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Graphical abstract Abstract

There numerous cases of bone tuberculosis requiring immediate
" freatment. One freatment approach involves local drug delivery
] using injectable bone substitute (IBS) paste containing

streptomycin, combined with monitoring of drug degradation.
Although various degradation tests are commonly used, real-time
monitoring of IBS weight change and mass loss sfill requires
investigation. This study investigates material degradation and drug
release using electrical impedance spectroscopy (EIS) and
compares the results with ulfraviolet-visible (UV-Vis) analysis.
Degradation tests were conducted on five polylactic acid (PLA)
scaffold samples with a pore size of 800 um that were injected with
IBS paste and immersed for different durations. The IBS paste was
synthesized using a hydroxyapatite-to-gelatin ratio of 65:45 and
subsequently injected intfo the scaffolds, followed by degradation
testing over a five-week period. Characterization methods included
microscopic observation, degradation evaluation of the IBS paste-
infused scaffolds, UV-Vis analysis, and EIS measurements.
Microscopic analysis showed that pore sizes ranged from 782.30-
805.00 um before IBS paste injection and decreased to 148.00-
189.00 um after injection. Degradation testing demonstrated that
mass reduction of the IBS paste-infused scaffolds increased with
immersion fime. UV-Vis analysis indicated an upward trend in IBS
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paste concentration from 1st week until 5th week, increasing from
1.168% to 2.522%. A five-week release is considered sufficient to
support the early stages of bone healing and graft integration. EIS
measurements after degradation showed that a parallel RC circuit
model correlated with the experimental data, with R? values of
0.9325 for resistance and 0.4511 for capacitance.

Keywords: Injectable Bone Substitute, paste scaffold, Electrical
Impedance, Spectroscopy, Degradation test
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1.0 INTRODUCTION

Tuberculosis (TB) is a contagious disease and one of
the leading causes of poor health globally, second
only to the coronavirus pandemic [1]. In Indonesia,
the Ministry of Health reported 700,000 TB cases in
2022, with most patients being of productive age,
especially between 45 and 54 years old. Early
detection and comprehensive treatment are
essential to controlling the spread of TB [2].

Typically, tuberculosis bacteria infect the lungs,
but numerous cases have demonstrated its ability fo
affect other organs, including the spine [3]. Spinal
tuberculosis infections can result in damage to the
nervous system and the spine itself [4], [5]. This spinal
bone damage can lead to deformities, causing the
back to protrude [4]. Prevention involves cleaning
infected bone tissue and replacing it with bone
implants [6], [7].

Bone scaffolds, serving as carriers for bone cells
and frameworks, provide space for bone cells to
proliferate, differentfiate, receive nutrients, and
metabolize before new bone cells are formed [8].
Artificial bone scaffolds must balance structural
integrity, biological compatibility, and degradability
to effectively support bone regeneration [28].
Specifically, in terms of engineering view, there are
two main requirements for engineering artificial bone
scaffolds: structure and properties [?]. Structurally,
bone scaffolds must have a personalized external
shape fo fit the location of bone defects and
inferconnected porous sfructures to facilitate the
growth of bone tissue and blood vessels within the
structure [10]. In terms of properties, they must
possess good mechanical properties to provide
structural support and good biological properties to
induce bone tissue regeneration [11].

Injectable Bone Substitute (IBS) is a highly
biodegradable composite material based on
hydroxyapatite-gelatin used as a bone substitute
[12], [13]. The advantages of IBS include its ability to
be molded to fit the bone cavity which needs to be
filled and ability to polymerize after the injection [14].
IBS can harden within 4-8 hours, has viscosity suitable
for injection, and has a near-neutral pH when in
suspension [12], [15], [16]. Therefore, IBS have
important role in drug delivery inside bone.

IBS materials need to be tested for degradation time
when they are used on bone. Therefore, degradation
testing is performed on IBS samples in Simulated Body
Fluid (SBF) [17]. SBF is a solution with a composition
and ion concentration nearly equivalent fo human
blood plasma, stored at specific pH and body
temperature condifions [18]. During the test, the
material was immersed in SBF that simulates the
organic part of blood plasma without cell culture.

