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Abstract: Since the invention of bioactive glass 50 years ago, it has become a versatile
material used in healthcare in a variety of applications and compositions. Bioactive glass has
shown superior capabilities of drug delivery compared to traditional carriers. For example,
time-released medications are less likely to reach toxic levels, while delivering a specific,
therapeutic dose to a localized area. The objective of this paper is to investigate the properties
and effectiveness of mesoporous bioglass (MBG) as a drug delivery carrier. A literature review
of various polymer coated 45S5 Bioglass® loaded with vancomycin was analyzed to determine
their drug release response. Since MBG continues to be a preferred carrier with numerous
combinations; size, coating, doped with ions, medications, and other physical conditions, there
is a need to understand more fully their effectiveness. For a given loading efficiency of 5-15%
the burst release % for day 1 remained 15-30% for given surface area, pore volume and pore size
of 3.5 to 5 nm. The mechanical properties summarized in this paper are compared with the drug
release kinetics. In general, for a given fracture toughness and compressive strength, the ratio
of Young’s modulus to bending strength around 250 determined poor apatite mineralization
resulting in slow release. As this ratio increased the apatite mineralization and dissolution rate
increased. Doping MBG with ions enhanced the drug efficacy to treat a particular condition, for
example, silver. Polymer coated MBG exhibited slower dissolution rate than uncoated MBG.
Dissolution time increased with the drug loading rate, drying time of the coating, multi-layer
coats of drug and polymer for the drug studied in this paper to more than 50%.

Keywords: dissolution, kinetics, MBG, polymer coats, loading rate, time to release

1 Introduction

In 1969, Larry Hench created 4585 Bioglass® with the purpose of developing a material
that would not be rejected in a biological environment or encapsulated to protect the native
tissue [1]. During this time, many soldiers were returning home from the war with a variety
of orthopedic injuries, such as amputations, bone and tissue damage. Before the discovery
of Bioglass®, standard practice in orthopedics was to select implants made with various steel
alloys based on their corrosion resistance. In many instances, implants were rejected due to
material sensitivity [2]. As a result, premature failure occurred within two months due to
encapsulation of the implant with macrophage and metallic ions [3]. 45S5 Bioglass® is the
first synthetic material to form a chemical bond with bone; that body did not reject [2]. The
creation of Bioglass® gave physicians an alternative implant that was both biodegradable and
biocompatible with the host tissue [2].

Bioactive glass has become one of the most versatile materials used in healthcare, which
has spurred research and development, with numerous applications and formularies [2]. The
unique properties of this ceramic have made it a popular product with several uses such as
treating bone injuries, wound therapy, tissue engineering applications, bone infections, cranial
and bone repair, toothpaste, and drug delivery [1]. Since 1969, many variations of the original
formula of 45S105-24.5Nas0-24.5Ca0-6P205 (wWt%j, have been formulated based on their
application [1, 3]. Developments in Bioactive glass were summarized in literature put together
in timeline diagram in Figure 1.

Bioglass® is a desirable and versatile product because of its ability to be incorporated and
accepted by natural bone by developing a covering of hydroxyapatite formation (necessary in
mineralization of native bone), while encouraging the injured site to heal [1]. The bond between
synthetic material, Bioglass® and the natural bone is so strong that a separation can only happen
by fracture [2]. The bond strength between the bioglass and bone is naturally occurring apatite
(hydroxyapatite (Cas (PO4)30H), an osteoconductive material [8,9]. During the bone’s healing
process, the bioglass degrades, allowing for the controlled release of ions and medications at the
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Figure 1 Time-line of noteworthy applications of bioglass from 1969 to 2021 [1,4-7]

injured site [8]. Review of role of ions, morphology, polymers and mechanical properties of the
bioglass conducted together with applications of mesoporous bioactive glass (MBG) in drug
delivery.

1.1 Mesoporous Bioactive Glass (MBG) overview

Although there are numerous additive manufacturing options to fabricate the biomaterial,
3D- printing macro-mesoporous scaffolds with the incorporation of poly (vinyl alcohol) have
shown to have great promise, resulting in mineralization, ability to release drugs, while having
a 16 MPa compressive strength [1]. 3D printing provides the ability of incorporation options
into the MBG, various polymer, biomaterial options, inorganic and organic material [1]. 3D
MBG (80Si02-15Ca0-5P205 (mol%)) was loaded with gentamicin and demonstrated twice as
much drug loading with a reduction in release rate compared to traditional BG; thereby showing
superior attributes [1]. In order to prevent tissue toxicity, the challenge of controlling the release
rate of MBG must be addressed by the addition of incorporating a biodegradable polymer to the
medication [1].

