH (24,25). Murine bone marrow 

stromal cells (mBMSCs) were harvested from femora and tibiae of 5–6 week old female 

C57/BL6 mice (Jackson Laboratories). All BMSCs were cultured in alpha minimum 

essential media (α-MEM) (Gibco, #12561) with glutamine containing 20% fetal bovine 

serum (FBS) and antibiotics (100 U/mL penicillin, 0.1 mg/mL streptomycin (P/S)) (Gibco, 

#15140) at 37°C in a 5% CO2 incubator. Induced pluripotent stem cell derived MSCs (iPS-

MSC) were a generous gift from Dr. Paul Krebsbach. iPS-MSCs were cultured in (α-MEM), 

20% FBS, antibiotics, 200mM L-glutamine, and 10mM non-essential amino acids. MC3T3-

E1 and mouse dermal fibroblasts (MDFs) were a gift from Dr. Renny Franceschi. MC3T3-

E1 cells and mouse dermal fibroblasts were cultured in alpha minimum essential media (α-

MEM), 10% FBS, and antibiotics. All cells were passaged when they reached 80–90% 

confluence. Media was replaced every 2–3 days.
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Combinatorial phage display and screening for hBMSC specific peptides

Peptide sequences with affinity for hBMSCs were identified by screening the Ph.D.12™ 

Phage Display Library (New England Biolabs, #E8110S), consisting of 109 different phage 

with 12-mer amino acid linear peptide inserts, against clonally derived hBMSCs (Passage 3–

6). 2×104 hBMSCs were plated in 2 wells of a 6-well dish and cultured for 6 days in culture 

media at 37°C and 5% CO2. After 6 days of culture, the NEB 12-mer peptide library was 

prescreened against sintered HAP disks prior to introduction to the cells, to preferentially 

screen for sequences attracted to the cells and not the apatite. A streptavidin control was run 

in a separate dish per the manufacturer’s protocol.

Plated cells in 6-well dishes were rinsed 2X with phosphate buffered saline (PBS, Gibco 

#10010) and pre-blocked with α-MEM containing 0.1% bovine serum albumin (BSA) 

without supplements at 37°C and 5% CO2 for 30 minutes. The aliquot of phage harvested 

from the HAP disks was then introduced to the cells (n=2). Non-binding phage were then 

discarded, and the cells were washed 5X in cold PBS. The phage bound to the cells was 

eluted with 1 mL of Glycine/HCl, pH 2.2, with 1 mg/mL BSA for 10 minutes at room 

temperature while being gently rocked. The eluted phage was collected and neutralized with 

1M Tris-HCl, pH 9.1. Three rounds of panning were performed for each sample.

RELIC analysis

The bioinformatics tool REceptor LIgand Contacts (RELIC) (26–28) was used to analyze 

the data from the phage display. The programs DNA2PRO, MOTIF1, and INFO determined 

peptide translation sequences from DNA code, continuous conserved motifs within the 

peptide population allowing for conservative substitutions, and information numbers for 

each peptide reflecting the probability of selecting individual phage by chance, respectively. 

The phage display experiment on hBMSCs yielded 50 candidate peptides, which were 

subsequently used in the MOTIF1 and INFO programs. The program MOTIF1 searched for 

3-mer and 4-mer continuous conserved motifs. The program INFO was run with subtraction 

of a random selection of phage from the parent library (12R, 441 random sequences from 

NEB 12-mer Ph.D. kit).

Phage immunohistochemistry labeling and scoring

1×104 hBMSC cells (Passage 5–6) were grown to confluence, and prior to phage 

introduction, the media was removed and the cells were incubated with 500μL of α-MEM 

containing 0.1% BSA overnight at 37°C in 5% CO2. Phage plaques selected based on 

RELIC analysis (Table 1, 1st column) were introduced to this culture medium at a 

concentration of 0.5 × 1011 pfu/100μL and allowed to mix gently for 2 hours at 37°C in 5% 

CO2. The media with phage was removed, and the cells were washed 6X with PBS. The 

cells were then fixed in 4% paraformaldehyde (Electron Microscopy Sciences #15710) in 

PBS for 10 minutes and washed 2X with PBS. Half of the fixed slides for each peptide were 

treated with 0.1% saponin in 0.1% BSA:PBS. All fixed slides were incubated with mouse 

anti-M13 monoclonal antibody (GE Healthcare, #27-9420-01) diluted to 1:250 in PBS for 1 

hour. The cells were washed 3X with PBS, and then incubated with FITC-conjugated sheep 

anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., #515-095-003) diluted 1:250 

in PBS for 1 hour, covered from light. The cells were again washed 3X in PBS and allowed 
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to soak in PBS overnight. The antibody solution, PBS wash solution, and PBS overnight 

soak solution for the saponin treated slides contained 0.1% saponin.

Cells were covered with a glass coverslide after preparing in Vectashield (Vector 

Laboratories H-1200), and were subsequently viewed on a confocal laser-scanning 

microscope at an excitation wavelength of 488 nm (Nikon TE 3000 Inverted Microscope). 

