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Abstract
Bioactive glass microbeads are emerging as an attractive method for sustained drug release over extended periods, ranging 
from several hours to weeks, and across diverse applications such as toothpaste and bone repair. Their effectiveness stems 
from their capacity to be engineered into uniquely adaptable structures such as fibers, beads, and mesh scaffolding. In 
this investigation, bioactive glass microbeads (SiO2–B2O3) with a distinctive hollow core and porous shell structure were 
employed. The morphology of the beads was characterized in detail using optical microscopy, scanning electron microscopy, 
x-ray diffraction, Raman spectroscopy, and surface interferometry. The drug loading and passive diffusion of the beads was 
monitored through UV–Vis spectroscopy. This study reveals favorable morphology, robust structure, and efficient passive 
diffusion of these microbeads. These attributes indicated a new route to transdermal medication release.

Introduction

Sustained or controlled drug release is a method used in 
the pharmaceutical and medical fields to ensure that a 
therapeutic dose of a drug is consistently delivered over an 
extended period of time, maintaining a steady and effective 
concentration in the body [1]. During this process, there is 
an “initial burst”, where the drug is released quickly. This 
burst is then followed by a “maintained release” at a certain 
concentration. This provides an immediate therapeutic effect 
followed by a maintained and controlled drug administration. 
This may reduce frequency of administrations, mitigate side 
effects, and allows for controlled site administration. There 
are various drug delivery system, some used internally 
and externally. These may include implants, microspheres, 
liposomes, and patches [2, 3]. The choice of system depends 
on factors like the drug’s properties, desired release profile, 
and the specific medical condition being treated [2, 4].

Bioactive glasses were discovered in 1969 by Hench 
[5] and have since been used in regenerative medicine, 
dentistry, treatment of infections, and drug delivery [4, 6, 
7]. These glasses are based on the composition Na2O, CaO, 
P2O5, and SiO2 system and possess desirable properties 
such as bioactivity, biocompatibility, bioinert behavior, 
and antibacterial properties [8]. These materials can also 
be engineered to be used in many forms, sizes and shapes 
(such as bulk, powder, fibers or beads) depending on desired 
application [9].

In our research, we investigated bioactive glass 
microbeads (BGBs) with a hollow core and porous shell. 
Since the bead’s surface area, porosity, core size and 
durability will determine its potential for use as drug 
delivery system [9, 10]. The microbeads were characterized 
using optical microscopy, scanning electron microscopy 
(SEM), Raman spectroscopy, x-ray diffraction (XRD), and 
interferometry before demonstrating a method for successful 
drug loading and sustained delivery in solution.

Materials and methods

Bioactive beads

The bioactive beads (OL-GL (1756b)) used in this study 
were purchased from Mo-Sci Corp (Rolla, MO). The beads 
were stated to range in diameter from 38 to 90 μm. A silica 
base (SiO2) composed 75–90% of the bead composition 
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and a secondary component boron oxide (B2O3) composed 
5.0–15%, the other 1.0–10% is listed as unknown 
composition. The bulk density of the dry beads are roughly 
0.35–0.40 g/cm3, the pore size ranges from 10 to 300 nm 
with a porosity equal to or over 90%, and the shell thickness 
is around 1 μm [11, 12].

Characterization and metrology

A Nikon C2 confocal microscope was used to capture 
images of the dry beads, beads in solution and filled beads 
in solution and monitor changes in size, morphology, and 
diffusion. Absorption was measured using a Jasco V-670 
UV–VIS-NIR Molecular Absorption Spectrometer. A 
NewView™ 9000 3D optical surface profiler was used to 
provide non-contact optical surface profiling of the shells 
of the dry beads. The measurements were nondestructive 
and needed no sample preparation. A Scanning Electron 
Microscope (SEM), Zeiss N-Vision 40 was used to image 
uncoated dry beads at an accelerating voltage of 5 kV. 
This was done to confirm the bead dimensions, surface 
morphology, additionally; beads were broken in half for 
shell measurements. Raman microscopy was performed 
to examine the chemical structure and crystallinity of the 
beads. The Raman system used was a Horiba LabRAM HR 
Evolution Nano. Measurements were conducted using a 
wavelength of 785 nm, laser power of 30 W, a 20 μm spot 
size (10× magnification objective) and a 20 s acquisition 
time. X-ray diffraction (XRD) was performed using a 
PANalytical Empyrean system on whole and powdered bead 
samples.

