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Abstract
Calcium phosphates (CaPs) are the most widely used bone substitutes in bone tissue engineering
due to their compositional similarities to bone mineral and excellent biocompatibility. In recent
years, CaPs, especially hydroxyapatite and tricalcium phosphate, have attracted significant interest
in simultaneous use as bone substitute and drug delivery vehicle, adding a new dimension to their
application. CaPs are more biocompatible than many other ceramic and inorganic nanoparticles.
Their biocompatibility and variable stoichiometry, thus surface charge density, functionality, and
dissolution properties, make them suitable for both drug and growth factor delivery. CaP matrices
and scaffolds have been reported to act as delivery vehicles for growth factors and drugs in bone
tissue engineering. Local drug delivery in musculoskeletal disorder treatments can address some
of the critical issues more effectively and efficiently than the systemic delivery. CaPs are used as
coatings on metallic implants, CaP cements, and custom designed scaffolds to treat
musculoskeletal disorders. This review highlights some of the current drug and growth factor
delivery approaches and critical issues using CaP particles, coatings, cements, and scaffolds
towards orthopedic and dental applications.
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1. Introduction
Musculoskeletal diseases or disorders such as arthritis, osteoporosis, osteonecrosis, bone
fracture, bone tumor, trauma due to sports, war and/or road traffic injuries, back pain and
other spinal disorders cost society over $250 billion annually in the USA, and affects
hundreds of millions of people across the world. It is estimated that around 10 million
Americans have osteoporosis, and about 34 million are at risk of getting this disease.
Osteoporosis caused 2 million fractures costing over $19 billion in 2005, and this is
expected to rise to 3 million fractures by 2025, costing over $25 billion per year [1]. For
load-bearing implants, over 200,000 hip replacements are performed each year in the USA,
and this number is increasing steadily due to increased life expectancy [2]. More and more
younger patients are in need of total hip replacement (THR) due to increased daily life
activities or a more active lifestyle. Thus, the American Academy of Orthopedic Surgeons
(AAOS) has categorized musculoskeletal conditions as the number one reason why patients
visit a doctor [3]. Considering the tremendous impact of musculoskeletal conditions on our
population and economy, the years 2000–10 had been proclaimed as the Bone and Joint
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Decade globally; and the years 2002–11 have been marked as Bone and Joint Decade in the
USA [4]. The purpose of Bone and Joint Decade is to increase the awareness and advance
the understanding of musculoskeletal disorders through prevention, education and research
to improve the quality of life for people with musculoskeletal disorders.

A sharp rise in musculoskeletal diseases and disorders often demands a drug treatment at the
specific surgery/injury/defect site. In bone tissue engineering, the term “drug” is not limited
to only therapeutic agents such as antibiotic, anticancer, anti-inflammatory. The scope of the
term “drug” has grown over the last few decades to include growth factors, bioactive
proteins, enzymes, and non-viral genes (DNAs, RNAs). Different growth factors, bioactive
biomolecules, and drugs are used in bone tissue engineering to induce osteoinductivity in the
implanted biomaterials to accelerate the healing process to address various musculoskeletal
disorders. Thus, the application of drugs in bone tissue engineering is very wide and a
rapidly growing research field of interest.

To be used as a drug carrier, the potential substance must have the ability to incorporate a
drug either physically or chemically, retain the drug until it reaches the specific target site,
be gradually degraded, and deliver the drug in a controlled manner over time [5]. All these
criteria are well met by calcium phosphates (CaPs), and as a result, these materials are
promising candidates for drug delivery applications. CaPs are widely used in bone tissue
engineering for hard tissues such as teeth or bone replacement, augmentation, and/or
regeneration due to their excellent bioactivity and compositional similarities to bone mineral
[6–10]. Table 1 [11] shows the typical composition of the inorganic phase of adult human
calcified tissues. Dynamic and highly vascularized bone tissue can be viewed as a composite
made from biopolymer (mainly collagen) and bioceramic (CaP). CaP, in the form of
carbonated apatite, is the principal mineral content (~69%) of natural bone. The organic
matrix (~22%) consisted of proteins, type I collagen (90% of the organic matrix) with some
non-collagenous proteins (e.g., proteoglycans), lipids and osteogenic factors (i.e., growth
factors, such as bone morphogenetic proteins (BMPs) and vascular endothelial growth
factors (VEGFs)) [7,12,13]. The remaining 9% is represented by water. Table 2 [14] shows
the organic components of bone and their functions in bone mineralization.
Osteoinductivity, a very important property of bone, allows bone to repair and regenerate
itself. Though osteoconductive, CaP biomaterials are not osteoinductive [15]. However, it
has been shown that osteoinductivity to CaP biomaterials can be introduced by combining
these materials with growth factors, bioactive proteins, or osteogenic drugs [16–21].

Versatility, excellent bioactivity, compositional similarities to bone mineral, and tailorable
biodegradability of CaPs over other ceramics are some of the reasons that CaP systems are
increasingly being explored as drug delivery systems (DDSs) for numerous applications in
nanomedicine, orthopedics and dentistry. Drug delivery approaches from CaP systems in the
form of nanoparticles, coatings, cements and scaffolds have been discussed in this review. In
dimensional perspectives, we can consider CaP coating as a two-dimensional construct,
whereas calcium phosphate cement (CPC) and CaP scaffolds can be considered as three-
dimensional (3-D) constructs. Fig. 1 shows the approaches for CaPs in drug delivery
applications, and some common terms and their meanings are presented in Table 3
[10,14,22,23].

2. Categories of calcium phosphates (CaPs)
Depending on temperature, impurities, and the presence of water, CaPs can exist in different
phases [1,24]. Exciting features of CaPs are their excellent bioactivity and biodegradability.
All CaPs do not have similar bioactivity, and also do not degrade at the same rate.
Bioactivity and degradation behavior generally depend on the Ca/P ratio, crystallinity and
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phase purity. Regardless of Ca/P ratio, phase and crystallinity, CaPs are relatively insoluble
at physiological pH 7.4; however, they have increasingly high solubility in acidic
environments, i.e., below pH 6.5 [25–27]. Among all CaPs, the most acidic and soluble CaP
is monocalcium phosphate monohydrate (MCPM). Monocalcium phosphate (MCP) is the
anhydrous form of MCPM, and is obtained by heating MCPM above 100 °C. Both MCPM
and MCP are not biocompatible due to their highly acidic nature and high solubility.
Bioactive calcium-deficient hydroxyapatite (CDHA), sometimes called precipitated
hydroxyapatite (PHA), has a very complex chemical structure. The Ca/P ratio in CDHA is
generally between 1.50 and 1.67, but a Ca/P ratio outside this ratio is also possible. Bone

apatite is similar to CDHA except for the presence of carbonate ( ) and trace elements,
for instance, Na+, K+, Mg2+, Sr2+, Zn2+ [7,9]. Amorphous calcium phosphate (ACP) is
similar to CDHA, while octacalcium phosphate (OCP) and tetracalcium phosphate (TTCP)
can be synthesized at a higher temperature than other CaPs. Among various CaPs, HA and
β-TCP are the most commonly used phases because of their osteogenic property and the
ability to form strong bonds with host bone tissues. Solubility of β-TCP is muchhigher than
HA, and thus β-TCP is termed a bioresorbable ceramic [28,29]. Development of biphasic
calcium phosphate (BCP)-based biomaterials consisting of HA and β-TCP [30–32] are also
of interest to control the degradation properties. Table 4 [10,11,24,33,34] presents a list of
different CaPs and their properties.

Apart from different phases, sizes, fabrication and formulation techniques, from an
application point of view, CaPs can be categorized as nanoparticles (NPs), coatings,
scaffolds and cements. Drug loading and release processes can vary depending on whether it
is a NP, coating, scaffold or cement. In this paper, we have reviewed drug delivery
approaches from CaP nanoparticles, coatings, scaffolds and cements along with the
associated concerns.

3. Calcium phosphate nanoparticles (CaP NPs) in drug delivery
Nanoparticle-based drug delivery systems are a rapidly growing field of interest for effective
targeted drug delivery application. Inorganic nanoparticles, such as magnetic iron oxides
[35–37], silica [38–40], gold [41–44], and CaPs [26,45–49], have gained attention from the
researchers due to their ease of handling, biocompatibility and suitable surface chemistry.
However, associated toxicity resulting from different nanoparticulate materials is a serious
concern [50–52]. Among many inorganic DDSs, special emphasis is given to CaP NPs
because of their superior biocompatibility and biodegradability compared to others. A great
advantage of using CaP NP is that it is found throughout the body, as it is the major
constituent of bone and tooth enamel. Synthesis of CaP NPs is an intimate part of drug
loading or incorporation processes. Synthesis of CaP NPs can be done by various methods
such as wet precipitation [53–56], solid state reaction, sol–gel [57–60], flame spray
pyrolysis [61], hydrothermal [62], spray-drying [63], micelle mediated [64], reverse micelle
mediated [65–67], and double emulsion mediated synthesis [68].

