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Abstract: Soft tissue infections in open fractures or burns are major cause for high morbidity in
trauma patients. Sustained, long-term and localized delivery of antimicrobial agents is needed for
early eradication of these infections. Traditional (topical or systemic) antibiotic delivery methods
are associated with a variety of problems, including their long-term unavailability and possible low
local concentration. Novel approaches for antibiotic delivery via wound coverage/healing scaffolds
are constantly being developed. Many of these approaches are associated with burst release and
thus seldom maintain long-term inhibitory concentrations. Using 3D core/shell extrusion printing,
scaffolds consisting of antibiotic depot (in the core composed of low concentrated biomaterial ink
3% alginate) surrounded by a denser biomaterial ink (shell) were fabricated. Denser biomaterial
ink (composed of alginate and methylcellulose or alginate, methylcellulose and Laponite) retained
scaffold shape and modulated antibiotic release kinetics. Release of antibiotics was observed over
seven days, indicating sustained release characteristics and maintenance of potency. Inclusion of
Laponite in shell, significantly reduced burst release of antibiotics. Additionally, the effect of shell
thickness on release kinetics was demonstrated. Amalgamation of such a modular delivery system
with other biofabrication methods could potentially open new strategies to simultaneously treat soft
tissue infections and aid wound regeneration.

Keywords: 3D core/shell printing; drug delivery; antibiotics; hydrogels; soft tissue infection

1. Introduction

Patients with open fractures and severe burns (with >20% burned body surface), are
often presented in clinics with extensive soft tissue damage. Such soft tissue wounds
are often at a high risk of infection, as the soft tissue of the skin is directly exposed to
contaminants after a high-energy trauma (e.g., road or fire accidents). These contaminants
and/or surgical treatment procedures can introduce microorganisms at the damaged soft
tissue, potentially leading to an invasive infection [1]. In case of soft tissue damage by
chronic burn wounds, therapeutic interventions that target management of inflammation,
pain and prevent or treat infections caused by the invasive colonization of resident microor-
ganisms due to immune dysregulation are essential [2]. Additionally, for open fractures,
prevention of infections in the damaged soft tissue from the contaminants and resident
microorganisms are deemed essential for successful fracture healing and restoration of
function [1]. Furthermore, reconstructive surgical intervention might be needed depending
on the severity of the wound to aid the healing process [3,4].

Infections that develop in soft tissues after an extensive trauma or burn injury are the
predominant reason for complications, morbidity, and mortality [1,2,5–7]. Critical bacterial
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concentrations (>105 colony forming units) [2] at the burn wound site, most frequently of
Staphylococcus aureus (S. aureus, Gram-positive, opportunistic bacteria), Pseudomonas
aeruginosa and Acinetobacter (Gram-negative), are reported to be the most common cause
of death in burn patients [2]. Additionally, primary infection of soft tissue in open fractures
is majorly associated with S. aureus [8], potentially leading to osteomyelitis and other
morbidities (1–42.9% of all patients) [1,9]. Bacterial infections in damaged soft tissues lead
to a plethora of detrimental events such as systemic infection in the patient, sepsis, graft
loss, delayed healing, higher treatment costs and increased mortality [1,2]. Hence, the
primary concern in the management of open fractures and burn wounds is prevention of
infection [1,9,10].

Currently, clinical care of infected soft tissues in open fractures and burns includes
systemic and local treatments for managing infection at the injury site along with facilitating
regeneration of bone [4,9] and skin regeneration (by excision and grafting with allografts or
skin substitutes) [10,11]. When patients with open fractures or burn wounds are presented
in the hospital, many antibiotics (penicillin derivatives, cephalosporins, aminoglycosides,
etc.) can be systemically administered along with irrigation and debridement of the trauma
site to avoid/reduce development of infections [4,12]. Traditional, systemic administration
of antibiotics is usually associated with inadequate availability of the drug locally and thus
may not be effective to deter aggressive infections and can also lead to many side effects,
such as drug induced toxicity in other tissues. Inhibitory concentration of antibiotics can be
achieved by local application, leading to effective management of the infection at the injury
site [13–16]. Local delivery of antibiotics in open fracture patients is usually achieved by
antibiotic-loaded wound coverages such as collagen fleeces [17], antibiotic-loaded PMMA
(poly (methyl methacrylate)) bead chains or antibiotic coated metal implants [9]. In case
of burn wounds, topical application of antibiotics lotions at the injury site and antibiotic-
loaded wound coverages (composed of various hydrogels) are routinely used [18,19].
Locally delivered antibiotics will develop effective concentration only at the infected site,
thus directing their action specifically only at the infected site, therefore avoiding systemic
toxicity. Additionally, studies have shown that a very high concentration of antibiotics
(that are toxic when delivered systemically) can be released locally by hydrogels without
adverse effects at the site of infection [18].