For phage immunohistochemistry (IHC) analysis, a BioRad Radiance 2000 LaserSharp 

program was used to image 20 μm into the depth of the cells at 2 μm intervals under 20x 

magnification. An excitation wavelength of 568 nm was used to obtain similar series of 

images to identify the cells in the background without exciting the FITC attached to the 

phage. Each series of images was compiled in the LaserSharp program to obtain images 

showing adhesion of phage onto or into cells. Controls included: cells without phage 

receiving both antibody and FITC, and cells only to detect any background fluorescence. 

Two samples for each phage and each condition were imaged. Three individual scorers 

blinded to the phage number and saponin treatment scored each image on a scale of 0–3 (3 

having the most stain present). The 3 independent scores (n = 2 each) were averaged, and 

phage having the highest stain present in both saponin treatments were further considered. 

The combined IHC score was taken as the addition of scores with and without saponin.

Peptide synthesis

Single and dual function experimental and control peptides were synthesized using solid 

phase synthesis and protective chemistry (Table 2). High performance liquid 

chromatography was used to verify > 95% purity. Peptides were stored at −20++C until use 

in each experiment.

Langmuir isotherms

Peptides were solubilized in water and diluted in Trizma buffer (pH 7.5). Photometric 

readings for peptide standard curves and samples were taken at 25°C using a multi-well 

plate reader measuring UV absorbance from 205–240 nm at 5 nm increments. The 

absorbance wavelength that produced the best linear curve fit for standards was used to 

calculate sample concentrations before and after the adsorption assay. This wavelength 

varied between 205–215 nm for single peptides and 230–235 nm for dual peptides. Isotherm 

experiments were conducted using HAP powder (Sigma-Aldrich Co.) with an average 

particle size of 18–30 μm and a surface area of 50 m2/g suspended in Trizma buffer pH 7.5 

for 2–3 hours at 37°C prior to experiments. A powder presents a relatively high surface to 

volume ratio allowing less peptide usage in a smaller volume.

Adsorption assays were conducted by incubating an HAP suspension and peptide solution in 

a 96-well Millipore filter plate for 3 hours at 37°C under agitation. A standard curve was 

also generated for each peptide binding experiment, where the solution was incubated with 

an equivalent volume of Trizma instead of the HAP suspension. This standard curve was run 

to account for any potential loss of peptide to the Millipore plate as well as account for any 

Trizma volume lost to the Millipore filter plate. The experimental solution and the solution 

associated with the standard curve were filtered into a fresh 96-well plate and the amount of 

unbound peptide was determined using UV absorbance and standards. Bulk peptide 
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concentrations ranged from 0–2000 μg/mL. Material specific peptides demonstrated no 

affinity towards tissue culture polystyrene surfaces, negating the possibility of non-specific 

binding. To assess peptide affinity to apatite, Langmuir isotherms of bulk versus bound 

peptide were constructed and linearized to determine binding affinity (1/KD) and maximal 

adsorption concentration (Vmax) using the following equation: (29,30)

where Cb is the bulk concentration of peptide and Cs is the concentration of peptide bound to 

substrate, and KD is the dissociation constant. Vmax and KD were calculated from the slope 

and intercept of the linearized curves. Two experiments were done, each with 3 replicates 

(n=6). The Gibbs free energy of adsorption  was calculated using the following 

equation (31):

where the gas constant (R) = 8.314 J mol−1 K−1, ambient temperature (T) = 310 K, and the 

molar concentration of solvent water, Csolv = 55.5 mol L−1.

Cell adhesion assays

Biomimetic apatite films were incubated in ddH2O overnight to remove excess salts, and 

then incubated in Trizma buffer prior to use. Mineralized films were attached to the bottom 

of 24 well plates with adherent carbon tabs (Ted Pella, Inc). Films were subsequently 

incubated in 100 μg/mL of peptide solution for 3 hrs, washed and blocked with 1% 

denatured BSA to reduce non-specific cell attachment. The amount of peptide on apatite 

coated films was quantified using UV absorbance and a BCA assay. Loading efficiency on 

biomimetic apatite was not significantly different across peptide groups (Fig. S2). Cell 

centrifugation assays using hBMSCs, IPS-MSCs, mBMSCs, MC3T3s and MDFs were 

conducted using a seeding density of 35,000 cells/cm2.

Peptide coated films, no peptide controls, and films used for standard curves were incubated 

with cells for 3 hours at 37°C and 5% CO2 in serum-free media. Peptide coated films and 

no-peptide controls were subsequently washed, wells were filled with PBS, inverted, sealed 

and centrifuged with forces of 0 – 10−5 dynes using an Eppendorf 5810r centrifuge for 5 

minutes (32,33). At forces above 10−5 dynes, mineral and FITC-BSA were washed away. 

Detached cells were removed, and cell numbers on peptide coated films, no peptide controls 

and standard curves were determined using the WST-1 assay (Clontech Laboratories, Inc.). 

A standard curve was constructed for each cell type each time an experiment was run. 