For many drug carriers, biodegradation of the carrier prior to delivery of the drug at the
target site can also pose a threat to the patient. Major concerns associated with
biodegradable polymeric nanoparticles are the acidic or degradation by-products that can
alter the drug activity, and even can adversely interact with the drug or tissue as they come

in contact during circulation. Degradation products of CaPs are Ca2+ and , which are

already inherent to the body, and both Ca2+ and  ions are also found in relatively high
concentrations (1–5 mM) in the bloodstream [69]. This natural occurrence of CaP is one of
the primary advantages over other synthetic drug delivery systems, which might trigger an
immunogenic response. The success of a DDS depends on its effective delivery of drug/

Bose and Tarafder Page 3

Acta Biomater. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



therapeutic agent at the targeted site. Regardless of the Ca/P ratio, phase and crystallinity,
CaPs are relatively insoluble at physiological pH 7.4; however, they have increasing
solubility in acidic environment, e.g. below pH 6.5 [25–27] such as in endocytic vesicles
[70], lysosomes [71] or around solid tumors [72]. Moreover, CaPs are not prone to
enzymatic degradation in the physiological environment, unlike organic or polymeric DDSs
[73,74]. Thus, non-immunogenic response, non-toxic degradation products, and pH-
dependent solubility make CaPs also suitable for intracellular imaging and drug delivery
applications [75,76] in the form of NPs in addition to being a bone substituent. Fig. 2 shows
a schematic of CaP NPs for drug delivery applications.

Rapid clearance from the body and extracellular enzymatic degradation by plasma nucleases
are the major reasons that make direct gene delivery an inefficient process [77,78]. Naked
DNA and siRNA are negatively charged, and the electrostatic repulsion with the anionic cell
membrane further reduces their transfection efficiency [79]. Therefore, a suitable delivery
vehicle is necessary for effective transfection. Though viral gene delivery is very widely
used, non-viral gene delivery is getting significant attention due to safety concerns
associated with viral gene delivery, such as immunotoxicity, intercellular trafficking, and
possibility of mutation [80]. CaP NPs have proven to be effective for non-viral intracellular
gene delivery or transfection [27,81,82], and gene silencing through small interfering RNAs
(siRNAs). DNA or RNA binding to CaP NPs occurs through electrostatic interaction
between Ca2+ in CaP carrier and phosphate groups in DNA or RNA structure [83]. Fig. 3
shows the schematic of the interaction of a nucleic acid on the CaP NP surface [84]. In
intracellular gene delivery method, the genes are delivered to tumor/cancer-specific cells.
These genes can then kill the cells by replacing the existing genes, or may promote certain
enzyme activity that is capable of inducing cytotoxicity to the cells. Zhang et al. [85] studied
in vitro and in vivo therapeutic effect of a CaP NP mediated carcinoembryonic antigen-
cytosine deaminase (CEA-CD) delivery, where an enhanced CEA promoter was fused to a
suicide gene, cytosine deaminase (CD), to treat colon cancer. 5-fluorouracil (5-FU) is a
prodrug that converts into a cytotoxic drug, 5-fluorocytosine (5-FC), when deaminated by
CD. CEA is a tumor tissue specific promoter, and is overexpressed in most colon cancer.
CEA was used by Zhang et al. to reduce the side-effects. CaP NPs were used because of
their lack of toxicity and high transfection efficiency. CEA-CD was efficiently delivered by
CaP NP both in vitro and in vivo. CPNP/CEA-CD/5-FC efficiently induced cytotoxicity in
CEA-positive cells and triggered cancer cell death. Fig. 4 shows a schematic representation
of gene delivery into cell nucleus through a double-shell CaP NP. Cellular uptake of CaP
NPs loaded with DNAs/RNAs is caused by endocytosis through lipid bilayer cellular
membrane. DNAs or RNAs escape from the endosome following the dissolution of CaPs in
the acidic environment of the endocytic vesicle. Degradation of DNAs/RNAs by lysosomal
nucleases could limit the transfection efficiency if endosomal escape of DNAs/RNAs could
not occur before the fusion of endosome with lysosome. Production of certain enzymatic
activity, or a stop in synthesizing certain genes, are triggered once the delivered DNAs/
RNAs are transported into the cell nucleus through the nuclear membrane. CaP chemistry,
surface area, surface charge, and crystallinity also play a great role in gene loading
efficiency. Hanifi et al. [58] showed that Mg2+ doping into HA increases the surface positive
charge of the CaP NPs and hence increased its DNA loading capacity. They also showed
that the presence of β-TCP phase into HA increased gene delivery properties by increasing
its solubility inside endosome.

Tissue/cell imaging is also possible by CaP NPs doped with lanthanum [86–89] or surface
functionalized by organic dye molecules [75,76,90–92]. Lanthanum doping or surface
functionalized dyes can act as fluorescing probes. Indocyanine green (ICG) is a FDA (US
Food and Drug Administration) approved near infrared (NIR) organic dye that can be used
in deep tissue imaging. Its application is limited by low quantum yield, photoleaching effect,
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and nonspecific quenching. Low retention capability, and minimum protection against ICG
dimerization, were observed with polymer-based careers. To address these limitations of
ICG with other careers, Altinoglu et al. [93] embedded ICG into CaP NPs (16 nm average
diameter) for sensitive deep-tissue NIR imaging. As-synthesized ICG doped CaP NPs
contained surface functionalized carboxylate or polyethylene glycol groups. No adverse
effects were observed on the optical properties (absorption and emission) of the ICG doped
colloidally stable CaP NPs. 200% greater quantumefficiency, 500% longer photostability
relative to free dye were observed from these ICG doped CaP NPs. A prolonged (up to 4
days) fluorescence signaling was observed from ICG doped CaP NPs compared to free ICG
(<24 h) in an in vivo nude mice model. A short fluorescence was attributed to rapid
aggregation of free dye molecules in physiological condition, and rapid clearance from the
body.

Simultaneous drug delivery and bio-imaging by a fluorescing probe was studied by Kester et
al. [75] and Banerjee et al. [92]. Kester et al. [75] encapsulated water-insoluble hydrophobic
decanoyl ceramide (Cer10), an anticancer drug, and rhodamine-WT (Rh-WT) dye into
hydrophilic CaP NPs through double reverse-micelle approach. Rhodamine-WT (Rh-WT)
dye embedded within the resulted 20 to 30 nm diameter CaP NPs was used as a fluoroprobe
for bioimaging. Successful delivery of hydrophobic Cer10 was shown by the reduced
survival of melanoma and breast cancer cells as compared to CaP NPs containing
fluorophore without Cer10 as control. Thus, CaP NPs could be very promising for targeted
delivery of hydrophobic drugs like ceramide, which is not possible to administer through
aqueous formulation [75]. In another study, a pH-sensitive release of Alendronate (AD)
from CaP NPs is reported by Banerjee et al. by synthesizing CaP-AD nanoconjugate [92].
AD is a bisphosphonate (BP) drug, which is used for bone diseases like osteoporosis.
Bisphosphonates (BPs) are a group of synthetic drugs with a structural backbone similar to
inorganic pyrophosphate. The synthesized CaP-AD nanoconjugate surface was further
modified by rhodamine-B (RDB) dye. An average dimension of 20 nm × 44 nm and 21 nm
× 44 nm of CaP-AD and CaP-AD-RDB nanocomposites, respectively, were reported. A
significant controlled alendronate release was observed at pH 5, which is the pH around
solid tumors or in endolysosomes, as compared to pH 7.4, which is the physiological pH.
High AD release at pH 5 was correlated with the high dissolution of CaP at this pH shown
by Ca2+ ion measurement as shown in Fig. 5. CaP-AD nanocomposites were also effective
in decreasing osteoclast cells activity compared to bare CaP nanoparticles measured by
TRAP expression, a marker for osteoclasts phenotype. Osteoclast cells resorb bone mineral
during the bone remodeling process. Cheng and Kuhn [46] synthesized CaP NPs (HA)
conjugated with cis-diamminedichloro- platinum (CDDP, cisplatin), a commonly used
chemotherapy drug with high antitumor activity. A sustained release of the drug, 30% of the
conjugated drug in 16 days, was observed from CDDP conjugated CaP NPs. Cytotoxicity
test in cancer cell showed conjugation of CDDP with CaP NPs, and its subsequent release
did not significantly alter drug activity compared to free drug.

The use of CaP particle systems for protein delivery has also been studied using model
protein bovine serum albumin (BSA). Dasgupta et al. [67] showed that protein loading and
release from CaP NPs depends on the particle size, surface area, and phase composition of
CaPs, where CaP NPs were synthesized using a reverse micro-emulsion technique followed
by BSA loading. In another study, Dasgupta et al. [94] incorporated BSA into Zn and Mg
doped HA NPs synthesized by an in situ precipitation process. Surface charge effect, similar
to reported by Hanifi et al. [58], on protein incorporation was observed. Increased BSA
loading was due to the c-site lengthening effect by the dopant in the HA crystal lattice; this
is shown in Fig. 6a. Addition of dopants increased the protein uptake compared to the
undoped HA NPs. Undoped, Zn-, and Mg-doped HA NPs showed BSA uptake of 18 wt.%,
24 wt.%, and 21 wt.%, respectively. A two-stage release characteristic was observed, as
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shown in Fig. 6b, where the first step was due to the loosely bound BSA released from the
CaP surface, and the second step BSA release was due to dissolution of the CaP NPs into the
solution. Thus, the choice of a dopant with high charge density can lead to attaining CaP
NPs with high surface charge, which apparently has an immense impact on protein, gene,
and/or drug loading on these NPs.

