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Abstract

Many efforts in the tissue engineering field have been devoted to producing biomedical devices with several physico-chemical
properties that could promote an increase in the quality of therapeutic treatments. Thus, 3D printing is an efficient method
which facilitates manufacturing high quality products to be used as medical devices. However, high-performance materi-
als are required for obtaining products that are able to be 3D printed to attend the biomedical concerns. In this work, fused
PLA-calcium phosphate-tobramycin-based filaments with antimicrobial properties were produced. X-ray powder diffraction,
Fourier transform infrared spectroscopy and thermal analysis were performed to characterize the pure compounds as well
as the composite filaments, revealing that the drug is preserved into the filaments by the implemented methodology, even
after the hot extrusion procedure. The filaments and the printed pieces presented great antimicrobial effect and a controlled-
release profile was also observed by the drug-release assays for the filaments produced, thereby indicating this material as
a promising candidate to be used for implantable medical devices in the future.
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1 Introduction

3D printing technology has received significant attention
in bone tissue engineering in recent years due to its versa-
tility and precise control to produce medical devices such
as scaffolds with customized shape and functionality [1].
This technology can be classified as additive manufacturing
(AM), which is used to create pieces layer by layer from
the 3D Computer-Aided design (CAD) model [2]. Fused
deposition modeling (FDM) is one of the simplest and most
cost-effective techniques employed in 3D printing of ther-
moplastic polymers with potential application in bone tissue
engineering [3].

Many different works have focused on obtaining fila-
ments with the appropriate properties to be used in scaffold
fabrication and achieving suitable performance regarding
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therapeutic treatments concerns such as biocompatibility,
biodegradation, and good mechanical properties [3—8].
However, optimizing FDM filaments to produce implantable
medical devices by including other properties which provide
antimicrobial activity as well as mechanical performance
without compromising their biocompatibility is crucial for
biomedical applications. Considering the mechanical per-
formance, the main reason for implantable medical device
failures are the infections associated with different kinds of
pathogens such as Staphylococcus aureus, among others [9].
Bacterial infections can increase the possibility of develop-
ing osteomyelitis or other clinical complications associated
with bacterial colonization with significant morbidity and
sometimes death [3]. Previous reports estimate that around 2
to 5% of orthopedic implants are damaged by infection [10],
and this can increase up to 30% in the case of open fractures
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[11]. These complications can be treated by debriding
infected tissue combined with the systemic antibiotic treat-
ment over a long time, even in the case of implant removal
to replace it with a new one. However, surgical intervention
is unavoidable in both cases. All of these abovementioned
problems lead to a decrease in the patient’s quality of life.
Furthermore, access to surgical interventions or implantable
medical devices at the appropriate time are a public health
problem in developing countries.

A way to overcome possible infections by pathogens in
medical procedures which use implantable devices produced
by FDM could be to load the filaments with antibiotics or
antimicrobial nanoparticles which enable producing func-
tionalized 3D-scaffolds with appropriate characteristics to
be used as antimicrobial implantable medical devices. In
this sense, polycraprolactone (PCL) has been explored as
the potential drug-loading matrix in systems that incorpo-
rate antibiotics for manufacturing FDM filaments due to its
low melting point which allows a wide use of drugs without
losing their therapeutic activity. Scaffaro et al. incorporated
chlorhexidine in polycaprolactone-based filaments and
obtained a good antimicrobial response [12]. In addition,
Viidik et al. used the active pharmaceutical ingredients such
as indomethacin, ibuprofen, and anhydrous theophylline to
produce 3D-printed tablets, demonstrating the polymer is
suitable to be used in a polymeric carrier system [4].

Another polymer of great interest in bone tissue engi-
neering is polylactic acid (PLA) which is one of the most
common polyesters, and is approved by US food and drug
administration (FDA) agency for human body applications.
Several studies have shown the potential use of PLA in scaf-
fold fabrication by 3D printing in providing antimicrobial
response by means of functionalization including drugs like
minocycline after its printing [13]. However, few studies
have shown the incorporation of antibiotics directly into the
PLA filament which enables obtaining antimicrobial func-
tionalized scaffolds in one step by 3D printing. Water et al.
obtained a nitrofurantoin-based filament, with this drug
being used to avoid the formation of bacterial film [14]. This
system was achieved by the hot-melting extrusion method,
showing promising results in terms of drug release.