Adherent cell fractions on peptide coated apatite groups were normalized to no-peptide 

apatite film controls at each centrifugation speed. Half-cell detachment forces (τ50), the 

force at which 50% of the cells detach, were calculated by fitting the remaining adherent cell 

fraction (%) to sigmoidal curves using the Boltzmann equation.

Ramaraju et al. Page 6

Biomaterials. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Where L1 = lower asymptote, L2 = upper asymptote, x0 is the inflection point, and dx is the 

slope at the inflection point. A least squares regression, with unbounded constraints on X0 

allows for determination of these parameters.

Cell proliferation and differentiation

Cells were cultured on peptide coated apatite or non-peptide coated controls for 0.75, 3, 7, 

and 10 days in complete media. Media was changed every 2 days and cell numbers were 

quantified using the WST-1 assay (Clontech Laboratories, Inc.). Cells were differentiated for 

0, 3, 7, 10, 14, 21, 28 days in complete media containing osteogenic factors (10−8M 

Dexamethasone, 2–5mM β-glycerophosphate, 10−4 M ascorbic acid). Samples were 

collected (n=3, 6 biological replicates pooled pairwise) in TRIZOL® (ThermoFisher 

Scientific), homogenized, phase-separated in chloroform, and RNA was precipitated in 

500μL isopropanol. RNA was subsequently washed in 80% ethanol, dried and dissolved in 

RNA grade double distilled water (Milipore) at 70°C. The amount of RNA was measured 

using a spectrophotometer and 1μg was used for reverse transcription using SuperScript II 

reagents (ThermoFisher Scientific). TaqMan® Universal PCR Master Mix and Taqman® 

primer probes (Runx2, Hs00231692_m1;OSX, Hs01866874_s1; ALP, Hs00758162_m1; 

OCN, Hs01587814_g1) were used for all qRT-PCR reactions. Cycle threshold (CT) values 

were normalized to GAPDH(Hs02758991) expression and day zero values for each gene 

were used to calculate ΔΔCT values. Gene expression was expressed as fold change 2−Δ ΔC
T. 

Although gene expression levels were calculated for all timepoints, earlier timepoints 

(d3-15) are presented for Runx2 and OSX (early markers of osteogenic differentiation), 

whereas later time points (d10-28) are presented for ALP and OCN (later markers of 

differentiation).

Cell morphology and immunohistochemistry

Mineralized peptide coated and uncoated controls containing adherent cells (35,000 cells/

cm2) from detachment force assays (0 dynes) were washed twice in PBS, fixed in 10% 

formalin buffer, permeabilized in Triton X, stained with Rhodhamine-Pholloidin 

(ThermoFisher Scientific) for F-Actin and mounted in Vectashield containing DAPI 

(Vectorlabs) on glass coverslips. Images were acquired with a NIKON Ti-Eclipse Confocal 

Microscope using a 20x objective. Images from 4 samples per group and 10 fields per 

sample (treated as n=40 individual samplings) were analyzed using Image J software (NIH). 

Each field was analyzed for cell number using the DAPI stain, total cell spread area marked 

by F-actin stain, and total cell spread area per cell was calculated from the initial two 

measurements.

Statistical methods

Single factor ANOVA was used to determine differences in binding affinity, half-cell 

detachment forces and quantitative histomorphometry amongst the different peptides using 
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SigmaPlot 13.0 (Systat Software Inc). Two-way ANOVA with Tukey tests for pairwise 

comparisons was used to analyze cell proliferation and differentiation (peptide x time).

Results

Phage display on hBMSCs

Phage display identified 50 high binding sequences which were subsequently screened using 

the RELIC informatics tools and immunohistochemistry (Fig 1a). The INFO analysis 

revealed a shift towards higher information content in the phage identified as binders to 

hBMSCs, compared to the NEB background (Fig. 1b). Higher information content describes 

a peptide sequence less likely to occur by chance. For the set of 50 peptides, a peptide 

sequence was deemed a higher information clone if the information measure was greater 

than 33.5, and 27 of the 50 peptides were labeled as high information clones. The shift 

towards higher information content shows that the successive rounds of panning isolated a 

unique pool of phage bound to the hBMSCs; however, the results from both the MOTIF1 

and INFO show that one unique sequence was not identified. Rather, multiple sequences 

with high information and shared motifs were identified. A subset of 20 sequences, 10 

higher information clones and 10 lower information clones, were therefore analyzed using 

immunohistochemistry. All 20 sequences contained shared motifs.

From the 50 candidate sequences derived from phage display, the MOTIF1 program 

identified continuous motifs 3 and 4 amino acids long as NHT, and (S/T)(I/V)LS, 

respectively (Fig. 1c). The motif NHT was present in 6% of the peptides, whereas (S/T)(I/

V)LS was present in 12%. The streptavidin control yielded the consensus HPQ sequence, 

signaling successful panning.

The peptide sequence, DPIYALSWSGMA, had the highest combined IHC score (Table 1). 

