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Abstract

The objective of this work was to control orientation of bioactive molecules immobilized on a
biodegradable substrate to improve their accessibility for binding to cell surface receptors and,
therefore, to increase bioactivity. The osteotropic peptide, parathyroid hormone (1-34) (PTH(1-34)),
was used to demonstrate the approach. To this end, the intrinsic N-terminal serine residue was
oxidized to create an aldehyde group that specifically bound to hydrazide-derivatized poly(lactide-
co-glycolide) under neutral conditions to form a hydrazone bond. Use of dihydrazide spacers
significantly increased the amount of peptide immobilized compared to simple adsorption or direct,
random attachment. In probing accessibility of immobilized PTH(1-34), attachment using longer
dihydrazide spacers enhanced binding of an antibody against an epitope in the N-terminal region of
the peptide. The longest spacer also increased binding of a C-terminal antibody. Furthermore,
substrates with peptide tethered via spacers stimulated intracellular synthesis of cAMP, with activity
increasing with dihydrazide length. PTH(1-34) immobilized using the longest spacer was
significantly more effective than both random binding and adsorption. Site-directed binding of
bioactive peptides to surfaces presents biomolecules for binding with cells so as to enhance
interaction with receptors, and therefore the approach may be useful for obtaining preferred localized
tissue responses.
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INTRODUCTION

Materials and devices for enhanced regeneration of bone are the focus of intensive
investigations. Whether being used in a defect site resulting from a congenital condition,
trauma, or cancer, or at the interface between a joint or dental implant and the surrounding
tissues, the objective is to obtain a more rapid and predictable osteogenic response. In addition
to the nature of the defect and the anatomic location, formation of bone in these sites is further
confounded by several factors, such as age and health status of the patient.

With the ultimate aim of enhancing osteogenesis, a variety of approaches are being investigated
for controlling tissue-biomaterial interactions. For example, proteins and bioactive peptides
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can be attached to material surfaces to affect the initial adhesion and/or subsequent responses
of cells, as recently reviewed in [1,2]. Although physical adsorption is the simplest method,
control of the amount and/or orientation of immobilized molecules is difficult to obtain. Using
more sophisticated methodology, covalent techniques enable better control of the amount
immobilized, prolonged retention of the biomolecules, and ability to dictate the orientation/
presentation of molecules. By predetermining the orientation of a biomolecule on a surface, it
can be presented in such as way as to make it available for optimal binding to its ligand, e.g.,
cell surface receptor. Methods for directing the orientation of immobilized molecules have
been investigated for chromatographic and biosensor applications [3], but they have not been
adequately explored for biomaterials usage.

Parathyroid hormone (PTH) is an 84 residue peptide hormone having a significant role in
regulating extracellular calcium homeostasis by acting on kidney, bone, and intestine [4].
Essentially complete biological activity can be found in an N-terminal fragment comprising
the first 34 amino acids (PTH(1-34)) [5]. Interestingly, PTH(1-34) can have either anabolic or
catabolic effects, depending on the concentration and mode of administration. Whereas high,
sustained doses lead to bone resorption, intermittent treatment with higher doses or infusion
of low doses result in enhanced formation of bone [6-8]. Immobilization of PTH(1-34) on silk
scaffolds has been reported to enhance proliferation of osteoblastic cells [9]. In that study, an
attempt to enable immobilization via only the N-terminus was also attempted by replacing
lysine residues in the peptide with arginines to leave a reactive amino group at only the
terminus, but it did not improve cell responses.

The objective of this study was to apply a versatile strategy for the controlled immobilization
of bioactive molecules. Specifically, PTH(1-34) was attached via its N-terminus to a
biodegradable polymer, and its biological activity was measured.

MATERIALS AND METHODS

Substrates

Coverslips coated with poly(lactic-co-glycolic acid) (PLGA) were used for experimentation
because of their uniform surface area and ease of preparation. Approximately 35 puL of 12%
(w/v) acid-terminated PLGA (50:50, MW~12,000; Alkermes, Cincinnati, OH) dissolved in
methylene chloride was allowed to air dry on 12 mm glass coverslips for about 30 minutes and
then vacuum-dried overnight or until ready for use.