Research  showed that the results  of
hydroxyapatite-gelatin composition variation
viscosity 45:55, 50:50 and 55:45 were (38.7 + 0.53)
dPa.ss, (49.6 + 1.02) dPas, and (66 = 1) dPa.s,
respectively. The pH was around 7 to 7.9 for
resuspension test of hydroxyapatite-gelatin based IBS
suspension with addition of alendronate before
mixing with  SBF, affer mixing, and affer
sedimentation. The scaffold that needed 5-6 hours for
setting and hardening process, was immersed in IBS
suspension for an hour and was dried at room
temperature. And the change in scaffold mass
increased from 0.12 gram fo 0.26 gram in wet
condition and 0.21 gram in dry condition. The
degradation test in vitro of IBS infusing in the scaffold,
conducted with several test. Some of them are
molecular weight change, scaffold weight loss, and
measuring the mechanical properties of scaffolds
[13], [19], [20]. However, that test needs more effort,
especially at real time monitoring weight change
and weight loss of IBS.

In this study, degradation testing of IBS-paste-
infused scaffolds was conducted using Electrical
Impedance Spectroscopy (EIS) to obtain electrical
impedance spectra in real time and analyze them.
EIS is a method for analyzing the electrical properties
of materials and systems by inducing alternating
current signals and measuring the potential signals as
responses [21]. Each material has its characteristic
impedance because different materials have varying
electrical conductivity abilities, one of them are
fissues [22], [23].

The aim of this research is to analyze the
degradation results of IBS-paste-infused scaffolds as
drug delivery systems using the EIS method. Several
characterizations were required, including UV-Vis
analysis to determine the streptomycin content in the
degradation solution at different time intervals and
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morphological  examination using a  Digital
Microscope to observe changes in pore size in
scaffolds with IBS paste.

2.0 METHODOLOGY

The procedures carried out in this research included
the creation of 3D-printed scaffolds and IBS paste,
which was then injected into the scaffold. The IBS-
added scaffold was let to dry in room temperature
for about 5-6 hours. Subsequently, the IBS-added
scaffold was characterized by several tests, including
its degradation profile with SBF (Simulated Body Fluid)
solution, its morphology using a digital microscope,
UV-Vis test, and Electrical Impedance Spectroscopy
(EIS) test. Furthermore, a comparison was made
between the degradation fest running by UV-Vis and
EIS

The scaffold was shaped like a fruncated
hexahedron with a pore size designed aft 600 um,
based on a study [24], which claimed that a 600 um
pore size resulted in maximum bone growth
capacity. Furthermore, according to research
conducted by Yuliatin [20], this pore size exhibited
good mechanical properties. Sample printing was
carried out using a 3D printer employing FDM (Fused
Deposition Modeling) with PLA (poly Lactic Acid) as
the raw material filament, heated to its melfing point
tfo make the material semi-solid.

The creation of IBS refers to research conducted
by Maulida [25]. IBS paste was made from
hydroxyapatite (HA) as the main ingredient, gelatin,
HPMC, and streptomycin. The initial stage of the
paste-making process began with dissolving 20% w/v
gelatin in distilled water at a temperature of 40°C for
one hour. After that, HPMC was dissolved with a 4%
w/v concentration in distilled water at a temperature
of 90°C for one hour, which was then cooled down
until 40°C. Subsequently, HA powder was added fo
the gelatin solution with a 65:35 w/w ratio of HA to
gelatin, which was stirred for 1 hour. After the solution
became homogeneous, the next step was adding
10% streptomycin from the total mass of HA, gelatin,
and HPMC, and dissolving it again until the solution
became homogeneous. Next, add the HPMC
solution to the well-mixed HA, gelatin, streptomycin
solution at a temperature of 40°C for 6 hours.

The process of integrating the IBS paste with the
3D-printed scaffold was done by injecting the IBS
paste into the scaffold and letting it set to dry and
hardened for 5-6 hours. Degradation tests on the
ability of scaffolds with IBS paste in vitro were carried
out using an SBF solution. Simulated Body Fluid (SBF) is
an acellular calcium-phosphate solution, protein-
free, with composition and ionic concentration
almost identical to human blood plasma, and it
generally persists under physiological conditions (pH
7.4 and 36.5°C) [26].