3.1. Challenges with CaP NPs
Though by definition, NPs are considered to be equal to or less than 100 nm, particle size
between 10 and 200 nm is suitable for drug delivery applications based on in vivo studies
[50]. However, beyond a particle size range nanoparticles may show some toxicity in vivo
through excess delivery of Ca2+ ions into cells. Synthesis of CaP NPs and maintaining the
size after drug conjugation/incorporation/adsorption is a critical challenge. Storage of CaP
NP transfection solution is also a critical challenge because NPs grow bigger with time into
microcrystals [95], and transfection efficiency is also dependent on the particle size [26].
Intracellular degradation of the CaP NPs into lysosome before entering the nucleus
decreases the transfection efficiency. Development of multi-shell CaP NPs is a potential
approach to address this issue. Sokolova et al. [95] coated the core CaP with DNA followed
by coating with CaP, and finally a DNA coating. It was shown that a significant increase in
transfection efficiency was attained by this type of multi-shell CaP NPs as compared to
single layer DNA coating as shown in Fig. 7. Increased transfection efficiency by double-
shell and triple-shell DNA-CaP NP conjugate was reported due to the increased protection
and stability of DNA-CaP NP conjugate from extra- and intracellular degradation processes.
Increased protection and stability of DNA-CaP NP conjugate was more dominant than the
charge effect, as shown in Fig. 7 between double-shell and triple-shell DNA-CaP NP
conjugates.

4. Drug delivery from CaP coatings
Due to their bioinert nature, metallic implants have poor osteoconductivity. Moreover,
fibrous tissue encapsulation around the implant poses a serious threat to the long term
activity of the implant. CaP coating onto metallic implant had been introduced to initiate a
bioactive fixation after surgery, and to increase the long term activity. Post-surgery
periprosthetic infections still remain a threat during setting of total joint arthroplasty, pose a
serious threat to the short and long term stability of the implant in orthopedic surgery
[96,97], and may also lead to a second surgery [98,99]. This challenge could be addressed
by local delivery of antibiotic drug from the coated implant. Local drug delivery at the
respective targeted site is also used in the field of medicine other than musculoskeletal
disorder treatments, and has been proven very effective against systemic delivery [100,101].
A high dose concentration of the drug is usually required for systemic delivery compared to
local delivery, and yet the effective concentration at the target site may not be enough for
effective and permanent cure [98]. Local drug delivery ensures delivery of the drug to the
surrounding tissue at the target site, which reduces associated toxicity to other non-target
sites [100,102,103].

Although orthopedic-related bacterial infections are well treated by various antimicrobial
agents, an increasing antibiotic resistance is an alarming concern [104]. Silver can
effectively be used as antimicrobial agent against a broad range of Gram-positive and Gram-
negative bacteria, and bacterial resistance against silver is also minimal [104,105]. Silver
shows its bactericidal effect at a minimum concentration of 35 ppb (parts per billion)
without any toxicity to mammalian cells [99]. The efficacy of local delivery of silver ion
(Ag+) from CaP coating on titanium has been tested by Roy et al. [106] against
Pseudomonas aeruginosa and Pseudomonas aureus, which are known to cause post-
operative infections. Laser engineered net shaping (LENS™) was used to coat TCP onto Ti.
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Silver (Ag) was electrodeposited from 0.001 M, 0.1 M, and 0.5 M AgNO3 solutions,
respectively, on CaP-coated titanium (Ti) samples. Samples coated from 0.001 M AgNO3
solution were not very effective for the reduction of bacterial colony growth. Although
samples coated from 0.1 M and 0.5 M AgNO3 solutions were effective in 99.99% reduction
of bacterial colony growth after 24 h, samples coated from 0.5 M AgNO3 solution showed
toxicity to osteoblast cell proliferation. Ag concentration 0.1 M for electrode-position was
found to be optimum for osteoblast cell proliferation without any cytotoxicity, and there was
significant reduction (99.99%) of Pseudomonas aeruginosa and Pseudomonas aureus
bacterial colony growth on the Ag-CaP surface compared to CaP coating without Ag.

Biomimetic coating or mineralization is a technique in which an osteoconductive amorphous
calcium phosphate (ACP) layer is introduced on the surface of a substratum immersed in a
supersaturated simulated body fluid (SBF) solution. The ion concentrations of SBF solution
are similar to human blood plasma, and the ACP that forms in SBF is calcium deficient
carbonated hydroxyapatite (CDCHA). Table 5 shows the ion concentration comparison
between SBF and blood plasma adapted from Kokubo and Takadama [107]. Instead of
simple surface adsorption, co-precipitation of drug or osteogenic growth factor molecules
during biomimetic coating is also gaining significant attention from the scientific
community [108]. Fig. 8 shows a schematic of biomimetic precipitation and biomimetic co-
precipitation. Biomimetic co-precipitation of a series of antibiotics such as cephalothin,
carbenicillin, amoxicillin, cefamandol, tobramycin, gentamicin and vancomycin, on titanium
alloy (Ti6Al4V) was done by Stigter et al. [109]. They examined release kinetics in PBS of
7.4 pH at 37 °C, and the efficacy against Staphylococcus aureus of these antibiotics. A thin
ACP layer was precipitated from a five times concentrated SBF solution [110] for 24 h,
followed by biomimetic coprecipitation of antibiotics from a supersaturated SBF solution
[111] for 48 h at 37 °C. Fig. 9a [109] shows the antibiotic concentration in the coating with
the variation of concentration in coating solution. Antibiotic incorporation efficiency into
coating was anticipated to have a relation with the presence or absence of carboxylic
(COO−) group, and their interaction with calcium ion (Ca2+) present in the coating solution.
The chemical nature and concentration of these antibiotics had a significant influence on the
carbonated hydroxyapatite (CHA) coating thickness formed by the biomimetic technique.
Release behavior is shown in Fig. 9b [109]. The release of antibiotics was controlled by their
chemical nature, i.e., acidic or basic, molecular size, and the diffusion rate into release
medium.

Complications such as delayed healing or non-unions of bone fractures in orthopedic and
trauma surgery can be addressed by the exogenous application of growth factors to stimulate
bone healing. Thus, growth factors have also been applied on CaP-coated orthopedic and
dental implants to induce osseointegration, and accelerate the reestablishment of full
functionality. Liu et al. [16] studied the effect of biomimetically coprecipitated bone
morphogenic protein (BMP-2), an osteogenic growth factor, on bone formation at an ectopic
site in rat model up to 5 weeks. An ACP layer was created on Ti alloy (Ti6Al4V) disks (1
cm in diameter) from a five times concentrated SBF solution at 37 °C for 24 h followed by
biomimetic coprecipitation of BMP-2 from a supersaturated CaP solution of pH 7.4 at 37 °C
for 48 h. Naked Ti alloy disk, and Ti alloy disk with CaP coating (no BMP-2) as negative
controls; and Ti alloy disk with CaP coating and superficially adsorbed BMP-2 as positive
control, were used. Biomimetically coated samples had 1.7 ± 0.079 μg BMP-2/sample,
where superficially adsorbed BMP-2 group samples had 0.98 ± 0.045 μg BMP-2/sample. Ti
alloy samples with biomimetically coated BMP-2 showed a sustained and increased
ossification over the 5-week time period compared to superficially adsorbed BMP-2
samples, which showed only a transient (1 week) osteogenic response. The sustained
osteogenic activity from the biomimetically coated BMP-2 was hypothesized due to the
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gradual release as opposed to the short burst release from the surface adsorbed BMP-2
groups.