However, as the concentration of the locally applied antibiotics drastically reduces in
a short time, falling below minimum inhibitory concentration (MIC), multiple applications
of the antibiotic at the injury site are usually required to completely eradicate the infection
and its recurrence. As a result of such a procedure, local antibiotic concentrations vary over
a wide range, leading to low efficiency in treating the infection. Additionally, as the local
application of antibiotics involves physical contact with the wound, multiple applications
can potentially interfere with healing of the wound and can introduce new infection, in
addition to the excruciating pain experienced by the patient during such a treatment [13].

Searching for alternatives, the development of new approaches to sustainably deliver
antibiotics at soft tissue infection sites—hydrogels, nanofibers, and nanoparticles, etc.—are
being actively pursued [20]. Many synthetic and naturally occurring hydrogels loaded with
antibiotics have been studied for their applicability in treating soft tissue infections [21].
Hydrogels, applied as wound dressings, can be usually loaded with the desired amount of
antibiotics and, to an extent, their release can be controlled. As hydrogels are mostly com-
posed of aqueous solutions, they help in maintaining a moist environment—thus aiding in
wound healing by promoting cell recruitment, adhesion, proliferation, cell-growth factor
interactions and angiogenesis [18]. Furthermore, fabrication of hydrogels and loading of
antibiotics is a rather simple process. Though hydrogels can release antibiotics over an
extended period of time, lack of mechanical strength deters their extensive use in treating
chronic burn wounds, especially in treatments involving reconstructive surgeries. The
application of nanofibrous mats fabricated by electrospinning methods that can both load
and deliver antibiotics as wound dressings has also been studied. The very high surface to
volume ratio of these systems provides the unique capability to sustainably deliver antibi-
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otics over extended time periods. Furthermore, they could provide mechanical stability and
their functionality can be enhanced by various surface modification procedures. However,
toxic solvents usually used for electrospinning and complications arising from large scale
production could be probable reasons for deterring clinical use [11]. Nanoparticle carrier
systems for drug delivery have also been extensively studied to treat infections. Nanoparti-
cle systems could potentially extend drug half-life, thus improving pharmacokinetics [20].
Lipid based and polymeric nanoparticle systems have been used to encapsulate various
antibiotics. Lipid based and cationic polymer nanoparticles have high mucoadhesive
properties at the wound site, allowing more time for the encapsulated drug to release. The
ease of application, high bioavailability and their specificity are highly advantageous in
treating soft tissue infections. Though nanoparticle carrier systems have many intrinsic ad-
vantages, their application can be envisioned only for superficial infections due to particle
coalescence and the possible release of toxic by-products [20]. New strategies have to be
devised for their application in deep tissue infection that require reconstructive surgeries.

In recent decades, 3D bioprinting has defined a new paradigm in regenerative medicine
and tissue engineering approaches. A plethora of hydrogels (biomaterial inks) have been
developed, which potentially can be laden with cells (then called “bioinks” when cells are
included) and processed by 3D bioprinters to generate tissue substitutes of defined shape
and structure, intended to be used clinically. In regard to skin tissue engineering, Cubo et al.
have shown that fibrin based bioinks containing either fibroblasts or keratinocytes could
be 3D bioprinted as bilayered structures to produce functional skin equivalents that can be
potentially used in burn wound treatment [22]. When such bioprinted skin equivalents
are implanted, the immediate challenge would be to avoid potential infections. Thus, the
integration of antimicrobial delivery systems in such approaches would be imperative.