During the degradation test, the sample was
immersed in a synthetic solution that simulates the

inorganic part of the blood plasma, with or without
the presence of cell culture. This method is easy and
simple for testing the stability of the sample in the
body. The immersion of the sample was conducted
in sterile SBF solution at a temperature of 37°C. The
reduction in sample weight could be calculated
using Equation 1.

(Wo— W)

Wy, = x 100% ()

o

W, represented the weight of the sample before the
immersion, Wy was the weight after immersion, and
Wy, was the decrease of IBS-integrated scaffold [27].
The morphological test using a Digital Microscope
aimed to determine the pore size in the scaffold
injected with IBS paste. In the analysis process, the
image was analyzed with the ImageJ application.

The UV-Vis test aimed to identify the absorbance
value and the percentage of sftreptomycin
concenfration lost or the amount of IBS paste
scaffold that was degraded. To determine the
concenfration  percentage of the released
streptomycin, various concentrations of it were run
using UV-Vis. The absorbance data obtained were
then plotted into a graph of the relationship between
absorbance and concentration. Therefore, a linear
regression equation could be obtained. This linear
standard curve then becomes a reference for
determining the concentration of degraded IBS in
the sample with unidentified level of degradations.

The EIS test amed fto identify impedance
spectroscopy in the sample being tested. This EIS test
used a set of Electrical Impedance Spectroscopy
tools. The output results obtained by the EIS device for
the test sample were in the form of a graph of the
relationship between real Z and Imaginary Z. The first
step was testing the IBS paste scaffold before
immersing it in the SBF solution to determine the
impedance of the sample by attaching gel
electrodes at 2 points of the IBS paste scaffold.
Subsequently, after the degradation test using SBF
solution, it was tested again using EIS with one of the
methods to identify impedance in the sample. The
first curve obtained is the comparison of Z magnitude
(1Z1) with frequency (®), and the second curve is the
comparison of phase (6) with frequency (w), which is
called a bode plot. From this curve, we get a Nyquist
graph of the relationship between Imaginary Z and
real Z.

3.0 RESULTS AND DISCUSSION

The scaffold was designed in the shape of a
fruncated hexahedron using the Solidworks program,
and 3D prinfing used the FDM fechnique with PLA as
the base material to produce a PLA scaffold with a
pore size of 800 um, as shown in Figure 1(a). Although
previous studies have suggested that a pore size of
approximately 600 um is opfimal for promoting bone
growth [24], the scaffold developed in this study was
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designed with a slightly larger initial pore size of 800
pm. This adjustment accounts for the subsequent
injection of IBS paste intfo the scaffold, which would
be expected to reduce the effective pore size once
it was set.

IBS paste was made in a 65:35 ratio of HA: gelatin,
based on research by Maulida [25] that showed
favorable properties of homogeneity and well-
injectable. The composition of this IBS paste included
hydroxyapatite, gelatin, HPMC, and streptfomycin.
The IBS paste was then injected info the 3D-printed
scaffold. The process of injecting IBS paste into the
scaffold involved dipping the IBS paste and injecting
it with a needle diameter of 0.5 mm evenly into the
pores. The results of the injection were left for 24 hours
at room temperature, as shown in Figure 1(b).

(a) (b)
Figure 1 (a) 3D-printed scaffold 800 um pore size (b)
Scaffold which had been injected with IBS paste

The mass of IBS paste that fills the pore space of
the PLA scaffold was determined by finding the
difference in the mass of the scaffold before and
after the paste injection. The IBS paste mass mean
data from the samples with 5-time repetitions was
0.2525 + 0.0030 grams, and each mass is shown in
Figure 2.

0.3 - 0.2564 (2451 (.2434 0-2593 0.2581
= * © ® ¢ ¢
ﬁ 0.2 -
£
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@

0 T T T T )
0 1 2 3 4 5
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Figure 2 The relationship between the n-th sample and the
mass of paste that has been injected

re 2 shows that the pore size of 800 um, which
has. been injected with IBS paste, has a relatively
similar mass, as evidenced by the very small standard
deviation, namely 1.2%.

Scaffold pores were measured both before the
injection of IBS paste and after degradation. Ten
different pores from each of the scaffolds were

selected and measured, as shown in Figures
3(a)(b)(c). 4(a)(b)(c). and 5(a)(b)(c).