The higher information clones had an average combined score of 3.50 ± 1.01, whereas the 

lower information clones had an average combined score of 2.23 ± 1.20. RELIC INFO 

analysis (Fig. 1b), RELIC MOTIF frequency data showing amino acid frequency by position 

(Fig. 1c), and IHC scoring (Table 1) collectively identified two hBMSC preferential binding 

sequences: DPIYALSWSGMA [DPI] and LLADTTHRPWT [LLA]. Phage expressing DPI 

and LLA show positive binding to hBMSCs with and without saponin (Table 1). Peptide and 

cell attachment assays demonstrated greater DPI-VTK adsorption to apatite and greater 

MSC attachment to peptide coated apatite surfaces compared to LLA-VTK and controls 

(Fig. S1). DPI was therefore used to construct the dual functioning peptides.

Peptide binding isotherms on HAP

Mineral binding and mineral + cell binding peptides reached an adsorption equilibrium 

between 0–1000 μg/mL, indicating saturation on apatite (Fig. 2a,b). The phosphorylated 

mineral specific sequence VTKphos demonstrated a significantly greater binding affinity to 

apatite than VTK (Table 3). The dual-functioning phage derived peptides DPI-VTK 

(p<0.001), DPI-VTKphos (p < 0.01) and dual functioning peptide with cell binding control 

RGD-VTK (p < 0.01) demonstrated significantly higher binding affinities than the single 

peptides. DPI-VTK had a higher binding affinity than DPI-VTKphos (p < 0.01). Although the 
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acidic residues in E7 bind strongly with the cationic components of HAP, the binding 

affinity of RGD-E7 was lower than predominantly charge neutral RGD-VTK and DPI-VTK 

(p<0.01).

Experimentally measured values for the concentration of peptide required to reach 

equilibrium, Vmax, (Table 3) were within the range of monolayer adsorption concentrations 

for proteins and peptides found in the literature (29,30), and calculated Vmax values based on 

cross-sectional area of each peptide in a linear and cyclic conformation. Vmax was is lower 

for VTKphos than for VTK. Vmax for single peptides was significantly higher than dual 

peptides (p < 0.01) with the exception of RGD-E7.

Cell adhesion strength on dual-peptide coated mineral

Dual peptides RGD-VTK and RGD-E7 yielded the highest percent cell attachment when no 

force was applied (Fig. 3a, p < 0.01). However, as forces were applied, larger cell fractions 

remained adherent to DPI-VTK compared to other peptide coated and control groups (Fig 

3b,c). Consequently, τ50 for the DPI-VTK sequence was significantly higher than for the 

other peptides (Table 4, p < 0.01).

Human BMSCs exhibited a more spread morphology on RGD-VTK, DPI-VTK and RGD-

E7 compared to other peptides (Fig. 4a). The total surface area covered by cells was 

significantly greater on RGD-VTK and RGD-E7 coated surfaces, however, spread area/cell 

was significantly greater on DPI-VTK compared to RGD-VTK and RGD-E7 (Fig. 4b,c p < 

0.01).

hBMSC specificity to dual-peptide coated mineral

Human BMSCs, mBMSCs and iPS-MSCs bound more strongly to DPI-VTK than murine 

pre-osteoblasts and fibroblasts (Fig. 5a, p < 0.01). RGD-VTK bound weakly to hBMSCs, 

however it promoted stronger adhesion to MC3T3s and MDFs than DPI-VTK (p < 0.01). 

Although iPS-MSC adhesion to DPI-VTK was greater than to RGD-VTK (p < 0.01), iPS-

MSCs demonstrated similar adhesion strength on RGD-VTK compared to pre-osteoblasts 

and fibroblasts.

hBMSCs interacting with DPI-VTK and RGD-VTK were more round and less spread 

compared to mBMSCs and iPS-MSCs (Fig. 5b). MC3T3s and MDFs spread more on RGD-

VTK compared to DPI-VTK. Conversely, MSCs spread more on DPI-VTK compared to 

RGD-VTK. Total cell spread area was significantly greater on RGD-VTK compared to DPI-

VTK across all cell types (p < 0.01), with the exception of mBMSCs. However, spread area 

normalized to number of MSCs was greater on DPI-VTK compared to RGD-VTK (Fig. 

5c,d). The converse relationship was observed with MC3T3 and MDFs, indicating that more 

hBMSCs bound to RGD-VTK, but MC3T3s and MDFs bound and spread more favorably.

MSC proliferation and differentiation on peptide coated apatite

Human MSCs proliferated to a greater extent on RGD-VTK coated apatite at 18 hr 

compared to biomimetic apatite without peptide (Fig. 6a, p <0.016). However by day 7, the 

number of cells on DPI-VTK coated apatite was significantlygreater (p < 0.001). Cell 
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numbers on DPI-VTK coated apatite were also significantly higher than on apatite coated 

with VTK and RGD-VTK on day 10 (p < 0.05). By day 10, cells reached a saturation 

density beyond which cells entered the lag phase and cell numbers exceeded detection 

limits.

