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Abstract
  In regenerative approaches, scaffolds play a crucial role in defining 
the 3-D anatomical shape and microenvironment for regenerative 
cells, while maintaining space, favoring regeneration of new bone, 
and preventing soft tissue migration in the bony lesion. A variety of 
materials have been explored as scaffolds for bone tissue regeneration. 
Metals are generally inappropriate for such applications because they 
lack the desired degradability in a biological environment requiring a 
second surgery. Synthetic polymers can provide physical strength and 
engineered chemical properties however, they do not have optimal 
ease of handling or predictable biodegradation rate. In contrast to 
these scaffolds, calcium sulfate, also known as Plaster of Paris, is a 
highly biocompatible and biodegradable material that is one of the 
simplest synthetic bone-like grafts. It has been sued as a graft material 
in orthopedics and dentistry for more than one hundred years. The 
present review illustrates and examines current advances regarding 
calcium sulfate sources, various properties,scaffold forms, and 
clinical applications for bone tissue engineering.Additionally,it also 
describesNanocrystallinecalcium sulfate.
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Introduction
  Tissue engineering isan interdisciplinary field that applies 
the principles of engineering and life sciences toward the 
development of biological substitutes that restore, maintain, or 
improve tissue function or a whole organ.Tissue engineering 
has also been defined as “understanding the principles of tissue 
growth and applying this to produce functional replacement 
tissue for clinical use [1,2]. It involves the use of a combination 
of cells, engineering and materials methods, and suitable 
biochemical and physio-chemical factors to improve or replace 
biological functions. While it was once categorized as a sub-field 
of biomaterials, having grown in scope and importance it can be 
considered as a field in its own right.

     The field of Bone Tissue Engineering (BTE) was pioneered 

nearly three decades ago. Interest and progress in the BTE field 
have seen tremendous growth over the years, eversince the mid-
1980s. The field of BTE focuses on alternative treatment options 
that will ideally eliminate the obstacles of current clinically used 
treatments (i.e., donor site morbidity, limited availability, immune 
rejection, and pathogen transfer).

     Bone grafts are utilized in a wide array of clinical settings to 
augment bone repair and regeneration. Bone defect repair using 
the tissue engineering approach is perceived as a better approach 
because the repair process may proceed with the patient’s tissue 
by the time the regeneration is complete.Currently, the United 
States, as well as other countries worldwide, is experiencing an 
exceedingly high demand for functional bone grafts.

Engineered bone tissue has been viewed as a potential alternative 
to the conventional use of bone grafts, due to their limitless supply 
and no disease transmission.    However, bone tissue engineering 
practices have not proceeded to clinical practice due to several 
limitations or challenges.Bone tissue engineering aims to induce 
new functional bone regeneration via the synergistic combination 
of biomaterials, cells, and factor therapy.Calcium sulfate (CS) 
possesses many of the characteristics of an ideal material for 
bone regeneration and is also an excellent agent as an osteoco
nductive,osteoinductiveanosteogenic material. Despite its many 
virtues, it does have some shortcomings.

This paper aimed to highlight the properties of Calcium sulfate 
and the various combinations as well as clinical applications 
in the dental as well as the medical field and to provide future 
directions in research.

Sources of Calcium sulfate

A variety of sources are available for obtaining Calcium sulfate 
abundantly, which include both natural sources as well as being 
produced from other sources i.e. synthetic sources.
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Natural Sources

The main sources of Calcium sulfateinclude the Dihydrate gypsum 
and mineral selenite, bassanite, and hemihydrate commonly 
known as plaster of Paris. [3] There are several types of naturally 
occurring gypsum, and many industrial processes also produce 
gypsum as a by-product of their systems such as phosphoric acid 
and citric acid manufacture.

In nature, Gypsum and Anhydrite occur as beds or nodular masses 
up to a few meters thick. Gypsum is formed by the hydration 
of Anhydrite [4-6] The depth of hydration can range from the 
surface of the deposit down to three hundred meters, depending 
on temperature and pressure, topography, and the structure of 
the deposit. Anhydrite is often mined in conjunction with Gypsum 
but is comparatively limited in its technical applications. The 
content of Gypsum in sedimentary rock varies from 75% to 95%, 
the rest being clay and chalk.

Extracting Natural Gypsum 

Gypsum/Anhydrite are produced from open-cast mines, or 
underground mines using pillar and stall mining methods, that 
give extraction rates of up to 75%. Gypsum is normally only 
screened to remove ‘fines’ (mainly mudstones), then crushed 
and finely ground. Gypsum/Anhydrite for cement manufacture is 
supplied in crushed form for further fine grinding with cement 
clinker[7].

Processing Natural Gypsum

 When Gypsum ( CaSO4,2H 2O) is ground to a powder and heated 
at 150° to 165° C, three- quarters of its combined water is removed 
producing hemihydrate plaster ( CaSO4,1/2H 2O), commonly 
known as the ‘Plaster of Paris’[8-11]. When this powder is mixed 
with water the resulting paste sets hard as the water recombines 
to produce Gypsum again. This process can be repeated almost 
indefinitely, with important implications for recycling [7, 12-15].

Manufactured

In addition to natural sources, Calcium sulfate is produced as a 
by-product in several processes as described.

Flue-gas desulfurization

In Flue-Gas Desulfurization(FGD), exhaust gases from fossil-fuel 
power stations and other processes (e.g. cement manufacture) 
are scrubbed to reduce their sulfur oxide content, by injecting 
finely ground limestone or lime. This produces an impure calcium 
sulfite which oxidizes on storage to Calcium sulfate[16, 17].

Processing FGD Gypsum 

Of the flue gas desulphurization processes available, limestone-
based scrubbing processes have proved the most popular[18]. 
The desulphurization process takes place in scrubbing towers in 
which the flue gases are brought into contact with an aqueous 
suspension containing powdered limestone or slaked quicklime 

as its alkaline component. The SO2 is washed out by the water, 
oxidized to ssulfatesSO3 in the aqueous solution, and precipitated 
with Calcium from the limestone/quicklime into Dihydrous 
Calcium sulfate (CaSO4, 2H2O), Gypsum. The Gypsum crystals are 
separated from the suspension as a moist, fine crystalline powder 
with the aid of centrifuges or filters.

Production of phosphoric acid from phosphate rock

Calcium phosphate is treated with sulfuric acid and Calcium 
sulfate precipitates. Phosphoric Acid is considered a commodity 
chemical of which large quantities are used in the production 
of fertilizers and detergents. It is obtained by processes based 
on the decomposition of Phosphate minerals with Sulphuric 
Acid. TriCalcium Phosphate reacts with Sulphuric Acid to form 
Phosphoric Acid and Calcium sulfate. Most usually, the less 
soluble Calcium sulfate is separated from the Phosphoric Acid by 
filtration. The Calcium sulfate appears generally as Hemihydrate 
or Dihydrate, depending on process temperature conditions and 
the Sulphuric and Phosphoric Acid concentrations. 

Titanogypsum

Titanium Dioxide is a white pigment and is, by far, the most 
important pigment in terms of quantity.  World production of 
Titanium Dioxide is approximately 4 miotonnes/year, of which 
about one-half is produced by the Sulphate process, the other 
half by the Chloride process. Only the Sulphate process outputs 
Gypsum, of which a maximum of about 50%, is the so-called 
‘White Gypsum’, which can be considered for use by the Gypsum 
industry. 

Citrogypsum

Citric Acid is a component found in almost all plant and animal 
species and is pivotal in the energy cycle of living organisms. 
Large quantities of Citric Acid for use in food, pharmaceutical, and 
detergent industries are produced by mycological fermentation 
of crude sugar solutions such as molasses[19].  To free Citric Acid 
from impurities such as proteins and sugars, it is precipitated 
with lime to Calcium Citrate and washed.  Pure Citric Acid is 
then recovered by acidification with Sulphuric Acid and filtering 
off from the formed Gypsum.  Technically, this Gypsum can be 
purified to a grade that can be processed by the Gypsum industry.  
Part of this Gypsum, however, is used as a filter aid to remove 
complex trace metals.  It has a blue color due to the absorption of 
Ferric Hexacyanoferrate complexes which can only be removed 
by high-temperature calcination producing Anhydrite (usable by 
the cement industry)[20]. 

Fluoroanhydrite

For the production of Hydrofluoric Acid, the mineral Fluorspar 
or Fluorite is heated with Sulphuric Acid.  As the reaction is 
normally conducted in dry conditions at elevated temperatures, 
the resulting Calcium sulfate is formed in the anhydrous form, 
Anhydrite. 
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Other Synthetic Gypsum  

Small amounts of Gypsum are recovered by the production of 
some organic acids like Tartaric, Lactic, Formi,c, and Oxalic Acid.

Additionally, all processes which end with the sub-product 
Sulphuric Acid are potential Gypsum producers.  Neutralization 
of acidic effluents with lime or limestone yields Gypsum, for 
which the potential usage depends on the impurities remaining.  
Titanogypsum here is the classic example.  The removal of 
Sulphates from brines with the help of lime produces Gypsum - 
the high Magnesium content of this ‘salt Gypsum’ is one of the 
main obstacles to its use. 

