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to apatite and that may improve bone tissue regeneration. 
This work also provides structure for investigating peptide/
protein adsorption on apatite substrates with varied carbon-
ate, or other impurity, content.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Clinical challenges exist in treating orofacial and long 
bone defects caused by disease, trauma or congenital de-
fects [Muschler and Midura, 2002; Wiesmann et al., 2004; 
Feinberg et al., 2005]. Traditional graft therapies used to 
treat bone defects often require a second surgical donor 
site and risk the chance of graft rejection [Yaszemski et 
al., 1996]. Bone tissue engineering approaches, developed 
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 Abstract 

 The challenges in engineering bone scaffolds reflect the 
complexity of bone as an organ. The organic-inorganic hy-
brid system design aims to provide signals within a conduc-
tive apatite layer to promote cell adhesion, proliferation and 
ultimately differentiation into bone tissue. Dual functioning 
peptides designed to specifically adhere to the apatite layer, 
while promoting cell adhesion via cell recognition sequenc-
es, may increase cell adhesion, leading to increased os-
teogenesis. The aim of this study is to identify peptide se-
quences with preferential adsorption towards apatite-based 
materials. Bone-like mineral films and hydroxyapatite disks 
were panned with a phage library to elucidate peptide se-
quences with favorable adsorption. Peptide sequences were 
analyzed using the web-based biotechnology tool RELIC 
and validated with a modified ELISA, in addition to being 
investigated using a newly developed method of high-
throughput computational modeling. Peptides having the 
highest affinity and greatest potential to be incorporated 
into a dual functioning peptide design are APWHLSSQYSRT, 
VTKHLN QISQSY and STLPIPHEFSRE. These experiments pro-
vide a method of rationally designing peptides that adhere 
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Abbreviations used in this paper

BLM bone-like mineral
ELISA enzyme-linked immunosorbent assay
HA hydroxyapatite
mSBF modified simulated body fluid
NEB New England Biolabs
PLGA polylactic-co-glycolic acid
TCPS tissue culture polystyrene
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to alleviate problems with traditional graft techniques, 
are designed to promote bone regeneration with the in-
tent of eventual replacement of the biomaterial scaffold-
ing with de novo tissue. Tissue engineering approaches 
to instructing bone growth include conduction, induc-
tion and/or cell transplantation [Alsberg et al., 2001].

  Organic-inorganic hybrid scaffolds are designed to 
employ all 3 tissue engineering approaches of inducing 
bone formation. Deposition of bone-like mineral (BLM) 
onto degradable polymers provides cells a surface that is 
compositionally similar to bone. BLM can also adsorb 
and/or incorporate inductive biomolecules to provide 
spatiotemporally controlled biomolecular cues [Luong et 
al., 2006; Segvich et al., 2008], giving organic-inorganic 
hybrids the potential to influence cell fate. The challenge 
in designing an organic-inorganic hybrid construct is not 
only in fabricating a conductive synthetic apatite that 
cells prefer, but also in deciding which organic molecules 
to incorporate to induce and mimic nature’s ability to de-
velop tissue that has the structure-function properties 
found in native bone.

  Biomimetic methods aim to utilize cell recognition 
motifs by presenting extracellular matrix-derived se-
quences on implant surfaces [Garcia and Reyes, 2005]. 
Bioactive surfaces can initiate cell adhesion, which trig-
gers a cascade of events that signal survival, differentia-
tion and possibly enhanced osseointegration and bone 
repair [Damsky, 1999]. Dual functioning peptides de-
signed to specifically adhere to BLM, while promoting 
cell adhesion via cell recognition sequences may provide 
an environment that increases cell adhesion. The aim of 
this study is to identify peptide sequences that preferen-
tially bind to apatite-based substrates using phage dis-
play, and to validate the sequences with ELISA and com-
putational molecular modeling. Phage display is a selec-
tion technique that presents approximately 10 9  unique 
12-mer amino acid sequences on the protein coat of M13 
phage. After multiple rounds of panning and amplifica-
tion, this technique identifies DNA-encoded peptide se-
quences that have high physical affinity towards an iden-
tified substrate (for example, apatite).