=

Pore size [um)
$ % 8 8

g

[=]

2 3 4 5

nth - sample

o
=

(c)
Figure 3 Scaffold IBS before paste injection (a) Scaffold
appearance captured by microscope (b)Pore size
distribution of scaffold (c) Pore size of the scaffold

Figure 4 shows that the white colored surface of
the sample is the IBS paste. Macroscopically, it can
be seen that all pores have been covered by the IBS
paste. Scaffolds that have been injected with IBS
paste show pores ranging from 148 ym to 183 um.
These pore sizes fulfii the micropore criteria of
scaffolds as bone substitutes. Pore sizes greater than
100 um and less than 400 um are considered ideal for
osteoconduction [29]. Based on the pore size results,
it shows that the scaffold has fulfiled the criteria in
the process of new bone growth and for cell nutrition.


Inten Firdhausi
the pore size of 800 μm, is the pore size obtained is suitable for the application? What is the application of the scaffolds? Is it for bone application? Please classify all further.

Inten Firdhausi
Done! Added in the first paragraph of section 3. Result�
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Figure 4 Scaffold IBS after paste injection (a)Scaffold’s

appearance captured by microscope (b)Pore size
distribution of scaffold (c) Pore size of scaffold

A degradation test was carried out to determine
the extent of degradation experienced by the IBS
paste scaffold, which plays a role in the formation of
new bone and serves as a drug carrier. Degradation
testing of the IBS paste-integrated scaffold was
conducted periodically and in a controlled manner
by immersing the samples in SBF solution for 5 weeks.
The results of the degradation test were expressed as
the degradation percentage of the IBS paste
injected intfo the scaffold, using Equation (1). The
percentage degradatfion results obfained are shown
in Figure 6, displaying the relationship between pore
size and the percentage of scaffold that was
degraded every week. It is known that in the length
of 5 week, the mass loss reached 15.177%

200 -
21B.2

nth - sample

(c)
Figure 5 Scaffold after one-week degradation (a) Scaffold’s
appearance captured by microscope (b)Pore size
distribution of scaffold (c) Pore size of scaffold

2 -
< 14.987 15.177
R .. 12.838
c 1° 10494 o ¢ *
8
€101 70272 ®
-
b L 2
¥ 5
o
0 L L L L 1
0 1 2 3 4 5
Week n-th

Figure 6 Degradation percentage of IBS integrated scaffold
each week
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Figure 6 illustrates that the IBS paste mass degraded in
the scaffold samples from week 1 to week 5. The
decrease in sample mass was influenced by the
length of soaking in the SBF solution.

Hydroxyapatite plays a role in the process of
forming an apatite layer, serving as proof that the

scaffold material possesses bioactive properties. E

week 5, it was observed that the IBS-pasted scaffa
was almost  completely degraded. Since this
freatment is infended fo help and improve the
efficacy of the initial bone fransplant technique, a
five-week release fime is deemed adequate,
guaranteeing continued support during the crucial
early phases of healing and integration of the
diseased bone. In this degradation process, it could
be observed that the degraded IBS paste scaffold
releases streptomycin, making it act as a drug carrier.
To determine the amount of streptomycin released, a
UV-Vis test was carried out.

The UV-Vis test was conducted to determine the
concentration of IBS paste released over a period of 1
week to 5 weeks. Before testing the scaffold with IBS
paste, a calibration standard curve was created first
to determine the correlation between IBS paste
concentration and absorbance using a UV-Vis
spectrophotometer. The concenfrations of IBS paste
used ranged from 1% to 5%. This variation of IBS paste
was created by dissolving 0.1 g to 0.5 g of IBS paste in
10 ml of SBF solution. Based on the test results,
absorbance data were obtained from several solution
concentrations, as shown in Figure 7.

Absorbance

220 270 320 370 420 470

% (nm)

Figure 7 UV-Vis absorbance for calibration solution

Based on Figure 7, there are two absorbance
peaks at wavelengths 269 nm - 273 nm and 322 nm -
324 nm. Referring to research by Yuliatin [20], the
peak absorbance of streptomycin is at a wavelength
of 322 nm - 324 nm. The results of the correlation
standard curve between absorbance and the
concentration of the IBS paste solution can be seen
in Figure 8, which shows a linear curve with a
correlation of R2 = 0.9664. The linear equation for the
relationship between absorbance and concentration
of a standard solution is expressed by Equation (2).

y = 1.52x+ 0.0362 (2)

The UV-Vis result for the degradation test of the 5
scaffold samples with different immersion times is
shown in Figure 8.

