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About 10% of total hip prostheses need revision within a decade after surgery due to
mechanical aseptic loosening of the implant, and the number of revisions is expected to rise
due to the increasing number of arthroplasties.[1, 2] To address the issue of implant failure,
there has been an increased interest in moving to a fixation model that does not involve poly
(methyl methacrylate) based bone cement and instead promotes direct integration of the
implant with the host tissue by bone in-growth into the porous implant.[3]
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Hydroxyapatite (HAP, Ca10(PO4)6(OH)2), the principal inorganic component of human hard
tissues such as cortical bone and teeth to which it has a high binding affinity[4], has been
investigated as a coating of orthopedic and dental implants[5], and as a component of
biopolymer composite films.[6] Various physical coating processes, such as plasma spray
coating, sputtering, and pulsed laser deposition on implant surfaces, have been used for the
deposition of HAP films on artificial materials.[7] Although the deposition rates of these
physical and reactive chemical processes are relatively high, it is often difficult to tune the
composition and structure of the products and to obtain a uniform and stable HAP coating
because of the thermally unstable character of HAP.[8] Plasma deposited hydroxyapatite
coating, which can be up to several hundred microns thick, has a decreased resistance to
mechanical shear and a lack of bonding with inefficient stress relief between the layers has
been suggested as a possible cause.[9] Additionally, high temperature processes are
unfavorable for the incorporation of biologics such as bone morphogenetic protein (BMP)
which are potent mediators of bone tissue formation.[10–12]
Electrostatic multilayer assemblies fabricated using the layer-by-layer (LbL) technique[13]
offer a unique platform for creating a biomimetic environment by incorporating materials of
superior biological and mechanical properties to create a system that supports the growth
and proliferation of target cells and allows them to assemble into a functional tissue
unit.[14, 15] Precursor stem cells residing in the bone marrow, commonly known as
mesenchymal stem cells (MSCs) can differentiate into osteoblasts which are responsible for
laying down new bone. In the context of bone tissue engineering, it is crucial to have a
substrate with appropriate signals that can support the attachment and direct the growth,
proliferation and differentiation of these osteoprogenitor cells into osteoblasts.[16, 17]
Correspondence to: Paula T. Hammond, hammond@mit.edu.
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Incorporation of hydroxyapatite into LbL architectures can make them highly
osteoconductive; i.e., capable of specifically supporting the attachment and proliferation of
new osteoblasts and osteoprogenitor cells, providing an interconnected structure through
which new cells can migrate and new vessels can form.[18] In vivo, the dissolution of HAP
releases calcium and phosphate ions from the coating to the surrounding fibrous tissue and
leads to the formation of a crystalline carbonated calcium phosphate layer, with the
conversion and incorporation into the bone collagenous matrix.[3, 19] Additionally, these
hybrid electrostatic films allow the localized introduction of bone morphogenetic protein-2
(BMP-2) which has the ability to differentiate MSCs into osteoblasts, a property referred to
as osteoinduction, and has been demonstrated to greatly enhance bone tissue
regeneration.[10] The benefits of release of growth factors such as rhBMP-2 include rapid
healing of tissue around the implant and greater bone remodeling over shorter time
periods[20]; hence there is a therapeutic advantage to the controlled introducing growth
factors from the surface of implants during the healing process.[21–23]
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Towards developing a versatile implant coating which would confer osteophilic properties,
we incorporated hydroxyapatite nanoparticles complexed with chitosan into nanoscale nondegradable electrostatic multilayers which were capped with a degradable poly(β-amino
ester) based film incorporating physiological amounts of rhBMP-2. By incorporating
elements that mimicked native wound healing processes, we demonstrated an upregulation
of osteogenic markers which increased the rate of MSC differentiation and resulted in
greater calcium deposition over shorter time periods when compared to a control substrate
with no multilayer coating and multilayer films containing only hydroxyapatite or rhBMP-2.