Properties of Calcium sulfate

Calcium sulfate is very common and often used as a laboratory 
and industrial chemical.In the form of γ-anhydrite (the anhydrous 
form), it is used as a desiccant hygroscopic substance that induces 
or sustains a state of dryness (desiccation) in its vicinity.

Chemical Properties

The chemical structure of Calcium sulfate can exist in three 
forms. Anhydrous Calcium sulfate (CaSO4), which is available in 
two forms, known as insoluble anhydrite and soluble anhydrite.C 
calcium sulfate hemihydrate structure (CaSO4•~0.5H2O), is known 
as Plaster of Paris; and Calcium sulfatedihydrate (CaSO4•2H2O), 
which occurs naturally as gypsum. 

Anhydrous Calcium sulfate

Also known as anhydrite,it is a mineral. The name anhydrite was 
given by A. G. Werner in 1804, because of the absence of water 
of crystallization, as contrasted with the presence of water in 
gypsum. When exposed to water, Anhydrite transforms to gypsum, 
(CaSO4•2H2O) by the absorption of water. This transformation is 
reversible, with gypsum forming anhydrite by heating to ~200°C 
under normal atmospheric conditions[22-25, 36-39, 60-63, 65-
68].

Calcium sulfate hemihydrate (CaSO4•2H2O)

When gypsum is heated to 110°C, it loses water in a process 
known as the process of calcination.This results in the loss of 
water from Calcium sulfate leading to the formation of Calcium 
sulfate hemihydrate[26].

CaSO4•2H2O + heat → CaSO4•½H2O + 1½H2O (steam).

Calcium sulfate dihydrate

Calcium sulfate hemihydrate is obtained by heating Calcium 
sulfate dihydrate to about 140-180 degrees celsius. When the 
hemihydrate is mixed with water, the material becomes rigid and 
relatively strong and forms the dehydrate in mildly exothermic 
reaction:CaSO4•½H2O + 1½ H2O → CaSO4•2H2O.As the 
hemihydrate dissolves, a two-phase suspension of hemihydrate 
particles in a saturated aqueous solution is formed. When 
the solution becomes supersaturated with dihydrate, crystals 

nucleate in the suspension and form a precipitate. Nucleation and 
crystal growth continues until the solution is no longer saturated, 
leading to further dissolution of the hemihydrate. Alternating 
dissolution and precipitation continue, with the growth of 
existing crystals or nucleation of new crystals. [27] Proteins may 
lead to a delay in the setting time by preventing full hydration of 
the hemihydrate, inhibiting seed crystal formation, and forming 
complexes with the seed crystals. [28] Contamination of the 
CS with proteins (as might occur in a surgical wound site) may 
increase the setting time up to 200 min.[29]

Physical Properties

With similar chemical structures, the three forms of Calcium 
sulfate differ in the physical structure with relation to crystal 
size,particle, and hardness.

Anhydrite

 It is in the orthorhombic crystal system, with three directions 
of perfect cleavageparallel to the three planes of symmetry.The 
structure of anhydrite consists majorly of cleavage masses and 
well-developed crystals are rarely seen.The hardness is 3.5 and 
the specific gravity 2.9. The color is white, sometimes greyish, 
bluish, or purple with a white streak.It also possesses a vitreous 
to pearly luster [30-34].

Calcium sulfate dihydrate

Often occurring in nature, as flattened and transparent crystals, 
it has a crystal lattice structure which is described as being 
monoclinic.These crystals are found to contain anion water and 
hydrogen bonding.It is moderately water-soluble (~2.0–2.5 g/l at 
25°C), and, in contrast to most other salts, it exhibits retrograde 
solubility, becoming less soluble at higher temperatures.

Calcium sulfate hemihydrate

It has two forms –α (alpha) and β (beta) forms, which, although, 
possess similar chemical properties, and differ in several aspects 
[physical properties] including the crystal size, lattice structure, 
and surface area [35-38].

a] Alpha- Calcium sulfate hemihydrate

When gypsum is calcined under steam pressure in an autoclave 
at 120-130 degrees Celciusat 17lbs/sq.inch for 5-7 hours,then 
alpha Calcium sulfate hemihydrate is obtained.The process 
by which it is obtained is also known as wet calcination.The 
structure comprises cleavage fragments and rod and prism-
shaped crystals.The crystals generally comprise of small particle 
size (0.3g/g)

b] Beta- Calcium sulfate hemihydrate

 Manufactured by grinding and heating gypsum in an open 
kettle on a kiln at a temperature of 110-130 degrees Celsius by a 
process called dry calcination, they contain fibrous aggregates of 
fine crystals with capillary pores. They are then, ground to break-



Page 4 of 22Citation: G Fernandes, V Abhyankar, Josanne M O’Dell. (2021) Calcium Sulfate as a Scaffold for Bone Tissue Engineering: A Descriptive 
Review.  J Dent Oral Disord Ther 9(1): 1- 22 DOI: http://dx.doi.org/10.15226/jdodt.2021.001124

Calcium Sulfate as a Scaffold for Bone Tissue Engineering: A Descriptive Review Copyright:
© 2021 V Abhyankar et al.

up the needle-likecrystals. Doingso improves the packing properties. .The particle size is larger, irregular, and porous, however, this 
reduces the hardness and strength. It is also hygroscopic and hence, must be stored in air-tight containers, since, upon exposure to a 
relative humidity which is greater than 70%, it may tend to incorporate moisture and accelerate the setting reaction. It also consists of 
an aggregate of irregular crystals with interstitial capillary pores. Larger particle size (0.6g/g) [39, 40]. The difference in the structure 
between α  form and β form of Calcium Sulfate Hemihydrate is shown in Table 1.

Mechanical Properties

Table 1: Difference in the structure between α form and β form of Calcium sulphate hemihydrate

Alpha Form Beta Form

Process of Manufacturing Wet Calcination Dry Calcination

Particle Size Small, irregular and dense Larger, irregular and porous

Porosity Less porous More porous

Mechanical property More hardness and strength Less strength and hardness

Calcium sulfate is highly Biocompatible with human tissue.
Studies have demonstrated a lack of significant host response 
post-implantation.[41]

Biocompatibility and Degradibility

Calcium sulfate has been employed as a substitute for bone 
graft in filling bone defects since 1892. Peltier cited the work of 
Dreesmann of the Trendelenburg clinic who observed complete 
healing in two out of three lesions with the bone defects which 
had been grafted with Calcium sulfate[42]. The early results 
were variable, presumably because of the inconsistent crystalline 
structure, purity, and quality of the Calcium sulfate[43]. In 
the 1960s and 1970,s Peltier and Peltier and Jones published 
extensive clinical data on the use of Calcium sulfate to fill bone 
defects and concluded that Calcium sulfate was a substitute 
thatthat enhanced the formation of bone and, for selected 
indications, gave results that were comparable with autograft.

 The term Biocompatibility refers to the ability of a material to 
perform with an appropriate host response in a specific situation. 
The ambiguity of the term reflects the ongoing development of 
insights into how biomaterials interact with the humanbody and 
eventually how those interactions determine the clinical success 
of such material[44]. Biocompatibility is essentialfor implantable 
materials and is often the result of complex interactions at the 
host-material interface.A good biocompatible material should 
not elicit a host response after implantation [45].

Calcium sulfate (Plaster of Paris) acts as an osteoconductive 
scaffold and does not need to be removed after implantation 
due to its biodegradability [46]. Plaster of Paris has been 
introduced in the 19th century to treat bone defects in humans 
by Dreesmann, who filled bone with a slurry of plaster added 
with 5% of phenol. The extensive work of Peltier on Calcium 
sulfate led to the development of a medical-grade alpha-Calcium 
sulfate hemihydrate cylindrical pellet for the treatment of bony 
defects [47]. Experimental and clinical studies have shown its 
positive effect in the filling of dead bony spaces. The disadvantage 
of Calcium sulfate is its transient cytotoxic effect leading to 
inflammatory reactions, which was shown in several studies.

Implantation of Calcium sulfate into bone or soft tissue did not 
produce a foreign-body reaction and, by itself, did not induce 
bone. The formation of new bone occurred only when periosteum 
or bone was also present [48]. Peltier further concluded that 
the presence of Calcium sulfate in a wound did not inhibit the 
formation of bone and that it was removed from the site of 
implantation irrespective of whether or not new bone formation 
occurred. Infection in wounds containing Calcium sulfate was not 
complicated by sequestration of the material; it either drained 
out or was absorbed[49].

Many studies have reported a lack of such a significant response 
post-implantation with Calcium sulfate. Reports in the dental 
and orthopedic literature indicate that resorption of Calcium 
sulfate is rapid and complete when compared with other 
implantable regenerative materials. Investigators have reported 
that the resorption of Calcium sulfate is rapid and complete 
when compared with other implantable regenerative materials.
[50]There is evidence that resorption of CS may be accelerated 
in osteoporosis, and this may affect the osteoconductivity of the 
material[51]

Self-Setting Property

       Materials with self-setting properties have been exploited to 
augment human bone tissues and have drawn increasing attention 
in recent years. The transformation of Plaster of Paris (CaSO4 • 
1/2H2O, POP) into Calcium sulfate dihydrate (CaSO4 • 2H2O) via 
reaction with water has been used for many years to produce 
materials for bone augmentation, and the plaster continues to 
be the object of research and interest. The ability of rapid setting 
after filling the defect and the good biocompatibility of POP are 
the main reasons for its long history of clinical application[52] .