One of the possible antibiotics that has been extensively
used for several applications is Tobramicyn (Tobra), with
the molecular formula C;gH;;N5O,, which is obtained as a
crystalline, white, and hygroscopic powder, freely soluble in
water. It is an aminoglycoside antibiotic with a broad anti-
bacterial spectrum used for several purposes in pharmaceuti-
cal applications such as ophthalmic solutions, suspensions,
and intravenous, and oral administration [15]. Some systems
using Tobra as the main antimicrobial agent have been pro-
posed and studied to increase its oral absorption [16] or to
prolongate the drug delivery in ophthalmic treatment [17].
Tobra also has the advantage of having a high melting point,

which allows this drug to be used in hot-melting extrudable
systems, such as the FDM filaments. Other investigations
of the potential application of the Tobra have been related
to its use as the active pharmaceutical ingredient in local
delivery systems for the treatment of infectious diseases
such as osteomyelitis [18, 19]. This disease can affect any
bone in the body and current therapies have shown some
disadvantages, which includes the penetration of the anti-
biotic into the affected bone is not effective, and that the
drug can affects the intended site as well as unaffected tis-
sues that can raises the risks of cytotoxicity, nephrotoxicity
and the potential for an increase in antibiotic resistance. For
this reason the importance of finding alternative therapies
such as local drug delivery systems could help overcome
these disadvantages [20, 21]. From the crystallographic
and characterization point-of-view, although Tobra has
been broadly used and studied, no works have reported its
crystal structure, which means that no crystal structures for
this drug are currently available in the Cambridge Struc-
tural Database®, which provides access to crystal structures
for organic compounds [22]. In addition, biphasic calcium
phosphates (BCPs) are a potential bone substitute, because
of their biocompatibility (they can form chemical bonds
with bone) and osteoconductivity (they can support bone
growth). BCPs are the mixture of hydroxyapatite (HAP) and
p-tricalcium phosphate (TCP). These materials combine the
resorbability of TCP, which is more soluble and its degrada-
tion products such as Ca** and PO,*>~ promote bioactivity,
and at the same time maintain the osteoconductive potential
of HAP presenting better results than when the HAP and
TCP phases are used separately [23, 24]. BCPs have been
used in scaffold fabrication in previous studies, where it is
expected to obtain the degradation of the ceramic and the
formation of new bone tissue through processes that occur
simultaneously, thus ensuring optimal healing of the bone
defect [25]. In a recent paper [26], we manufactured PLA/
biphasic calcium phosphate-based filaments to be used in
FDM using low-cost commercial printers. The filaments
obtained presented adequate printability, the biological tests
showed that ceramic-polymer filaments are potentially non-
toxic and did not affect the proliferation of cells.

In the view of the above considerations, the main objec-
tive of this work was to obtain PLA-Calcium-Phosphate-
Tobramicyn-based fused filaments which combine the excel-
lent performance of BCPs in terms of osteoinductivity and
bioactivity [27-34] with the potential antimicrobial response
of the drug. It is worth noting that Tobra was chosen to be
incorporated in the filaments due to its broad antimicrobial
action, potential use in the treatment of infectious diseases
that can affect the bone, and the relative high melting tem-
perature, which allows it to be extruded without degradation.
This one-step manufactured filament is a promising prod-
uct because it decreases the acquisition cost and provides
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interesting and desirable properties in implantable medical
devices obtained by 3D printing that have potential use in
systems for local drug delivery [35].