Human MSCs were cultured on TCPS to verify osteogenic differentiation potential and 

relative gene expression levels were expressed as fold changes 2−ΔΔCT (Fig. S3. The 

osteogenic transcription factor Runx2 is elevated by day 10 followed by an increase in 

Osterix, indicative of early stage induction of osteogenic differentiation (Fig. S3a,b). Later 

markers of osteogenic differentiation, alkaline phosphatase (ALP) and osteocalcin (OCN), 

are elevated by day 20 (Fig. S3c,d), which coincides with mineralization (Fig. S3e). 

Expression of both early and late stage markers for osteogenic differentiation on biomimetic 

apatite is different from TCPS.. Therefore, mineralized films were used as a baseline for 

comparing MSC differentiation on peptide coated apatite films (Fig. 6,b-e). Apatite films 

coated with DPI-VTK had significantly greater Runx2 expression compared to uncoated 

films (p <0.023). Runx2 expression also peaked more rapidly on DPI-VTK coated substrates 

(day 7), compared to day 10 on apatite controls (p < 0.05). Cells adherent to DPI-VTK 

coated apatite had greater OSX expression compared to controls on day 10 (p < 0.001). ALP 

expression was significantly higher on days 14, 21, and 28 compared to days 3 and 7 across 

both groups (p <0.001). Finally, OCN expression was significantly higher on DPI-VTK 

compared to BLM (p < 0.001).

Discussion

Human BMSC specific peptide sequences were discovered using a combinatorial phage 

display (Table 1, Fig. 1). Apatite-specific peptide sequences were similarly discovered using 

a combinatorial phage display (27) and, in this study, were combined with cell-specific 

sequences to create new dual functioning peptides with one domain having preferential 

affinity for a specific material chemistry and a second domain having preferential affinity for 

a specific cell population. There are three aspects of this work that are novel and have the 

potential to have an impact. First, the discovery and use of new, non-intuitive sequences 

discovered via phage display represents a different design approach compared to the more 

conventional use of known ECM sequences. Second, the specificity of the phage-derived 

sequences to the biomaterial and cells of interest represents an advancement over most other 

sequences, which are non-specific. The modular approach to engineer dual functioning 

peptides from the phage toolbox is also a component of this new design approach.

Both cell and mineral binding domains contributed to the binding of dual functioning 

peptides to apatite (Table 3). Combining the two sequences improved both binding affinity 

and cell adhesion strength compared to the single peptides. Phosphorylation is a common 

post-translational modification in natural ECM peptides and proteins that interact with 

mineral (14,23). For example, unphosphorylated domains of dentin phosphoproteins (DPP) 

are more mobile, flexible, and can fold over HAP surfaces, but the phosphorylated domains 

drive association with mineral (34). Although phosphorylation drives apatite binding affinity 

of DPP and osteopontin derived ASARM peptides, it is the glutamic and aspartic acid 

residues that are involved in binding to the apatite surface (34,35). These data indicate an 
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interplay between sequence, conformation, charge distribution and apatite affinity of 

phosphorylation, and all of these peptide parameters could contribute to the different apatite 

affinity of DPI-VTK vs. DPI-VTKphos compared to VTKphos vs. VTK. Moreover, RGD-E7, 

which has an acidic mineral binding motif, had the lowest binding affinity amongst the dual 

functioning peptides. The KD values for RGD-E7 (Table 3) are consistent with studies using 

similar materials and assay conditions (22). Conformational and charge distributions of 

bound peptide could also contribute to the differences in Vmax. Single peptides can pack 

more efficiently because of smaller size, however the increased saturation concentration of 

RGD-E7 could be a result of non-Langmuir kinetics and potential aggregation in the 

solution state. Taken together, peptide sequence and conformation also contribute to packing 

efficiency.

The half-cell detachment force is the force at which 50% of the initially bound cell 

population becomes detached. Detachment forces are a surrogate for how strongly cells 

attach to the substrate. The strength of attachment is related to the formation of specific 

peptide and cell surface receptor interactions. Since the adhesion timeframe in serum-free 

media allows for initial attachment only, the detachment force correlates with the average 

number of peptide-cell ligand interactions over a population of cells (33). Human BMSCs 

seeded on the dual-functioning phage derived peptide DPI-VTK had the highest adhesion 

strength (Table 4). Although cells interacting with VTK and VTKphos exhibited a similar 

initial attachment as cells interacting with DPI-VTK, they did not exhibit the same adhesion 

strength as cells interacting with DPI-VTK (Fig. 3b). This indicates that adhesion strength of 

cells to DPI-VTK is largely driven by the interaction with the DPI domain of the peptide.

The weaker attachment of hBMSCs to DPI-VTKphos compared to DPI-VTK (Table 4) may 

indicate that phosphorylating the mineral sequence compromises the presentation of the DPI 

sequence to the cell. Favorable binding to apatite and increased adhesion strength of 

hBMSCs to DPI-VTK compared to DPI-VTKphos, indicate an indirect effect of the cell 

specific sequence on mineral association and an indirect effect of mineral sequence on cell 

association. Adding DPI to the VTK sequence could lead to conformational changes to 

either the mineral or cell binding sequences that enhance mineral binding affinity. Once 

bound, association with the biomimetic apatite could cause another structural change in 

either DPI or VTK, resulting in a change in affinity to cell binding targets.