  Materials and Methods 

 Preparation of Biomimetic Films and Hydroxyapatite Disks 
 A 5% (w/v) 85:   15 polylactic-co-glycolic acid (PLGA; Alker-

mes)-chloroform solution was cast on 12-mm-diameter glass 
slides and dried. The PLGA films were etched in 0.5  M  NaOH for 
7 min, rinsed in double distilled H 2 O and soaked in modified sim-
ulated body fluid (mSBF) for 5 days at 37   °   C [Luong et al., 2006]. 

The mSBF solution was prepared in double distilled H 2 O to in-
clude 141 m M  NaCl, 4.0 m M  KCl, 0.5 m M  MgSO 4 , 1.0 m M  MgCl 2 , 
4.2 m M  NaHCO 3 , 5.0 m M  CaCl 2   �  2H 2 O and 2.0 m M  KH 2 PO 4 . 
mSBF, a supersaturated solution that enables self-assembly of a 
carbonated apatite layer onto the PLGA, was changed daily to 
maintain supersaturation and thermodynamic conditions condu-
cive to heterogeneous nucleation. Hydroxyapatite (HA) disks (10 
mm diameter or 4 mm thick) were pressed from powder (Plasma 
Biotal Ltd.) at 1 metric ton for 1 min and sintered at 1,350   °   C for
5 h. The disks were sonicated clean in 10 m M  HCl, then in double 
distilled H 2 O. The HA disks and BLM films were soaked in double 
distilled H 2 O overnight prior to phage panning.

  Phage Display and Qualitative ELISA on Apatite Materials 
 The Ph.D.12 TM  phage display library [New England Biolabs 

(NEB), manual No. E8110S], consisting of approximately 10 9  dif-
ferent phage with 12-mer amino acid linear peptide inserts, was 
panned against BLM films and HA disks. The NEB protocol was 
followed, using glycine/HCl, pH 2.2, to elute high-affinity phage. 
The phage experiment was repeated 3 times, with 3–4 rounds of 
panning per experiment. The DNA from a total of 243 clones was 
sequenced. A streptavidin control confirmed successful panning 
in each experiment. The publicly accessible web-based biotech-
nology tool REceptor LIgand Contacts (RELIC, http://relic.bio.
anl.gov/index.aspx) was used to process high-affinity binding 
phage data acquired in the 3 phage display experiments [Man-
dava et al., 2004]. To verify selective binding to apatite-based sub-
strates, 10 of the identified phage were analyzed using a modified 
ELISA on BLM films, HA disks, PLGA films and tissue culture 
polystyrene (TCPS) wells at 4 phage dilutions (10 6 , 10 7 , 10 8  and 
10 10  plaque-forming units). ELISA methods described in the NEB 
manual No. E8110S were followed. Briefly, each phage dilution 
was incubated on a substrate for 1.5 h with gentle rocking, and 
nonbinding phages were washed off with a Tris-based buffer. 
Horseradish peroxidase-conjugated anti-M13 antibody (GE 
Healthcare, No. 27-9421-01) was used to bind to adherent phage. 
Prior to detection, a 30% H 2 O 2  (Corco, No. 1403)-2 � ,2 � -azino-
bis(3-ethybenz-thiazoline-6-sulphonic acid diammonium salt 
(Sigma, No. A1888) solution in a 0.05  M  citric acid solution, pH 4, 
was added to each well, and after a 50 min incubation at room 
temperature, an aliquot was read on a UV spectrophotometer 
(Bio-Rad SmartSpec 3000) at 410 nm. Background values from 
PLGA and TCPS were subtracted from the HA and BLM data.

  Computational Modeling of Peptides on Apatite 
 Using an HA force field developed from the Universal 1.02 

force field [Rappe et al., 1992], peptide adsorption energies were 
calculated from simulations between HA and 19 peptides that 
emerged from multiple phage display experiments using molecu-
lar modeling techniques. Charge distribution within each pep-
tide, calculated using a QEq charge equilibration [Rappe et al., 
1991], was performed by distributing the appropriate charge of 
the peptide in a neutral environment, pH 7.2, across the molecule. 
After assigning charge, the individual atomic charges were kept 
constant in subsequent calculations to avoid energy fluctuation 
introduced during energy optimization of the structure of the 
isolated molecule and its adsorbate. To find the absolute energy 
minimum through optimization, molecular dynamics simula-
tions under constant number of atoms, volume and energy at
300 K were performed after every energy minimization. In each 
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molecular dynamics simulation, the dynamic step was 0.001 ps 
and total simulation time was 700 steps (0.7 ps). Each peptide was 
run as a neutral or appropriately charged molecule on both a flat 
(001) apatite plane and a [010] step introduced on the (001) plane 
( fig. 1 ). Four different initial start orientations were simulated for 
each peptide on both the flat and step lattices.