Bisphosphonates (BPs) are a group of synthetic drugs with a structural backbone similar to
inorganic pyrophosphate as shown in Fig. 10. BPs are widely used in skeletal disorders,
including osteoporosis, Paget’s disease, and tumor-associated osteolysis and hypercalcemia
[112–114]. BPs inhibit osteoclast (bone resorbing cells) activity, and that’s why BPs are also
known as antiresorptive agents. Systemic delivery of BPs by oral administration or
intravenous injection often causes side-effects like fever and/or throat or stomach ulcers.
Moreover, bioavailability of BPs is also very low [115]. Local BP delivery can also induce
early stage osteogenesis, in addition to reducing the risk of bone fracture from osteoporosis,
by inhibiting osteoclast activity. This causes improved mechanical interlocking of the
implant with the surrounding host bone tissue, and faster recovery from surgery. Peter et al.
[116] introduced zoledronate, a member of the BP family, on the HA-coated titanium
implant (3 mm (h) × 5 mm (Ø)) to study the effect of local zoledronate delivery on
mechanical fixation of the implant and host bone, which increased bone formation. A 20 μm
thick fairly crystalline (62%) HA coating was prepared by a plasma spray technique. HA-
coated Ti implants were inserted in rat condyles with various zoledronate concentrations, 0.0
μg (control), 0.2 μg, 2.1 μg, 8.5 μg, and 16 μg, respectively, per implant. A zoledronate
concentration dependant increased mechanical fixation, and increased peri-implant bone
density was also observed. Zoledronate concentration 2.1 μg/implant produced the highest
peri-implant bone density, and mechanical fixation compared to other concentration and
control (without zoledronate). Garbuz et al. [117] studied the effect of porous tantalum
coated with microporous CaP with alendronate on new bone formation in the gap between
implant and host bone; and compared with uncoated porous tantalum implant, and CaP-
coated porous tantalum implant without any alendronate. Microporous (200–300 nm pore
size) CaP coating on porous tantalum (400–500 μm pore size) was performed by electrolytic
deposition technique and alendronate immobilization was carried out by soaking the coated
implant in phosphate buffer solution (PBS) containing alendronate. Alendronate
concentration of 1.37 μg per tantalum implant (8 mm (h) × 3.18 mm (Ø)) was used. A
significant bone ingrowth was observed on alendronate - CaP-coated microporous tantalum
implant using rabbit femur model. The presence of alendronate disrupted osteoclast activity
and enhanced osteoblast activity. Porous tantalum implants coated with CaP and alendronate
(Ta-CaP-ALN) showed significantly more gap filling, bone ingrowth, and total bone
formation than the group treated with the uncoated porous tantalum implants (Ta), and the
group treated with the CaP-coated implants (Ta-CaP).

4.1. CaP coatings: challenges
The success of a coated implant depends on the stability of the coating. Stability of the
coating is controlled by its physical and mechanical properties such as crystallinity, phase
composition, dissolution characteristics, coating thickness and coating strength. Coating
techniques such as dip coating [118], sol–gel [119,120], electrophoretic deposition
[121,122], biomimetic coating [16,108, 123], simultaneous vapor deposition [124], pulsed
laser deposition [125], laser processing [126,127] and plasma spraying [128,106] have been
used for ceramic coating on metals. Although dip coating, sol–gel, electrophoretic
deposition and biomimetic coatings are suitable for coating a complex shape, all these
techniques suffer from weak coating strength. In spite of being a line-of-sight technique,
simultaneous vapor deposition, laser processing, pulsed laser deposition and plasma
spraying offer some advantage on interfacial strength and crystallinity over other techniques.
Although CaP coating makes a metallic implant bioactive by inducing osteoconductivity,
osteoinductivity can only be induced by osteogenic drug or growth factors. Since almost all
coating techniques involve high temperature in-processing or post-processing, any kind of
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drug or growth factors are only introduced after the coating process is done and mostly by
adsorption [102,116,129]. This leads to a potential burst release effect of the loosely bonded
drugs or growth factors. Radin et al. [102] loaded vancomycin on a CaP-coated titanium
alloy substrate by only vancomycin adsorption (i), and vancomycin adsorption followed by
lipid coating onto it (ii). A prolonged release of the drug, resulting up to 72 h bacterial
inhibition, was reported from lipid-coated samples as compared to 24 h bacterial inhibition
from non-lipid-coated samples. Thus, a thin biodegradable polymer coating after drug
adsorption could be a potential solution to address the initial burst release, provided that this
polymeric coating does not adversely affect or reduce the bioactivity of the coating.

5. CaP scaffolds in growth factor delivery
A scaffold is defined as a structure that allows cells and extracellular matrices to interact,
and provides the mechanical support for growing cells and tissues. In an ideal case, a CaP
scaffold would eventually degrade while the newly formed tissue takes over the space. The
degradation rate of these CaP scaffolds depends on the solubility of the type of CaP. A
scaffold can have two types of porosity: macroporosity (pore size > 50 μm) and
microporosity (pore size < 10 μm) [130]. The presence of porosity, particularly
interconnected porosity, provides higher surface area for improved mechanical interlocking
between the scaffold and surrounding host tissue [131,132]. Interconnected porosity also
provides pathways for micronutrients [133]. Growth hormones (GHs), growth factors (GFs),
bone morphogenetic proteins (BMPs), and/or mesenchymal stem cells (MSCs) can improve
the biological properties of porous scaffolds further, either by inducing osteogenesis or
angiogenesis through osteoinduction or vascularization, respectively. Table 6 [134–136]
presents some commonly used growth factors in tissue engineering for drug delivery
applications.

GHs have a stimulatory effect on osteoblast proliferation and differentiation [137], and thus
play a vital role in bone formation and remodeling [137,138]. Effect of human growth
hormone (hGH) on in vivo bone growth and CaP resorption by localized delivery from a
macroporous biphasic calcium phosphate (MBCP: with a 60/40 weight ratio of HA/β-TCP)
in rabbit model was studied by Guicheux et al. [139]. Mean macropore diameter and
macroporosity of these scaffolds were 565 ± 33 μm, and 50%, respectively. A 50 μl solution
containing 0.1 μg, 1 μg, and 10 μg of hGH, respectively, was loaded on the cylindrical
MBCP samples with 6 mm(h) × 6 mm(Ø) dimension. Significant increase in bone growth
(65%) and CaP resorption (140%) is reported due to hGF as compared to control (with no
hGH). A 36%, 65%, and 35% bone ingrowth was observed for 0.1 μg, 1 μg, and 10 μg of
hGH, respectively. Scaffolds loaded with 1 μg hGH stimulated significant bone ingrowth
and ceramic resorption compared to scaffolds with 0.1 μg and 10 μg of hGH. Thus there is
an optimum in terms of hGF amount to achieve significant bone growth within the scaffold
which is also controlled by CaP resorption.

Hepatocyte growth factor (HGF) induces angiogenesis by promoting VEGF expression
[140]. It has been shown that HGF induces osteoblast proliferation and further increases the
bioactivity of CaPs [141]. Hossain et al. showed an enhancement of osteoblast
differentiation when cultured on HGF adsorbed HA-based CaP compared to CaP without
any HGF [142]. They have also tested the attachment efficiency of HGF on dense HA
scaffolds by two different procedures. All samples were incubated at 4 °C for 24 h after
placing 100 μl HGF solutions in PBS containing 200 ng HGF. After 24 h, one set of
samples were kept at room temperature and allowed to dry over 6 h, and another set were
kept at 4 °C for another 24 h by adding PBS. Approximately 30% of the total HGF placed
on the HA surface was adsorbed, when the solution was allowed to dry; almost 50% was
adsorbed after 48 h incubation.
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Takahashi et al. [20] showed that the addition of rhBMP-2 to porous HA grafts (40%
porosity with pore size ranging from 100 to 500 μm) enhances the rate of anterior cervical
fusion through osteogenesis using goat anterior cervical fusion model. Two different
rhBMP-2 dosage, 5 μg and 50 μg per implant, were tested. Although 5 μg rhBMP-2 group
induced a significant osteogenesis compared to the control group without any rhBMP-2,
application of an adequate amount rhBMP-2 rather than a low dose was suggested. Koempel
et al. [143] showed that human recombinant bone morphogenetic protein-2 (rhBMP-2) can
promote the implant– host tissue integration by adsorbing rhBMP-2 on macroporous HA,
and implanted in the subperiosteal pockets created on rabbit skull. Commercially available
HA scaffolds with 40% porosity and 100–300 μm non-interconnected macropores were
used. Many studies showed that the presence of macropores in CaP scaffolds loaded with
BMP had a significant effect on new bone formation [139,143,144]. An insignificant effect
of macropores loaded with BMP is also reported by Levengood et al. [145]. The presence of
microporosity in a scaffold is undoubtedly beneficial for new bone formation. Woodard et
al. [146] showed that the presence of microporosity (2–8 μm) in HA scaffold improved
osteoconductivity as compared to scaffolds without any microporosity. Increased growth
factor retention by rhBMP-2 due to the presence of microporosity was observed in scaffolds.
Polak et al. [147] showed that the presence of microporosity accelerated the healing process
twice as fast as compared to scaffolds without any microporosity. They also showed that the
addition of BMP-2 in microporous CaP samples accelerated the healing process four times
as fast as compared to scaffolds without any BMP-2.