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The multicomponent film consisted of a set of osteoconductive base layers under a poly(βamino ester) based hydrolytically degradable multilayer film for promoting differentiation
by introducing controlled amounts of osteoinductive rhBMP-2 (Figure 1). Hydroxyapatite
nanoparticles were complexed with chitosan, a linear polysaccharide; in these complexes, it
is reported that the calcium ion in HAP interacts with the primary amine group of
chitosan.[24] Chitosan is known to be a highly osteoconductive[25, 26], hemostatic material
that speeds up wound healing and bone reformation.[27, 28] At acidic and physiological
conditions, the amine group in the chitosan structure is protonated (pKa ~ 6.5)[29] conferring
a net positive charge to the macromolecule which is necessary for electrostatic film
assembly. We anticipated that using poly(acrylic acid) (PAA), a weak polyanion (pKa ~
4.5), as the complimentary polyanion for this system would yield an ionically crosslinked
film which would further assist in stabilizing the HAP complex.[30] ATR IR absorbance
spectroscopy indicated the prevalence of a peak at wavenumber 1000cm−1 corresponds to a
phosphate group[31] and is present only when hydroxyapatite is a component of the film
(Figure 1G). The carbonyl peak present in the spectra can be explained by the use of sodium
acetate salt which is present in the polyelectrolyte solutions for partial charge shielding.
Substrates coated with HAP particles less than 100 nm in size have been demonstrated to
have a greater bone bonding strength compared to the control.[32] Hence, particle
aggregation was another consideration, since a uniform surface coating is necessary for
creating an optimal osteoconductive surface.[33] A hydrolytically degradable poly(β-amino
ester), (Poly2)[34] based multilayer was fabricated atop the osteoconductive [Chi(HAP)/
PAA]20 base layers. Under neutral to acidic pH conditions of film fabrication, Poly2 is
stable and the amines present along the backbone of Poly2 are protonated, yielding a
positive charge necessary for electrostatic LbL assembly. Similarly, rhBMP-2 (Figure 1D;
structure extracted using NCBI’s Cn3D MMDB program[35]) is positively charged and
stable under acidic conditions (pI ~8.5).[36] The presence of an osteoinductive agent is
necessary for bone regeneration.[10] During bone tissue formation and repair processes,
rhBMP-2 induces osteoblast differentiation which results in the laying down of new bone
that progressively expands to replace damaged tissue.
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These coatings contain osteoconductive and osteoinductive elements, both of which are
necessary for bone formation, and are conformal to the complex geometry of the implant for
complete biological fixation. We envisioned the controlled degradation of the Poly2
containing layers and the release of rhBMP-2 into the surrounding media and the
differentiation of MSCs into osteoblasts which subsequently preferentially adhere to the
underlying osteoconductive module consisting of [Chi(HAP)/PAA]20, abutting the substrate,
which is not degradable over the time scale of the growth factor release from the [Poly2/
PAA/rhBMP-2/PAA]20 multilayers and remains adhered to the substrate, as demonstrated
(Figure 2). The growth factor release would not be tunable if chitosan was the only
polycation used in the system because it would not be readily degradable; on the other hand,
using Poly2 as the only polycation would result in the degradation of the entire multilayer
structure, eliminating the ability to enhance bone growth with the permanent
osteoconductive base layer. This is also true if a composite [Chi(HAP)/PAA/Poly2/PAA/
rhBMP-2/PAA] system had been employed. Rigid hydroxyapatite nanocomposites[37, 38] are
used as bone fillers and not suitable as coatings to form new bone tissue independently and
hence fix implants to the host tissue.
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In these osteophilic multilayers, the electrostatic assembly grows linearly with the number of
[Chi(HAP)/PAA] baselayers, increasing at 8.98 nm ± 0.13 nm per bilayer (Figure 2A).
Consistent surface charge reversal observed after periodic streaming ξ-potential
measurements indicated uniform surface charge density consistent with linear film growth
(Figure S1, S2). Surface roughness was proportional to film thickness, which increases as
particle density within the film increases. We observed that under the conditions of film
assembly, HAP particles dispersed uniformly throughout the base film at [Chi(HAP)/
PAA]20 without aggregating, as confirmed by EDX and calcium mapping (Figure S4–S8).