MBG is a drug delivery carrier, has increased surface area and pore-volume, with pore
uniformity via mesoporous channels that assist in drug loading [1, 10]. An MBGs volume in
the pores and surface is directly related to the MBGs amount seen in the loading efficiency
of therapeutic drugs (i.e. growth factors, drugs etc.) [11]. Figure 2 compares the structure
and function on a macro- and micro- scale of scaffolds of bioactive glass (A, B, C) and native
calcined cancellous bone (D, E, F) [12].

Figure2 SEM images of macro- and
micro- structure and function of bioac-
tive glass scaffold (A, B, C) and na-
tive calcined cancellous bone (D, E,
F) [12].

Figure 2 A to F are images of the macro- and micro- scaffold of bioactive glass and native
calcined cancellous [12]. A comparison between Figure 1A (bioactive glass) to Figure 1B
(calcined cancellous bone) depicts similar interconnectedness and the number of pores [12].
The porosity % of bioactive glass is 89.3 2.0 and 86.6 = 1.5 [12,13].
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2 MBG in drug delivery

The use of MBGs as a drug delivery mechanism allows the medication to be directly adminis-
tered to the affected area while decreasing the risk of toxicity that may result in adverse systemic
effects [14]. Drawbacks of traditional delivery of medication is device failure, adverse effects
from long term medication exposure, increased healthcare costs and medical procedures [15].
MBGs are preferred to other bioglass options, because of its superior mechanical properties
such as its structure and increased surface area; as well as reducing the negative effects of tradi-
tional medication administration that are released quickly [15]. The MBG with a medication
is controlled release of the drug by the route of a porous scaffold, using the mechanism of
diffusion to support and expedite both osteogenesis and angiogenesis necessary for orthopedic
healing [15, 16]. A condensed summary of variations of MBGs used as a drug carrier is listed
in Table 1. The process of placing the biomaterial on the bone begins with the drug/growth
factor/ions added to the MBG, which leads to the MBG covering the drug/growth factors/ions
then adding that to the polymer, to make a polymer covered in the MBG/loaded agent [16]. The
biomaterial is applied to the location of the bone injury, thereby facilitating healing with the
release of the therapeutic loading agent [16].

2.1

An attempt was made to summarize various MBG compositions with or without the use of
growth factors and types, with the drug loading rate or efficiency, burst release in 1 day, delivery
time in days, surface area of the carrier, pore volume used for each MBG combination, together
with the pore size in Table 1.

Table 1 Drug/Growth and Composition of MBG [11, 14]

MBG drug carrier summary

- Loading efficiency ~ Burstrel.  Deliver Time  Surface area  Pore vol. Pore Size
MBG Composition Drug/growth factor (%) (%) day 1 (days) (mgg, 1 (cm?’g’ 1 (nm)
80Si15Casp ibuprofen 35 25-45,90 >10 317-351 0.36-0.37 3.7-4.8
80Si15Casp 351 0.49 4.6
80Sil5Casp ipriflavone 1-11 >10 317-351 0.36-0.37 3.7-4.8
100Si Tetracycline 10-18 15-30 >5 310-490 0.356-0.4 42
100Si 310-490 3.642
90Si5CaSP metoclopramide 15-45 40-55 >5 330 0.35 4.9
90Si5Ca5P 330 0.35 49
95Si5Ca 467 3.7
80Sil5Ca5P phenanthrenr >5 317-351 0.36-0.37 3.7-4.8
80Si15CaspP 351 0.36 4.8
70Si15Ca5P 319 0.49 4.6
60Sil15CaSP 310 0.43 43
70Si25Ca5P >5 303-319 0.33-0.49 4.6-4.8
100Si triclosan 9.1-10.7 30 >14 351 351 351
85Si10CasP Ibuprofen, bov_me 20 100 ~14