Bone marrow stromal cells (BMSCs) are capable of self-renewal and differentiation into
various osteogenic lineage cells, including chondroblasts and osteoblasts, and are considered
as progenitors of skeletal tissue system [148,149]. Martin et al. [150] investigated the
influence of a series of growth factors on the growth and bone formation capability from
BMSCs. In in vitro conditions, they showed that endothelial growth factor (EGF) and
fibroblast growth factor (FGF-2) influenced BMSC growth significantly, while
dexamethasone (DEX) and FGF-2 promoted significant bone formation from BMSC. In an
in vivo mice model, they also showed that BMSC seeded on CaP induced bone formation
compared to control collagen sponge seeded with BMSC, where no bone formation was
observed. HA scaffolds with 70–80% porosity were used with a pore distribution:<10 μm,
~3% vol; 10–150 μm, ~11% vol; >150 μm, ~86% vol. The effect of BMP-7 combined with
VEGF and MSCs on osteoinduction in a porous BCP scaffold was investigated by Roldan et
al. [151]. The weight ratio of HA/TCP in the BCP scaffolds was 60/40 with 92–94% volume
fraction porosity, and interconnected macropore size 360–440 μm and 900–1100 μm, and
0.4–4 μm micropore size. Fig. 11i shows the images of this BCP scaffold and its strut.
Though only the BMP-7 group showed the highest new bone formation, no statistically
significant differences were observed in new bone formation in the presence of BMP-7/
VEGF, BMP-7/MSCs compared to BMP-7 alone in these scaffolds. The control ceramic
(with no BMP-7) scaffold also showed considerable new bone formation. The
osteoinduction in the control ceramic was induced by the presence of micro- and
macropores. Fig. 11ii shows the difference in new bone formation due to the presence and
absence of BMP-7 in the BCP scaffolds.

Kundu et al. [152] reported the superiority of HA with lower pore percentage with a
distribution of mainly micro-pores over the higher pore percentage both in vitro and in vivo.
They treated chronic osteomyelitis caused by β-lactamase-producing strains using a
combination of sulbactam sodium (SUL, a β lactamase inhibitor) and ceftriaxone sodium
(CFT, a β-lactam antibiotic) in osteomyelitis induced rabbit model. HA scaffolds with lower
and higher pore percentage were characterized with 50–55% porosity with ~110 μm average
pore size and higher interconnectivity (10–100 μm); and 60–65% porosity with ~140 μm
average pore size and lower interconnectivity (30–120 μm), respectively. Drug adsorption
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was carried out by soaking the scaffolds in a drug solution of 500 mg ml−1 with a 2:1 ratio
of CFT and SUL.

5.1. CaP and polymer composite scaffolds
Biodegradable polymers are very frequently used with CaP polymers to make ceramic–
polymer composite scaffolds to improve mechanical properties. Polymer coatings on CaP
ceramic scaffolds are often applied to improve brittleness and weak strength. In drug
delivery applications, polymer coating is also applied to the drug-adsorbed surface of the
ceramic scaffold to control the drug release behavior. Sometimes, drugs are also
impregnated into the polymer coating [153,154], and recently an increasing interest has been
paid to functionalization of polymeric coatings [155,156] to induce hydrophilicity, for better
drug interaction, or to make covalent bonding with the drug.

Kim et al. [157] coated HA scaffolds having ~87% porosity and 150–200 μm pore size,
made by polyurethane foam reticulate method, with a mixture of HA powder and
polycaprolactone (PCL) polymer. Coating was done by the dipping-drying process with
varying concentration and HA/PCL ratio. The antibiotic drug tetracycline hydrochloride
(TCH) was mixed with the HA/PCL coating mixture in dichloromethane. An increase in
compressive strength and elastic modulus was achieved by this coating, where an increase in
compressive strength from 0.16 ± 0.04 MPa to 0.45 ± 0.04 MPa, and elastic modulus from
0.79 ± 0.04 MPa to 1.43 ± 0.2 MPa, respectively, were observed for 3.75% PCL (w/v)
concentration in coating solution. A constant drug-to-matrix ratio (TCH/HA + PCL = 0.1)
was maintained in all coating solutions. Drug release was dependent on the coating
dissolution from the scaffold, where the dissolution rate was highly dependent on the HA/
PCL ratio. A decreasing trend in the percentage drug release was observed with increasing
PCL concentration in the coating solution. Approximately 20–30% of the loaded drug was
released during initial 2 h in PBS, while 40–60% of the loaded drug was released in 7 days
depending on the coating composition. Xue et al. [153] demonstrated a sustained and
controlled protein delivery from β-TCP scaffolds with PCL coating, where strength was
improved due to PCL coating and model protein bovine serum albumin (BSA) release
kinetics was studied. Fig. 12 shows morphologies and release profiles of the uncoated and
PCL-coated β-TCP scaffolds. Polyurethane foam reticulate method was used to fabricate
TCP scaffolds with 70–90% porosity and 300–800 μm interconnected macropore size. An
increase in compressive strength was observed with increasing PCL concentration.
Compressive strength was decreased with increased percentage porosity. BSA was
encapsulated efficiently within the PCL coating without significant denaturation. BSA
encapsulation can be controlled by varying protein composition in PCL coatings. Rai et al.
[154] studied drug loading and release behavior of PCL-TCP biodegradable composite
scaffold fabricated by fused deposition modeling for bone regeneration. Fibrin sealant was
used to promote the loading efficiency of rhBMP-2 onto the PCL and PCL-TCP composites.
It was reported that PCL-TCP- fibrin retained rhBMP-2 longer than PCL-fibrin composites,
and interpreted that this was likely due to the formation of intermolecular linkages between
rhBMP-2 and TCP. Yoshida et al. [21] studied the effect of rhBMP-2 on new bone
formation in surgically created defects in rabbit mandibles. Porous HA scaffolds were
coated with rhBMP-2 and atelopeptide type I collagen. A significant early stage new bone
formation, due to osteoinduction from rhBMP-2, was observed compared to the control
group (HA coated with only atelopeptide type I collagen).

5.2. CaP scaffolds: fabrication, drug loading and critical issues
Along with biological and mechanical properties, architectural features are also important
for scaffolds used in tissue engineering application. 3-D interconnected pores are essential
for scaffolds for better cell adhesion, mechanical interlocking between host tissue and
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scaffold, and flow transport of nutrients and metabolic waste [132,158–161]. The scaffold
should also have enough temporary strength to withstand in vivo stresses and loading at the
site of application until newly formed bone replaces the biodegradable scaffold matrix [162].
Many conventional techniques such as impregnation and sintering, fiber bonding, solvent
casting and particulate leaching, gas foaming, thermally induced phase separation are
available for scaffold fabrication [163,164]. The fabrication of CaP-based scaffolds with
complex architectural features is difficult by conventional techniques as precise controlling
of pore size, pore distribution, pore interconnectivity and percentage porosity cannot be
maintained by conventional techniques [165,166]. Unlike conventional techniques, the solid
freeform fabrication (SFF) technique allows flexibility in designing and manufacturing
scaffolds with complex geometry [165,167–172]. SFF is a layer-by-layer manufacturing
technique. This technique directly uses computer aided design (CAD) data file to fabricate
the scaffold. Among many existing SFF methods, selective laser sintering (SLS),
stereolithography (SLA), fused deposition modeling (FDM) and three-dimensional printing
(3DP) are the most widely used [132,164,168]. Fig. 12(c) shows a schematic of 3D printing
along with 3D printed interconnected macro porous scaffolds with different pore sizes, and
some other 3D printed parts fabricated at Washington State University using a 3D printer
(ProMetal®, ExOne LLC, Irwin, PA, USA). In most cases, CaP scaffolds are subjected to
post-processing high temperature sintering to achieve high density and sufficient mechanical
strength. That is why any drug/biomolecules cannot be incorporated into CaP scaffolds
before high temperature densification – unlike CPCs, where post-processing sintering is not
required and setting takes place at the physiological temperature. Thus, drugs/biomolecules
are applied by adsorption, entrapped into or immobilized on the polymeric coating on the
sintered ceramic scaffold. Hence, polymeric degradation by-products and their interaction
with the physiological system also need to be considered before applying any polymeric
coating. Fig. 13 shows a schematic representation of drug loading approaches on CaP
scaffolds or coatings. Treatment approaches designing depends on the requirements, type of
drugs/biomolecules under consideration and their interactions with CaPs.

5.3. Release behavior from CaP scaffolds
Fig. 14a and b illustrates the schematic of drug release from CaP scaffolds, where drugs are
adsorbed on the CaP scaffolds. Scaffolds can have micropores or macropores or both. Drug
release depends primarily on chemical and electrostatic interaction between CaPs and drug
molecules as well as the environment. Fig. 15 shows a schematic of a chemical interaction
between a BP drug molecule and calcium deficient apatite (CDA), a CaP [173]. An initial
burst release can occur when the drug is adsorbed only by electrostatic interactions. Drug
release can also be dependent on the dissolution/degradation rate of CaP, when there are
chemical interactions between drug molecules and CaPs. Sometimes polymer coating is
done to attain a sustained release and prevent any burst release. Drug or protein molecules
can also be impregnated into polymer coatings. Drug release from polymer-coated CaP
scaffold is dependent on the diffusion of drug molecules through polymer coating, and
degradation of coating. Percentage porosity, pore size, presence of intrinsic micropores, and
pore interconnectivity – all these factors can have a vital impact on drug adsorption
efficiency and release behavior. An increase in drug adsorption efficiency (~48% adsorption
for 50% porosity and ~82% for 60% porosity) was observed with an increase in percentage
porosity due to the increased surface area by Kundu et al. [152]. An initial burst release was
observed in all cases. A faster elution rate was observed from a high percentage porosity
sample. The presence of high volume fraction porosity and a bigger size of macropores
facilitated the diffusion of drugs at a faster rate than the samples with lower volume fraction
porosity and smaller macropore size. Fig. 16 presents the release profile of 1 μg hGH loaded
on MBCP scaffolds for up to 9 days from the study done by Guicheux et al. [139]. A first
order diffusion controlled initial release was predicted from the linear pattern of cumulative
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release vs. square root of time curve. Ceramic resorption mediated release was also
predicted in addition to diffusion.