Immobilization Scheme

The approach to controlling orientation of PTH(1-34) involved attachment via its N-terminus
to hydrazide-derivatized PLGA. Four dihydrazides were investigated as spacers between
biomolecule and surface: oxalic (Aldrich, Milwaukee, WI1), succinic (Aldrich), adipic (Sigma,
St. Louis, MO), and sebacic dihydrazide (TCI America, Portland, OR). Although each has the
same backbone structure, they have 2, 4, 6, and 10 carbons, respectively, between the two
terminal hydrazide moieties (Figure 1a). To allow focus on spacer length, PLGA was
derivatized to have a similar surface density of the different dihydrazides. Based on pilot
studies, concentrations of 0.018, 0.057, 0.018, and 0.011 mM were used for oxalic, succinic,
adipic, and sebacic dihydrazide, respectively. These spacers were attached to carboxylic acid
groups of PLGA using carbodiimide chemistry [10]. Coated coverslips were placed into 24-
well plates, and one half volumes of the desired hydrazide solution and of a solution containing
a 5:2 molar ratio of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (ECAC;
Sigma) and N-hydroxysuccinimide (NHS: Fluka, Buchs, Switzerland) in 0.1 M MES (Sigma)
buffer solution, pH 4.5, were added. After reaction for two hours at room temperature, samples
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were thoroughly washed. The number of available hydrazide groups was determined by
treatment with 2,4,6-trinitrobenzene sulfonic acid, as described elsewhere [10,11].

To enable oriented attachment of PTH(1-34), its N-terminal serine residue was selectively
oxidized to an aldehyde moiety [12,13]. PTH(1-34) (Bachem, Torrance, CA) was reconstituted
in phosphate-buffered saline (PBS), pH 7.4, at a concentration of 40 pg/mL. Oxidation was
carried out by reacting equal volumes of the peptide solution with 10 mM periodic acid
(Aldrich) in the dark at room temperature for 45 minutes [14,15]. The reaction was quenched
by adding glycerol. After washing and concentrating the peptide using centrifugal filter units
(Microcon, 3 kDa NMWL; Millipore, Billerica, MA), oxidized PTH(1-34) was diluted in PBS
to a final concentration of 20 pg/mL. Approximately 10 ug of oxidized peptide was added to
each PLGA sample, allowing the aldehyde groups to react with the hydrazides at neutral pH
to form stable hydrazone bonds [16]. The reaction scheme is shown in Figure 1b. Two
additional surfaces were used for comparison. For the first, the same amount of PTH(1-34)
was also randomly and directly bound to PLGA surfaces following carbodiimide activation as
described above. For the second, peptide was simply adsorbed on PLGA at room temperature
for 45 min. Because preliminary studies indicated similar adsorption on derivatized and control
PLGA surfaces, untreated PLGA was used for the present work to simplify the number of
experimental groups.

Amount and Accessibility of Immobilized PTH(1-34)

The amount of peptide bound to the PLGA surfaces was measured using the microBCA Protein
Assay (Pierce Chemical Co., Rockford, IL). Using a slight modification of the manufacturer’s
protocol, biomaterials samples were incubated directly in the working reagent at 37°C for two
hours, after which absorbance of the supernatant was read at 570 nm. PTH(1-34) contents were
determined using a standard curve constructed from known dilutions of the peptide.

To quantitatively evaluate accessibility of immobilized PTH(1-34) for potential binding to cell
surface receptors, an immunoassay technique was applied. Two goat polyclonal antibodies
were used: one had a binding epitope at the N-terminus of the peptide (sc-9676), and the other
bound at the C-terminus (sc-9677) (Santa Cruz Biotechnology, Santa Cruz, CA). First, all
surfaces were blocked with a solution of PBS containing 0.5% BSA and 0.05% Tween 20 to
prevent nonspecific binding. Primary anti-PTH(1-34) antibodies were diluted with PBS at a
ratio of 1:500 and then allowed to react with parallel samples for 30 minutes at 37°C. After
thorough washing, a secondary antibody, alkaline phosphatase-conjugated mouse anti-goat
IgG (Sigma), was diluted in PBS at a ratio of 1:500 and incubated with the samples for 45
minutes at 37°C. Color was developed by reacting with a solution of 0.1% Sigma 104
phosphatase (Sigma) in 10% diethanolamine (Chempure, Houston, TX) at pH 9.8 and
measuring absorbance at 410 nm.