In the current work, we aimed to develop an antibiotic loaded hydrogel delivery
system, generated by 3D core/shell extrusion printing that can be flexibly used to produce
wound coverage or to be integrated in a tissue substitute. The 3D core/shell printing
method combines two hydrogels by coaxial extrusion such that one hydrogel is encapsu-
lated by the other, resulting in scaffolds with core/shell architecture of the strands [23]. The
core hydrogel is loaded with antibiotics acting as a depot and the shell hydrogel provides
mechanical stability and functions as a diffusion barrier. We hypothesize that by the choice
of hydrogels of core and shell parts and the variation of thickness of the shell part, the
release kinetics of loaded antibiotics can be modulated. As the base material, alginate
(ALG) was used due to its excellent biocompatibility and easy processability. Because of
its low immunogenic profile, alginate is routinely used to encapsulate human cells for
tissue engineering applications [24,25]. Furthermore, it is approved for clinical use and
many commercial formulations are already used in clinics as wound dressings and drug
delivery systems [26,27]. For the shell, the alginate was blended with methylcellulose
(MC) to achieve excellent printability by (temporary) enhancing the polymer content and
viscosity; the alginate-methylcellulose (ALG-MC) blend was previously developed in our
lab and its cell compatibility was proven for various cell types [28–31]. Additionally, sev-
eral modifications of this blend for ex. with Laponite, human blood plasma and bioglass
has shown its versatility and applicability for various 3D bioprinting applications [32–34].
Furthermore, methylcellulose is also used to treat dry eyes and as a thickener, emulsifier,
and stabilizer for various pharmaceuticals [35]. As a third component, Laponite (LAP)
should be introduced in the system, either as antibiotic loaded core or in combination with
alginate and methylcellulose as shell. Laponite, a synthetic magnesium silicate nanoclay,
was specifically chosen in this study due to its intrinsic high adsorptive properties, at-
tributed to its disc shaped structure with positively charged rim and negatively charged
plane [36]. In addition, due to the electrostatic self-assembly of Laponite particles, suspen-
sions show typical characteristics of shear-thinning gels, making it suitable for extrusion
printing [32]. Currently, due to the versatile properties of Laponite, it is extensively studied
and developed as a biomaterial for drug delivery and bone tissue engineering applica-
tions [37,38]. It is hypothesized that inclusion of Laponite can sustain the release of loaded
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antibiotics. These biomaterial inks, i.e., alginate-methylcellulose (ALG-MC) and alginate-
methylcellulose-Laponite (ALG-MC-LAP) were previously used in bioprinting including
cells, hence they are also referred to as bioinks [28,30–33].

Antibiotics commonly used for treating soft tissue infections (vancomycin, clin-
damycin, and gentamicin) are loaded in the scaffolds during fabrication: Efficient antibiotic
loading strategies in the core depot were initially developed and their suitability with
core/shell 3D printing was evaluated. The release of loaded antibiotics through the shell
was studied, whereby the effect of Laponite (when included in the shell) and thickness of
the shell was explored.

2. Materials and Methods
2.1. Preparation of Shell Biomaterial Inks

Shell biomaterial inks were composed of alginate, methylcellulose and/or Laponite.
Two separate stock solutions of 3 and 6% (w/v) of sodium alginate (from brown algae,
71238, Sigma-Aldrich, Steinheim, Germany) were prepared by dissolving autoclaved
powder in sterile double distilled water (ddH2O). Biomaterial ink composed of alginate and
methylcellulose (ALG-MC) was prepared as described previously [28]. Briefly, autoclaved
methylcellulose powder (M0512, Viscosity: 4000 cP, Sigma-Aldrich, Steinheim, Germany)
was added to a 3% alginate solution such that the final concentration of methylcellulose was
9% (w/w). Similarly, biomaterial ink composed of alginate, methylcellulose and Laponite
(ALG-MC-LAP) was prepared by first making a blend of 3% alginate and 3% Laponite
(Laponite XLG, BYK additives & instruments, Widnes, UK; autoclaved Laponite powder
was added to 3% alginate solution and was stirred overnight); followed by addition of 6%
methylcellulose. The prepared shell biomaterial inks were stored overnight at 4 ◦C to allow
swelling of methylcellulose, and then used for fabrication of scaffolds by 3D core/shell
printing (Section 2.4).

2.2. Preparation of Antibiotics Loaded Core Biomaterial Inks

Respective antibiotic powders (Vancomycin HCl, Clindamycin HCl and Gentamicin
sulphate, all provided by Heraeus Medical, Germany) were first dissolved in ddH2O at a
concentration of 20 mg/mL. Additionally, 6% (w/v) alginate sol in ddH2O was prepared.
Antibiotic solutions were added drop wise to the stirring 6% alginate solution. An equal
volume of both the solutions was used, so that the final concentration of the antibiotics
and alginate in the resultant suspension was 10 mg/mL and 3% (w/v), respectively. The
antibiotic loaded alginate solution was used as a core part to fabricate 3D core/shell
scaffolds (Section 2.4).