6. Calcium phosphate cement (CPC)
In the 1980s, LeGeros [174] and Brown and Chow [175] introduced the CPC formulation.
CPC refers to the solid CaP formed from semi-solid or paste form. The semi-solid or paste is
obtained by mixing CPC powder and a liquid called cement solution. The CPC powder is
usually a mixture of two or more than two different CaPs, while the liquid can be only water
or an aqueous solution. The hydrolysis reaction, upon mixing of CPC powder and liquid,
leads to set and harden the cement by a combination of dissolution and precipitation process
[176]. The possible reaction products of CPCs are brushite (DCPD), hydroxyapatite (HA) or
calcium deficient hydroxyapatite (CDHA) [177]. The injectibility of CPC paste allows it to
fit the bone defect or bone cavity perfectly. Another great advantage of CPCs their is low
temperature in vivo self-setting capability without causing any harm to the surrounding
tissue. Properties of CPCs such as mechanical strength, setting time, porosity, and swelling
can be controlled by liquid-to-powder ratio, pH of the liquid phase, chemistry, crystallinity,
particle size, and the presence of nucleating agents in the reaction system [178– 182].

In addition to acting as bone substitute, CPCs can also be used for local drug delivery for the
treatment of different skeletal diseases such as bone tumors, osteoporosis or osteomyelitis.
The highly microporous structure of CPC, after setting, allows it to incorporate drugs into its
structure. Fig. 17 shows the presence of two different types of porosities, resulting from the
distance between crystallites and aggregates [183]. The drug can be introduced either in the
liquid or the solid phase of the CPC, but care must be taken that the physicochemical
properties of the drug or protein do not change during the chemical reaction and setting of
CPC. Different kinds of drugs, including antibiotics [184–186], anticancer agents [103],
growth factors [17], proteins/amino acids [18,19], and antimicrobial peptides (AMPs)
[187,188], have been incorporated into CPCs for various applications.

The influence of alendronate (AD) into the CPC matrix on cement setting time, compressive
strength, drug release kinetics, and bioactivity was investigated by Jindong et al. [189].
Three different AD concentrations, 2, 5 and 10 wt.% into CPC matrix, and a control (CPC
with no AD), were used. Both the initial (setting time for control: 10.1 ± 0.74 min; CPC
with 10 wt.% AD: 29.8 ± 1.92 min) and final (setting time for control: 23.7 ± 1.20 min; CPC
with 10 wt.% AD: 47.8 ± 2.39 min) setting time was increased with increasing AD
concentration. A significant reduction in compressive strength was also observed with AD
incorporation into CPC matrix (CPC control: 13 ± 0.595 MPa, 2% AD: 5.16 ± 0.268 MPa,
5% AD: 5.54 ± 0.233 MPa, 10% AD: 5.36 ± 0.552 MPa). No significant decrease in
compressive strength was observed with increased AD concentration. No cytotoxicity was
observed for these AD concentrations when tested against rat mesenchymal stem cells.
Changes in cement setting time, mechanical properties, microstructure, in vitro and in vivo
release kinetics with increased concentration of methotrexate, an anticancer drug,
incorporated into CPC was studied by Yang et al. [103] for local drug delivery application to
address the local recurrence of bone tumors and systemic toxicities of chemotherapy.
Methotrexate concentration of 0 wt.% (control), 0.2 wt.%, 0.5 wt.%, and 1 wt.% were mixed
with CPC powder. The decrease in initial and final setting time with increase in drug
concentration was statistically insignificant with respect to control. No statistically
significant decrease in compressive and tensile strength was observed up to 0.5 wt.% drug
concentration. Similar in vitro release kinetics were observed for all drug concentration up
to 30 days. Although an increase in total drug release each day was observed with increased
drug concentration into CPC matrix, total percentage release was decreased with increased
concentration. CPC (with 1 wt.% methotrexate) containing 1.02 mg drug in each implant
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was implanted into rabbit thigh muscle, and no side-effects on the gastrointestinal system
and wound healing were observed. Release pattern similar to in vitro was also observed for
in vivo.

Tanzawa et al. [190] showed that an anticancer drug, cisplatin, incorporated alone into CPC
inhibited the bone tumor activity only for 4 weeks. Bone tumor forming cells regained their
activity after 4 weeks. Incorporation of cisplatin and caffeine together showed a prolonged
anti-tumor activity due to sustained release of caffeine, which inhibited further proliferation
of tumor cells damaged by cisplatin. Caffeine was used as a cytocidal enhancer of the
anticancer drug against bone and soft tissue tumors. Doadrio et al. [191] investigated
cephalexin, an antibiotic, drug release behavior from a calcium sulphate (gypsum) cement
and hydroxyapatite (HA)/calcium sulphate composite cement. Cephalexin content 1 wt.%
was mixed into the solid phase of the cement. Approximately 80–90% of the drug was
released after 8 h in SBF from calcium sulphate cement. More controlled release kinetics
were observed, when HA was used with calcium sulphate. Only 25% of the drug was
released after 8 h from HA/calcium sulphate composite cement, and 90% of the drug was
released after one week. Incorporation of stem cells (SCs), such as human bone marrow-
derived mesenchymal stem cells (hBMMSCs), into CPC has also been investigated [192] to
induce increased mineralization through osteogenic differentiation of hBMMSCs.
hBMMSCs were encapsulated into alginate beads by Weir and Xu [192], and subsequently
mixed with either (i) a CPC (control), (ii) CPC reinforced with chitosan or (iii) CPC
reinforced with chitosan plus degradable Vicryl fibers. The encapsulated cells in CPC–
chitosan and CPC–chitosan–fiber remained viable greater than 70% on day 21. Encapsulated
hBMMSCs under-went osteogenic differentiation by increased ALP activity and mineral
deposition observed by scanning electron microscopy (SEM) and powder X-ray diffraction
(XRD).

6.1. Limitations of CPC
Often, incorporation of drugs potentially deteriorates mechanical properties of CPC.
Alkhraisat et al. [193] observed an increase in final setting time and decrease in tensile
strength, when doxycycline hyclate (DOXY-h) (an antibiotic, commonly used in dentistry to
defeat periodontal pathogens) was incorporated into CPC. Pelletier et al. [194] reported a
decrease in compressive strength of CPC with an increased concentration of antibiotic drugs,
flucloxacillin and vancomycin. Ratier et al. [195] also observed a decrease in compressive
strength with an increase in tetracycline concentration, an antibiotic drug. A morphological
change in the CPC with increases in tetracycline concentration was also reported. This is
interpreted due to the strong affinity of tetracycline hydrochloride to CaP. Ratier et al. [195]
addressed this limitation to some extent by treating tetracycline hydrochloride with CaP
solution and then incorporating it into CPC. A maximum of 7% drug was incorporated
without affecting the mechanical properties of CPC. Hesaraki et al. [186] also observed an
increase in setting time and decrease in crystallinity of CPC by incorporating an antibiotic
drug, cephalexin monohydrate. An increase in setting time was also reported by Bohner et
al. [196] due to gentamicin sulphate incorporation into the CPC matrix. Drug release from
CPC depends also on the intrinsic porosity, which is directly related to processing
parameters [183,196]. Despite excellent osteoconductivity and ease of applicability, use of
CPCs as drug delivery vehicles is limited. Limitations in the application are mostly due to
the changes in the final properties of CPCs resulting from the drug incorporation, changes in
the drug activity and its bioavailability.

6.2. CPC polymer composite
CPCs are by nature mechanically weak, and degrade more rapidly than the sintered CaP
scaffolds. Polymers are usually added to CPC to increase the mechanical properties and
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control degradation [197–199]. Increased setting time and reduced workability are also
reported with increased mechanical properties [200–202]. Polymeric materials such as
chitosan [203,204], alginate [205,206] and gelatin [207–209] have been used to improve the
anti-washout and handling properties of CPCs as these materials tend to disintegrate on early
contact with blood and other fluid. Bohner et al. [210] added poly(acrylic acid) (PAA) to
control gentamicin sulphate (GS), an antibiotic, release from CPC for local drug delivery
application. GS release was affected by the PAA-to-GS ratio present in the CPC matrix. At
lower PAA/GS ratio (<0.7), up to 1– 2 days’ release was observed with the square root of
time release kinetics. At higher PAA/GS ratio (>0.7), a prolonged release (up to 8 days) was
observed with a combination of square root of time and zero order release kinetics. The
dependence of drug release kinetics on the interactions between drug and polymer, polymer
molecular weight, and solubility of the polymer was observed. Ruhe et al. [211] studied
rhBMP-2 release behavior from rhBMP-2 loaded PLGA/CaP cement. It was reported that
the release of rhBMP-2 was dependent on the composite composition and nanostructure, as
well as the pH of the release medium. Fullana et al. [212] investigated low-methoxy
amidated pectins (LMAP) polysaccharide/CaP cement system to introduce macroporosity
and controlled drug release using ibuprofen, a non-steroidal anti-inflammatory drug.
Reduction in setting time and mechanical properties were observed in the presence of
LMAP. The drug release rate was found to be dependent on the LMAP ratio with a sustained
release for 45 days. Table 7 summarizes a list of some common drugs used in
musculoskeletal disorders treatment that are mentioned in this review.