  Results 

 Nineteen phage sequences emerged multiple times
after DNA sequencing. Of the 19 clones, 17 were found
in more than 1 experiment on the same substrate, either 

BLM or HA. Of these 17 phage clones, 7 had high affin-
ity towards both BLM and HA ( table 1 ). In all phage dis-
play experiments, the streptavidin control yielded the 
HPQ consensus sequence signifying successful pan-
ning.

  All phage sequences were analyzed with the INFO 
program provided by RELIC. Compared to the NEB 
background phage set, the phage set identified as adsorb-
ing to the HA and/or BLM showed a trend towards high-
er information content. Regions of greater occurrence 
were partitioned, and the partitioned phage lists were 
cross-referenced with repeat phage lists. Of the 19 phage 
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  Fig. 1.  Flat (001) and hexagonal [010] step in (001) lattices used in calculating peptide adsorption energies. 
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  Fig. 2.  Results of modified ELISA of 10 
phage clones on BLM, HA, TCPS and 
PLGA. High adsorption to BLM and HA 
in addition to low adsorption to TCPS and 
PLGA supports that the clones isolated on 
apatite-based materials are substrate spe-
cific. 
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sequences appearing multiple times, over 60% were lo-
cated in a partitioned region of high information ( ta-
ble 1 ).

  Of the 10 phage clones chosen for qualitative ELISA, 
7 occurred as repeats, whereas 3 (STLPIPHEFSRE, 
VSPLSFGSPRYP and WSPAPHVIMGTT) occurred 
only once. Phage dilutions of 10 8  and 10 10  plaque-form-
ing units resulted in positive ELISA readings, with a 
stronger positive signal for the 10 10  dilution ( fig. 2 ). 
TCPS and PLGA films showed consistent background 
adsorption for all peptides and concentrations. Low 
adsorption of the selected phage to TCPS and PLGA 
compared to HA and BLM illustrates the identified 
phage have specificity to apatite-based substrates. Fa-
vorable phage binding was observed for all sequences 
except SSLGLTVSSIMY, VSPLSFGSPRYP and WSPA-
PHVIMGTT ( fig. 2 f, h, j).

  For neutral peptides, rank of peptide adsorption en-
ergy was consistent between the (001) plane and the [010] 
step ( table 2 ). For charged peptides, a less consistent trend 
in peptide rank was observed. Rather, for the charged 
peptides on the [010] step, greater adsorption energies 
were calculated for peptides with low isoelectric points. 
To decide which peptides to synthesize for further inves-
tigation, the peptides ranking within the top 5 in both the 
neutral and charged peptide scenarios were evaluated 
along with the RELIC analysis, modified ELISA results 
and clone frequency results over the 3 phage experiments. 
The peptide sequences with the greatest overall potential 
for adsorption on HA disks and BLM films include
APWHLSSQYSRT, STLPIPHEFSRE and VTKHLNQ-
ISQSY.

  Discussion 

 Phage display libraries, presenting approximately 10 9  
different combinations of linear peptide inserts, have iso-
lated high-affinity sequences with specificity towards 
substrate materials from semiconductors [Whaley et
al., 2000] and plastics [Adey et al., 1995] to microglial 
[Samoylova et al., 2002] and neuroblastoma tumor cells 
[Zhang et al., 2001]. To our knowledge, this work is the 
first to report peptide sequences identified via phage dis-
play on BLM. A novel multidisciplinary approach of com-
bining benchtop phage display results with observations 
of peptide-apatite interactions through molecular mod-
eling has been introduced.