The nanofilm thickness for [Chi(HAP)/PAA]20 was 163.6 ± 27.3 nm with a roughness of
36.7 ± 4.5 nm (Figure 2A, S3). Simultaneously controlling the quantity of growth factor
release from the film is critical, as a large excess can lead to incidences of elevated bone
resorption and hematoma.[39] Constant localized extended release of rhBMP-2 represents a
more physiological dosing and a top layer of [Poly2/PAA/rhBMP-2/PAA]20 coated on
silicon, contained approximately 250 ng/cm3 of growth factor which eluted from the films
and thus this architecture was suitable for eluting active growth factor over 2 weeks (Figure
2E). The release of active growth factor from the degradable multilayer films had two
phases, as observed previously.[40] The rhBMP-2 released at a relatively constant rate of
approximately 30 ng cm−3 day−1 for the first 7 days of release, which was then reduced to 5
ng cm−3day−1 until complete elution. Comparable amount of growth factor was incorporated
and released over the same time scale from films independent of the number of
osteoconductive base layers. Surface profiles of the films in different states of assembly and
degradation indicate a uniform distribution of HAP particles (Figure 2F, 2I) within and on
the osteoconductive base layers. The degradable growth factor releasing multilayers coat
over the osteoconductive base layers; generally, these films have a consistent roughness of
about 200 nm regardless of the size of the features in the underlying base film (Figure 2D,
2G, 2J). After the release of the growth factors, the osteoconductive layer persists and there
is a reduction in the surface roughness (Figure 2H, 2K, S3) from the original base layer,
suggesting the release of calcium and phosphate ions from the hydroxyapatite into the
surrounding media, and thus a reorganization of HAP particles after an exchange of calcium
and phosphate ions with the surrounding media which decreases the size and number of
particles in the base film. This release is beneficial to the recruitment of MSCs in an in vivo
environment.[3] Interestingly, after the release of growth factors, the osteoconductive base
layer persists at the same thickness in the dry state.
Pluripotent adult mesenchymal stem cells have the ability to differentiate into a variety of
different cell types such as osteocytes, chondrocytes, cardiac muscle and endothelial cells.
Adv Mater. Author manuscript; available in PMC 2013 December 23.
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However, the repair of damaged bone tissue requires migration of MSCs into the damaged
area via chemoattractive signals followed by proliferation and differentiation of MSCs to
osteoblasts.[41] Such a favorable biological environment is created by the presence of HAP
particles which stimulate osteoconduction and rhBMP-2 which provides the primary signal
for non-committed MSCs to differentiate into mineral depositing osteoblasts. MSCs were
seeded on glass cover slips coated with the osteophilic films. Cells attached to the coated
substrate and subsequently responded to substrate signals by appropriate proliferation and
differentiation behavior. Alkaline phosphatase (ALP) is a membrane bound glycoprotein
which hydrolyzes various monophosphate esters and is expressed at relatively high levels in
osteoblasts; it serves as a standard early marker of induction of new bone differentiation
from progenitor cells. Alizarin red (AR) stains the calcium deposits and allows
quantification of the total deposition in vitro. While the presence of either HAP or rhBMP-2
upregulates ALP and AR production, a maximum in the ALP/AR signal is observed when
both HAP and rhBMP-2 are present in the LbL film architecture, indicating a synergistic
response by the osteogenic materials after 5 days of culture (Figure 3A, 3B). This is
especially pertinent in light of the observation that the AP/AR signals were statistically
insignificant for the [Chi(HAP)/PAA]20 and [Poly2/PAA/rhBMP-2/PAA]20.
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In order to determine the ability this system to mimic a favorable bone forming
environment, we examined the expression of 3 specific protein markers expressed by
osteoprogenitor cells during differentiation. Osteocalcin is a small calcium binding protein
that tightly adsorbs to hydroxyapatite mineral surfaces, comprising about 10% of the total
non-collagen proteins in bone.[42] Similarly, osteopontin is a cell and HAP binding protein
synthesized by osteoblasts implicated in bone resorption.[43] Osteoprotonegrin is an
osteoblast-secreted receptor, which acts as an antagonist to osteopontin.[44] Together, these
form the major group of proteins controlling the bone deposition and remodeling processes.