More hBMSCs were initially bound to RGD-VTK and RGD-E7 compared to DPI-VTK and 

DPI-VTKphos (Fig. 3a). Cell attachment to these peptides indicates that hBMSC cell surface 

receptors bind to both DPI and RGD peptides, as expected, and validates the results of the 

phage display. Although there was less initial hBMSC attachment on DPI-VTK compared to 

RGD-VTK, DPI-VTK was more favorable for hBMSC spreading (Fig. 4c), a finding 

supported by the increase in adhesion strength of MSCs on DPI-VTK vs. RGD-VTK (Fig. 3, 

5). The prevalence of more spread cells indicates more cell-matrix interactions that result in 

stronger attachment forces.

The adhesion strength of MSCs to DPI-VTK was greater than to pre-osteoblasts and 

fibroblasts (Fig. 5a). These data indicate that the phage derived peptide has interactions that 

are specific to cell-surface receptors on MSCs, and verifies that phage display is capable of 
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yielding cell-specific peptide sequences. Although hBMSCs demonstrated higher initial 

attachment to RGD-VTK and RGD-E7 (Fig. 3a), the weaker adhesion strength is indicative 

of weak association between hBMSC binding targets and RGD when presented with either 

E7 or VTK material binding sequences.

The absence of highly acidic residues in either set of sequences is an unexpected outcome of 

the phage selection process. VTK and DPI are comprised of 25% and 50% hydrophobic 

sequences respectively (Table 2, bold letters). Phage display exhibits a selection bias for 

peptides with hydrophobic sequences (36). Numerous bone ECM derived peptides 

containing charged or polar residues are thought to drive apatite binding. Although this 

hydrophobic bias seems counterintuitive for apatite binding, it could be a promising tool for 

biomolecule delivery. Peptides with charged and acidic residues that react with the defined 

periodicity of Ca2+ ions in the HAP crystal lattice also interfere with the adsorption of serum 

proteins (15,37).

Alternatively, Col I derived peptides DGEA, GFOGER, and P15 increase MSC attachment 

to hydroxyapatite and demonstrate greater osteogenesis in vivo compared to RGD (17,37). 

Col I derived peptide conformation, in addition to specificity towards non-RGD binding 

integrins, contribute to greater osteogenesis in vivo. Similarly, the phage-derived peptide 

DPI-VTK may exhibit non-RGD binding integrin specificity while selectively improving 

MSC adhesion strength towards hydroxyapatite. While other Col I derived peptides, such as 

P15, have been investigated in greater depth and have advanced to use in humans, they 

mimic known sequences in ECM molecules. The phage-derived peptide DPI-VTK contains 

non-obvious amino acid sequences in both the mineral and cell-binding domains and results 

in MSC-specific adhesion. Increased adhesion strength from binding specific MSC receptors 

can also increase mechanotransductive and/or osteogenic signaling cascades (38,39). For 

instance, Col I receptor binding leads to greater osteogenecity than RGD-integrin binding 

(40–42). Stronger RGD-integrin receptor binding as a result of co-delivery with fibronectin 

fragments also leads to greater osteogenecity. DPI may be demonstrating specificity to a 

combination of non-RGD integrins, which could be contributing to its increased adhesion 

strength to MSCs compared to fibroblasts and osteoblasts.

Although more cells initially bound RGD-VTK, there were more cells on DPI-VTK 

compared to RGD-VTK by day 7 (Fig. 6a). The increased cell proliferation on DPI-VTK 

could be attributed to the attachment of a more proliferative MSC subpopulation or through 

a peptide induced effect. Early expression of Runx2 and OSX followed by increased ALP 

expression indicate osteogenic differentiation of MSCs on DPI-VTK (Fig. 6b). Interestingly 

MSCs cultured on VTK exhibit elevated gene expression for differentiation markers ALP 

and OCN compared to apatite films. Taken together, DPI-VTK enhanced proliferation and 

differentiation of MSCs on mineralized substrates compared to uncoated substrates.

The data presented in this paper indicate that phage display can be used to identify hBMSC 

and material specific peptides that increase cell attachment, spreading, proliferation, and 

differentiation on biomaterial surfaces, which can drive improved regeneration in vivo.
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Conclusion

DPIYALSWSGMA was discovered via phage display as a high MSC binding sequence. This 

peptide was combined with a mineral binding sequence, VTKHLNQISQSY, to form a 

modular, charge-neutral dual peptide capable of anchoring to a biomimetic surface and 

specifically recruit MSCs to the surface. The dual peptide DPI-VTK increased binding 

affinity to apatite compared to cell, mineral, and dual peptide controls. Moreover, DPI-VTK 

improved MSC attachment and specificity, and promoted cell spreading, proliferation and 

differentiation on apatite. These data demonstrate the utility of phage display to recruit 

specific cell populations to specific biomaterial substrates. The strategy of generating 

modular peptides for specific cell recruitment can broaden the existing strategies for bone 

tissue regeneration.
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Figure 1. 
Combinatorial phage display on clonally-derived human bone marrow stromal cells. A) 

Schematic displaying data analysis progression used to identify peptides that preferentially 
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adhere to clonally derived hBMSCs. B) INFO content values calculated in RELIC for NEB 

background and phage subset identified as preferential binders to clonally derived hBMSCs. 