2 Materials and methods

2.1 Preparation of PLA/BCPS/Tobramycin
composite and extrusion of composite
filaments

First, 30 g of PLA/BCPs were prepared by a previously
reported method [26]. BCP powders were made by the solu-
tion combustion route using calcium nitrate tetrahydrate
(Ca(NO;)2.4(H,0)-Merck-Ca), diammonium hydrogen
phosphate (NH,)2HPO,-Scharlau-P) as oxidant agent (O)
and the glycine was employed as reducing agent (fuel- F).
Next, the O and F were mixed in distilled water maintain-
ing the stoichiometric ratio between O/F=1 [36] to obtain
the complete theoretical reaction with a ratio of Ca/P=1.5.
The mixture was heated to 80 °C with continuous stirring
until gel formation, and the temperature was subsequently
increased to 150 °C until combustion. The obtained powder
was then thermally treated at a temperature of 800 °C for
2 h. To obtain the filament it was used a free-organic-sol-
vent process similar to that reported by Corciene et al. [37]
and Nevado et al. [26] with some modifications. Previously
grounded commercial PLA Huaian Ruanke Trade Co with a
molecular weight of 60,000-80,000 g/mol and specific grav-
ity of 1.24 g/cc was used in this work. BCP powders were
mixed with PLA in a ratio of 30% wt of BCP by means of
a Retsch PM ball mill at 100 to 250 rpm for 15 min. In the
next step, crystalline Tobra powder (donated by a Brazilian
company) was solubilized in 200 mL of distilled water in
concentrations of 0.0005 g/mL; 0.0015 g/mL; 0.0030 g mL.
Then, 30 g of PLA/BCP powders were added to a drug solu-
tion and the mixture was put in a furnace at 50 °C for 24 h
until the water evaporated. The material was macerated and
employed to produce the filaments by hot extrusion in a
Wellzoom Desktop filament extruder line II. The extrusion
was carried out at a speed of 18 rpm and a temperature of
168 °C in both the preheating zone and extrusion zone. The
samples with the different Tobra quantities were obtained
and characterized, and the compositions were (in grams):
PLA/BCPs/Tobra of 25/5/0.1 (sample F1), 25/5/0.3 (sample
F2) and 25/5/0.6 (sample F3).

2.2 Structural and morphologic characterization

The obtained samples i.e., PLA, BCPs, Tobra (crystalline)
and Tobra/PLA/BCP (filament with high drug loaded) were
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analyzed by X-ray powder diffraction (XRPD) analysis,
which were performed using a STOE Stadi-P high-resolution
diffractometer operating in transmission mode, equipped
with a CuKa,; source (1=1.54056 A). The samples were
loaded between two cellulose-acetate foils. Data collection
was performed in the range from 2 to 40° (20). The Riet-
veld refinement [38] was also performed for the HAP/BCP
sample to quantify the phases in the sample. The Topas-
Academic V7 software program [39] was used to perform
the refinement. The lattice parameters and the crystallite size
broadening were refined, and the background was adjusted
using a Chebyshev polynomial function with 10 terms.

Fourier transform infrared spectroscopy (FTIR) spectra
were recorded on a Shimadzu IRTracer-100 Fourier trans-
form Infrared spectrometer with an accessory for measure-
ments in transmittance (DRIFTS). The spectra were acquired
in the spectral range between 450 and 4000 cm™~! and each
spectrum was the average of 3 scans with resolution of
4 cm™!. The thermal properties of the samples were investi-
gated by recording the obtained DSC curves, with a heating
rate of 10 °C/min and temperature range from 30 to 300 °C,
using a DSC (DSC7020 Exstar, SII NanoTechnology Inc.,
Tokyo, Japan). The TG/DTG curve was recorded using a
horizontal thermobalance 7200 (Exstar, SII NanoTechnol-
ogy Inc., Tokyo, Japan), heating rate of 10 °C/min, under a
100 ml/min nitrogen flow and temperature range from 30 to
600 °C. Morphology of the printed scaffold was evaluated
by Scanning Electron Microscopy (SEM, EVO MA10 Carl
Zeiss microscope).

2.3 Drug release assays

High-Performance Liquid Chromatography (HPLC) was
used to quantify tobramycin. A Chromaster HPLC device
from Hitachi (Japan) equipped with a diode-array detector
was used to scan at a wavelength of 245 nm. A Synergi
4 pym Hydro-RP 80 A column (4.6 x 150 mm) with C-18
cartridges as the precolumn (Phenomenex, USA) were used.
The mobile phases were A: 100% Water type I (1% TFA)
and B: 100% methanol, at 30 °C temperature. The program
was established as follows: initial condition of 40% of B for
1 min, then a linear gradient of 40 to 80% of B in the next
2 min and holding it for 5 min, then returning to the initial
condition at 5 min, and equilibrating for 5 min before the
next sample injection. A total of 15 pL of the derivatized
sample was injected into the HPLC system and separated at
30 °C of temperature, using a constant flow rate of 1 mL/
min.