6.2.1. Concerns with CPC polymer composite—Niikura et al. [213], in a case study
of a human patient with methicillin-resistant S aureus osteomyelitis, showed that
vancomycin- impregnated polymethylmethacrylate (PMMA) beads were not as effective as
vancomycin-impregnated BIOPEX, a CPC. The thermal heat generated during vancomycin-
impregnated PMMA setting altered the drug activity, while the CPC did not. The deleterious
effects of organic additives, delayed setting time and decreased mechanical strength are
reported by Ginebra et al. [182]. It has also been shown that incorporation of alendronate
into CPC delays the transformation rate of α-TCP to CDHA, and a decrease in mechanical
strength of the CPC due to an increase in the drug concentration [214].

6.3. Release behavior from CPC
Drug release kinetics are influenced by physico-chemical properties such as solubility and
chemical nature of the drug, microstructure, crystallinity, density, and porosity of the
resulting CPC. Interaction between the drug and the cement, and the degradation behavior of
CPCs, are also often affected by the changes during hydration and setting [176]. If a
polymer is used in the CPC matrix, drug release kinetics also depend on its molecular
weight, solubility, degradation rate, and drug–polymer interaction. In general, depending on
the drug release behavior, drug delivery devices (DDDs) can be categorized into three major
classes: diffusion controlled, chemical processes controlled, and externally or electronically
controlled [215]. The degradation of drug incorporated CPC matrix is usually a slower
process than the drug release kinetics. For this reason, drug release kinetics is generally a
diffusion dominated process from the biodegradable CPCs. Degradation related release
[216] is also a simultaneous process with this diffusion. Fig. 14c illustrates the schematic of
drug release from a CPC loaded with drug molecules (red zig-zags).

Diffusion dominated release kinetics from a matrix can be described by the square root of
time kinetics, the Higuchi law. The Higuchi law is based on Fickian diffusion under the
assumption that drug molecules are uniformly dispersed in a homogeneous matrix. A
simplistic form of the Higuchi equation is [193,216]:
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where M is the cumulative percentage drug release at time t and k is the release rate constant
that incorporates structural and geometric nature of the matrix.

In practical experimental conditions, drug release kinetics fit the Higuchi equation for
shorter duration of release. For longer duration, release kinetics do not always follow the
Higuchi law, because factors other than diffusion start influencing drug release kinetics after
a certain time. Sometimes changes in cement matrix composition, such as increasing the
polymer-to-CaP phase ratio, may also lead to dominate release kinetics other than the square
root of time kinetics [210]. Hydrophobic–hydrophilic interactions between drug-polymer
and drug-release medium also could influence the release kinetics, which might not follow
simple power laws.

7. Concluding remarks and future directions
CaPs show excellent bioactivity and biocompatibility in the physiological conditions due to
their chemical similarities to the inorganic part of bone, and they are non-immunogenic.
CaPs have been used successfully in various drug delivery applications in the form of
nanoscale (particulate systems) to microscale (coating) to macroscale (CPC and scaffold) for
local delivery, and in some cases for targeted delivery. Although, the last decade has
witnessed outstanding progresses in drug delivery approaches from different ceramic
systems, many scientific and technological challenges still remain to be addressed. A better
understanding of the microenvironment around the implant–host tissue interface will lead us
to develop a drug delivery system to treat musculoskeletal disorders more effectively. Cell
signaling through integrin protein family, present at the cell membrane, recruits the specific
integrin receptors to communicate with the extracellular matrix (ECM) molecules. Next
generation drug delivery systems will be required to trigger need-based functions at the
cellular microenvironment through recruiting and generating ECM molecules for specific
functions. Recent advances in CaP-based drug delivery systems discussed here present the
application versatility of CaPs as drug or bone growth factor delivery vehicles to treat
various musculoskeletal disorders and diseases. Future developments in this area would
require paying attention to the challenges and issues that have been highlighted in this
review. Efficacy and efficiency of the on-site and targeted drug delivery from CaP systems
need to be optimized with reproducibility. Not only the release kinetics and CaP–drug
interactions, but also the physicochemical properties of different CaP delivery systems, need
to be understood and optimized. We believe that new and improved approaches to address
the existing limitations will open up new avenues for applicability of CaP drug delivery
systems in the near future. Successful approaches need to exert more precise control at
micro- and nanoscale levels along with integrated knowledge capturing the fundamentals of
multiple disciplines such as chemistry, biology, engineering and in-depth animal studies to
develop CaP-based drug delivery systems.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Figures 1–4, 6, 8, 11– 15 and 17 are difficult to
interpret in black and white. The full colour images can be found in the on-line version, at
doi:10.1016/j.actbio.2011.11.017.
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Fig. 1.
Application approaches of calcium phosphates in drug delivery and biomolecule.
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Fig. 2.
Schematic of CaP NPs for drug delivery applications: single shell (a and b), multi-shell (c),
and surface functionalization approach (d). Fluorophore agents can be entrapped/doped into
CaP core as shown in (b) for imaging. The multi-shell approach (c) is more effective for
nuclear transfection than the single shell as in (a). Drugs or biomolecules that are poorly
adsorbed on CaP can also be adsorbed on the surface functionalized polymer coating as
shown in (d).
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Fig. 3.
Schematic of the interaction of a nucleic acid on the CaP NP surface (Copyright (2008)
Wiley-VCH Verlag GmbH & Co. KGaA. Reprinted from Ref. [84] with permission).

Bose and Tarafder Page 29

Acta Biomater. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Schematic of transfection/intracellular delivery of drugs and biomolecules by CaP particles.
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Fig. 5.
(a) Release profiles of AD from CaP/AD nanocomposite in PBS of pH 5.0 and pH 7.4; (b)
dissolution of Ca2+ from CaP/AD nanocomposite after 72 h (*P < 0.05); (c) release profiles
of RDB from RDB-CaP/AD nanocomposite at different pH; (d) TRAP activity of osteoclast
cells after 28 days of culture showing a threefold decrease in TRAP expression by CaP/AD
nanocomposite compared to bare CaP nanoparticles (P < 0.05) (Copyright (2011) John
Wiley and Sons Inc. Reprinted from Ref. [92] with permission).
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Fig. 6.
(a) Schematic showing the interaction between HA and BSA. Lengthening of the c-site of
doped HA crystal lattice facilitated increased in situ BSA loading, (b) BSA release profile
from the BSA loaded undoped (HA-BSA), magnesium-doped HA (Mg-HA-BSA), and zinc-
doped HA (Zn-HA-BSA) nanoparticles (Copyright (2010) American Chemical Society.
Reprinted from Ref. [94] with permission).
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Fig. 7.
(a) Dependence of the zeta potential on the type of nanoparticles, demonstrating the addition
of the differently charged outer layers (single shell and triple shell: DNA; double-shell:
calcium phosphate); (b) comparison of the transfection efficiency of T-HUVEC in quantums
medium by different methods. The error bars represent the standard deviation (N = 3). There
were significant differences between single shell and triple shell (P < 0.01) and triple shell
and the standard calcium phosphate method (P < 0.05) (Copyright (2006) Elsevier.
Reprinted from Ref. [95] with permission).
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Fig. 8.
Schematic of biomimetic coating: (a) simple biomimetic coating of an amorphous calcium
deficient carbonated apatite from SBF (usually the SBF ion concentration for biomimetic
coating is 5 to 10 times higher than the normal SBF ion concentration); (b) biomimetic co-
precipitation of drug/growth factor.
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Fig. 9.
(a) Incorporation of antibiotic into the carbonated hydroxyapatite coating vs. the
concentration in coating solution, (b) antibiotic release from carbonated hydroxyapatite
coatings into PBS pH 7.3 (Copyright (2004) Elsevier. Reprinted from Ref. [109] with
permission).
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Fig. 10.
Structural similarities between inorganic pyrophosphate and bisphosphonates. Substitution
of different functional groups at R1 and R2 positions generates a family of bisphosphonate
drugs, here only showing alendronate.
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Fig. 11.
(i) Porous BCP scaffolds with 92–94% volume fraction porosity, and interconnected
macropore size 360–440 μm and 900–1150 μm (A), and 0.4–4 μm micropore size in the
strut (B); (ii) ESEM (environmental scanning electron microscopy) images of explanted
BCP scaffolds stimulated with BMP-7 (A), and corresponding segmented image for the
detection of newly formed bone (B). The grey values are assigned to different colors
(ceramic: red, new bone: blue) and the area ratio of ceramic/new bone was calculated. New
bone formation observed both at the surface (white arrows) and inside the pores (white stars)
(B). A control BCP scaffold without any additives is presented in (C), with the
corresponding image used for histomorphometric analysis (D) (Copyright (2010) Elsevier.
Reprinted from Ref. [151] with permission).
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Fig. 12.
(a) SEM morphologies of the scaffolds: (i) TCP, (ii) TCP coated with 2.5% PCL w/v in
dichloromethane, (iii) TCP coated with 5.0% PCL w/v in dichloromethane; (b) release
profile of BSA: (i) from BSA incorporated into PCL-coated samples, (ii) from superficially
BSA adsorbed samples. BSA incorporation into polymer (PCL) coating showed a relatively
controlled release than the superficially adsorbed BSA samples (Copyright (2009) John
Wiley and Sons. Reprinted from the reference. [153] with permission); (c) Schematic of 3D
printing and some 3D printed parts (fabricated at Washington State University) showing the
versatility of 3D printing technology for ceramic scaffolds fabrication with complex
architectural features.
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Fig. 13.
Schematic representation of drug loading approaches on CaP scaffolds: (a) adsorption on
bare CaP scaffold; (b) adsorption of drugs on bare CaP scaffolds followed by polymer
coating to prevent burst release and have a sustained release; (c) polymer coating on bare
CaP scaffolds followed by surface treatment of the coating, then adsorption of drugs or
conjugation of drug molecules by chemical treatment; and (d) drugs can be encapsulated
into the polymer coating itself.
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Fig. 14.
Schematic of drug release: from uncoated (a), and polymer-coated (b) CaP scaffolds, and a
CPC loaded with drug molecules (red zig-zags) (c); blue arrows indicate the drug release.
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Fig. 15.
Schematic representation of the chemical association of bisphosphonates onto the surface of
CDA particles, via a reversible BP for phosphate exchange (Copyright (2008) American
Chemical Society. Reprinted from Ref. [173] with permission).
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Fig. 16.
In vitro release profile of human growth hormone (hGH) from macroporous biphasic
calcium phosphate (MBCP) ceramic: (a) cumulated hGH amount released; (b) Higuchi plot
of the hGH release profile; (n = 3) (Copyright (1998) John Wiley and Sons. Reprinted from
Ref. [139] with permission).
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Fig. 17.
Two different types of pore distribution in a α-TCP cement measured by mercury intrusion
porosimetry, and also observed in SEM image. Porosity between aggregates (a), and
porosity between crystallites. These intrinsic porosities play a key role in drug adsorption
and release (Copyright (2009) Elsevier. Reprinted from Ref. [183] with permission).
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Table 1