serum albumin

90Si10Ca - 438 35
70Si25Ca5P gentamicin 5.5-14.4 60-80 >4 303-319 0.33-0.49 4.6-4.8
80Sil5Cas5p gentamicin 11 70 >7 317-351 0.36-0.37 3.7-4.8
80Si15CaspP 265-515 0.36-0.49  3.62529
80Sil5Casp dexamethasone 16 20-50 >7 317-351 0.36-0.37 3.7-4.8
80Sil5Casp VEGF 90 0.2 >7 317-351 0.36-0.37 3.7-48
100Si BMP >7 310-490 0.356-0.4 42
80Sil5Ca5P Gentamicin/Nap-roxen 1.1 30-50 >10 317-351 0.36-0.37 3.7-4.8
80Si15CaspP dexamethasone 4 50 >10 317-351 0.36-0.37 3.7-4.8
80Si10CaSP5Fe 260 0.26 35
80Si5Ca5P10Fe 334 0.3 3.6
80Si0Ca5P15Fe 367 0.36 3.7
80Si10CaSP5Mg 274 0.35 3.31
80Si10Ca5P5Zn 175 0.23 3.33
80Si10Ca5P5Cu 237 0.31 3.66
80Si10Ca5P5Sr 247 0.31 3.66
76.5S115Ca5P3.5Ce 397 0.38 29
76.5S115Ca5P3.5Ga 335 0.31 3.8
75Si15Ca5P5B 234 0.24 5.28
70Si15Ca5P10B 194 0.21 5.09
80Si10Ca5P5Zr 287 0.32 3.7
80Si5Ca5P10Zr 278 0.33 4.1
80Si5P15Zr 277 0.27 3.4

The loading efficiency value reflects the encapsulation efficiency of the medication, that

the bioglass is carrying [17,38]. Burst release is the moment the medication-infused bioglass
releases the medication through dissolution [18]. After the initial release of medication, the
rate of delivery will be predictable [18]. At this junction, there is little understanding of the
mechanism of burst releases [18]. MBG’s elevated amount of Si-OH provides positive effects
on reducing and prolonging the drug kinetics [11].
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The relationship between surface area, particle size, porosity, and texture of the material
should be noted [19]. As the particle size decreases, the surface area increases, thus allowing
more medication to be exposed and released [19]. The surface area can exceed what the particle
size is when it has small pores [19]. A rough powder can have a smaller surface area compared
to a finer powder, because materials with small pores have a larger surface area [19]. The surface
area is one of many factors in determining the rate of the dissolution of bioglass [19]. The
International Union of Applied Chemistry (IUPAC) listed MBG to have a porosity within the
range of 2-50 nm [11].

Pore volume is the amount of volume a substance will fill within a specified space [20].
IUPAC listed MBG to have an approximate pore volume of 1 cm3/g [11]. If the pore size is
less than 100 micrometers, blood and oxygen cannot reach the site of injury so that cartilage
will grow instead of bone [3]. The ideal pore size to encourage bone growth and blood flow
should be greater than 200 - 300 micrometers [3]. MBGs stick to the area it is placed on a
cellular level due to its large surface area, pore volume and organized mesoporous pattern [15].
The downside to the larger pore size is the Young’s Modulus will resemble closer to trabecular
bone [3]. The amount of blood, oxygen, and strength should be taken into consideration when
determining the optimal pore size, based on its intended application [3]. A balance must be
found between finding the optimal pore size while maximizing its mechanical properties [21].
A high-resolution TEM image of the mesoporous silica is shown in Figure 6. The uniformity of
the MBG can be controlled by the fabrication of the material depending on the surfactant used,
resulting in uniformity of the pore size between 2-30 nm [11].

2.2 Role of ionizing MBGs

The numerous benefits of ions range from helping in vascularization to encouraging new
bone formation [8]. As the bioglass dissolves and the ions are released; the injury is directly
treated with therapeutic properties of the ions, while minimizing side effects [8]. When the rate
of dissolution is controlled, therapeutic levels of ions and medications can be achieved [22].
Controlling the dissolution rate is important to prevent toxicity from some ions, like zinc [8].
Table 2 summarizes a list of ions and their benefits when incorporated into bioglass.

2.3 Summary of ions role

Table 2 Summary of benefits realized with ions incorporated with bioglass [1,8, 11,23,24]

Tons

Benefits

Concentration
(mg/L) in MBG

Calcium — Osteogenesis/
angiogenesis

Osteoblast differentiation Apatite precipitation Promotes endothelial cell proliferation SMAD—bone remodel role (osteoblasts

and osteoclasts)

Strontium

Osteoblast — encourage cells for bone forming Osteoclasts - prevent reabsorbing bone Decrease osteoclastic a increase Sr24 <22

Silver (Ag) — Antibacterial

Antibacterial ability - interrupt the function of bacterial cell membrane — (ie. Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus) Bacteriostatic and bactericidal to many pathogens’ bacteria Does not develop bacterial resistance Non 0.014
toxic to osteoblasts Bacterial cell membrane protons released