Bioactivity of Immobilized PTH(1-34)

Activity of immobilized peptide was determined by measuring cCAMP contents in cells cultured
on the surface-modified samples. For these experiments, osteoblastic MC3T3-E1 cells
(CRL-2593; ATCC, Rockville, MD) were cultured in phenol red-free MEM (GIBCO/
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and 50 pg/mL ascorbic
acid. Following pretreatment with a phosphodiesterase inhibitor, 0.5 mM
isobutylmethylxanthine (Sigma), cells were seeded onto samples in 24-well plates at a density
0f 50,000 cells per well. After 10 min of incubation on the surfaces, cultures were lysed directly
in the medium by sonication and freeze-thaw cycles. Intracellular cAMP was measured using
a commercially available immunoassay kit (Endogen/Pierce, Rockford, IL) following the
manufacturer’s instructions. The cCAMP data were normalized by the amount of DNA in each
well, as determined using a Hoechst assay [17,18]. In brief, lysates and serial dilutions of calf
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thymus DNA were reacted with Hoechst 33258 (final concentration, 0.5 pg/mL; Sigma) in the
dark for 10 min before measuring fluorescence (Agx=356 nm, Aem,=458 nm). Data were
corrected for basal cAMP/DNA levels in unstimulated (no PTH) cultures. Finally, to account
for differences in the amounts of PTH(1-34) attached to the various surfaces, bioactivity was
expressed as units (nmol cAMP/ug DNA) per pg of peptide.

Statistical Analysis

RESULTS

Data are presented as mean * standard deviation. A minimum of six replicates was used for
each experiment. One-way analysis of variance (ANOVA) was conducted using InStat 3.05
(Graphpad Software, San Diego, CA). Post-hoc comparisons were made using the Tukey-
Kramer Multiple Comparison test when the p-value was significant (p<0.05).

Surface Modification

Results from the TNBS assay used to determine the surface density of hydrazide groups
available for subsequently binding peptide are presented in Figure 2. As desired to enable focus
on effects of spacer length, similar numbers of moieties were available on surfaces derivatized
with the different dihydrazide molecules. The average density was approximately 25
hydrazides per nm? of nominal surface area.

Amount of Immobilized PTH(1-34)

By measuring the quantity of peptide bound to the various surfaces (Figure 3), it was first found
that the presence of a spacer significantly increased the amount of PTH(1-34) immobilized
(p<0.01). Whereas approximately 6.5 ug of peptide was bound using the four dihydrazide
spacers, less than 3 pg was present following simple adsorption or direct, random attachment
of the hormone fragment. Interestingly, the length of spacer did not have a significant effect
on the amount of peptide attached to PLGA. Adsorption resulted in the greatest variability,
about 55% of the mean.

Accessibility of Immobilized PTH(1-34)

Figure 4 shows relative binding of the two antibodies used to probe availability of the
immobilized peptide for subsequent interaction with cell surface receptors. Looking first at
accessibility of the N-terminus, increasing length of the dihydrazide molecules resulted in a
statistically significant trend of enhanced binding of the antibody (p<0.05). Antibody against
the N-terminus bound to randomly immobilized PTH(1-34) at a level comparable to the longer
spacers, e.g., C6 and C10. Adsorbed peptide was recognized to a noticeably, albeit statistically
insignificantly, lesser extent than any other group. Considering availability of the C-terminus
of the peptide for binding to an antibody, the C10-derivatized surfaces were recognized
significantly more than any of the other surfaces (p<0.001); all the other surfaces bound similar
amounts of antibody.

Bioactivity of Immobilized PTH(1-34)

The ability of the hormone fragment to stimulate production of cAMP in MC3T3-EL1 cells is
shown in Figure 5. To account for differences in the amount of peptide on the PLGA surfaces,
levels of the second messenger were normalized by the mass attached to the substrate (Figure
3). PTH(1-34) tethered to PLGA via dihydrazide spacers showed a trend of increased activity
with length of the molecule. Peptide immobilized using the C4 through C10 spacers resulted
in significantly greater activity than did the adsorbed peptide (p<0.05). Attachment via the C10
molecule was more effective at stimulating intracellular cAMP than both random, covalent
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binding and adsorption (p<0.05). Random immobilization enhanced activity, but it was not
statistically significantly greater than adsorption.

DISCUSSION

Immobilization of various biomolecules on biomaterials to alter cell and tissue behavior has
been a subject of active investigation. Recent reviews have nicely summarized some of the
important developments in this area (e.g., [1,2]). Most methods used for immobilizing proteins
and peptides involve formation of covalent bonds between surface-exposed functional groups,
such as amino, carboxyl, and thiol groups, of amino acids and suitable substrates [19]. These
reactions typically lead to formation of multiple bonds between the surface and each protein
molecule, resulting in a heterogeneous population of bound biomolecules. The residues
involved in binding to the surface may also be in or near the regions needed for bioactivity of
the molecule, e.qg., the receptor-binding site of a growth factor or the active site of an enzyme.
Thus, reduction in biological activity of the molecules remains a concern following their
immobilization. Bioactivity can be further compromised because of altered conformation
resulting from the immobilization procedure or from steric hindrance following attachment to
the biomaterial surface [3].