2.3. Rheological Characterization of the Biomaterial Inks

The biomaterial inks were subject to dynamic and constant shear rate using a parallel-
plate rheometer (Rheotest RN 4.1; RHEOTEST Medingen, Ottendorf-Okrilla, Germany).
Antibiotic loaded alginate solution (500 µL), ALG-MC or ALG-MC-LAP (1 g) were placed
in between the plates with a distance of 0.1 mm. To assess the shear thinning behaviour of
the biomaterial inks, viscosity was measured, while shear rate at an increment of 1 s−1 was
applied for 100 s. Similarly, to assess the effect of the addition of antibiotics to alginate and
Laponite to ALG-MC, their viscosity was measured when a constant shear rate of 10 s−1

was applied for 100 s.

2.4. Fabrication of Scaffolds by 3D Core/Shell (C/S) Printing

The biomaterial inks were loaded into 10 mL plotting cartridges (Nordson, Westlake,
OH, USA) which were fixed onto a core/shell adapter, attached to the print head of the
BioScaffolder 3.1 (GeSiM mbH, Radeberg, Germany). The BioScaffolder was placed inside
a laminar air flow cell culture bench, so that the printing process was performed under
sterile conditions. Self-made coaxial needles were used; the inner cylindrical metal needle
with an outlet diameter of 200 µm (Globaco, Roedermark, Germany) was connected to the
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cartridge filled with antibiotic-alginate suspension. The outer conical plastic needle with
various outlet diameters (610 µm, 840 µm or 1200 µm; Globaco, Roedermark, Germany)
was connected to the cartridge filled with ALG-MC or ALG-MC-LAP biomaterial ink. Both
the biomaterial inks were simultaneously extruded such that ALG-MC or ALG-MC-LAP
biomaterial ink (shell) encapsulates antibiotic-alginate suspension (core). 3D scaffolds
were fabricated by meandering deposition of the extruded core/shell strand in a layer-by-
layer fashion (0◦/90◦ lay-down pattern, 4 parallel strand sections per layer) leading to a
continuous single strand scaffold of 4 layers. After completion of the extrusion process, C/S
scaffolds were immediately stabilized by alginate crosslinking in sterile 100 mM calcium
chloride (CaCl2;Carl Roth, Karlsruhe, Germany) solution for 10 min, followed by washing
with sterile 0.9% sodium chloride (NaCl; Sigma-Aldrich, Steinheim, Germany) solution to
remove excess CaCl2.

2.5. Release of Antibiotics

Antibiotic-loaded C/S scaffolds with a size of approximately 14 × 14 × 3 mm
(l × b × h) were put in 12 well plates containing 1 mL of 0.9% NaCl solution, so that
the loaded antibiotics could be released; C/S scaffolds without antibiotic loading served as
control samples. After time intervals of 2 and 6 h, 1, 2, 3, 7 and 14 d, the release solution
was collected and fresh NaCl solution was added to the scaffolds. The released antibiotic
solution was stored in sterile 1.5 mL tubes (Sarstedt AG, Nümbrecht, Germany) at 4 ◦C
until used for quantification.

2.6. Spectrophotometric Quantification of Antibiotics

Vancomycin and clindamycin in solution were quantified by measuring their absorp-
tion at 230 and 198 nm, respectively, after determining their peak absorbance at these
wavelengths. Pure vancomycin (0–250 µg/mL) and release solutions were loaded in a
quartz 96-well microplate (Hellma Analytics, Müllheim, Germany) and the absorbance at
230 nm was measured using a spectrophotometer (Infinite® M200 Pro, Tecan, Menendorf,
Switzerland). Absorbance of pure clindamycin and release solutions was measured in
quartz cuvettes (Hellma Analytics, Müllheim, Germany) at 198 nm using a spectropho-
tometer (Genesys 10 Bio UV-vis spectrophotometer, Thermo Fisher Scientific, Waltham,
MA, USA). Gentamicin was quantified by using Ninhydrin assay [39]. Ninhydrin reagent
(Sigma Aldrich, Steinheim, Germany) was added to pure gentamicin and release solutions
and the reaction was performed according to manufacturer’s instructions. Absorbance of
the reaction complex was measured at 570 nm using a spectrophotometer (Infinite® M200
Pro, Tecan, Menendorf, Switzerland).