Fluoride — osteogenesis

Fluorapatite - prevent dental cavities, encourage bone growth & prevent osteoporosis fracture Fluorapatite surface layer —
preforms similar to a protective layer by decreasing ion release Osteogenesis

Zinc Wound healing - bactericidal Cytotoxic — with high concentrations Release is pH-dependent <0.75
Magnesium Vascularization Encourage new bone formation Angiogenesis — form blood vessels via hypoxia <100
Cobalt Material that preforms similar to treatments to mimic hypoxia used in regenerative medicine <25

Copper, Nickel

Material that preforms similar to treatments to mimic hypoxia used in regenerative medicine

Silicon Osteoblast — encourage differentiation and proliferation

Borate May encourage RNA synthesis in fibroblasts <50
Antimicrobial agents - against some gram-negative, gram-positive bacteria Toxicity low Bone formation and healing important

Copper . . <152
‘Wound healing and bone regeneration

Lithium — Osteogenesis Osteogenesis <17.28

2.4 Polymers

The addition of polymer to bioglass composite has many positive benefits to the material and
a drug delivery system. The medication will adhere to the polymer, thereby delivering long
term medication to a localized area and administrating long term medication [14]. Polymers
used in bioglass would bypass the risks associated with long term use of traditional medicinal
therapies [25].
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3 Mechanical properties

The polymer positively contributes to the composite’s mechanical properties, by making
the material tougher and the interface stronger [25,26]. Coating bioglass in a polymer is
more desirable to use in load bearing applications, because it offsets the brittleness observed
in uncoated bioglass. A polymer coat will seal the scaffolds of the bioglass of any existing
defects of the material, resulting in decreasing the likelihood of a crack formation. A common,
biodegradable polymer used is Polycaprolactone (PCL) because it is easy to manufacture and
its mechanical properties meet minimum requirements [26].

By incorporating polymers, the mechanical properties of the bioglass become closer to the
bone’s properties [9]. By comparing the compressive strength of 45S5 Bioglass® foam that
was coated in polymer poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with the 45S5
Bioglass without a coating, the polymer coating increased the compressive strength by 1.5
MPa [1,3]. Polycaprolactone (PCL), chitosan, and PHBV are some of the most common
polymers used in bioglass [4,27]. Like ions, each type of polymer has its own set of desirable
attributes that can be tailored based on its intended use. Regardless of which polymer is used,
they should all be biodegradable, non- toxic, slowly reabsorbed into the body, have beneficial
mechanical properties, and not contain hydrocarbons [5,27].

3.1 Mechanical properties of MBG and human bone

The closer the mechanical properties of the implant are to the host bone, the more likely it
will be accepted by the natural bone through bonding, and less likely to be rejected [2,9]. Table
2 compares the compressive modulus (GPa), compressive strength (MPa), fracture toughness
(MPa,/m), bending strength, and Vickers hardness of bioactive glasses, ceramics and bone [9].
In general, the fracture toughness of bioactive glass as a whole is less than that of bone [9].
Table 2 shows that Cerabone® AW (345102-16.2P205-44.7Ca0-0.5CaF>—4.6MgO wt%) has
the highest mechanical properties on the chart, making it an ideal material when compressive
strength is required [9]. It is noteworthy to state that all synthetic material toughness is lower
than natural bone [9]. When compared to the rest of the ceramics, hydroxyapatite (HA) has a
fracture toughness of 0.8-1.2 MPa,/m and the bending strength of 60-120 MPa, but it is not as
high as natural bone [9]. A summary of the mechanical properties of bioactive glass, ceramics
and human bone can be found in Table 3 and 4 [9].

Table 3 Mechanical properties of human bones [9, 28]

Compressive ~ Compressive Fracture Bending Vickers Tensile
Material modulus strength toughness strength ~ hardness  Strength
(GPa) (MPa) (MPa /m) (MPa) (MPa) (MPa)
HA 35-120 100-150 0.8-1.2 60-120 90-140
Trabecular bone 0.05-0.6 1.5-7.5 0.1-0.8 10-20 40-60
Cortical bone 7-30 100-135 2-12 50-150 60-75
Cancellous bone 0.5-0.05 2-12 10-20

3.1.1 Properties for calcium silicate bioceramics

Table 3 lists bioglass variations and mechanical properties; whereas Table 4 provides informa-
tion on both the mechanical properties of calcium silicate bioceramics, apatitie mineralization
and dissolution behavior. Table 3 shows that hydroxyapatite HA has a fracture toughness of 1.2
MPa+/mand the bending strength of 120 MPa, whereas the correlating values found in Table 4
for silicate bioceramics are higher [9]. The silicate bioceramics bending strength and elastic
modulus are close to cortical bone [9]. Ceramic with high concentrations of calcium have better
apatite mineralization [9]. The apatite mineralization decreased when magnesium, zinc, or
zirconium was added to the calcium silicate ceramics [9]. The faster the bioglass dissolves, the
better the apatite mineralization, indicating a linear relationship [9].