Next, 500 uL aliquot of each sample was transferred to
a 5 mL glass test-tube to perform the derivatization pro-
cedure. Then it was mixed again after adding 500 pL of
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H;BO;-Na,B,0; buffer (pH 9.0), 500 uL of methanol and
200 uL of 4-Chloro-3,5-dinitrobenzotrifluoride (CNBF)
methanol solution (8 g/L) to the tube in order. The solution
was subsequently incubated at 60 °C for 10 min in a ther-
mostatic water bath. The reaction was quenched by addition
of 10 uL of 2 M HCI, and the reaction mixture was diluted
to 2 mL with ultrapure water. The resulting solution was
filtered through a 0.22 um nylon filter. After cooling, the
derivatized sample was injected into the HPLC system [40].

Finally, drug-release assays were performed at the end
of the calibration process. For this purpose, 1 cm long F1,
F2 and F3 filaments were used, randomly distributed in 8
individual samples with 1 mL of PBS each. The samples
were placed in an incubator at 32 °C with a constant shaker
and a sample was taken from each treatment after the times:
0.5,1,2,4,8, 12, 24, and 48 h. Each sample was derivatized
and analyzed using the HPLC system.

2.4 Antimicrobial assay

The inhibition zone of Staphylococcus aureus (ATCC
©29,213™) was evaluated to determine the potential anti-
bacterial properties of filament and scaffolds. The bacterial
inoculum was initially seeded in Luria—Bertani (LB) broth
nutrient, and then subcultured on a petri dish. Previously
sterilized filaments (F1, F2, F3) and printed scaffolds with
the filaments were then placed in the center of petri dish
and maintained at 37 °C for 18 h. The test was carried out in
duplicate. After incubation, the presence of bacterial growth
inhibition halos (zone of inhibition) around the samples were
observed and their diameters in millimeters were measured
with a digital caliper (Mitutoyo Corp., Kawasaki, Japan).
A Ceftriaxone disk (30 pg/disk) was utilized as positive
control.

25000 T T T T T T

2.5 Minimum Inhibitory concentration (MIC)
determination

The serial dilution method was used to study the antimicro-
bial efficacy of the Tobra by evaluating the visible growth of
S. aureus microorganisms. First, Tobra was diluted in PBS
and 1:2. Serial dilutions were made in LB culture medium
(Luria Bertani) and added to 96-well plates, Inoculum of
the S. aureus ATCC strain was prepared at a concentration
of 0.5 on the McFArland scale and was added to each of the
wells. Concentrations tested were 400 pg/ml until 0.048 ug/
ml. As controls of the test were carried out the sterility of the
culture medium and the growth of the bacteria.

3 Results and discussion

The XRPD analysis was performed to characterize the
compound samples as well as the high drug loaded sample.
Figure 1a shows the Rietveld plot of the HAP/BCP sample
that was synthesized by the solution combustion method.
The phases identified in this sample were hydroxyapatite
(HAP) and -tricalcium phosphate (4-TCP), and the crystal
structures used in the refinement were obtained from the
Inorganic Crystal Structure Database®, ref codes #56,306
and #97,500, respectively. The agreement factors obtained
from the refinement were pr=4-65% and )(2 =2.04, and
these indexes together with the well-adjusted Rietveld plot
indicate a good result for the refinement. The quantitative
phase analysis by the refinement data showed that the BCP
sample is composed of 75.2(3)% of HAP and 24.8(3)% of
B-TCP (in weight percent). The phases identified in the sam-
ples have potential use in bone tissue regeneration because
they combine the stability of the apatite phase with the deg-
radability of the tricalcium phosphate [41]. These powders
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Fig. 1 a Rietveld plot of sample BCP, with hydroxyapatite and f-TCP phases; b patterns for the isolated components BCP, PLA, Tobra, and the
filament with high drug amount samples (the plots were normalized for comparison concerns)
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were used to obtain the filaments characterized throughout
the manuscript.