2.7. Agar Diffusion Assays to Quantify Antibacterial Activity of the Released Antibiotics

Agar diffusion assay (according to DIN 58940-3:2007-10) was adapted to allow quanti-
fying the amount of antibiotics in the release solution. For preparation of the agar plates,
Mueller-Hinton broth (21 g/L) was added to dissolved agar (15 g/L; both from Carl Roth,
Karlsruhe, Germany) in equal volumes. The pH of the solution was adjusted to 7.2–7.4 by
adding HCl or NaOH. After autoclaving (20 min at 121 ◦C) and cooling to approx. 70 ◦C,
20 mL of liquid Mueller-Hinton agar each time was dispensed into sterile Petri dishes (size:
92 × 16 mm; Sarstedt AG, Nümbrecht, Germany). Approximately 3 mm thick solidified
agar was formed in the Petri dishes after cooling down to room temperature. The agar
plates were stored in sterile plastic bags at 4 ◦C until further use. Bacterial suspensions of
S. aureus (ATCC 27853) and S. epidermidis (ATCC 12228) with an OD600 of 0.1 corresponding
to 107 CFU/mL were prepared in 0.9% NaCl solution. 2 mL of the bacteria suspensions
were pipetted onto the agar surface and spread by moving the plates in circular motion
for 30 s. The plates were then rested for 5 min to let the bacteria sediment onto the sur-
face. Residual liquid was removed, and the plates were dried at room temperature for
10 min. Each plate was previously marked into 6 equal sectors to accommodate 6 samples
(standard antibiotic concentrations or release solutions). Autoclaved Rotilabo®-sample



Pharmaceutics 2021, 13, 2151 6 of 21

carrier (Ø = 6 mm, thickness = 0.75 mm; Carl Roth, Karlsruhe, Germany) were placed at the
approximate centre of each sector. 20 µL of defined antibiotic solutions or release solutions
were pipetted on to the middle of the sample carrier. The plates were then incubated for
18 h at 36 ◦C so that the loaded antibiotics in the sample carrier could diffuse radially out-
wards. The plates were then imaged using a camera system (P.CAM360, SmartLab systems,
TU Dresden, Dresden, Germany). A clear circular zone around the sample carrier is defined
as the zone of inhibition (ZOI). Area of the ZOI is determined from the acquired images
using ImageJ (1.52 h, National Institutes of Health, Bethesda, MD, USA). By comparing the
ZOI areas determined for the release solutions with a standard curve obtained by plotting
ZOI areas resulting from solutions with known antibiotic concentrations, the calculated
effective concentration (CEC) of antibiotics in the release solutions was determined. To
avoid deviations caused by batch variations of bacterial suspensions, Mueller-Hinton agar,
etc., standard curves were determined for each set of experiments.

2.8. Statistical Analysis

All experiments were performed using replicates (n = 3–6, indicated in the figure
captions). Results are presented as mean value ± standard deviation. One-way analysis of
variance was used to evaluate statistical significance at a level of p < 0.05 (OriginPro 9.1,
OriginLab, Northampton, MA, USA).

3. Results
3.1. Fabrication of Antibiotic-Loaded Scaffolds by Core/Shell Extrusion Printing
3.1.1. Antibiotic-Loaded Core Biomaterial Inks

Attempts to directly dissolve the antibiotic powders in a 3% alginate solution resulted
in the formation of agglomerates leading to clogging the 200 µm core needle during 3D
printing. In an alternative approach, the antibiotics were first dissolved in ddH2O (two
times concentrated) and then, equal amounts of these antibiotic solutions and 6% alginate
solution were mixed while stirring. The resultant antibiotic-alginate suspensions did
not form any agglomerates and had uniform consistency (Figure 1A), and hence were
demonstrated to be suitable for 3D C/S printing. Antibiotics were also attempted to
dissolve in low concentrated (1–3%) Laponite solutions, however, strong agglomerate
formation as well as—in case of clindamycin and gentamicin—strong phase separation
was observed (Figure 1B).