Calcium sulfate hemihydrate (CSH, CaSO4•0.5H2O) has a long 
history of clinical application because of its properties of rapid 
setting in situ and good biocompatibility. In particular, when 
mixed with water, the CSH powder is converted into Calcium 
sulfate dihydrate (CSD, CaSO4•2H2O; gypsum) paste, which is 
regarded as one of the most successful bone cement, because it 
can undergo in situsettings after setting these defects, have good 
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biocompatibility without inducing an inflammatory response, 
and promotes bone healing[53].

 However, POP cement has some drawbacks, which significantly 
limit its clinical applications. First, after the process of self-setting, 
the solidified POP paste has a low and nearly constant mechanical 
strength, which fails to provide adequate long-term mechanical 
support for the defect site. Second, POP cement cannot form 
a chemical bond with bone tissue at the early stage of therapy 
because of its poor bioactivity. Moreover, the in vivo resorption 
rate of the POP cement is too fast, which may negatively affect 
bone regeneration [54].

Calcium sulfate has a prolonged setting time and incorporation 
of filler particles has been known to decrease the setting time 
from 30mins to less than 3 minutes.Additionally,the proteins in 
the blood,too have demonstrated a role in prolonging the setting 
time[55]

The function of calcium sulfate

The precise mechanism by which Calcium sulfate promotes bone 
formation is still unknown;however,a probable list of mechanisms 
is described below:

Altering pH level

Osseous defects, whether from trauma or surgical intervention, 
all follow a similar healing pattern. Within minutes of defect 
formation, platelets collect at the site of the injury and adhere to the 
exposed collagen fibers[56]. The release of the platelet contents 
stimulates additional platelet aggregation and initiates a clot 
formation. This release also has a chemotactic effect and attracts 
various white blood cells (leukocytes) to the damaged tissues 
and an acute inflammatory response is initiated. Neutrophils and 
other leukocytes begin removing any bacteria, foreign material, 
and dead tissue via a process known as phagocytosis[57].The 
inflammatory response and other antigens in the wound also 
attract lymphocytes. These immune cells release cytokines, such 
as IL-1 and TNF-α, which can have multiple actions on further 
physiologic responses. The disruption of the vascular supply, 
and the subsequent cellular reactions during the inflammatory 
and immune reactions, result in multiple changes in the local 
environment, including decreases in pH, oxygen content, and the 
ionic concentrations for Calcium, phosphorus, potassium, and 
sodium. Concerning implant materials, chronic inflammation and 
foreign body reactions are associated with the development of a 
fibrous capsule around the implant. The goal of graft material is 
to aid in tissue healing [58].

         Research on animals and humans with infrared spectroscopy 
confirm that once Calcium sulfate is implanted in the body, 
Calcium ions are combined with phosphate ions from the body 
fluids to form Calciumphosphate, which is osteoconductive 
and thus, in this way a network of biological apatite stimulates 
bone growth in the defect[59].The dissolution of Calcium sulfate 
and Calcium phosphate precipitation causes a local decrease in 

pH.The pH decrease causes the demineralization of the bone 
surface exposing BMP releasing growth factors, TGF-b, and others 
contained in the bone matrix[60].Growth factors stimulate the 
formation of new blood vessels and bone formation. Another 
important event is Calcium sulfate which undergoes degradation 
in the defect and a local decrease in the pH. This drop-in pH 
causes a demineralization wall defect with the release of bone 
growth factors. Recent studies indicate that there is increased 
expression of bone morphogenetic protein-2 (BMP-2), BMP-7, 
TGF-beta, and PDGF-BB in bone defects when Calciumsulfate is 
used as a bone graft[61].

These growth factors stimulate the formation and development of 
new bone. Originally Calcium sulfate was perceived only as filling 
defects, but many recent studies have demonstrated that Calcium 
sulfate is biocompatible, biodegradable, osteoconductive, safe, 
and non-toxic

The presence of Calcium sulfatealso increases the pH level, 
which results in the rapid resorption and degradation of Calcium 
sulfate. In the presence of a combination of CS with BMP,it led 
to the release of BMP which thus, enhanced bone formation 
activity[62-64] locally altered pH also may play a role in 
osteogenesis around CS implants. More specifically, increased 
acidity related to the dissolution of CS was postulated to cause 
localized demineralization, thereby releasing growth factors 
previously incorporated into the bone matrix. The release of 
biomolecules, such as the BMPs, would enhance osteoblastic 
differentiation of mesenchymal cells and consequently would 
increase bone formation [54].

Promoting angiogenesis

The soft-tissue healing of a wound creates a fibrous scar but bone 
is unique in its scarless regenerative capacity [65]. Repair of 
fractures by callus production occurs in four overlapping phases. 
Following damage to the musculoskeletal system, disruption 
of blood vessels leads to activation of the coagulation cascade 
and formation of a hematoma, which encloses the fracture area. 
Removal of the hematoma significantly attenuates repair, and 
transplantation of the hematoma produces new bone, consistent 
with the antigenic activity of the hematoma. Inflammatory 
cells, fibroblasts, and stem cells are recruited to the site, and 
new blood vessels are formed from pre-existing ones (i.e. 
angiogenesis). The inflammatory response is associated with 
pain, heat, swelling, and the release of several growth factors 
and cytokines that have important roles in repair [66]. Initially, 
granulation tissue forms at the ends of bones, gradually being 
replaced by fibrocartilage, in a manner seemingly related to the 
vascular pattern. Meanwhile, the periosteum undergoes direct 
bone formation, or intramembranous ossification, to create 
an external callus. Subsequently, the internal callus becomes 
mineralized with Calcium hydroxyapatite, to form a hard callus of 
woven bone. In the final, remodeling phase of bone regeneration, 
the large fracture callus is replaced by secondary lamellar bone; 
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the size of the callus is reduced to that of pre-existing bone at 
the damage site, and the vascular supply reverts to a normal 
state. This temporal progression of repair can be recapitulated in 
animal models, such as those of long bone fractures [67].

The blood supply of mammalian long bones has been studied 
in many different bones and species. Generally, long bones 
receive blood from several groups of arteries: proximal/distal 
metaphyseal arteries, proximal/distal epiphyseal arteries, 
diaphyseal nutrient arteries, and periosteal arteries. Bone 
fracture results in disruption of the marrow architecture and 
blood vessels within and around the fracture site. During bone 
repair, the three components of the normal bone blood supply 
t bones and species. Generally, long bones receive blood from 
several groups of arteries. The newly generated blood supply to 
the callus and cortical bone appears to persist until the medullary 
blood supply is fully regenerated. The heterogeneity in vascularity 
after bone damage could help to explain local differences in bone 
formation in normal, delayed malunions. 

Angiogenesis is the process by which new blood vessels sprout 
from established vessels. An increased expression of the 
mediators of the inflammation is present in inflamed tissues, and 
many of these factors can promote angiogenesis. Osteogenesis 
in skeletal regeneration has close links to the re- vascularization 
of the differentiating tissues. Regenerating tissues have higher 
metabolic needs and thus require a dense capillary network 
during the repair. Bone is, moreover, a richsource of angiogenic 
growth factors such as FGF and TGF, as well as osteogenic growth 
factors such as BMP.By promoting angiogenesis, a probable 
mechanism for the formation of bone by Calcium sulfate can be 
established, since studies have reported a microvascular density 
increase in treated defects[65, 68].

The effect on osteogenesis

      Osteogenesis is the process of laying down new bone material 
by cells called osteoblasts. It is synonymous with bone tissue 
formation. Calcium sulfate plays a vital role in the formation 
of bone and not only as a filler in bone graft material. The 
mechanisms by which CS enhances bone formation have not 
been completely described or known. It has been suggested that 
CS particles bind to adjacent bone and then resorb, providing a 
mechanism to guide bone growth.Alternative explanations are 
possible and not mutually exclusive. 

Strocchi et al. created bone defects in the tibiae of rabbits, 
which were then filled with CS granules or autogenous bone.
Microvascular density was increased in the CS-treated defects, 
suggesting a positive effect on angiogenesis. The resultant 
increase in vascularity may, in part, account for the biological 
effects of CS implants [65].

 Walsh et al. filled femoral cancellous defects with Calcium 
pellets and used immunohistochemistry to identify various 
growth factors in situ[69].Increased concentrations of bone 

morphogenetic protein (BMP)-2, BMP-7, transforming growth 
factor-β (TGF-β), and Platelet-Derived Growth Factor (PDGF) 
were observed, all of which play a role in connective tissue 
regeneration. In the aggregate, these results suggest that CS does 
not act simply as inert filler, but it may play a more active role in 
osteogenesis[70].

Migration of fibroblasts

 When human skin is damaged, the body initiates chemical and 
biological processes that help to repair the area that has been 
exposed to trauma. The normal mammalian in response to injury 
occurs in three overlapping but distinct stages: inflammation 
(which causes the removal of bacteria), re-epithelialization (by the 
processes of angiogenesis, collagen deposition, epithelialization, 
and wound contraction), and recovery with the remodeling 
phase[71].