  Several methods of analysis were performed to vali-
date the interactions of identified peptides on apatite-
based materials. The INFO program used reflects the 
possibility that each individual peptide sequence is iden-
tified by chance, by calculating an information measure 
as the negative natural log of each peptide’s probability of 
being found in the native library. A low-information 
measure can be indicative of phage sequences likely to 
appear in the population based on amino acid composi-
tion and/or with high growth rates during amplification. 
A high-information clone can indicate an uncommon
sequence with a low growth rate. The sequence STLPI-
PHEFSRE occurred once in the 3 phage display experi-
ments; however, the peptide was identified as a high-in-
formation clone and exhibited positive binding in the 
modified ELISA.

  The modified ELISA tested for the specific interaction 
of each of the identified phage with the 4 materials
examined and produced evidence that the majority of 
phages isolated from panning were specific towards the 
apatite-based substrates. Unfavorable binding resulted 
when the background signal was greater than or equal to 
the phage adsorption signal ( fig. 2 f, h, j). Even though 
phage with a high background signal could still show 
specificity towards BLM and HA, these sequences were 
not considered for future in vitro experiments.

  Modeling organic molecules has proven useful in a va-
riety of organic-inorganic systems including the investi-
gation of protein-substrate and peptide-substrate inter-
actions in calcite and calcium oxalate [Qiu et al., 2004]. 
Despite a basis of modeling work on the apatite lattice 
alone [Mkhonto and de Leeuw, 2002; Hauptmann et al., 
2003; Astala and Stott, 2005], limited studies have mod-
eled organic molecules on an apatite lattice [Fujisawa, 
1998]. Using Newtonian physics in a time-dependent 
manner to calculate forces on a system, molecular me-

Table 1. Phage sequences appearing on both BLM and HA

Phage sequences Total clones sequenced, %

APWHLSSQYSRT* 21.8
IDTFYMSTMSHS*, ^ 8.6
ALTLHPQPLDHP* 4.9
TALATSSTYDPH 4.9
VTKHLNQISQSY*, ^ 2.5
WSSGMTPDTGAP^ 2.5
ALSSSSNTTTRV 1.6

* Clone ran in modified ELISA.
^ Identified as a high-information clone in INFO.



 Segvich   /Biswas   /Becker   /Kohn   

 

Cells Tissues Organs 2009;189:245–251250

chanics simulations allow the calculation of peptide ad-
sorption energies. A greater negative peptide adsorption 
energy translates into a peptide possessing more poten-
tial to adsorb to the lattice. When a step is introduced to 
the hydroxyapatite lattice, adsorption energies increase, 

likely because of the altered charge and higher degree of 
undercoordination of atoms and molecules on the sur-
face of the step. The effect of negatively charged amino 
acid sequences on adsorption has been suggested as one 
mechanism of protein/peptide adsorption to hydroxyap-

Table 2. Peptide adsorption energies for 19 repeat peptide sequences calculated from molecular model simulations on the (001) HA 
face and the [010] step on (001) HA face for both charged and neutral peptides

Adsorption on (001) plane Adsorption on [010] step on (001) plane

rank peptide peptide adsorption 
energy, kcal/mol

pI rank peptide peptide adsorption 
energy, kcal/mol

pI

Neutral peptides
1 vtkhlnqisqsy1 –336.9 9.7 1 gtlseklrdtha –727.9 7.8
2 vnysmeiplvps –304.9 3.3 2 vnysmeiplvps –713.9 3.3
3 alssssntttrv –288.1 11.1 3 vtkhlnqisqsy1 –705.6 9.7
4 idtfymstmshs1 –284.4 4.9 4 idtfymstmshs1 –696.5 4.9
5 apwhlssqysrt1 –279.6 9.9 5 talatsstydph –688.0 4.9
6 gtlseklrdtha –275.7 7.8 6 alssssntttrv –684.0 11.1
7 talatsstydph –266.8 4.9 7 altlhpqpldhp1 –683.9 6.0
8 hgevprfhavhl –260.7 8.1 8 apwhlssqysrt1 –680.8 9.9
9 nmnthihkdrpp1 –249.5 10.1 9 stlpiphefsre1 –677.3 5.3