The XRPD patterns of the isolated filament components
are presented in Fig. 1b (i.e., BCP (black line) with indica-
tion of the phases, PLA (red line) and the crystalline Tobra
(blue line), as well as the high drug loaded-filament pat-
tern (purple line)). The PLA pattern indicates the semi-
crystalline nature for this component, with a characteristic
amorphous halo between 15 and 30° and the peaks around
14.80, 16.66° (intense peak), 19.06 and 22.38° (20), in good
agreement with those peaks reported by Gémez-Pachdn
et al. [42].

Tobra sample is crystalline with the five characteristic
highest intensity diffraction peaks around 8.29, 11.49, 17.67,
18.23 and 21.23° (26, using CuKa radiation), in agreement
with the pattern reported by Dash (1966) [43] for the anhy-
drous phase of the sample heated up to 208 °C, indicat-
ing that the Tobra analyzed herein is a pure phase sample.
This drug has no crystal structure reported yet. Therefore,
the indexing procedure was performed considering the first
23 reflections of drug pattern and the crystal structure was
indexed on a primitive monoclinic unit cell in a space group
P2,, and the lattice parameters obtained from the Pawley
refinement [44] were: a=25.566(3) A, b=19.180(1) A,
c=5.0908(4) A, f=92.224(9)°, V=2494.4(4) A>. The fit-
ting plot is shown in Figure S1 (supplementary material).

The filament sample with loaded drug does not have any
crystalline contribution either from the Tobra crystal struc-
ture or from the PLA sample. This can be associated with
the fact that during the hot melt extrusion process the tem-
perature corresponding to 168 °C can melt the drug and the
PLA component. Therefore, the solidification of the filament
after the extrusion process limited the long-period three-
dimensional reordering at the atomic level of the PLA as
well as the Tobra crystalline structure. The peaks observed
for this sample are related to BCP phases, agreeing with the
pattern observed for the BCP sample.

An FTIR analysis was performed to evaluate the main
functional groups in pure Tobra. This result was used to
evaluate the presence of the drug in the filaments, as well
as to observe the preservation of the drug molecule after
obtaining the filament. The spectrum of pure drugs is shown
in Fig. 2a. The bands that were identified at 3452 cm™ corre-
spond to OH stretching, at 3351 cm™' due to N-H stretching,
around 2898 cm™! due to C—H stretching, around 1597 cm™!
due to N-H bending, at 1470 cm™! due to CH, scissoring,
at 1382-1351 cm™! due to O—H in-plane bending, and at
1034 cm™! due to C—O stretching [15]. Figure 2b shows
the FTIR spectrum for PLA and F3. Both spectra resemble
each other, except for the highlighted region in which a band
appears around 1090 cm™'. A comparison between F2, F3
(high drug amount loaded samples) and the pure drug was
performed in Fig. 2¢ to assure that the contribution observed
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F2 samples

around 1090 cm™! is not related to the BCP phases. It is

worth noting that the BCP phases were in the same amount
for all samples. In comparing the F3 and F2 spectrum, it is
possible to observe that the band around 1090 cm™! is pre-
sent in the F3 and has a subtle contribution in the F2 sample,
indicating that it could be related to the drug C—O functional
group. Although Tobra is in small amount in the samples,
this band significantly increases when there is double the
amount of the drug (i.e., from F2 with composition (g) of
25/5/0.3 (PLA/BCP/Tobra) to F3 with composition (g) of
25/5/0.6 (PLA/BCP/Tobra)). The F1 sample spectrum (not
shown) did not present this band, probably due to its low
amount in the sample.

The DSC thermograms are presented in Fig. 3. Tobra
purity was also probed by DSC indicating that the sample
has 99.66% of purity. The DSC curve of Tobra (Fig. 3a)
shows a sharp endothermic peak at 138.9 °C, which
can be attributed to the melting of the crystalline phase.
It is worth noting that one melting peak was observed
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indicating the presence of only one crystalline phase. Dash
and Suryanarayanan [45] characterized tobramycin mono-
hydrate, showing that the dehydration process occurs under
increasing temperature and that the observed thermal events
were not readily reversed during the cooling of the sample.
In our case, we did not observe any thermal event before
the melting temperature (7,,), which can be related to a
drug anhydrous phase. The T,, observed around 138.9 °C
is much lower than reported in the literature (216.78 °C),
suggesting that these phases are different. The Tobra XRPD
pattern agrees with that obtained for the sample under heat
treatment [42], although no thermal analysis was performed
for the mentioned heated sample. An exothermic event was
also observed around 195.90 °C which can be related to the
crystallization event of another polymorph. However, the
degradation of the sample occurs before observing a second
melting event, as was observed by TG analysis.