Fibroblast cells play a guiding role in the second phase of 
wound healing that occurs 2–10 d after injury and is usually 
characterized by cellular proliferation and migration of different 
cell types[72]. Fibroblast cells are presumed to secrete fibroblast 
growth factor-7 (FGF7), a novel member of the FGFs family 
that binds exclusively to a splice variant of the FGF receptor, a 
transmembrane protein tyrosine kinase receptor, that is present 
on epithelial cells. The FGF7 expression at the wound site is 
restricted to dermal fibroblasts cells, and thus it is hypothesized 
to act in a paracrine manner, stimulate keratinocytes for cell 
proliferation and migration, and thereby affect wound re-
epithelialization[73].

      The restoration of integrity to injured tissues by replacement 
of dead tissue with viable tissue. The process starts immediately 
after an injury and may continue for months or years, and is 
essentially the same for all types of wounds. Variations in wound 
healing are the result of differences in location, the severity of 
the wound, and the extent of injury to the tissues. Other factors 
affecting wound healing are the age, nutritional status, and 
general state of health of the animal and its body reserves and 
resources for the regeneration of tissue.

In healing by first intention (primary union), restoration of 
tissue continuity occurs directly, without granulation; in healing 
by second intention (secondary union), wound repair following 
tissue loss (as in ulceration or an open wound), is accomplished 
by closure of the wound with granulation tissue. This tissue is 
formed by the proliferation of fibroblasts and extensive capillary 
budding at the outer edges and base of the wound cavity. Healing 
by third intention (delayed primary closure) occurs when a wound 
is initially too contaminated to close and is closed surgically 4 or 
5 days after the injury.

The insertion of drains can facilitate healing by providing an 
outlet for removing accumulations of serosanguineous fluid and 
purulent material, and obliterating dead space.The setting time 
of CS is altered in the presence of proteins in the blood, which 
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results in the migration of fibroblasts thus leading to the primary wound closure and aiding in bone healing[74-76]

Gene Expression

Gene expression is the process by which information from a gene is used in the synthesis of a functional gene product. These products 
are often proteins, but in non-protein coding genes such as ribosomal RNA (rRNA), transfer RNA (t, RNA), or small nuclear RNA (snRNA) 
genes, the product is a functional RNA. The process of gene expression is used by all known life - eukaryotes (including multicellular 
organisms),prokaryotes (bacteria and archaea), and utilized by viruses - to generate the macromolecular machinery for life. Several 
steps in the gene expression process may be modulated, including the transcription, RNA splicing, translation, and post-translational 
modification of a protein.

Gene regulation gives the cell control over structure and function and is the basis for cellular differentiation, morphogenesis, and 
the versatility and adaptability of any organism. Gene regulation may also serve as a substrate for evolutionary change since control 
of the timing, location, and amount of gene expression can have a profound effect on the functions (actions) of the gene in a cell or a 
multicellular organism.

Osteoblast-like cells (MG-63) cultured with CS exhibited modified microRNA (miRNA) expression.miRNAs are non-coding RNAs of 
19–23 nucleotides that can repress translation post-transcriptionally by degrading sequence-specific mRNA. This posttranslational 
repression may offer another mechanism by which CS influences osteoblast behavior. Another study reported that CS led to an increased 
AP activity which released Calcium ions thus enabling new bone formation[77-81]. The mechanism of action of calcium sulfate on bone 
formation is shown in Table 2.

Table 2:  Mechanism of action of Calcium sulphate on bone formation

Property Mechanism of Action

Locally altered pH Increased pH lead to increased dissolution rate of Calcium sulphate.

Promoting Angiogenesis Bone formation by increasing microvascular density

Effect on gene expression Modified MiRNA expression. Posttranslational regression mechanism affects osteoblastic 
behavior

Osteogenesis Plays a role in osteogenesis and not only as a filler

Blood proteins affect setting time Helps in primary closure by enabling the migration of fibroblasts

Substrate for fibroblasts migration Cells were able to migrate faster and better than compared to normal substrates in GTR

Calcium sulfate Forms

Calcium sulfate can exist and has been used either as solid forms 
or more preferably as paste or putty that sets during implantation.
Minimally invasive injectable Calcium sulfate as an artificial bone 
substitute material has good prospects for clinical application. 
Although it is available in various forms, the most preferred form 
is the Putty. After injection, the paste hardens within minutes to 
form Precipitated Hydroxyapatite (PTH) or a carbonated apatite 
(CAP) of low crystalline order and small crystal size, very similar 
to the mineral phase of bone. The solubility of the injectable 
Calcium sulfate cement is expected to be similar to that of bone 
mineral.

Injectable

Calcium sulfate has a long-standing history in the treatment 
of bone voids secondary to trauma, infection, or neoplastic 
processes. Minimally-Invasive Injectable Graft injectable Calcium 
sulfate graft may be injected into surgically created osseous 
defects or bone defects secondary to traumatic injury. After 
hardening, the paste acts as temporary intraosseous support 
through which internal fixation may be placed. 

The putty and paste form of Calcium sulfate is usually delivered 
via an injectable technique. Studies have reported that Calcium 
sulfate, when mixed with a glycerine carrier, results in the 
formation of a gel-like consistency, which can be delivered via 
large gauge needles. Mechanical properties exhibited by this 
material could provide a stronger osteoinductive scaffold and 
the resorption pattern after new bone incorporation for the core 
tract. Furthermore,the injection of the autologous bone marrow 
concentrate is intended to provide osteoinductive properties for 
bone regeneration in the necrotic area[35, 48, 77,82-87]. Table 3 
shows a comparison between paste and putty form.

The resorption rate of the [injectable Calcium sulfate] ICS seems 
to be paralleled with the rate of bone ingrowth. However, more 
careful use of the ICS for optimal bone healing, and especially 
in the large or distal lesion of the extremities where the blood 
supply is poor,is recommended. Also, hardened Calcium sulfate 
can be drilled through, but it cannot be easily reamed through. 
Excessive reaming through ICS may cause thermal injury to 
the surrounding tissues, which may harm the process of bone 
ingrowth. 

 In a study done by Kelly et al,Fifteen patients with benign space-
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Table 3:  Comparison between paste and putty form

Form Advantages Disadvantages

Paste Similar to mineral phase of bone. Small crystal size. Solubility is same as 
bone mineral.

Does not remain in the defects.

Putty Improved handling and injectability. Better stability. Better than Paste. Decreased stability

occupying lesions were treated with curettage and grafting 
with an injectable, surgical-grade, Calcium sulfate bone graft 
substitute. Bone healing was assessed postoperatively and 
defined as resorption of the bone graft substitute material and 
replacement with new bone formation. The grafted defects in 14 
of the 15 patients showed complete incorporation of the graft 
material at an average of 8 weeks. 

When compared to a Calcium sulfate paste, the putty has benefits 
of improved handling and injectability, as well as the ability to 
remain at a specific site when implanted. There appeared to be 
a slightly better intrusion of the putty into the interstices of the 
defects. The benefits of a putty form of Calcium sulfate over a 
paste are related to handling characteristics and the ability to 
remain where placed within a defect[85, 88-92] 

Preformed

     To regenerate bone, it is necessary to provide sufficient space 
or a “regeneration chamber” in which bone growth may occur. 
Creating a protected sanctuary may facilitate bone regeneration 
by protecting the developing bone tissue from excessive pressure 
from the overlying soft tissue. It is also necessary to block the 
ingress of cells which may proliferate and migrate faster than 
bone and may fill the space with tissues other than bone (e.g., 
epithelium or fibrous connective tissue).

Calcium sulfate (CS) has been used in bone regeneration for 
more than fifty years.  It exhibits significant biocompatibility 
and is completely resorbed in a relatively short time. The micro-
environment surrounding degrading CS is known to be rich 
in Calcium while eliciting a minimal inflammatory response.  
Calcium sulfate can be cast into various forms and can serve as 
a delivery vehicle for other biologic materials, such as antibiotics 
and growth factors.

Although CS is often mixed and placed into bone defects before 
setting, the use of preformed CS shapes has been reported by our 
group and others. Since it is impossible to create a rigid space-
making device in situ such devices must befabricated beforehand. 
This also facilitates “loading” the prefabricated devices with 
biologically active agents such as antibiotics or osteotropic 
agents.

Preformed Calcium sulfate is indicated for use in bony voids or 
gaps that are notintrinsic to the stability of the bony structure. 
It should be gently packed into bonyvoids or gaps of the skeletal 
system (i.e., the extremities, spine, and pelvis). These defectsmay 
be surgically created osseous defects or osseous defects created 
from traumatic injury to the bone. The preformed block provides 

a bone void filler that resorbs and is replaced by the growth of 
new bone during the healing process. It also acts as a temporary 
space maintainer[54, 77,93]. 

Combinations: [Bone regeneration]

Although studies have established the superior regenerative 
properties of Calcium sulfate, efforts have been made to enhance 
this property by the addition of various other materials that have 
been demonstrated to possess bone regenerating capacity [Table 
4].