3.1.2. Rheological Characterization of Core and Shell Biomaterial Inks

A significant difference in the viscosity of core and shell biomaterial inks was observed,
however, all of them showed a shear thinning behaviour (Figure 2A,C,E). In case of the
core biomaterial inks, a higher viscosity, though not significant, was observed for antibiotic
loaded alginate when compared to unloaded alginate (Figure 2B), indicating that addition
of antibiotics influenced the rheological properties of 3% alginate solution. Antibiotic
loaded alginate showed shear thinning behaviour with clindamycin-alginate showing
highest decrease in viscosity with increasing shear rate (3.24 ± 0.91 Pa·s; n = 3), followed
by gentamicin-alginate (1.66 ± 0.08 Pa·s; n = 3), unloaded alginate (1.401 ± 0.14 Pa·s; n = 3)
and vancomycin-alginate (1.26 ± 0.10 Pa·s; n = 3) (Figure 2A).
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Figure 2. Rheological characterization of core and shell biomaterial inks. Representative plots showing the shear thinning
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respectively.

In case of antibiotic loaded Laponite, shear thinning behaviour was also observed,
with vancomycin-Laponite showing highest decrease in viscosity with increasing shear
rate (40.42 ± 2.61 Pa·s; n = 3), followed by unloaded Laponite (35.08 ± 3.21 Pa·s; n = 3),
gentamicin-Laponite (11.98 ± 1.13; n = 3) and clindamycin-Laponite (6.76 ± 1.62 Pa·s;
n = 3) (Figure 2C). Lower viscosity of clindamycin and gentamicin loaded Laponite
(1.22 ± 0.30 Pa·s and 1.67 ± 0.45 Pa·s, respectively; n = 3) compared to vancomycin
and unloaded Laponite (8.50 ± 0.59 Pa·s and 7.76 ± 0.60 Pa·s; respectively; n = 3) was
observed (Figure 2D), indicating that clindamycin and gentamicin strongly interacted with
Laponite. A strong phase separation and drastic reduction in viscosity of clindamycin and
gentamicin loaded Laponite, along with agglomerate formation in vancomycin-Laponite,
rendered antibiotic-Laponite biomaterial inks non-printable. Thus, these biomaterial inks
were excluded from further investigations. The shell biomaterial inks ALG-MC and ALG-
MC-LAP had shown shear thinning behaviour (Figure 2E) similar to those observed in our
previous works [30,32]. The decrease in viscosity, during shear thinning measurements,
of ALG-MC (282.5 ± 36.4 Pa·s; n = 3) was significantly higher than that of ALG-MC-LAP
(191.7 ± 33.9 Pa·s; n = 3). Though total polymer/clay content of ALG-MC and ALG-MC-
LAP was 12% (w/v), viscosity (measured at constant shear rate of 10 s−1; Figure 2F)
of ALG-MC was significantly higher than those of ALG-MC-LAP (182.5 ± 16.4 Pa·s &
101.79 ± 2.09 Pa·s, respectively; n = 3).

3.1.3. Extrusion-Printing of Antibiotic-Loaded Core/Shell Scaffolds

As there is a significant difference in the viscosities of antibiotic loaded core and shell
biomaterial inks, an ideal combination of extrusion pressure was needed to achieve similar
flow rate of both core and shell biomaterial inks during 3D C/S printing. An extrusion
pressure of 20–40 kPa for antibiotic-alginate suspension (core), 160–180 kPa for ALG-MC
and 120–140 kPa for ALG-MC-LAP (shell biomaterial inks) was found to be optimal at an
extrusion/printing speed of 5 mm/s. At these parameters, the core could be uniformly
localised at the centre of the strand without rupturing the shell (Figure 3). After crosslinking
alginate with CaCl2, the C/S scaffolds maintained their architecture for 14 d in 0.9% NaCl,
independent of loaded antibiotics and shell material composition.
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Figure 3. 3D Core/shell printing. A C/S scaffold with the shell composed of ALG-MC-LAP and the core of 3% alginate,
coloured with blue ink for visibility, after 1 layer of 3D printing (A). A magnified image of the C/S strand (B). C/S scaffold
of 4 layers after finishing the 3D printing (C). A full strand (i.e., no core) 3D bioprinted scaffold of 4 layers (D).