3.2 Apatite mineralization

An apatite structure can be found in bones that have biominerals found in its chemical
makeup [29]. All biomaterials have advantages and disadvantages in their design as it applies
to their intended use. The benefits of Bioglass® were discussed in the introduction, but the
drawbacks of this material is that it has lower mechanical strength and fracture toughness than
the mechanical properties of bone [9]. To offset the fragility of bioglass, it has been mixed with
polymers to increases its mechanical properties [21]. Bioglass has also been combined with a
variety of biocompatible composites, to increase the properties [9]. It is important to understand
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the specific mechanical properties of the bioglass so that all relevant information is available to
determine how the material would be best applied to prevent harm [9].

An example can be seen in Table 2, in which Cerabone® AW has a compressive strength 1080
MPa, fracture toughness of 2 MPa /m, bending strength of 215 MPa, and Vickers hardness of
680 MPa [9]. The superior mechanical properties of this material make it a good option where
higher compressive properties are required, such as a vertebral implant [9]. Biomaterials are not
as tough as cortical bone [9].

Table 4 Mechanical Properties of Calcium Silicate Bioceramics, and porous scaffolds.

Bending

Elastic

Compressive

Fracture

Ceramic Composition strength modulus strength Toughness Mi AP"‘F“? DISSOIUF ton
ineralization behavior

(MPa) (GPa) (MPa) (MPa /m )

Wollastonite CaSiO 3 294295 46.5° 60 60° 0.4¢ 3.6 2.0° Excellent Rapid

Dicalcium silicate CasSiOy 26-97 293¢ 10-40 1.1-1.8 3.0 Excellent Rapid

Tricalcium silicate Ca3SiOs 93.4 293¢ 36.7 1.93 3.0¢ Excellent Rapid

Magnesium silicate MgSiO3 32 8.5 Poor Very slow

Dimagnesium silicate Mg2SiO4 203 2.4 Poor Very slow

Monticellite CaMgSiO4 159 51 1.63 Moderate Slow

Merwinite CazMgSi2Og 151 31 1.72 Good Moderate

Diopside CaMgSi2Og¢ 300 0.2-1.36 3.50 Moderate Slow

Akermanite CaxMgSix O7 — 0.53-1.13 0.63-1.72 Good Moderate

Bredigite CayMgSis 016 156 43 0.233 1.57 Excellent Rapid

Hardystonite (Sr,Ca)SiO3 136 37 1.37 Poor Very slow

Strontium hardystonite Zn ) CaSiO(3 + x) Poor Very slow

Baghdadite Ca2ZnSi2 O7

Sphene SroZnSis O7 Poor Very slow

Silicocarnotite CaNa3SiO4Caz NagSizOg

Nagelschmidtite CagZrSizOg Moderate Slow

Strontium silicate CaTiSiOs Poor Very slow

Silicocarnotite CasP3Si0; 2 65 80 Good Moderate

Nagelschmidtite Ca7Si2P2016 Excellent Rapid

Strontium silicate SrSiOg3 Good Moderate

Zinc silicate Zn5Si0 4 91 37.5 Poor Very slow

Zinc silicate (Sr,Ca)2 ZnSi 50 7

Hydroxyapatite 80-195 75-103 0.7-1.30

Calcium-silicate / Zirconia 395¢ 81¢ 4.08%

Dimagnesium silicate 203 2.4

Bredigite 156 43 1.57

Diopside 300 3.50

Merwinite 151 31 1.72

Monticellite 159 51 1.63

Hardystonite 136 37 1.37

Silicocarnotite 65 80

Akermanite 0.53-1.13¢

Diopside 0.2-1.36°

Bredigite 0.233¢

Notes: The subscripts for the above are a= SPS sintering technique for ceramic; b =Porogen fabrication for porous scaffolds; c=Polyurethane foam templating for
porous scaffolds; d= 3D plotting for porous scaffolds [9, 30]

4 Experimental design

We included results from published literature [4,39—42] with the following inclusion criteria:
1) a variation of 45S5 Bioglass or a close variation, 2) selected carrier loaded with Vancomycin,
3) all dissolution rates determined using phosphate buffered saline (PBS), 4) PBS with pH of
7.4, and 5) test temperature of 37°C. All experiments were done in vitro. A summary of the
data used and the variables documented are listed in Table 5.