Properly designed schemes for attaching biomolecules to surfaces can minimize, or even
eliminate, the adverse effects on bioactivity just described. Although not yet widely applied to
biomaterials, research has focused on developing well-defined strategies by which proteins
can be immobilized in an orderly manner [3]. Directed immobilization requires
functionalization of the target molecule, tailoring of the surface, or both. Approaches
investigated include: (1) immobilization of glycoproteins through carbohydrate residues [20],
(2) immobilization of biotinylated proteins to surfaces containing avidin or streptavidin [21],
(3) immobilization of proteins using affinity tags, such as a polyhistidine tail [22], and (4)
immobilization of proteins to surfaces through specific cysteine residues [23].

In the present work, the strategy was to bind PTH(1-34) via its N-terminus. For this to occur,
a singular functional group able to bind specifically to surfaces must be made available. To
this end, the intrinsic amino terminal serine residue was oxidized to yield a single aldehyde
moiety that was subsequently bound to hydrazide-derivatized substrates. By conducting the
coupling reaction under conditions in which primary amines are protonated, and therefore
unreactive to the aldehyde, a stable hydrazone bond was formed. This approach differs from
literature reports using the amino terminus of biomolecules for PEGylation or developing solid
phase supports, such as by enzymatic ligation [24], reductive alkylation with aldehyde-
containing components [25], and acylation for binding to thiol-containing supports [26]. In
addition to its relative ease of use, the method did not require significant modification of the
biomolecules, and it did not change their charge, because amino groups of PTH(1-34) were
not involved. Furthermore, the approach avoided difficulties associated with careful
modulation of reaction conditions, e.g., pH, needed to obtain selective binding of just one
functional group [15].

This approach also differed from reports in which affinity tags were attached to the termini of
vascular endothelial growth factor [27] or epidermal growth factor [28]. In the former, a 15
amino acid sequence ending with a Cys was added to the growth factor’s N-terminus by
recombinant DNA techniques. Using thiol chemistry, multiple copies of the modified molecule
were conjugated to fibronectin and subsequently adsorbed on tissue culture plastic. In the latter
paper, epidermal growth factor was genetically modified to contain a His tag at is C-terminus.
It was then bound to Ni(ll)-chelated surfaces for expansion of neural stem cells.
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Two important parameters affecting bioactivity of immobilized molecules are surface density
of functional groups and the length of spacer between protein and surface. Several reports have
described the significance of peptide density on cellular responses [29-31], and it is well-
documented that the distance between biomolecule and substrate has a significant effect on its
activity [32-34]. In the current work, the objective was to investigate effects of spacer length
on accessibility and activity following controlled immobilization PTH(1-34). Thus,
comparable surface densities of the four dihydrazide molecules were used, and a maximal
amount of peptide was bound.

Although comparable amounts of PTH(1-34) were immobilized on hydrazide-derivatized
PLGA, significantly less was attached when randomly bound or simply adsorbed. Besides the
difference in surface chemistry, orientation of the peptide molecules as they interact with the
surface likely played a role in this effect. Both crystal and NMR solution structure analyses of
PTH(1-34) show a helical conformation, with the solution structure having some flexibility in
the central region [35,36]. Considering this helical structure, binding of the peptide via only
its N-terminus would orient it “end on”, and this would be accentuated when the molecules are
present at high density. In contrast, use of free, reactive amino groups (during random
immobilization via the N-terminus and/or Lys at residues 13, 26, and 27) or other available
functional groups (adsorption) could result in both “end on” and “side on” orientations. From
the structure deposited in the Protein Data Bank (accession code 1ET1), the helix is
approximately 5.1 nm in length and about 0.5 nm in diameter. An over 10-fold difference in
projected surface area exists between the two orientations at 0.2 nm? and 2.5 nm? for end-on
and side-on, respectively. With molecules occupying a much larger area with “side-on” and
mixed orientations, steric effects decreased the total amount of peptide bound.

Antibodies are useful for probing the conformation of proteins on surfaces [37,38], which
provides information about their availability for potential binding to cells. In the present
studies, two antibodies were used to evaluate accessibility of immobilized PTH(1-34). Because
the immobilization scheme was intended to tether the peptide by only its N-terminus, using
longer dihydrazide spacer molecules would be expected to make the amino terminal epitope
more accessible. Indeed, this was observed; antibody binding increased with the length of
spacer, which increased distance of the peptide molecules from the surface. With random
immobilization, although the peptide molecules were attached directly to the substrate, the N-
terminus was available because of abundant “side on” orientations that made the epitope
accessible. During adsorption at neutral pH, hydrophobic interactions as well as electrostatic
interaction between deprotonated carboxylic acid groups on PLGA and protonated amines,
including the N-terminus, of PTH(1-34) may have caused denaturation and greatly reduced
accessibility of the peptide. Regarding availability of the C-terminus, peptide attached to the
different surfaces was comparably available, with the exception of that bound using the longest
spacer. In light of the potential for flexibility in the center of the molecule [35], the greater
separation of PTH(1-34) from the surface resulting from immobilization using the C10
dihydrazide enhanced antibody binding to the carboxy-terminal epitope.