10 gapalstpplsr –247.5 11.1 10 hnffpetpssgp –657.3 5.1
11 stlpiphefsre1 –239.3 5.3 11 hhnvhlltsgnq –654.8 8.1
12 sslgltvssimy1 –233.9 5.9 12 hgevprfhavhl –653.6 8.1
13 hnpkamfygvns –231.0 9.7 13 wssgmtpdtgap –622.1 3.1
14 yqtsspakqsvg –227.5 9.7 14 qnmmspiegvri –610.7 7.0
15 qnmmspiegvri –223.2 7.0 15 nmnthihkdrpp1 –598.2 10.1
16 hhnvhlltsgnq –209.0 8.1 16 sslgltvssimy1 –590.8 5.9
17 hnffpetpssgp –197.6 5.1 17 gapalstpplsr –582.7 11.1
18 wssgmtpdtgap –190.6 3.1 18 yqtsspakqsvg –569.0 9.7
19 altlhpqpldhp1 –187.1 6.0 19 hnpkamfygvns –564.7 9.7

Charged peptides
1 alssssntttrv –388.3 11.1 1 idtfymstmshs1 –872.0 4.9
2 stlpiphefsre1 –269.4 5.3 2 talatsstydph –848.7 4.9
3 idtfymstmshs1 –263.1 4.9 3 wssgmtpdtgap –848.3 3.1
4 talatsstydph –260.7 4.9 4 hnffpetpssgp –822.7 5.1
5 altlhpqpldhp1 –251.3 6.0 5 stlpiphefsre1 –794.8 5.3
6 apwhlssqysrt1 –248.8 9.9 6 altlhpqpldhp1 –713.4 6.0
7 hnffpetpssgp –239.7 5.1 7 hhnvhlltsgnq –704.5 8.1
8 wssgmtpdtgap –212.3 3.1 8 hgevprfhavhl –629.2 8.1
9 qnmmspiegvri –205.2 7.0 9 qnmmspiegvri –620.0 7.0

10 hhnvhlltsgnq –190.5 8.1 10 sslgltvssimy1 –586.2 5.9
11 gapalstpplsr –179.5 11.1 11 apwhlssqysrt1 –545.6 9.9
12 sslgltvssimy1 –178.8 5.9 12 vnysmeiplvps –507.9 3.3
13 gtlseklrdtha –173.0 7.8 13 vtkhlnqisqsy1 –495.2 9.7
14 nmnthihkdrpp1 –160.6 10.1 14 gtlseklrdtha –471.2 7.8
15 vtkhlnqisqsy1 –145.2 9.7 15 nmnthihkdrpp1 –470.2 10.1
16 hgevprfhavhl –136.8 8.1 16 hnpkamfygvns –421.0 9.7
17 hnpkamfygvns –114.7 9.7 17 yqtsspakqsvg –419.7 9.7
18 yqtsspakqsvg –113.4 9.7 18 alssssntttrv –405.8 11.1
19 vnysmeiplvps 0.0 3.3 19 gapalstpplsr 0.0 11.1

pI = Isoelectric points. 1 Clone ran in ELISA.
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atite [Fujisawa et al., 1997]. These data provide molecular 
modeling evidence that, given appropriate charge for a 
neutral pH environment, acidic peptides exhibit favor-
able binding over basic peptides. Furthermore, the mod-
el system used in these experiments provides a high-
throughput validation technique where multiple interac-
tions can be investigated prior to further in vitro or in 
vivo testing.

  The phage panning on apatite-based materials yielded 
both acidic and basic peptide sequences, which is coun-
terintuitive to the idea that apatite attracts mainly acidic 
sequences. The peptide sequences from phage chosen as 
having the greatest overall potential for adsorption on 
BLM and HA include APWHLSSQYSRT, STLPIPHEF-
SRE and VTKHLNQISQSY. The peptide VTKHLNQ-
ISQSY is similar in composition to regions found in fi-
bromodulin, lumican and decorin.

  Development of bioactive organic-mineral hybrid ma-
terials that promote bone regeneration continues to ad-
vance. Ongoing efforts aim to identify peptide sequences 
via phage display with high affinity towards a specific 
adult stem cell population. Employing the dual peptide 
method to anchor the peptide on apatite-like material 
while binding to cells capable of bone differentiation will 
be a powerful biomolecular approach to improve bone 
regeneration.
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