The data was obtained from [4,39-42], digitized and extrapolated with the aid of PlotDigitzer
software. The digitized data was then exported in Microsoft Office, Excel for further processing.
The data was used as a control to determine the release rate of a bioglass that was not coated
in a polymer. The goal of the analysis was to compare the burst release of polymer coated
MBG with vancomycin as well as the overall behavior of the % of the medication that was
released over time in terms of an estimate of the burst release, and the rate of change of each
material. The effect of different concentration of vancomycin on the burst release was based
on the polymer used and total release before reaching steady state (controlled, predictable)
release. The difference with the same polymer coated MBG compared to determine the overall
drug release efficacy. An analysis was made with a monolayer using CS with 2mg/mL and the
multilayer 8 layers applied to titanium with a total amount of 10mg/ml.

Due to the lack of identical experimental conditions used in research there were variations in
the experiments as follows:

(1) The PCL data was available for TCH (Tetrahydrocannabinol) we assumed these kinetics
will describe the kinetics of vancomycin that had all of the following established guidelines;

(2) The concentration of the medication loaded into the polymer varied on each experiment;
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(3) The coating duration range was 2.5-20 minutes;

(4) The drying time range was 24 hours — weeks;

(5) Thickness level ranged from 1.5-128 um;

(6) Two different fabrication methods used;

(7) Lack of complete experimental disclosure;

These limitations establish that bioglass-coating-drug composite needs to be standardized for
a given drug to optimize the release kinetics and efficacy.

5 Results and discussion

Although bioglass and its performance as a drug delivery carrier has been studied holistically.
The interface between the bioglass-polymer-medications, and the polymer and bone are not
fully understood. There also is a lack of mathematical representation of the particle, surface
features determining the area, loading rate and kinetics. Simple trendline fits were applied to
the trend lines to the dissolution rates to derive mathematical relationships.

As identified in the experimental design, the data from the literature with the inclusion criteria
used to derive the kinetics. Table 5 summarizes the parameters used to compare and contrast the
dissolution kinetics with the set of parameters. Experiments from the literature summarized in
column 1 representing the studies with or without the polymer coating applied to MBG. Column
2 in this table represents numerous coating conditions applied to MBG then the vancomycin,
drug, was applied. In this column we would like to identify the condition with no coating, this
should serve as a control for our data. Column 3 and 4 indicate the loading rate of the drug and
all experiments were conducted in vitro, respectively. Column 5 shows the MBG composition
together with other columns representing similar test conditions such as dissolution solution,
temperature, pH, coating and drying duration, respectively. Additional parameters summarized
in the table include burst release rate, thickness and fabrication methods. Digitized data were
plotted in the following Figure 3-9 together with likely zones where burst release is effective,
shown by ovals, in each figure. Each of these ovals contains a specific combination of coating,
polymer, and the dissolution kinetics shown. These are discussed in the order in which figures
are presented.

Table 5 Data collection carried out from the literature with various inclusion criteria used in this research