High information content correlates to a lower incidence of being selected by chance. The 

phage subset shows a shift towards a higher information content signifying this subset was 

selected based on the binding affinity to hBMSCs. The INFO values of the two phage 

sequences, LLADTTHHRPWT and DPIYALSWSGMA, used in the final dual-functioning 

peptide design are labeled on the graph. C) Consensus sequences from the MOTIF1 program 

showing (S/T)(I/V)LS and NHT as the 4- and 3-mer motifs having the most frequent hits. 

Peptides DPIYALSWSGMA and LLADTTHHRPWT are included to show sequence 

homology with the 4- and 3-mer motifs identified via MOTIF1.
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Figure 2. 
Langmuir isotherms of A) mineral binding and B) dual functioning peptides on 

hydroxyapatite. Cb is the bulk concentration of peptide in solution and Cs is the bound 

concentration of peptide on hydroxyapatite. Data points represent triplicates from 2 separate 

adsorption experiments (n=6).
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Figure 3. 
HBMSC adhesion strength on single and dual-functioning peptide coated apatite films. A) 

Cell attachment across different peptide groups exposed to a range of detachment forces 

(n=6) * denotes significant difference from other peptides (p<0.01). Sigmoidal curve-fitting 

of cell attachment data depicting force at which 50% of the initially adherent cells become 

detached (n=6) is greater on DPI-VTK compared to B) mineral binding peptides and C) 

other dual functioning peptides.
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Figure 4. 
hBMSC spreading (35,000 cells/cm2) on single and dual-functioning peptide coated apatite 

films. A) Confocal microscopy images at 40x depicting cell spreading on peptide coated 

apatite films. F-actin labeled with Rho-Pholloidin and nuclei labeled with DAPI. Scale bars 

10μm. B) Total cell spread area calculated from Image J analysis of Pholloidin-stained area 

(n=4 per group x 10 fields of view per sample). * denotes significantlydifferent from 
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unmarked groups (p<0.01) C) Area/cell calculated from Image J (NIH) analysis of 

Pholloidin-stained area (n=4 per group x 10 fields of view per sample). * denotes 

significantly different from unmarked groups (p<0.01)
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Figure 5. 
MSC specific adhesion and spreading on DPI-VTK and RGD-VTK coated apatite films. A) 

Half-cell detachment forces (τ50) calculated from sigmoidal curve-fitting of cell attachment 

data indicating force at which 50% of the initially adherent cells become detached (n=6). 

Bars denote significant differences between peptide groups (p <0.01). * denotes difference 

from MC3T3 and mouse dermal fibroblasts in peptide coated groups. B) Confocal 

microscopy images at 40x depicting spreading on peptide coated apatite films. F-actin 

labeled with Rho-Pholloidin and nuclei labeled with DAPI. Scale bars 10μm. C) Total cell 

spread area calculated from Image J analysis of Pholloidin-stained area (n=4 per group x 10 

fields of view per sample. Bars denote difference within cell types (p < 0.01). D) Area/cell 

calculated from Image J (NIH) analysis of Pholloidin-stained area (n=4 per group x 10 fields 

of view per sample). Bars denote difference within cell types (p < 0.01).

Ramaraju et al. Page 23

Biomaterials. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. MSC proliferation and differentiation on peptide coated apatite substrates
(A) MSC proliferation on peptide coated apatite substrates. * different from apatite control 

and TCPS (p < 0.001). * Different from apatite control (p <0.001). ** Different from VTK 

(p < 0.05). (BE) Differentiation of iPS-MSCs on biomimetic apatite and peptide coated 

apatite. B,C). Relative gene expression of early osteogenic transcription factors Runx2 and 

OSX normalized to day zero and GAPDH values (n=3). D–E) relative gene expression of 

genes regulating late stage osteogenic markers ALP and OCN normalized to day zero and 

GAPDH values (n=3).
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Table 1

Immunhistochemistry scoring

Phage with Peptide Sequence Tested Information Level Average Score Without 
Saponin

Averge Score With 
Saponin

Combined Score

YPLRPNAESLRF high 1.00 1.50 2.50

DPIYALSWSGMA* high 2.17 2.83 5.00

NATHLTADHVNK high 1.67 2.00 3.67

YPSAPPQWLTNT high 1.50 1.67 3.17

AQHIRSWDGFSH high 0.00 1.50 1.50

LPLYTSPDKPGK high 1.67 2.00 3.67

SILNYPTNPGIA high 2.33 2.17 4.50

LLADTTHHRPWT high 2.00 1.50 3.50

HPIRVQPDWGFL high 1.83 1.33 3.17

VETHTTQWLITEV high 1.83 2.50 4.33

TPMGRPHPETPA low ** 1.33 1.33

SGKTSLISHAAL low 0.00 0.17 0.17

NHLPLPPPAATM low ** 1.17 1.17

SDTQMPPAXGRA low 0.33 2.17 2.50

GYLPLHSITYRP low 1.83 1.50 3.33

QLLEPVNLSTGP low 1.83 1.33 3.17

WHPPKGLSPLPD low 0.67 1.33 2.00

FRLPGSLINHPQ low 1.33 2.17 3.50

SILSTMSPHGAT low 0.00 0.83 0.83

NYNPHNPFPPAP low 1.67 0.67 2.33

*
Peptide sequence chosen as best preferential binder to hBMSC

**
Cells washed away during rinsing and could not be scored

Biomaterials. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ramaraju et al. Page 26