To ultimately determine if controlled orientation of PTH(1-34) via the N-terminus improves
bioactivity, the ability of the peptide-modified surfaces to increase the intracellular content of
CAMP in osteoblastic cells was measured. Effects of PTH are mediated through the PTH/
PTHrP (PTH-related protein) receptor, which is a G-protein coupled receptor [4]. Although
stimulation of adenylate cyclase is the most common action following binding of PTH to the
receptor, phospholipase C mediated events also may occur.

While early studies showed that bioactivity of PTH resides within the first 34 residues of the
hormone [5], subsequent investigations further identified the essential segments. The N-
terminal region is critical for activating the PTH/PTHrP, but the C-terminal domain is needed
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for high affinity binding to the receptor [35,36]. For example, removing just the first two amino
acids prevents full adenylate cyclase activity, yet the peptide still binds to the PTH/PTHrP
receptor.

In the present work, as would be expected because of the greater space requirements for binding
of cell surface receptors to immobilized peptide molecules, the presence of the dihydrazide
spacer molecules enhanced bioactivity of the attached PTH(1-34). The longest (C10) spacer
resulted inthe largest intracellular content of cAMP. In comparison, Itoyamaet al. [34] reported
that bioactivity of the immobilized enzyme papain peaked with a spacer between four and six
carbons or increased monotonically through eight carbons. Whereas PTH(1-34) either
randomly immobilized via any available amino group or simply adsorbed on PLGA stimulated
the MC3T3-EL1 cells, with immobilization being marginally better, they were significantly less
effective than peptide bound via the C10 molecule. These results are consistent with the need
for both the N- and C-terminal regions of PTH(1-34) for full bioactivity.

CONCLUSIONS

Immobilization of osteotropic peptides and proteins on biomaterial surfaces places them
precisely where they are needed, i.e., at the tissue-implant interface. If biomolecules are
properly presented to cells during the wound healing process, desirable events may be
preferentially enhanced. The objective of the present work was to determine if controlled
attachment of PTH(1-34) solely by its N-terminus would make it more accessible for
subsequent interaction with osteoblastic cells. Results demonstrate that tethering the peptide
to PLGA surfaces using dihydrazide spacer molecules made its terminal regions more
accessible, which translated to better cellular activity as measured by cAMP production. The
approach described is applicable to any biomolecule with an intrinsic N-terminal serine or into
which one can be introduced. This directed binding of bioactive molecules to biomaterial
surfaces presents the species for binding with cells in a manner that enhances interaction with
cell surface receptors.
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Figure 1.

A) Dihydrazide molecules of increasing length used as spacers between peptide and surface.
B) Scheme for controlled attachment of PTH(1-34) to dihydrazide-modified PLGA. Oxidation
of the N-terminal serine creates an aldehyde that forms a hydrazone bond with the derivatized
substrate.
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Figure 2.

Surface density of hydrazide groups on PLGA following derivatization with dihydrazide
spacers of increasing length.
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Figure 3.
Amount of PTH(1-34) bound to PLGA. Peptide was immobilized via hydrazide spacers,
directly on carbodiimide-activated surfaces (Ran), and by simple adsorption (Ads).
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Figure 4.

Binding of antibodies to the N- and C-terminal regions of PTH(1-34) attached to PLGA.
Peptide was immobilized via hydrazide spacers, directly on carbodiimide-activated surfaces
(Ran), and by simple adsorption (Ads).

Biomaterials. Author manuscript; available in PMC 2009 July 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sharon and Puleo

Page 14
3.5
—~ 3
- -
|_
o 25
2
:—@ 2
5 15
S 1
5
© 05
0
C2 C4 C6 C10 Ran Ads
Surface
Figure 5.

Intracellular cAMP contents in MC3T3-EL1 cells cultured on surfaces with attached PTH(1-34).
Peptide was immobilized via hydrazide spacers, directly on carbodiimide-activated surfaces
(Ran), and by simple adsorption (Ads). The amount of cCAMP was normalized by DNA content
and the mass of PTH(1-34) present on the surfaces.
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