In this study, aliquots of conditioned media, in which the cells were cultured, were collected
every two days and assayed for the 3 markers. In all cases there was a peak in the expression
levels of the different markers. When [Chi(HAP)/PAA]20 and [Poly2/PAA/rhBMP-2/
PAA]20 were presented together, there was a 2 fold upregulation in the peak and cumulative
secretion levels of all 3 osteoblast differentiation markers, compared to the control cells in
differentiation media and a 20–50% upregulation compared to the individual [Chi(HAP)/
PAA]20 and [Poly2/PAA/rhBMP-2/PAA]20 controls indicating that simultaneous
presentation of an osteoconductive and an osteoinductive agent may be most beneficial to
active bone deposition and remodeling (Figures 3C – 3F and S9 – S11). Additionally, the
peak expression of these markers was up to 48 hours earlier when both HAP and rhBMP-2
were present, compared to all the other groups, indicating that the differentiation cascade
may be accelerated. This observation is consistent with greater alkaline phosphatase
production and calcium deposition for this multilayer combination. Control cells
proliferating on plain coverslips do not express any of the markers. In all cases, cell
morphology as observed by nuclear (hoechst) and actin (phalloidin) staining indicates that
the cells adhere well to the films and are able to grow and proliferate in layers over the
course of the study.
In conclusion, we have demonstrated the ability to create a biomimetic modular coating for
substrates that simultaneously present hydroxyapatite, an inorganic component of the bone
complexed with biocompatible polymers, and rhBMP-2, a bone growth factor to accelerate
the regeneration of stable bone tissue. Our findings highlight the characteristics of this
alternative uniform coating method for hydroxyapatite, which can be performed at ambient
conditions, without the need for high temperature processes. This osteoconductive base layer
persists and offers an osteophilic platform on which MSCs can proliferate and differentiate,
while the utility of rhBMP-2 has been well documented in mediating interactions between
host tissue and implant. This electrostatic multilayer coating delivers physiological
Adv Mater. Author manuscript; available in PMC 2013 December 23.

Shah et al.

Page 5

NIH-PA Author Manuscript

nanogram amounts of active rhBMP-2 over two weeks and induces a differentiation
response on physiologically responsive MSCs. Introduction of hydroxyapatite and rhBMP-2
upregulated osteogenic markers at earlier times in MSCs which resulted in greater calcium
deposition in culture. We have presented an alternative method for the fabrication of hybrid
multilayer films consisting of organic and inorganic components for bone tissue healing.
The ease of fabrication and the scalability of this platform approach make it easily
translatable to a variety of orthopedic implants and devices, with the goal of offering
successful and lasting joint replacement, wound healing and repair.

Experimental Section
Materials
Poly (β-aminoester) (Poly2) was synthesized as previously described [34]. All other
materials were purchased from Sigma Aldrich (St. Louis, MO) or Invitrogen (Carlsbad, CA)
unless otherwise noted.
Preparation of electrostatic films

NIH-PA Author Manuscript

Hydroxyapatite nanoparticle suspension (10 wt%) was diluted 5 fold in sodium acetate
buffer (0.1 M), sterile filtered through a 0.45 μm cellulose acetate membrane (VWR
Scientific, Edison, NJ) and added 1:1 (v/v) to chitosan solution in sodium acetate buffer (2
mg/ml). Poly(acrylic acid) and Poly2 dipping solutions were prepared in sodium acetate
buffer (1 mg/ml). rhBMP-2 solution, a gift from Pfizer Inc. (Cambridge, MA), was diluted
to 250 μg/ml in sodium acetate buffer from a 10mg/ml stock solution. Plasma treated glass
or silicon substrates were alternatively dipped into these solutions with an intermediate
washing step in water, first to fabricate the osteoconductive [Chi(HAP)/PAA] base layers
followed by the degradable [Poly2/PAA/rhBMP-2/PAA] layers. Film thickness was
measured using a Dektak 150 Profilometer and surface characterization was performed
using a Nanoscope IV atomic force microscope. Scanning electron microscope (SEM)
images and energy dispersive X-Ray spectroscopy (EDX) line-scans were performed in a
JEOL JSM 6700 scanning electron microscope. All films were fabricated and characterized
at least in triplicate.