0.12
0.1 T
0.08 L

0.06 y=1.52x + 0.0362
-y 2 _
0.04 [ R*=0.9664

Absorbance

0.02

0 2 4 6
Consentration of IBS paste (gr/ml)

Figure 8 Standard curve of IBS paste concentration

Sample 1

— Sample 2
Sample 3

——Sample 4

Absorbance

—— Sample 5

% {nm)

Figure 9 UV-Vis absorbance for the released streptomycin

The absorbance results at each time variation
were then substituted into equation (2) to obtain the
concenfration value of the released IBS paste. The
variation of scaffold immersion fime on the
concenftration of IBS paste released is shown in Figure
10. These results represent the concentration of IBS
paste released in 10 ml of SBF solution.

w
J

2.374 2.438 2.522
1822 & & ¢
1.168 @
o

%]

[
1

Consentration of
released IBS (%)

o

nth-week

Figure 10 Released IBS Paste Concentration Test Results

Based on the graphic results, a positive correlation
between time variations and concentration values
was obtained. The smallest percentage of loose IBS
paste concentration occurred in week 1, namely
2.337%, and the largest in week 5, amounting to
5.045%. This indicates that the longer the scaffold is
degraded, the more IBS paste will be released,
showing that the scaffold can play a role in the


Inten Firdhausi
From the sentence, Is this intended, after 5 weeks, to be degraded in full?

Inten Firdhausi
Asumsi 5 minggu adalah … (kyk di abstrak

Inten Firdhausi
done
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process of releasing the drug streptomycin as a
freatment for tuberculosis.

The Electrical Impedance Spectroscopy fest was
carried out on scaffolds. Scaffolds that had been
injected with IBS paste and subjected to a
degradation test, each Nyquist plot spectrum was
shown in Figure 11. The EIS fest resulted in Nyquist plof
data, which was then fitted with the help of the Z-
view application to find the component values
composing impedance (Z). The Nyquist plot is a
graph that lays out the impedance and phase
values measured in a certain frequency range. In this
study, the frequencies used were 5 kHz to 25 MHz.

-7000
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—8—Sampel 1
-4000 —e—Sampel 2
—@—Sampel 3
-3000
R1 CPE1 —e&—Sample 4
—

-2000 c1 |
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—8—Sample 5

[} 2000 4000 6000 8000 10000
o}
7
-12000
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Figure 11 Nyquist plot EIS of (a) scaffold, (b) scaffold that
had been injected with IBS (c) scaffold that had been gone
through degradation test

From testing using EIS, the circuit model chosen for
the scaffold and scaffold injected with IBS paste was
a parallel RC in series with CPE. Meanwhile, for the
scaffolds that had undergone the degradation test,

a parallel RC circuit model was selected, as shown in
Figure 11. The results of fitting each Nyquist plot of the
impedance parameters data are shown in Tables 1,
2, and 3.

Table 1 The impedance parameters data of the scaffold
before IBS paste injection

1 8542 5006E-12 | 5.982E-11 0.985780
2 8623 4.944E-12 | 6.076E-11 0.984370
3 8379 5193E-12 | 6.005E-11 0.986960
4 8510 5042E-12 | 6.025E-11 0.985730
5 8547 5107E-12 | 5.799E-11 0.988400
I 8520,2 5058E-12 | 5.9774E-11 | 0.986248
T 89.167 9.563E-14 | 1.0559E-12 | 0.00151264

%ermor | 0.0104% 0.0189% | 0.0176% 0.0015%

The parallel RC circuit model in series with the CPE
on the scaffold was chosen because a semicircular
pattern was obtained from the parallel R//C circuit,
and the depression factor correction was carried out
by entering a CPE factor with a value of a =0 to 1.
The convergence error percentage obtained was no
more than 5%, indicating that the value of each
component R, C, CPE-T, and CPE-P from the model
had been sufficiently accurate.

Figure 11(b) displays the impedance resulfing
from the injection of IBS paste into the scaffold, which
has the same behavior as the scaffold. Therefore, the
model used was the same, a parallel RC circuit in
series with the CPE.