Figure 3b shows the DSC of pure PLA with two charac-
teristic peaks associated with glass transition related to the
amorphous part of the structure around 59.8 °C and melting
point related to the crystalline arrangement around 146.9 °C
[46]. The semi-crystallinity of the PLA sample was also
observed by XRPD characterization (Fig. 1b, red line).

The filament’s thermogram is shown in Fig. 3c, wherein
it is possible to observe three events. The first endothermic
event is the glass transition around 59.9 °C. The exothermic
event around 118.7 °C is due to the crystallization of the
PLA structure induced by the temperature increasing during
the analysis. This result agrees with what was observed by
XRPD analysis for the filament sample, which showed crys-
talline contribution from HAP and BCP phases and initially
amorphous contribution for the PLA compound [46]. The
third endothermic event at 149.6 °C can be associated with
the melting of the crystalline reordered PLA semi-crystalline
structure. The endothermic peak related to Tobra fusion was
absent, which indicates a disarrangement of the crystalline
structure ordering, indicating that the molecules of this drug
can be randomly dispersed in the polymer chains.

The thermogravimetry (TG) and derivative analysis are
presented in Fig. 4. The DTG of the pure Tobra (Fig. 4a)
indicates a weight loss up to around 90 °C, which can be

Temperature (°C)

Temperature (°C)

related to adsorbed water in the sample. No other loss was
observed until the degradation of the sample, i.e., over
260 °C (maximum around 300 °C), suggesting there was
no coordinated water in the sample implying that the Tobra
sample was an anhydrous phase. The DTG of PLA revealed
only one mass loss with a maximum event at 350 °C. The
DTG of the filament sample presents a broad mass loss event
between 240 and 350 °C, which can be the superimposed
thermal events from the pure compounds.

Figure 5 shows the images of the filament obtained by
the hot extrusion procedure, the pieces printed using this
manufactured material and the micrograph of the printed
scaffold. Figure 5a shows the filament obtained by hot extru-
sion with an approximate diameter of 1.75 mm suitable for
FDM printing, while Fig. 5b shows the SEM image of the
filament. It is possible to observe an irregular morphology
with the presence of aggregates associated with the calcium
phosphates, which is characteristic of the processing where
complete homogeneity of the ceramic phase in the poly-
meric phase is not achieved (5c, d), similar to a previous
report [24]. Thus, the printing of cylinder-type controlled
geometries was made with this filament in a commercial
3D printer machine (Fig. 5e, f), which shows the printing
threads deposited by organized layers typical of the 3D
printing process.

The EDS analysis to identify the distribution of phos-
phates in the printed threads can be viewed in Fig. 5g, and
it is possible to identify that with the printing process the
phosphates added to the filament are distributed homogene-
ously on the surface. This behavior in the printing could
favor the mineralization processes of new bone and improve
the bioactivity of the scaffolds.

Figure 6 shows the chromatograms obtained from differ-
ent matrices derivatized with CNBF T, and the derivatization
method produced 4 peaks in the chromatograms, which cor-
responds to the derivatization of 4 of the 5 amine groups of
tobramycin with retention times of 3.9, 4.7, 5.3 and 5.5 min;
in addition, another two signals can also be observed corre-
sponding to hydrolyzed-CNBF (CNBF-OH) and CNBF with
retention times of 6 and 7.1 min [39, 47, 48]. Derivatization
is widely applied in molecules like tobramycin which do not
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Fig.4 Thermogravimetry and derivative thermogravimetry analysis
of a Tobra, b PLA and c filament samples

have absorbance at UV—Visible spectra. Tobramycin has five
primary amine groups which can be derivatized, especially
the amine group which binds to CH,_ and is the most reac-
tive. CNBF is an excellent derivatization reagent, usually
common with many types of molecules such as amino acids
[47, 48].