In vitro cellular assays
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Adult mesenchymal stem cells (Lonza, Hopkinton, MA) were cultured in α-MEM
supplemented with 20% FBS, 1% penicillin-streptomycin solution and plated on glass cover
slips coated with the electrostatic films as described. Alkaline phosphatase and alizarin red
assays were routinely performed using a previously described protocol [40, 45]. Media was
changed and aliquots from culture were frozen down every 48 hours and assayed for specific
bone marker proteins using human bone panel assay 1B (Millipore, Billerica, MA)
according to the manufacturer’s protocol. In parallel, cells were fixed and stained for
morphology and osteocalcin production for visualization at predetermined time points. All
assays were performed at least three times in triplicate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design and fabrication of the osteophilic multilayer architecture. Components of the film
(A) Chitosan (75%–85% deacetylated chitin), a polycation (B) Poly(acrylic acid) (PAA), (C)
A hydrolytically degradable poly(β-amino ester) (Poly2), a polycation and (D)
osteoinductive recombinant human bone morphogenetic protein 2 (rhBMP-2) (E) Schematic
of the modular electrostatic assembly. Osteoconductive hydroxyapatite is complexed with
chitosan and incorporated into nanoscale thick films along with poly(acrylic acid) in a
bilayer architecture. A hydrolytically degradable poly(β-amino ester) based multilayer film
incorporating osteoinductive rhBMP-2 lays atop the osteoconductive layer. (F) Scanning
electron micrograph of a [Chi(HAP)/PAA]20 bilayer film with the complexed
hydroxyapatite nanoparticles. HAP particles complexed to chitosan strands are interwoven
in the multilayer architecture (G) IR absorbance spectra of the different components of the
osteoconductive layer (i) chitosan (ii) hydroxyapatite (iii) poly(acrylic acid) (iv) [Chitosan/
HAP]1 (v) [Chitosan/PAA]20 and (vi) [Chi(HAP)/PAA]20.
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Figure 2.
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Characteristics of multilayer properties during assembly and degradation. (A) Multilayer
film thickness increases linearly with incremental osteoconductive [Chi(HAP)/PAA] layers.
Contributions of film thickness from the growth factor eluting layers (green) and
hydroxyapatite containing layers (blue) are provided. (B) rhBMP-2 released from the films
over 2 weeks. Surface and bulk morphologies of [Chi(HAP)/PAA]20 + [Poly2/PAA/
rhBMP-2/PAA]20 multilayer films (C, F) HAP particles are distributed uniformly in the
osteoconductive [Chi(HAP)/PAA]20 multilayer surface, and the features are made rougher
in (D, G) by the conformal coating of the [Poly2/PAA/rhBMP-2/PAA]20 layers. (E, H, K)
Once the growth factor is released by the degradation of the poly(β-amino ester) layers,
there is an observable reduction in surface roughness. (F, G, H) Surface height profiles
confirm that HAP particles are uniformly distributed with a lack of sequestration in a
particular area. (I, J) Corresponding cross sectional scanning electron microscopy images
confirm the presence of particles throughout the bulk of the film (I, J, K are at the same
scale). C–H are atomic force microscopy images, where C–E are phase contrast images, F–
H are height images. I–K are scanning electron microscopy images.
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Figure 3.
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Mesenchymal stem cells differentiating into the osteoblast lineage. (A) Alkaline phosphatase
(AP) quantification at 5 days after the differentiation cascade is initiated. (B) Alizarin red
(AR) staining and quantification for calcium deposits 14 days after mesenchymal stem cells
have been in culture under different conditions as indicated. Both AP and AR signals have
been represented as fold increase or decrease of the Control +L-AA/β-GP case. A single
factor ANOVA test allowed rejection of the null hypothesis for all assays; and a Tukey test
between all groups was performed (s.d., n=9, ** p < 0.01; * p < 0.05; ns = not significant all
others are p < 0.001). Temporal expression patterns of osteogenic markers in mesenchymal
stem cells. Quantification of osteogenic markers (C) Osteocalcin, (D) visualized (green)
from differentiating cells by fluorescence over the course of the study. (E) Osteoprotonegrin
and (F) Osteopontin expression follows a similar trend to osteocalcin. In all the assays, the
synergistic effect of having an osteoconductive and an osteoinductive layer maximizes AP
and AR signals. Expression of osteogenic markers may be accelerated and amplified by the
introduction of the osteophilic multilayers leading to an environment conducive for bone
formation. Peak and cumulative expression levels of the combination osteoconductive and
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an osteoinductive multilayers are statistically significant compared to other groups (p<0.001,
Fig S9–S11).
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