Coating

Experiment Polymer + Vancomycin In Vitro Bioglass Composition Dissoultion Temperature . Drying Initial Burst Thickness Fabrication
Analysis Vancomyein (mg/ml) orlnVivo  (SiO2,Na20.Ca0, & P205) Solution ©o pH 3::1““::) Duration Release (%) (um) Method Reference
1 PHBV 10 mg/ml In Vitro 46.1,24.4,26.9, & 2.6 PBS 379¢C 74 Smins  24hours 33% 15 FRM [41]
1 Uncoated 10 mg/ml In Vitro 46.1,24.4,26.9, & 2.7 PBS 379C 74 - - 71% 0 FRM [41]
2 PCL-CS 25 mg/ml In Vitro 45,24.5,24.5,& 6 PBS 379C 74 10min  24hours 51% Unkown FRM [42]
2 PCL-CS 50 mg/ml In Vitro 45,24.5,24.5,& 7 PBS 37°C 74 10min  24hours 35% Unkown FRM [42]
2 Uncoated Unknown In Vitro 45,24.5,24.5, & 8 PBS 379C 74 - - 71% 0 FRM [42]
3 PCL TCHat0.5% wiv  In Vitro 45,24.5,24.5,& 9 PBS 37°C 74 25min unknown ~38% min. of 2-5 FRM [4]
4 cs 2 mg/ml Vanc In Vitro 45,24.5,24.5,& 10 PBS 37°C 74 10min  Unknown 20% ~ 55 EPD [39]
4 CS-BG 2 mg/ml Vanc In Vitro 45,24.5,24.5, & 11 PBS 37°C 74 10min  Unknown 40% ~ 55 EPD [39]
5 CS-BG Monolayer 2 mg/ml Vanc In Vitro 45,24.5,24.5, & 12 PBS 37°C 74 10min  upto2weeks 40% Unkown EPD [40]
5 CS-BG (Multilayer) ~ 0.5-2 mg/mL In Vitro 45,24.5,24.5, & 13 PBS 37°C 74 20min upto2weeks 8% -128 EPD [40]
Notes: PHBV: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); CS: Chitosan; PCL: polycap BG: Bioactive Glass; TCH: Tetrahy inol; PBS: Phosphate-buffered saline; FRM: Foam Repli Method; EPD: Electrophoretic Dep

4585 BG with Vancomycin & Polymer(s)- Release % of Vanco

100
b ° ®
90 L J

70 e e °
60 @2

50 @ ° ° °
w0 "o

30
20
10

Release (%)

0 50 100 150 200 250 300
Time (h)
®PCL-CS PHBV @ Chitosan (CS) ©No Polymer PCL

Figure 3 Release percentages of PCL-CS, PHBV, Chitosan, no polymer, and PCL (data from
Table 5)

Figure 3 shows that uncoated MBG has a faster release rate compared to when MBG was
coated with polymer, demonstrating that this is the least desirable material. There is a sudden
burst release, in the 20% of the time leading all the way to 100% dissolution. Chitosan appears
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to have a slower release rate compared to the other polymers, which is more desirable. Possible
causes for the superior release rate may be attributed to the wt. loss of the material with
increased drying time. The PCL used TCH whereas the other used Vancomycin. PCL had the
least amount of coating as shown in Table 5.

PCL - Chitosan - No Polymer Initial Burst Comparison

20 ®

60 y=0.674x+31434

Release (%)
.

© %
n
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»
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b
8
]

®PCL ®Chitosan * No Polymer

Figure 4 Initial Bust Release: PCL vs. chitosan vs no polymer, data from Table 5.

The rate of change for the PCL is approximately greater by 0.5 % per hour compared to
the no polymer and chitosan, PCL-CS. This can be contributed to the differences in the rate of
change for the PCL release rate. This is not seen in the initial release rate. At approximately 10
hours an intersection of the release rate occurs for the chitosan and the PCL. After 10 hours the
positive steep slope is observed for the PCL. The no polymer and the chitosan appear to have
behavior in which the slope is parallel to one another. An overlap oval between the chitosan and
PCL is noted between 0 — approximately 5 hours and from 0% to approximately 50% release
rate. Schematically an ovals is an estimate of the initial burst release based on the numerical
data generated with the use of PlotDigitzer. The top edge of the oval was determined based on
the point where the release % begins to stop and starts to reach steady state to provide a more
predictable rate of the medication release. It is likely that based on the rate of change the first
data point can affect the rate of change of the vancomycin because the more that is released in
the initial burst release results in less medication being available over time to be released.

PCL-CS - PHBV - No Polymer Initial Burst Comparison

Release (%)

Time (h)

®PCL-CS ®PHBV * NoPolymer

Figure 5 Initial Bust Release: PCL-CS vs. PHBV vs no polymer, data from Table 5.

PHBYV and PCL-CS have much lower initial release values compared to the no polymer.
The ovals show that by the time that the estimated burst release is complete, the PCL-CS and
PHBYV nearly cross at ~60% of time. This contributes to why the release rate in the beginning
stages of the experiment are larger in the PHBV coated bioactive glass compared to the PCL-CS.
Although the PCL-CS initial release value was greater, the lower rate allowed the PHBV coating
to pass the overall release of the drug. The composition is slightly different which could impact
the initial value but as seen from in Figure 4 and 5, respectively, the rate stays quite similar.