Autogenous bone

Bone is composed of osteocytes surrounded by a rigid, highly 
calcified organic matrix. Although bone has good mechanical 
properties, it often undergoes damage or suffers defects resulting 
from tumor reconstruction, chronic infection, or traumatic 
bone loss. Large bone fracture defects or bone tumor resections 
are serious problems for bone surgery, though autografts and 
allografts have long been widely used for bone reconstructive 
surgery.The main drawback of autografts is donor shortage. 
For allograft, the problem is the potential risk of transmitting 
diseases and immunological response. Many synthetic bone graft 
materials, such as titanium alloy, ceramics, and polymers, have 
been used as bone substitute materials during the past decades. 
However, these substitute matrices have specific disadvantages 
in biocompatibility, degradability, osteogenic capability, and 
histochemical responses by the host tissue. It became necessary 
to find a promising alternative of autogenous bone for grafting 
applications.

 In a comparative study by Deliberador et al, Class II furcation 
defects were treated with periodontal debridement, autogenous 
bone,and autogenous bone with a Calcium sulfate barrier.The 
histometric analysis was performed as part of the evaluation 
of the treatment. And no statistical significant differences were 
established between the three groups as far as the periodontal 
parameters were concerned,Additionally, studies conducted by 
MacNeil et al reported that synthetic graft materials can support 
new bone formation in surgically prepared defects when a 
comparative study on the healing response was performed using 
hydroxyapatite (HA), Calcium sulfate (CaSO4) plus autogenous 
bone, or a bioactive glass-ceramic on a rabbit model.

Bioactive glass

Despite its inherent brittleness, bioactive glass has several 
appealing characteristics as a scaffold material for bone tissue 
engineering. New bioactive glasses based on borate and 
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borosilicate compositions have shown the ability to enhance new 
bone formation when compared to silicate bioactive glass. Borate-
based bioactive glasses also have controllable degradation rates, 
so the degradation of the bioactive glass implant can be more 
closely matched to the rate of new bone formation. Bioactive 
glasses can be doped with trace quantities of elements such as 
Cu, Zn, and Sr, which are known to be beneficial for healthy bone 
growth. In addition to the new bioactive glasses, recent advances 
in biomaterials processing have resulted in the creation of scaffold 
architectures with a range of mechanical properties suitable for 
the substitution of loaded as well as non-loaded bone. While 
bioactive glass has been extensively investigated for bone repair, 
there has been relatively little research on the application of 
bioactive glass to the repair of soft tissues. However, recent work 
has shown the ability of bioactive glass to promote angiogenesis, 
which is critical to numerous applications in tissue regeneration, 
such as neovascularization for bone regeneration and the healing 
of soft tissue wounds. Bioactive glass has also been shown 
to enhance neocartilage formation during in vitro culture of 
chondrocyte-seeded hydrogels and to serve as a subchondral 
substrate for tissue-engineered osteochondral constructs.

In a rat calvarium model used by Furlaneto et al.To compare BG 
with and without a CS barrier in an extraction site.Osteogenesis 
was evaluated by histomorphometry at 4 and 12 weeks. There 
was no significant difference in bone formation as compared with 
the ungrafted control sites. A similar approach used in extraction 
sockets in 16 patients demonstrated that the combination of 
bioglass with a CS barrier was beneficial for preserving alveolar 
ridge dimensions.

Platelet Rich Plasma

Although blood is mainly a liquid (called plasma), it also contains 
small solid components (red cells, white cells, and platelets.) The 
platelets are best known for their importance in clotting blood. 
However, platelets also contain hundreds of proteins called 
growth factors which are very important in the healing of injuries.

PRP is plasma with many more platelets than what is typically 
found in the blood. The concentration of platelet and, thereby, the 
concentration of growth factors — can be 5 to 10 times greater 
(or richer) than usual.

 Within CS-Platelet, CS can activate the platelets present in the 
PRP without the need for an agonist, and carry and release 
growth factors in a time-dependent manner. Thus, CS-Platelet 
is a candidate biomaterial for bone regeneration because it 
can sustain over time the nourishment of the bone defects via 
the combinatorial delivery of Calcium and platelets’ multiple 
biological factors.

In a study consisting of five mongrel dogs by Shi et al, extraction 
sockets were grafted using PRP alone and PRP in combination 
with Calcium sulfate. Grafting SGCS/PRP in fresh extraction 
sockets reduced alveolar ridge resorption and promoted the 

bone formation in this canine model. The addition of PRP to 
SGCS resulted in the enhancement of bone regeneration in the 
early phase of healing[94-96]In other studies, Implants placed 
in sockets grafted with MGCSH mixed with PRP showed less 
marginal bone loss after one year in comparison to those with 
collagen resorbable grafts.

Chitosan and Alginate

Chitosan is a carbohydrate biopolymer extracted from 
N-acetylated chitin, a structural ingredient in the skeletons of 
crustacea (such as lobster, crab, crawfish) and the cell wall of 
fungi. Chitin and chitosan are absorbed as a form of monomer 
after being hydrolyzed by enzyme-like lysozyme [97]. Chitosan 
facilitates weight loss because it absorbs and combines with fat 
biologicallysoon, it plays a role in cholesterol control, improves 
the healing of connective tissues, and improves hemostasis. 
Besides, chitosan participates in wound healing and has the 
inductive ability for bone formation, as shown in various studies. 
In bone formation, chitosan is combined with the growth factor-
like fibroblast growth factor (FGF), which is in the trabecular 
bone and helps the mitosis of matrix cells such as osteoblasts[98].

Mention has been made above of the use of chitosan and alginate 
composites of CS for use in the local delivery of chemotherapeutic 
agents. Similar composites have been proposed for use in 
bone regeneration, although these are in the early stages of 
development. Similar materials have been proposed the for 
delivery of antibiotics [99].

Carboxymethylcellulose 

CarboxymethylCellulose (CMC) or cellulose gumis a 
cellulosederivative with carboxymethyl groups (-CH2-
COOH) bound to some of the hydroxyl groups of the 
glucopyranosemonomers that make up the cellulose backbone. It 
is often used as its sodium salt, sodium carboxymethyl cellulose 
[77, 88].

CMC has been added to CS to improve its handling properties. 
Lewis et al.Improved the handling characteristics and mechanical 
properties of the Calcium sulfate. In particular, the addition 
of CMC produced a putty-like material with increased flexural 
and compressive strength [89]. The effect of CMC on bone 
regeneration has been studied by Reynolds et al., who reported 
that the addition of the polymer to a CS/demineralized bone 
matrix composite had no deleterious effect on osteogenesis in a 
rat calvarial model.[88]

Calcium sulfate in combination with alginate

 Alginate is an anionic polysaccharide distributed widely in the 
cell walls of brown algae, where through binding with water it 
forms a viscous gum. In extracted form it absorbs water quickly; 
it is capable of absorbing 200-300 times its weight in water. 
Its color ranges from white to yellowish-brown. It is sold in 
filamentous, granular, or powdered forms [100].
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In a study conducted by He et al on the effects of CS/alginate in the 
treatment of critical-sized craniofacial bone defects,the results 
demonstrated that injectable nCS/A paste is a biodegradable and 
biocompatible scaffold, and genetically engineered expression 
of BMP2 in MSCs in nCS/10%A paste can provide an even more 
effective approach for repair of a critical-sized bone defect[64, 
77].

Time-released hydroxyapatite/β-triCalcium phosphate porosity 
provides sustained growth factor release, enhances ASC 
osteoinduction, and may result in better in vivo bone formation.

Calcium sulfate impregnated with antibiotics

One of the most dangerous possible complications in joint 
replacement is an infection due to bacteria adhere to the 
prosthesis surface making biofilm difficult to erase. The gold 
standard treatment consists of prosthesis removal, placement of 
antibiotic-impregnated cement spacer, and systemic antibiotics 
therapy. When the infection heals, a new prosthesis is implanted. 
The antibiotic-impregnated spacer is important to maintain the 
prosthesis space and to guarantee a locally high concentration of 
antibiotics. Best results during the first four weeks.

Calcium sulfate with hydroxyapatite

One example is the use of Calcium sulfate in conjunction 
with Hydroxyapatite (HA). The setting properties of Calcium 
sulfate allow it to be applied in a slurry form making it easier 
to handle and applied. HA is a Calcium phosphate mineral and 
is the primary constituent of human bones and teeth; it occurs 
in the boneas a major component between 60 and 70 % and up 
to 98 % in enamel. HA used in clinical service is similar to the 
chemical structure of the inorganic composition of human bone 
and thus has excellent biocompatibility in human studies. HA 
bone substitutes have been developed synthetically, derived from 
corals or algae, or naturally derived from bone mineral.  The use 
of synthetic grafts in therapies for bone defects and bone-related 
diseases is gaining popularity, as the synthesized materials are 
readily available and do not possess the health risks associated 
with the biological grafts, e.g. risk of disease transmission[101].  

HA was used in alveolar ridge augmentation, periodontal lesion 
filling blocks, and coatings in restorative dental and orthopedic 
implants. HA is an osteoconductive material, acting as a mineral 
scaffold into which new bone can grow; this is due to its 
properties that facilitate cell proliferation, migration, and new 
bone apposition. HA demonstrated excellent biocompatibility as 
the material was found to be nontoxic, non-allergenic, and non-
inflammatory after implantation in humans [102].  In particular, 
HA is generally well tolerated by the hard and soft tissues of the 
mouth and jaws. In vivo, HA undergoes some slight degradation 
after implantation, probably by gradual dissolution in tissue fluid 
as well as phagocytosis.  HA is poorly reabsorbed in the body 
with good bone augmentation properties. HA can be used alone 
as a bone graft substitute as well as in combination with Calcium 

sulfate, chitosan, and other materials.  