Typical compositional values of inorganic phase of adult human calcified tissues (Copyright (2002) John
Wiley and Sons. Reprinted from Ref. [11] with permission).

Composition Enamel Dentin Bone Hydroxyapatite (HA)

Calcium [wt.%] 36.5 35.1 34.8 39.6

Phosphorus (as P) [wt.%] 17.7 16.9 15.2 18.5

Ca/P (molar ratio) 1.63 1.61 1.71 1.67

Sodium [wt.%] 0.5 0.6 0.9 –

Magnesium [wt.%] 0.44 1.23 0.72 –

Potassium [wt.%] 0.08 0.05 0.03 –

Carbonate (as ) [wt.%]

3.5 5.6 7.4 –

Fluoride [wt.%] 0.01 0.06 0.03 –

Chloride [wt.%] 0.30 0.01 0.13 –

Pyrophosphate,(as ) [wt.%]

0.022 0.10 0.07 –

Total inorganic [wt.%] 97 70 65 100

Total organic [wt.%] 1.5 20 25 –

Water [wt.%] 1.5 10 10 –

Ignition products (800 °C) β-TCP + HA β-TCP + HA HA + CaO HA
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Table 2

Organic component of bone and their functions in bone mineralization (Copyright (2002) American Chemical
Society. Reprinted from Ref. [14] with permission).

Name Functions

Collagen Structural protein found in many tissues

Bone sialoprotein (BSP) Acid protein with poly(glutamic acid) run and RGD binds calcium

Osteonectin (ON) and osteopontin (OP) Glycoproteins that may either nucleate or block HA mineralization

Chondroitin sulfate (ChS) and keratan sulfate Large molecular weight, sulfated glycosaminoglycans that are found in cartilage and bone
tissues

Osteocalcin (OC) Inhibits bone formation; does not appear to affect HA mineralization

Biglycan and decorin Proteoglycans that bind to type I collagen and are involved in assembly of bone matrix

Thrombospondin and fibronectin Matrix glycoproteins that bind to integrins and ECM components (collagen, fibrin, etc.)
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Table 3

Common terms and their definitions [10,14,22,23].

Bioactive

A bioactive material is a material that can induce specific biological activity. In bone tissue engineering “a bioactive material is a material on
which bone-like hydroxyapatite will form selectively after it is immersed in a serum-like solution” [22].

Biodegradation

It is a destructive process and involves transformation of a substance into new compounds through chemical (hydrolysis or oxidation) or
biochemical reactions (enzymatic cleavage) or the actions of microorganisms such as bacteria [10].

Osteoconductivity

A property of a biomaterial that facilitates the formation of new bone structure. “Osteoconductive bioceramics allow attachment, proliferation,
migration and phenotypic expression of bone cells leading to formation of new bone” [23].

Osteoblast

Osteoblasts are mononuclear cells originated from mesenchymal progenitor cells, responsible for production and mineralization of the bone
matrix by regulating the local calcium and phosphate concentrations to promote apatite mineralization. Osteoblasts synthesize collagen and
glycoproteins to form the bone matrix, and later they can become osteocytes.

Osteoclast

Multinucleated bone cells associated with the breakdown and resorption of osseous tissue through enzymatic action.

Osteoinductivity

The ability of the biomaterial to induce de novo bone formation [23]. Osteoinduction could be defined as the process of recruitment and
stimulation of undifferentiated, pluripotent cells to form bone-forming cells, such as preosteoblasts, osteoblasts, and finally osteocytes [14].

Osteogenesis

The process of bone growth and regeneration. Includes osteoconduction and osteoinduction.

Angiogenesis

The process of developing new blood vessels. Newly formed blood vessels are involved in nutrient supply and transport of macromolecules
during bone repair and regeneration.
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Table 5

The ion concentration comparison between SBF and blood plasma (Copyright (2002) Elsevier. Reprinted from
Ref. [107] with permission).

Ion Ino concentration (mM)

Blood plasma SBF

Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl3 103.0 147.8

27.0 4.2

1.0 1.0

0.5 0.5

pH 7.2–7.4 7.4
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Table 6

Commonly used growth factors in tissue engineering for drug delivery applications [134–136].

Growth factor Abbreviation Functions

Bone morphogenic protein BMP BMPs are osteoinductive. Induces bone formation by causing the migration of
mesenchymal stem cells and their differentiation into osteoblast. BMPs do not initiate
osteoclast activity.

Transforming growth factor-β TGF-β Causes proliferation and differentiation of bone by stimulating migration of
osteoprogenitor cells, and regulating cell proliferation, cell differentiation and extra
cellular matrix (ECM) synthesis. Inhibits proliferation and differentiation of osteoclast
progenitor cells.

Fibroblast growth factor FGF Induces angiogenesis by increasing osteoblast proliferation, and also a potent stimulant
for wound healing

Insulin-like growth factor IGF Stimulates osteoblast proliferation and bone matrix synthesis. IGFs also stimulate
osteoclasts.

Vascular endothelial growth factor VEGF Induces angiogenesis during and permeabilization of capillaries bone formation.
Regulates migration, proliferation and survival of endothelial cells by nutrient supply
through the newly formed blood vessels.

Platelet-derived growth factor PDGF A key regulator of wound healing/tissue repair. Stimulates bone cell proliferation and
angiogenesis.

Epidermal growth factor EGF Participates in wound healing process by regulating keratinocyte phenotype

Placental growth factor PGF PGF, a member of VEGF family, stimulates angiogenesis.
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Table 7

Some common drugs used in musculoskeletal disorders treatment.

Name Type

Gentamicin [109,185,188,196,210] Antibiotic

Vancomycin [102,109,194,213]

Tetracycline [157,195]

Alendronate [92,117,189,214] A member of bisphosphonate drug, used to treat bone diseases like osteoporosis

Zoledronate [116]

Human lactoferrin (hLFI-II) [187,188] Antimicrobial peptide (AMP)

Cephalexin [186,191] Semisynthetic cephalosporin antibacterial agent

Methotrexate [103] Anticancer agent

Cis-Platin [46,190]

Ceramide [75]

Doxycycline hyclate (DOXY-h) [193] Antibiotic, commonly used in dentistry to defeat periodontal pathogens

Ibuprofen [212] A non-steroidal anti-inflammatory drug
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