Methods and analysis

In order to measure passive diffusion of a care-filled liquid 
from the center of the beads, beads were dyed, filtered, dried, 
immersed in solution and their release was monitored via 
UV–Vis spectroscopy. The beads were dyed by placing 
them into high saturations of blue cell stain (combination 
of methanol solution and phosphate buffered saline (PBS) 

(5 μL of cell dye in 300 μL of PBS) for three days. The 
dye molecules used in the work was comparable in size 
(1–2 nm) of therapeutic drugs used in encapsulated beads 
in other works [13–15]. The beads were then filtered for 
two hours after the PBS-stain solution was poured over a 
filter paper (Ahlstrom 615 fast filter grade with 235 mL/
min rapidity) and rinsed with 100–200 μL of fresh PBS. 
The BGBs then dried for one day at room temperature to 
minimize any breakage and loss of sample due to cohesion 
to the wet filter. To take data to measure the rate of passive 
diffusion from the BGBs into their environment, 1–4.5 mg 
of dyed and drained beads were placed into a cuvette with 
150 μL of fresh PBS inside a 6Q quartz cuvette. Over the 
course of a day, absorption measurements were observed 
over a range of 350–800 nm with the most intense peak 
developing at 654 nm. The samples were placed in a cuvette 
where the spectrometer would measure the absorption value 
at 654 nm once every five minutes over the course of 54.5 h. 
No animals or humans were tested on during this research.

Results and discussion

Figure 1 displays optical images of the dry bioactive beads 
(Fig. 1a) and core-filled beads in PBS (Fig. 1b). These 
images confirmed the specified size distribution, with most 
beads remaining intact after handling. The optical images 
of the dried beads were used in combination with SEM 
imaging to confirm size, distribution and morphology. The 
measured sizes of the beads range from approximately 
33 to 111 nm with 86% beads falling between the ranges 
of 60 and 105 nm, this is slightly outside of the reported 
38–90 µm (Fig. 1c) [11, 12]. Blue dye core-filled beads are 
seen within solution and can be compared to unfilled beads 
(Fig. 1b). Bead cores were considered filled though optical 
observation, however, further investigation would need 
to be conducted in order to obtain exact fill percentages. 
Compared to initial studies on similar compositions of solid 
beads and solid porous fragments of bioactive glass, the 
filling of the hollow beads in this paper was obvious.

Fig. 1   Optical images of the a dry bioactive beads and b core-filled beads in PBS. c Histogram showing most bead diameters were found to be in 
the ranges of 60 to 105 µm
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Figure 2 shows SEM analysis of the dry bioactive glass 
beads at different magnifications with an inset profile image 
of a cracked shell in order to investigate thickness and 
porosity of the shell. Optical surface profiler imagery of the 
dry bioactive beads was used to measure diameter, roughness 
and homogeneity across the shells. The root mean squared 
(rms) surface roughness of the surface of the bead shell was 
measured to be 12.435 ± 2.41 μm. Roughness was therefore 
considered homogeneous across the shell of the bead and 
small, indicating small pore sizes. The dimensional profiles 
were also consistent with measured diameters of the beads 
using optical microscopy and SEM. XRD characterization 
(Fig. 3a) confirmed the vitreous nature of the powdered 
beads showing the pattern shape typical amorphous phase 
pattern shape below 400 cm−1 with no crystallization peaks 
[16]. Raman spectra (Fig. 3b) show broad peaks typical of 
bioactive glass compositions found in the literature [17].

A sustained drug delivery profile was obtained by using 
micron sized bioactive glass beads as delivery vehicle for 
blue cell dye over a 60 h timeframe (Fig. 4). The initial burst 
drug release is seen from 0 to 20 h where absorbency has a 
measured change in absorption values of 0–0.34 accounting 

Fig. 2   SEM images of a a whole, intact dry bioactive bead measuring 72 µm, b a detailed look at the bead’s shell showing pores with inset 
image of a cracked shell, showing a thickness ranging from 1 to 3 µm and detailed porosity

Fig. 3   a XRD measurement 
and b Raman measurement of 
powdered beads

Fig. 4   Measured UV–Vis absorption (arbitrary units) vs time in hours 
of core-filled beads in PBS solution. Inset is an image of core-filled 
beads dispersed in fresh PBS solution inside the cuvette as a function 
of time
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for its greatest change in drug release of Δ77%. From 20 
to 40 h, a gradual slowdown of release was observed as 
measured absorbance values change from 0.34 to 0.42 
(Δ18%). During the final stage, from 40 to 60 h, absorbency 
only changed from 0.42 to 0.44 (Δ5%), indicating maximum 
drug release levels have been achieved.

The bioactive microbead samples used throughout this 
study were found to be robust, being able to be handled, 
washed, and filtered without losing shape, size and structure. 
The surface of the beads was found to be homogeneously 
porous with low roughness. The highly porous shell and 
surface area of the microbeads could aid in diffusion of a 
drug solution [14, 18]. Additionally, the pores could also act 
as reservoirs for drug molecules, depending on application. 
More characterization is needed, including thermal, 
chemical, and crystallinity of the microbeads [11, 12]. 
Future work would include analysis of post-release beads, 
testing shell thickness and porosity as a function of release 
and percentage fill, additional drug solutions, applying 
mathematical concentration models to spectra, and testing 
over longer periods of time [18, 19].
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