The calibration curve of derivatized tobramycin with
retention time of 4.7 min was performed between the range
1.6-200 ug/mL (Fig. 7a).

@ Springer

Each sample taken from the drug-release assay was deri-
vatized and analyzed using the HPLC system. Tobramycin
released from the F1 and F2 filament is barely detectable
after 4 h (1.5 pg/mL), reaching 4.8 pg/mL in 8 h and a maxi-
mum of 7.4 pg/mL for F1 and 10.9 ug/mL for F2 in 48 h of
assay. On the other hand, the F3 filament releases 3.4 ug/mL
in half an hour, exceeds 10 pg/mL in just one hour and con-
tinues to release tobramycin steadily up to 48 h of testing,
where 150 pg/mL was detected (Fig. 7b). All samples were
compared by unidirectional ANOVA. There are significant
statistical differences between the filaments (P=0.0144),
and it is evident by observing the multiple comparison that
the difference is between the F3 treatment versus the others.

DSC-TG and drug-release analysis suggest an interaction
between the drug and the PLA/BCP system. This can be
related to the environment generated around the drug due to
the mechanism for obtaining the filament, the nature of each
of the phases and the physico-chemical properties. Tobra is a
hydrophilic aminoglycoside and therefore soluble in aqueous
phases, but of limited application in hydrophobic systems
such as PLA where polymer-drug interactions are weak.

In our case, the processing technique for obtaining the
filament, i.e., an initial dissolution of the drug in an aqueous
medium and subsequent mixing with PLA/BCP could favor
that Tobra molecules interact through secondary bonds with
the BCPs and, in turn, can present some type of weak inter-
action with the polymer chain. Later, after the evaporation of
the solvent the mixture was subjected to hot extrusion pro-
cessing at a temperature of 168 °C which is above the melt-
ing temperature for Tobra and PLA; during this stage both
compounds can experience structural changes, such as the
amorphization of Tobra and semi-crystallinity for PLA. It
is worth noting that the processing temperature is below the
drug’s degradation temperature observed by the TG analysis
(higher than 260 °C).

During the extrusion process the raw materials are subject
to mass transport conditions in a viscous fluid, where the
majority component (in this case the PLA) acts as the main
matrix. Once the temperature of the system is below the
glass transition temperature of PLA, the drug can be encap-
sulated in the PLA/BCPs matrix. This type of interaction is
supported by the drug-release mechanism which was found
to fit by Korsmayer-Peppas model where it was obtained a
high correlation for which the variable n > 0.5 indicates that
the release of this polymeric system does not only corre-
spond to a Fickian model but also can be associated with the
degradation of the matrix, indicating that Tobra is found in a
greater amount encapsulated (Table 1). Therefore, the inter-
molecular interactions between the matrix and the drug’s
molecules (van der Waals, hydrogen bonds) can promote the
stabilization of the amorphous drug, avoiding its recrystalli-
zation right after the filaments manufacturing [49]. The drug
amorphous state in the filament was observed by the XRPD
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Fig.5 aImage of the filament
1.75 mm; b—d SEM image of
filament; e Printed scaffold; f
Printed threads with the fila-
ment; g EDS analysis to identify
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Fig.6 Chromatograms obtained from different matrices derivatized
with CNBF. A methanol with CNBF; B derivatized Tobramycin

characterization and the drug’s molecule preservation was
accessed through FTIR analysis, as discussed previously.
The ability of the filaments and the 3D-printed disks to
inhibit bacterial growth on S. aureus are shown in Figs. 8,
9. It is possible to observe how the control of filament and
the piece printed with this filament did not present inhibition
halos (Figs. 8, 9a-b) and showed similar behavior to the non-
inhibition control, presenting uniform distribution of bacte-
rial colonies within the culture. The presence of an inhibi-
tion zone around the filament (Fig. 8c—e) and the printed
pieces (Fig. 9d—e) evidence antibacterial activity based on
the diffusion of biocidal agent through the culture medium
and a clear increase in the inhibition zone as the tobramy-
cin concentration delivery increased. On the order hand,
the MIC value calculated for tobramycin was 3.124 ug/mL
(supplementary material S3), this inhibition value compared
with release profile of filaments shows that the material are
supplying the appropriate amounts of Tobra to generate inhi-
bition i.e., the F1 and F2 filaments in the first 8 h present
around the 4.8 pg/mL, while the F3 filament from the first
hour the concentration of released drug doubles the MIC.
In the case of the printed pieces, it was possible to cal-
culate the size of the inhibition zone with respect to the
control (ciprofloxacin sensidisk) and the results are shown
in Table 2. These results are also consistent with what was
observed in the release of the drug, since the scaffolds that