Table 2 The impedance parameters data in the scaffold
after IBS paste injection

1 11184.00 3.417E-12 8.956E-11 0.93090
2 11658.00 3.380E-12 6.086E-11 0.95705
3 10239.00 3.887E-12 6.682E-11 0.95887
4 9876.00 4.082E-12 6.731E-11 0.96236
5 10493.00 3.991E-12 5.180E-11 0.97921
i 10690.00 3.751E-12 6.721E-11 0.95767
[ 722.12 3.297E-13 1.394E-11 0.01735
% error 0.0675% 0.0878% 0.2074% 0.0181%

Table 2 shows an increase in the R-value after the
injection of IBS paste, compared to the R-value in
Table 1 before the injection. This indicates that the
injected IBS paste was successfully detected through
the EIS spectrum. Table 3 shows that the degradation
test from week 1 to week 5 resulted in a constant
decrease in the R-value using the parallel RC circuit
model. It is assumed that the electrical circuit
elements that contribute, consisting of R and C, are
resistance  (which inhibits current flow) and
capacitance (which causes charge polarization)
[381]. This is illustrated in Table 3, where the R-value
decreased every week.
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Table 3 The impedance parameters data in the scaffold
after degraded using 2nd model

[Sampel | Ri(Q [ CI() |
1 4953 5.19E-12
2 3410 6.123E-12
3 2957 3718612
4 2372 4420612
5 1835 1.7526-12

If a relationship curve is created between Table 3
(R1 or C1 value) and Figure 9 and equation (2)
(released IBS paste concentration), a relationship will
be obtained between R1 or C1 and the released IBS
paste concentration, as shown in Figures 12 and 13.

Bl

2.5 A *

1.5 1

y =-0.0005x +3.5033
14 R?=0.9325

0.5

Consentration of IBS paste degradated (%)

0 1000 2000 3000 4000 5000 6000
R1 (£2)

Figure 13 Correlation of IBS paste and R1 scaffold
concenfrations after degradation test

Bz

L5 +

2 1
y=-0.2321x+3.0492

s
15 R2=0.4511

1

0.5

Consentration of IBS paste degradated (%¢)

0

0 1 2 3 4 5 6 7
c1(pF)

Figure 14 Correlation of IBS paste and C1 scaffold
concenfrations after degradation fest

From Figures 13 and 14, it can be seen that a
correlation curve was obtained between the
concenfration of degraded IBS paste to R1 and CI
from the electrical impedance spectrum of the
scaffold. In Figure 12, R1 has negative slope with a
correlation of R2 = 0.9325. Likewise, in Figure 13, C1
also has negative slope with a value of R2 = 0.4511.
The graph shows that the more absorbance
obtained from the degradation results, the more the
value of the resistor (R) will decrease. Moreover, the
more the absorbance value, the more the value of
the capacitor (C) will decrease because the
resistance on the scaffold decreases during
degradation from week 1 to week 5.

The results demonstrate that EIS has significant
potential for real-time monitoring of scaffold-induced
weight loss. Moreover, with further investigation, this
technology shows promise for real-time assessment of
drug release, even after the bone scaffold is
implanted in vivo. This potential has been supported
by a study indicatfing that EIS can effectively detect
bone porosity and mechanical properties, which are
critical for preventing osteoporosis [30].

4ONCLUSION

The degradation profile of IBS paste, which is injected
info a bone scaffold for freating tuberculosis in bone
fissue, is a crifical factor to study. This is because the
embedded drug is released as the paste degrades.
This  study  investigates  the potential  of
electrochemical impedance spectroscopy (EIS) fo
assess the degradation of IBS-infegrated bone
scaffolds. The findings were validated by comparing
impedance results  with  UV-Vis  absorbance
measurements obtained during the material's
degradation process. Over a five-week period, UV-
Vis analysis showed a progressive increase in the
concenfration of released IBS paste, ranging from
1.168% at week 1 to 2.522% at week 5. Considering
that this treatment is designed to enhance the
efficacy of initial bone transplantation techniques, a
release duration of five weeks is considered sufficient
to provide continued therapeutic support during the
critical early stages of bone healing and integration.
Furthermore, EIS analysis using an RC parallel circuit
model demonstrated a correlation with R2=0.9325 for
the resistance (R) parameter and R2=0.4511 for the
capacitance (C) parameter after degradation.
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