Calcium sulfate was used in conjunction with synthetic HA, 
coralline HA and presented good bone healing properties. Murali 
and co-workers presented new bone formation in an osteoporotic 
patient treated with Calcium sulfate, HA, and a growth hormone 
in the proximal femur.  Abundant new bone formation is seen by 
SEM with a fine network of new bone between the HA particles.  
X-ray microanalysis revealed that the newly formed bridges 
between HA particles were mineralized, having a similar chemical 
composition to bone.  There were no morphological signs of 
intolerance of Calcium sulfate + HA. The results from this report 
suggest that a mixture of HA, CS, and GH is a potent stimulus to 
new bone formation. 

Schindler used a composite graft containing 35% Calcium sulfate 
hemihydrate and 65% HA granules (mixed with autologous venous 
bone) to fill osteolytic defects in peri-articular areas of the knee. 
They showed that this composite graft can provide results equal 
to those achieved with autologous bone. The composite was well 
tolerated by all patients and no deformities were observed during 
the follow-up period (average of 4.5 years). Bone integrity and 
joint stability were re-established. Similar results were obtained 
by the same group (Schindler, 2008). They treated 13 patients 
with benign bone tumors in the lower limbs with a composite 
ceramic bone graft substitute containing 65% HA granules and 
35% Calcium sulfate hemihydrate (mixed with autologous venous 
bone). The composite did not disturb the proliferation of bone 
marrow or alter the normal growth pattern of bone in a locally 
aggressive benign bone tumor. Bone integrity and joint stability 
were regained in 11 out of the 13 patients. They concluded that 
composite ceramic bone graft substitutes containing a mixture 
of Calcium sulfate and HA can provide clinical results similar to 
those achieved through autologous bone grafting.

 Stubbs et al (2004) examined the in vivo response of Calcium 
sulfate alone and as a carrier for coralline hydroxyapatite in an 
established bilateral corticocancellous defect model in rabbits. 
Defects were filled flush to the anterior cortex with a resorbable 
porous HA alone and in combination with Calcium sulfate 
slurry and examined at time points up to 52 weeks. Calcium 
sulfate improved the surgical handling of Pro Osteon 200 R and 
played an important role in the ultimate closure of the cortical 
windows. Pro Osteon 200 R supported new bone ingrowth into 
its porous domains even at the early time points while Calcium 
sulfate resorption was nearly complete by 6 weeks. Overall, 
clinical experience with HA alone or combined with Calcium 
sulfate provides additional information on the safety and clinical 
efficacy in use a bone graft in humans. The compressive strength 
and modulus of nHAC/CSD composites considerably altered with 
the variety of L/S ratio and nHAC content. They increased with 
the decrease of nHAC content and L/S ratio. The reason can be 
that the addition of nHAC weakens the interactions among CSD 
molecules because the integrality of CSD materials is divided. 
CSD as a setting accelerator hardly affected the compressive 
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properties of samples because it is not only the reactant of 
preparing CSH but also the final solidified product of CSH instead 
of a foreign body in this research.

Calcium sulfate/gelatin composite material

To develop high macroporous and degradable bone types of 
cement which can be used as the substitute for bone repairing 
and drug carriers, cross-linked gelatin microspheres (GMs) and 
Calcium sulfate dihydrate (CSD) powder were incorporated into 
Calcium phosphate bone cement (CPC) to induce macropores, 
adjust drug release and control setting time of alpha-TCP-liquid 
mixtures after degradation of GMs and dissolution of CSD. In 
this study, CSD was introduced into CPC/10GMs composites to 
offset the prolonged setting time caused by the incorporation 
of GMs, and gentamicin Sulphate (GS) was chosen as the model 
drug entrapped within the GMs. The effects of CSD amount on the 
cement properties, drug release ability, and final macroporosity 
after GM’s degradation were studied in comparison with CPC/
GMcement. The resulting cement presented reduced setting 
time and increased compressive strength as the content of CSD 
below 5 wt%. Sustained release of GS was obtained on at least 
21 days, and release rates were found to be chiefly controlled by 
the GMs degradation rate. After 4 weeks of degradation study, 
the resulting composite types of cement appeared macroporous, 
degradable, and suitable compressive strength, suggesting that 
they have potential as a controlled local drug delivery system 
and for cancellous bone applications. A novel hybrid biomaterial 
composed of Calcium sulfate (CS) and gelatin (GEL) wasprepared 
with the potential of being used as bone filler or scaffold owing 
to itsosteoconduction. Such composite biomaterial, cross-linked 
or un-cross-linked,could provide a suitable absorbing rate and 
prevent the CS crystals from migratingfrom the implant for 
tissue engineering. The primary results showed that the CS/
CLGELcomposite filler could promote new bone in-growth[103, 
104]

Calcium sulfate with mesenchyme progenitor cells

 Current clinical therapies for critical-sized bone defects (CSBDs) 
remain far from ideal. Previous studies have demonstrated that 
engineering bone tissue using mesenchymal stem cells (MSCs) 
is feasible. However, this approach is not effective for CSBDs due 
to inadequate vascularization. In our previous study, we have 
developed an injectable and porous nano Calcium sulfate/alginate 
(nCS/A) scaffold and demonstrated that nCS/A composition 
is biocompatible and has proper biodegradability for bone 
regeneration. Here, we hypothesized that the combination of an 
injectable and porous nCS/A with bone morphogenetic protein 
2 (BMP2) gene-modified MSCs and endothelial progenitor 
cells (EPCs) could significantly enhance vascularized bone 
regeneration. Our results demonstrated that delivery of MSCs 
and EPCs with the injectable nCS/a scaffold did not affect cell 
viability. Moreover, the co-culture of BMP2 gene-modified MSCs 
and EPCs dramatically increased osteoblast differentiation of 

MSCs and endothelial differentiation of EPCs in vitro. We further 
tested the multifunctional bone reconstruction system consisting 
of an injectable and porous nCS/a scaffold (mimicking the nano-
Calcium matrix of bone) and BMP2 genetically-engineered MSCs 
and EPCs in a rat critical-sized (8 mm) calvarial bone defect 
model. Our in vivo results showed that, compared to the groups 
of nCS/A, nCS/A+MSCs, nCS/A+MSCs+EPCs, and nCS/A+BMP2 
gene-modified MSCs, the combination of BMP2 gene-modified 
MSCs and EPCs in nCS/A dramatically increased the new bone 
and vascular formation. These results demonstrated that EPCs 
increase new vascular growth and that BMP2 gene modification 
for MSCs and EPCs dramatically promotes bone regeneration. This 
system could ultimately enable clinicians to better reconstruct the 
craniofacial bone and avoid donor site morbidity. Investigators 
have established that the combination of Calcium sulfate with 
Mesenchymal progenitor cells can enhance bone regeneration 
around implants and also in critical-size defects[105]

Calcium sulfate/PLLA Composite

 A study was conducted to characterize the dissolution, 
morphology, and chemical composition of a Calcium sulfate/
poly (L-lactic acid) (CS/PLLA) composite material before and 
after immersion in simulated body fluid (SBF). Twelve groups of 
experimental samples were prepared by coating CS pellets 1, 2, 3, 
or 4 times with one of three concentrations of a PLLA solution and 
wrapping them in the mesh; CS pellets for use as controls were 
similarly prepared but not coated. The PLLA coating added from 
1 to 22% to the weight of experimental pellets; scanning electron 
microscopy revealed that the coating thickness ranged from 2 to 
50 microns depending on the concentration of the coating solution 
and the number of coatings. All samples were immersed in SBF 
for up to 97 days. After immersion, the experimental coatings 
thinned out, small cracks and holes formed in the coating, and 
the coating became roughened. Mean dissolution rates for each 
of the 12 CS/PLLA groups were significantly lower than those of 
uncoated CS pellets; among CS/PLLA groups, dissolution rates 
varied according to the concentration of the coating solution and 
number of coatings. The half-life of pure CS pellets was 19 days 
whereas the half-life of CS/PLLA composite pellets ranged from 
30 to 70 days. X-ray microprobe analysis of experimental pellets 
after immersion in SBF revealed that mineralization occurred 
in the CS portion of these pellets as well as on the coating; most 
of the mineral was Calcium phosphate, most of which was on 
the coating. Further studies will be required to confirm this 
composite’s promise as a clinically effective osteoconductive 
material. The CS/PLLA composites were fabricated to form in 
situ scaffolds, which can both control the absorption rate of CS 
and prevent CS crystal particles from desquamation, which is 
important for its use as a bone graft. But this may be harmful 
to the surrounding tissue because heat is released during the 
transformation. However,further studies are required to warrant 
this[106-108]
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Zinc-doped Calcium sulfate

 Compared to pure Calcium sulfate,more gypsum precipitates 
were formed in the zinc sulfate added samples with amorphology 
of thin, elongated, and rod-shaped crystals. The biological 
propertiesof the samples were analyzed in the terms of cell 
viability and cell activity on human osteosarcoma (G-292) using 
MTT assay and alkaline phosphatase (ALP)activity in the cell 
culture medium. The best-increased cell density and ALPactivity 
were achieved for the Calcium sulfate cement with a content 
of 0.74 wt %Zn, whereas a toxic behavior was observed for the 
samples with Zn concentrations of more than 1.97%[109]

Nano calcium sulfate

Although Calcium sulfate is considered as an excellent 
alternative to autogenous grafts since it is a biocompatible, 
osteoconductive,easily obtainable, and angiogenic bone graft that 
completely resorbs over some time and the difficulties faced with 
autogenous bone graft is procurement and the need for a second 
surgical site.Butthe major disadvantage of Calcium sulfates lies in 
their degradability activity.