presented the highest inhibition percentage (up to 67.7%)
are those corresponding to those manufactured with the F3
filament, which has a release of up to 150 in 48 h, while
the scaffolds manufactured with the F1 and F2 filaments
have inhibition percentages of 29.03 and 45.16, respectively.
These results validate how even after reprocessing the fila-
ment in 3D printing, in which the system is again subjected
to a high temperature that in principle could affect the anti-
microbial response, the effect does not disappear.

4 Conclusions

Filaments composed of calcium phosphates with antimicro-
bial response were successfully manufactured by hot extru-
sion process. These filaments proved to be suitable for use in
FDM technologies for scaffold printing. The preservation of
the drug in the filament samples was demonstrated by XRPD
and FTIR analysis, validating the presence of the drug in the
composite filament. It was also observed by XRPD that the
crystalline active pharmaceutical ingredient was amorphized
after the filament manufacture procedure and was kept in the
amorphous state in the filament.

Table 1 Parameters of the mathematical models of adjustment of
drug release

Filament Model K n R2
F1 Zero order 0.134 N.A 0.821
First order 0.244 N.A 0.607
Higuchi 0.895 0.500 0.848
Korsmayer-Peppas 0.610 0.620 0.843
F2 Zero order 0.226 N.A 0.949
First order 0.067 N.A 0.778
Higuchi 1.448 0.500 0.968
Korsmayer-Peppas 0.826 0.674 0.968
F3 Zero order 3.055 N.A 0.943
First order 0.058 N.A 0.734
Higuchi 21.958 0.500 0.989
Korsmayer-Peppas 18.005 0.562 0.986

200 b

Fig.7 a Calibration curve of s00— @
tobramycin-CNBF; b Release of Y=3.851*X — 2.913
tobramycin from the treatments
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Fig.8 Antimicrobial assay of
filaments. a, b Filament control
without Tobra; ¢ F1- filament;
d F2- filament; e F3- filament; £
ciprofloxacin sensidisk, positive
control

Fig.9 Antimicrobial assay of
3D-printed scaffolds. a Scaffold
with filament control with-

out Tobra; b Culture control;

¢ Ciprofloxacin sensidisk
control; d Scaffold-Filament
F1; e Scaffold-Filament F2; f
Scaffold-Filament F3

FTIR indicated the presence of C—O functional group that
could be related to the drug. The thermal analyzes enabled
observing the typical behavior of PLA with a melting tem-
perature around 150 °C and no peaks related to thermal deg-
radation were seen for the temperatures at which the printing
of PLA based filaments is usually carried out (150-210 °C).

f

Inhibiton
halo

The release results using the derivation technique showed
that the F3 filament with the highest concentration of drug
was able to release up to 150 pg in 48 h, which was consist-
ent with the inhibition halos and MIC, with the F3 filament
and the scaffolds manufactured with it being those which
presented the highest inhibition percentages compared to the
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Table 2 Inhibition halos, antimicrobial assay

Sample Inhibition halos (mm)

S. aureus %
Scaffold-Filament control 0 0
Scaffold-Filament F1 9 29.03
Scaffold-Filament F2 14 45.16
Scaffold-Filament F3 21 67.74
No inhibition control 0 0
Ciprofloxacin sensidisk control 31 100

control. These results validate that it is possible to obtain an
antimicrobial filament by hot extrusion with potential appli-
cation in manufacturing scaffolds by 3D printing without the
use of solvents, in turn providing an environment-friendly
product and is a great possibility to be used in the biomedi-
cal applications in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43207-022-00255-4.
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