Ta
b

le
 2

Pe
pt

id
e 

Pr
op

er
tie

s

P
ep

ti
de

Se
qu

en
ce

D
es

cr
ip

ti
on

M
W

 (
g/

m
ol

)
N

et
 C

ha
rg

e
A

ci
di

c 
re

si
du

es

V
T

K
V

T
K

H
L

N
Q

IS
Q

SY
Ph

ag
e 

de
ri

ve
d 

m
in

er
al

 b
in

di
ng

 s
eq

ue
nc

e
14

17
.5

9
1

2

V
T

K
ph

os
V

T
K

H
L

N
Q

I(
Sp

)Q
(S

p)
Y

Ph
os

ph
or

yl
at

ed
 p

ha
ge

 d
er

iv
ed

 m
in

er
al

 b
in

di
ng

 s
eq

ue
nc

e 
(c

on
tr

ol
)

15
77

.5
5

−
3

2

R
G

D
G

R
G

D
S

C
el

l b
in

di
ng

 c
on

tr
ol

34
6.

34
0

1

D
P

I
D

P
IY

A
L

SW
SG

M
A

Ph
ag

e 
de

ri
ve

d 
ce

ll 
bi

nd
in

g 
se

qu
en

ce
13

10
.4

9
−

1
3

D
P

I-
V

T
K

G
G

D
P

IY
A

L
SW

SG
M

A
G

G
 G

SV
T

K
H

L
N

Q
IS

Q
SY

D
ua

l f
un

ct
io

ni
ng

 p
ha

ge
 d

er
iv

ed
 p

ep
ti

de
30

25
.3

5
0

5

D
P

I-
V

T
K

ph
os

G
G

D
PI

Y
A

L
SW

SG
M

A
G

G
 G

SV
T

K
H

L
N

Q
I(

Sp
)Q

(S
p)

Y
D

ua
l f

un
ct

io
ni

ng
 p

ep
tid

e 
w

/m
in

er
al

 b
in

di
ng

 c
on

tr
ol

 s
eq

ue
nc

e
31

85
.3

1
−

5
5

R
G

D
-V

T
K

G
G

R
G

D
G

G
G

SV
T

K
H

L
N

Q
I 

SQ
SY

D
ua

l f
un

ct
io

ni
ng

 p
ep

tid
e 

w
/c

el
l b

in
di

ng
 c

on
tr

ol
20

61
.2

0
1

3

R
G

D
-E

7
E

E
E

E
E

E
E

PR
G

D
T

D
ua

l f
un

ct
io

ni
ng

 p
ep

tid
e 

co
nt

ro
l

14
48

.0
0

−
7

8

Biomaterials. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ramaraju et al. Page 27

Table 3

Analysis of Linearized Langmuir Isotherm data

Kd. (μM) Vmax (μmol/cm2) ΔGads (kJ)/mol r2

VTK 74.57±3.59 30.67±5.44 −34.8 0.94

VTKphos 32.67±1.69* 21.49±4.35 −37.0 0.93

RGD-E7 74.13±3.47 328.86±54.39 −34.9 0.95

RGD-VTK 7.36±0.35** 4.92±2.56 −40.8 0.90

DPI-VTKphos 5.04±0.55** 30.05±6.41 −41.8 0.97

DPI-VTK 2.68±0.57*** 17.94±3.22 −43.4 0.93

*
greater binding affinity(1/Kd) compared to RGD-E7 and VTK (p <0.01).

**
greater binding affinity compared to VTK, VTKphos,RGD-E7 (p<0.01).

***
greater binding affinity compared to VTK, VTKphos,RGD-E7, RGD-VTK, and DPI-VTKphos (p<0.01).

ΔG=-RT Ln(Csolv/KD); R = 8.314 J mol−1 K−1; T = 310 K; Csolv = 55.5 mol/L
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Table 4

Half-cell detachment force for hBMSCs on single and dual functioning peptides and correlation coefficient for 

fit of data to sigmoidal curve

τ50 (μdynes) r2

VTK 0.05±0.01 0.93

VTKphos 0.05±0.05 0.97

RGD-E7 0.05±0.47 0.94

RGD-VTK 0.01±0.02 0.91

DPI-VTKphos 0.09±0.02 0.95

DPI-VTK* 0.48±0.02 0.94

*
denotes significant difference with respect to other peptides (p <0.01).
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