Need for Nano Calcium sulfate (nCS)

Calcium sulfate (CS) undergoes fast degradation and resorption.
For this reason,CS is often used by surgeons incombination with 
autogenous grafts,which again,involves difficulties in obtaining 
it as well as a second surgical site and donor site morbidity.
The only disadvantage associated with Calcium sulfate is its fast 
degradation[110-113]. To overcome its disadvantage of rapid 
degradation, a nano-crystalline form of Calcium sulfate (nCS) 
wasdeveloped. nCS undergoes sustained degradation compared 
to traditional medical grade Calcium sulfate[64, 114]

Advantages of nanoCalcium sulfate

The unique microscopic structure of the nCS graft enables it to 
undergo controlled degradation over 16 weeks as compared to 
4 to 6 weeks for traditional Calcium sulfate[115]. Because of the 
rapid degradation of traditional Calcium sulfate, many dentists 
use it only in combination with other bone grafts. The controlled 
degradation of nCS enables them to use it as a bone graft[65] As 
it undergoes degradation, it leaves behind a Calcium phosphate 
trellis. Osteoblasts attach to it and deposit bone along with it. This 
phenomenon occurs over 3-4 months in cases of bone defects 
grafted with nCS compared to 4-6 weeks for defects grafted 
with traditional Calcium sulfate. Additionally, other mechanisms 
discussed in the Introduction occur over a longer duration as 
well. As a result, nCS facilitates more effective bone formation 
compared to traditional Calcium sulfate[64, 77,116].

Combinations

Integration of nanoCalcium-deficient hydroxyapatite/multi 
(amino acid) copolymer (n-CDHA/MAC) and Calcium sulfate 
hemihydrate (CSH; CaSO4. 1/2H2O).Nano Calcium sulfate with 
particles in the range of 10-100 nanometer, will have enhanced 

physical properties such as a high surface area for growth factor 
adsorption with the potential for controlling the rate of release 
of the adsorbed material as well as superior mechanical strength 
for optimal osteoconductivity and resistance to fractures. The 
addition of macropores using alginate should not only enhance 
cell migration, but should also help in transport issues related 
to oxygen and nutrient delivery, waste removal, and protein 
transport[77]

BMP2

      BMP-2 like other bone morphogenetic proteins,plays an 
important role in the development of bone and cartilage. It is 
involved in thehedgehog pathway, TGF beta signaling pathway, 
and cytokine-cytokine receptor interaction. It is involved also 
in cardiac cell differentiation and epithelial to mesenchymal 
transition.BMP-2 and BMP-7 are osteoinductive BMPs: they have 
been demonstrated to potently induce osteoblast differentiation 
in a variety of cell types.

Studies have demonstrated that the combination of an injectable 
and porous nCS/A with bone morphogenetic protein 2 (BMP2) 
gene-modified MSCs and endothelial progenitor cells (EPCs) 
could significantly enhance vascularized bone regeneration 
[117,118]. EPCs increase new vascular growth, and that BMP2 
gene modification for MSCs and EPCs dramatically promotes 
bone regeneration. This system could ultimately enable clinicians 
to better reconstruct the craniofacial bone and avoid donor site 
morbidity for CSBDs [116].

Applications

Bone defects

Dreesman was the first to report the use of CS as a regenerative 
material in the late 19th century.CS rods to repair bone defects 
in a canine model and reported that CS did not promote bone 
growth unless covered by periosteum.When periosteum was 
present, however, there was the complete disappearance of the CS 
in 45–72 days and complete regeneration of the defects occurred 
in approximately 3 months. 

Oral Diseases

Calcium sulfate is well tolerated by the tissues when used for 
the treatment of bone defects, guided tissue regeneration, and 
sinus augmentation in animals and humans, and the material was 
rapidly resorbed. In the 1960s, sterile Plaster of Paris pelletswase 
tested in a preliminary clinical study as an implant in infrabony 
periodontal lesions in 35 humans. Seventy nine percent of defects 
treated in this manner demonstrated regeneration of osseous 
tissue. There was no evidence of inflammation, edema, foreign 
body reaction, rejection of implant, or infection noted in any of the 
test sites in all 35 patients (Peltier, 1957). The results paralleled 
the report of Juillet (1976) who noted that Calcium sulfate was 
beneficial to osseous regeneration and that the material was well 
tolerated by hard and soft tissue in dental implant placement.  
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Table 4: Summary of the various Calcium sulfate bone substitute combination

Calcium sulphate 
Combinations

Study Advantages/Disadvantages Uses Authors

Autogenous Bone Mongrel Dogs Complete regeneration was not 
achieved in the defects.

Class II furcation defects [periodontal] Deliberador 
et al

Allograft bone Invitro studies

Bioactive glass Rat Calvarium 
Model

Beneficial in preserving alveolar 
ridge dimension

Socket preservation Furlaneto

Platelet rich Plasma Dogs Enhancement of bone 
regeneration in the early stage of 

healing

Alveolar ridge preservation Shi et al

Chitosan encapsulation Invitro studies Synergistic effect with alginate. 
Not cytotoxic.

Bone regeneration D’ayala et al

Carboxymethyl cellulose Rat Calvarial No greater advantages Reynolds et al

Alginate Rat Model Biocompatible and biodegradable Critical size bone defects He X et al

Antibiotics Invitro studies Reduces infection. maintains
stability and gradually elutes

Yang et al

BMP Invitro studies Enhance stem cell osteoinduction Szpalski et al

Hydroxyapatite Invitro provide adequate environment for 
cell adhesion and proliferation

Hu NM et al

Mesenchyme progenitor cells Adult Dogs could be induced to osteoblasts 
and adipocytes

clinical reconstruction of bone 
defects around immediate 

Han X et al

Gelatin composite Invitro and 
rabbit radius 

model

human osteoblasts could attach 
and spread on the surface of CS/

CLGEL films

Gao et al

PLLA Composite Invitro potential uses in bone repair Gao et al

Zinc Invitro Beneficial at 0.74 wt% and toxic 
effect at 1.97%.

Hesaraki et al

Kim and Cho (2007) reported that Calcium sulfate pellets found 
very active on early consolidation in distraction osteogenesis 
versus control. In the Calcium sulfate group, the percentage of 
bone mineral density in the distracted area, compared with the 
normal mandible, was significantly higher than in the control 
group (p<0.05). The authors concluded that Calcium sulfate is a 
biocompatible osteoconductive material.  

Sbordone and colleagues (2005) reported the successful 
treatment of a post- extraction maxillary buccal dehiscence 

in a patient. Calcium sulfate mixed with sterile 0.9 % NaCl to a 
putty-like consistency was packed into the defect, and 4 dental 
implants were placed in the edentulous ridge. Histologically, 
complete filling of the defect with mature, newly formed bone 
and complete resorption of the grafted material was noted 
five months later. The implants appeared to be successfully 
Osseo-integrated. Calcium sulfate root form implants for ridge 
preservation following tooth extraction produced significantly 
greater preservation of bone height and width than the ungrafted 
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controls. Compared to a bovine-derived xenograft, allograft 
combined with putty induced significantly more vital bone in 
the experimental putty group (61 % versus 26 %) in humans. 
When used as a guided tissue regeneration barrier, together with 
demineralized freeze-dried bone allograft and Calcium sulfate 
composite graft, Calcium sulfate slowed epithelial and connective 
tissue ingrowth; furthermore, Calcium sulfate was successfully 
applied in periodontal defects, other osseous defects, and post-
extraction maintenance.  

Periodontal Intrabony defects

        A randomized, controlled, clinical study conducted by Kim 
et al to evaluate outcome following surgical implantation of an 
allogeneic, freeze-dried, demineralized bone matrix Calcium 
sulfate composite with a CS barrier in intrabony periodontal 
defects. Twenty-six patients contributing 26 deep intrabony 
defects completed the study. Thirteen patients received gingival 
flap surgery alone. There were no apparent differences between 
evaluations at 6 and 12 months post-surgery.There were no 
significant differences between groups in PD reduction and 
clinical attachment gain. However, gain in probing bone levels 
in deep intrabony periodontal pockets assessed by clinical 
parameters was greater than that observed by gingival flap 
surgery alone.

Calcium sulfate has been used in the treatment of periodontal 
intrabony defects in long-term clinical trials on humans and it 
demonstrated results that were at par when compared to bone 
regeneration achieved with autogenous bone graft.