Under the same conditions, the initial burst release of the 25 mg/ml Vancomycin is ~15%
higher than the 50 mg/ml of Vancomycin. The overall release of the drug was ~20% higher for
the 25 mg/ml. This shows that the lower the amount of drug, the higher percentage of the drug
is being used. This could be due to oversaturation of Vancomycin but if we were to take the
percentages and multiply them to each drug composition, it shows that the amount of drug in
mg/ml is still higher than the amount if the drug amount was higher. The rate remains quite
similar between the amounts which means that the higher amount of drug slows the total amount
of drug that is released in each experiment. This could be due to the mechanical factors and the
oversaturation factors. Additional factors that may be considered include mechanical properties
increase with the higher drug loading rate, causing it to dissolve slowly as the diffusion and
other parameters dictate the dissolution.
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Low vs High Amounts of Vancomycin
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Figure 6 The overall drug release comparison of PCL-CS polymer at 25 mg/ml and 50 mg/ml
of Vancomycin data from Table 5.

Low vs High Amounts of Vancomycin - Burst Release
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Figure 7 The initial burst release for the PCL-CS polymer at 25 mg/ml and 50 mg/ml of
Vancomycin, data from Table 5.

The initial burst release of the 25 mg/ml of Vancomycin is much lower and has a smaller
rate. This shows that the initial burst value becomes lower when higher amounts of vancomycin
present. This is similar findings to Figure 5 data but specifically covering the burst release. The
rate is also quite similar pointing to the same findings as Figure 5.

Cumulative Drug Release vs. Time
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Figure 8 Comparison of Chitosan coating of 45S5 BG with Vancomycin, data from Table 5.

Cumulative Drug Release vs. Time
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Figure 9 The effects of multiple layers and compositions to single layer chitosan 45S5 BG
data from Table 5.
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The initial burst release value of the chitosan without the 45S5 BG present is half of the
value when the 45S5 BG is present. Also, without the bioactive glass present, the overall rate of
release was nearly double the chitosan with 45S5 BG which means that without the BG it had
reached nearly half as fast as with the BG. Therefore, the impact of the 45S5 bioactive glass
increases the initial release burst of increasing dissolution. At around 200 hours the release
percentage of the bioglass included drug release is passed by the drug release without bioglass
because the rate is far greater. At around 300 hours, the chitosan without bioactive glass reaches
near full distribution of the drug while the test with the bioactive glass present doesn’t reach
that until ~650 hours. In conclusion the bioactive glass allows for a greater initial release of a
drug but slows the release rate to allow drug distribution for longer periods of time.

For the multilayer the layers are as follows: 1) CS-0.5 mg/ml VAN, 2) CS-BG-0.5 mg/ml
VAN, 3) CS-1 mg/ml VAN, 4) CS-BG-1 mg/ml VAN, 5) CS-1.5 mg/ml VAN, 6) CS-BG-1.5
mg/ml VAN, 7) CS-2 mg/ml VAN, 8) CS-BG-2 mg/ml VAN. The data shows that the initial
release value is nearly 30% higher for the single layer. The multilayer compared to any initial
value from Figure 3-8 and Table 5 show that this is by far the lowest initial release value. Also,
the rate of release of each experiment was quite similar and that the multilayer took about 250
hours longer to approach complete drug release. This means that the distribution of the drug
will be prolonged with many layers being applied. Since the rate is similar the multilayer only
played a role in the initial release value which alters the overall release as time passes.

6 Conclusions

Bioactive glass has shown superior capabilities in drug delivery compared to traditional
carriers. The data compiled in this paper shows that polymer coated 45S5 Bioglass® loaded
with vancomycin achieves controlled time release for more than 50%. Since MBG continues
to be a preferred carrier with numerous combinations; pore volume, size, coating, doped with
ions, medications, and other physical conditions, the effectiveness of the present carrier is a
function of many parameters. For a given loading efficiency of 5-15% the burst release % for
day 1 remained 15-30% for given surface area, pore volume and pore size of 3.5 to 5 nm. The
mechanical properties summarized in this paper are compared with the drug release kinetics. In
general, for a given fracture toughness and compressive strength, the ratio of Young’s modulus
to bending strength around 250 determined poor apatite mineralization resulting in slow release.
As this ratio increased the apatite mineralization and dissolution rate increased. Doping MBG
with ions enhanced the drug efficacy to treat a particular condition, for example, silver. Polymer
coated MBG exhibited slower dissolution rate than uncoated MBG. Dissolution time increased
with the drug loading rate, drying time of the coating, multi-layer coats of drug and polymer for
the drug studied in this paper to more than 50%.
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