Furcation defects

            The effectiveness of a triCalcium phosphate, Plaster of Paris, 
and doxycycline composite graft to surgical debridement alone 
was compared in the treatment of Class II and Class III furcation 
defects in a small sample size. Results after 6 months indicated 
that sites treated with the composite graft had improved defect 
fill, defect resolution, probing depths, and clinical attachment 
levels when compared to the surgically debrided controls. 
Defect fill was 3.7 times greater in grafted sites and these sites 
were 4.0 times more likely to have 50% or greater defect fill. 
The effect of grafting was more pronounced in Class III defects 
where horizontal defect fill and gain of clinical attachment was 
achieved only in grafted sites. The Plaster of Paris functioned 
well as a binder, preventing particle scatter and facilitating 
graft retention[119]In a study by Conner et al, Calcium sulfate 
demonstrated success in regeneration procedures when there is 
advanced furcation bone destruction after root removal[120]

Guided Bone Regeneration

The concept of guided tissue regeneration was first introduced in 
the literature more than 20 years ago. Since then, the concept has 
evolved to include different materials and different techniques. 
In a case report by White et al, a multidisciplinary approach was 
performed to treat external root resorption and osseous defect. 

A combined approach utilizing MTA for root surface repair, and 
DFDBA and Calcium sulfate to address an associated osseous 
lesion proved to be a viable modality in the treatment of chronic 
endodontic/periodontal lesions[121] In another three years 
randomized trial, whereCalcium sulfate was used in the guided 
bone regeneration in periodontal osseous defects.it demonstrated 
qualities as being a completion material, space maintainer, the 
vehicle for a controlled release of certain drugs, associated with 
other graft materials[122] Additionally,several other studies have 
supported the use of CS in guided bone regeneration[123-125]

Drug Delivery

In addition to its space-filling and barrier functions, CS has been 
investigated as a local delivery vehicle for therapeutic agents, 
such as antibiotics, small molecule drugs, and growth factors. CS 
can serve as a delivery system for various antimicrobial agents. 
Although it does not possess antimicrobial activity itself, there 
is some preliminary evidence that suggests that the material 
may not be a good substrate for the growth of some pathogens, 
including Porphyromonasgingivalils.It seems likely, therefore, 
that CS may be of particular use in bone regeneration sites where 
the infection is possible or likely.

Various combinations of CS with drugs have been utilized in the 
treatment of osseous defects,of which are a bovine osteogenic 
factor,plasma protein factor,fibroblast growth factor,tgf-
alpha,cephalexin,doxycycline are a few.The use of a drug-loaded 
plaster in the treatment of infected bony defects has been 
supported by various studies without any evidence of a local or 
systemic adverse effect. The property of resorbability endows 
Calcium sulfate the ability to be used as an implant device 
loaded with various materials, e.g. antibiotics, pharmacological 
agents, and growth factors. Absorbable Calcium sulfate pellets 
impregnated with antibiotics are currently widely used, e.g., for 
the management of diabetic foot infections (Armstrong et al., 
2001). Historically, using Calcium sulfate as a carrier material 
for antiseptics and antibiotics began as early as 1928. The 
local delivery of antibiotics was initiated in the 1930s with the 
introduction of sulphonamide.

 Kovacevic (1953) implanted Calcium sulfate cylinders containing 
penicillin and sulphonamide powder into patients suffering from 
haematogenic osteomyelitis. The author reported primary healing 
of the operative wounds, slow absorption and disappearance of 
the plaster, and, finally, bony regeneration through the area of the 
defect. The introduction of antibiotic-impregnated cement in the 
1970s increased the concentration of antimicrobial compounds in 
a local area, augmenting the use of systemic-parental antibiotics 
for bone infection therapy. Finally, bone graft substitute materials 
containing growth factors in their composition, including 
recombinant human bone morphogenetic protein-2 (BMP-2) 
and rhBMP-7 (OP-1), demonstrate osteoinduction in clinical 
application.
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Endodontic Surgery

The ultimate goal in endodontic microsurgery is the predictable 
regeneration of periapical tissues. One of the main concerns in 
treating an endodontically treated tooth which has a through-
and-through osseous defect is that incomplete bone healing 
may be inevitable, however, CS has proved to be of success in 
endodontic microsurgery [126,127]

Socket Preservation

Dimensional changes after tooth extraction often result in bone 
resorption that complicates restorations with an implant or 
traditional prostheses. Preservation of alveolar dimensions 
after a tooth extraction is crucial to achieving optimal esthetic 
and functional prosthodontic results. Also, with the increasingly 
frequent use of dental implants to replace nonrestorable teeth, 
preservation of the existing alveolus is essential to maintain 
adequate bone volume for placement and stabilization of 
the implants. Atraumatic extraction and socket preservation 
techniques have been introduced to minimize bone resorption 
after tooth extraction.Recently CS is being used as a bone graft 
material in the preservation of socket post-extraction.

Sinus Augmentation

Regeneration and preservation of bone after the extraction of a 
tooth are necessary for the placement of a dental implant. The 
goal is to regenerate alveolar bone with minimal postoperative 
pain. Medical Grade Calcium Sulfate Hemihydrate (MGCSH) 
can be used alone or in combination with other bone grafts; it 
improves graft handling characteristics and particle containment 
of particle-based bone grafts.Results have demonstrated an 
increase in the bone leading to successful placement of implants.
Calcium sulfate cement was used to regenerate bone around 
endosseous dental implants in humans during maxillary sinus 
augmentation. Pecora and colleagues (1998) performed a series 
of studies and wrote a case report on Calcium sulfate as a graft 
material for the maxillary sinus. The clinical and radiographic 
evaluation showed that it was possible to achieve the formation 
of new tissue that was quantitatively and qualitatively suitable 
for endosseous implant placement. Initially, the authors 
described the successful integration of 4 implants in 2 patients 
9 months after Calcium sulfate hemihydrate (SurgiPlasterTM) 
had been used as a graft material. Following this successful case 
report, De Leonardis and Pecora (1999) performed a prospective, 
longitudinal trial consisting of a pilot group of 15 sinuses in 12 
healthy patients requiring maxillary sinus augmentation for 
implant placement and a test group of 50 sinuses in 45 patients. 
The groups differed only in the technique of Calcium sulfate 
application (SurgiPlasterTM), as described below. Implants were 
then placed and followed for at least 1 year. The overall success 
rate for the 130 placed implants 1-yearpost-implantation was 
high (98.5 %). Histological analysis indicated type II or III bone 
in all specimens. In a subsequent publication, De Leonardis 

and Pecora (2000) compared the histological differences in 
the pilot and test groups. In the test groups, the authors placed 
preformed Calcium sulfate with a putty-like consistency in a 
stratified manner (N = 65 sinuses), which allowed each layer 
to harden as the next layer was placed. They stated that this 
allowed a denser fill and slowed the resorption of the material 
after sinus augmentation. As a result, the test group showed a 
mean bone concentration of 55.54 % (±19.82), while the control 
group showed a mean histomorphometric bone density of 
34.25 % (±10.02). The authors further noted that both of these 
measurements compared favorably with other studies on bone 
concentration in grafted maxillary sinuses.  

Guarnieri and co-workers (2007) used SurgiplasterTM in 
sinus augmentation. The study evaluated the radiographic 
and histological results using granular medical-gradeCalcium 
sulfate hemihydrate (SurgiplasterTM) as a grafting material in 
sinuses. Forty tooth implants were implanted along with grafting 
material in 10 patients, representing 15 sinuses. Radiographs 
were taken before sinus augmentation, monthly until 6 months 
postoperatively, 9 and 12 months after implant placement, 
and annually thereafter. Bone biopsies were harvested from all 
patients for histological and histomorphometric evaluation. 
The author concluded that SugiplasterTMCalcium sulfate when 
used as grafting material in sinus lift procedures may lead to 
appropriate Osteointegration of dental implants and can be used 
to create adequate bone volume before implant placement.

Medical

Treatment of non-unions

Medical grade Calcium sulfate increases the volume of graft 
material, facilitates bone formation, and is safe in the treatment 
of non-unions and fractures with osseous defects[128]

Metaphyseal bone defects

Calcium sulfate cement has displayed success in the treatment of 
metaphyseal bone defects,when tested on humans inperiarticular 
fractures--distal radial, tibial plateau, humeral head, and calcaneal 
fractures[129]

Long bone defects due to surgical tumor excision

Calcium sulfate has a long-standing history in the treatment 
of bone voids secondary to trauma, infection, or neoplastic 
processes. Minimally-Invasive Injectable Graft injectable Calcium 
sulfate graft may be injected into surgically created osseous 
defects or bone defects secondary to traumatic injury. After 
hardening, the paste acts as temporary intraosseous support 
through which internal fixation may be placed [86]

Unicameral bone cystUnicameral bone cysts are benign bone 
lesions commonly seen in pediatric patients. CS has been used in 
the treatment of these cysts [130]
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Guidelines for future studies [proposed 
hypothesis]
  Cs has already depicted success in the bone regeneration of 
Class II and Class III furcation defects,which are usually difficult 
to treat.Hence more studies can be directed towards utilizing CS 
in regenerating bone in these furcation defects. Saving hopeless 
teeth did not seem possible,but studies have proved otherwise.
Hence future trials can aim at attempting to save periodontally 
compromised teeth[131].Drug delivery may appear to be another 
good option for further studies on CS,after reviewing the available 
drug CS combinations.More erudite devices might employ CS 
forms to release drugs in a pulsatile fashion[122, 132-148].
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