3.2. Spectrophotometric Methods for Quantifying Antibiotics in Release Solutions

Previously established methods, described in the literature, were initially used to
quantify antibiotic concentrations in release solutions obtained from the ALG-MC scaf-
folds. With these spectrophotometric methods, measured absorbance of pure antibiotic
solutions at specific excitation wavelengths resulted in very good fitted standard curves
(Figure 4A,C,E). However, analyses of release solutions revealed considerable background
signals caused by the presence of scaffold materials (Figure 4B,D,F). In case of vancomycin,
a significantly higher absorbance (at 230 nm) of release solutions obtained from loaded vs.
unloaded (“control”) ALG-MC scaffolds was observed (Figure 4D), thus, quantification of
released vancomycin was possible to a limited extent. In contrast, in case of clindamycin
quantification, absorbance measured at 190 nm of release solutions was higher for un-
loaded ALG-MC scaffolds when compared to clindamycin loaded scaffolds (Figure 4B).
Additionally, in the Ninhydrin assay used to quantify gentamicin, a strong absorbance of
release solutions obtained from unloaded ALG-MC scaffolds was found, which does not
allow for the quantification of released gentamicin (Figure 4F). Thus, these methods were
not suitable to investigate antibiotics release from the C/S scaffolds.
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Figure 4. Spectrophotometric quantification of antibiotics. Standard curves (A,C,E) obtained by measuring the absorbance
at 198 nm, 230 nm and Ninhydrin assay of defined concentrations of clindamycin, vancomycin and gentamicin in 0.9%
NaCl solution, respectively. Analysis of the release solutions (B,D,F) obtained from antibiotic loaded and unloaded (control)
ALG-MC scaffolds, using the respective method (n = 5).

3.3. Agar Diffusion Assay for Antibiotics Quantification

As an alternative method, quantification of the effective concentration of antibiotics
in the release solutions via its biological effect was evaluated. First, agar diffusion assays
were carried out with the pure antibiotics dissolved in 0.9% NaCl at defined concentrations.
Agar plates that had two bacterial species (S. aureus or S. epidermidis) developed clear
areas, i.e., zones of inhibition (ZOI), around the sample carriers indicating that the loaded
antibiotics had diffused radially outwards from the sample carriers and had killed the
bacteria (exemplarily shown for vancomycin in Figure 5A). After quantifying the area of
ZOI, it was found to be directly proportional to the concentration of loaded antibiotics. A
plot of area of ZOI vs. effective antibiotic concentrations yielded a standard curve unique
for the type of antibiotic and also for the type of bacteria (Figure 5B,C).
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Figure 5. Adaptation of the agar diffusion test for quantification of antibiotics. A schematic diagram of an agar plate with
sample carriers: Numbers in each sector indicate the concentration of antibiotic solution. Example images of the agar plates
whose sample carriers were loaded with vancomycin, which led to formation of a clear area (ZOI) around the sample
carriers (A). Standard curves of clindamycin, gentamicin and vancomycin obtained by plotting the area of ZOI developed
on agar plates containing S. aureus (B) and S. epidermidis (C) vs. respective antibiotic concentration loaded on the sample
carriers (n = 3).

3.4. Release Kinetics of Antibiotics from C/S Scaffolds

Effective concentration of the antibiotics released from the loaded scaffolds over time
was quantified using the respective standard curves obtained in agar diffusion assay of
both the bacterial species (S. aureus and S. epidermidis; Section 3.3). In general, release
solutions obtained at all time points and scaffold variants (except for ALG-MC-LAP with
gentamicin-alginate in the core) used in the study developed ZOI for both the bacterial
species, indicating that the released antibiotics maintained their potency. It was observed
that the ZOI area (developed for the same concentration of antibiotic or release solution)
was higher for S. aureus as compared to S. epidermidis (Figure 6 and Figure S1, respectively).

3.4.1. Impact of Shell Composition

Antibiotic loaded core biomaterial inks were combined with either ALG-MC or ALG-
MC-LAP as shell; both types of scaffolds were fabricated using a 200/840 core/shell
needle. The cumulative release of antibiotics (calculated effective concentration; CEC), as
determined by using S. aureus and S. epidermidis, are depicted in Figure 6 and Figure S1,
respectively; Table S1, Supplementary Materials shows the CEC of released antibiotics at
the respective time points (absolute release), as determined by using S. aureus.
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Figure 6. CEC of antibiotics from C/S scaffolds; impact of shell biomaterial ink composition. Cumulative CEC release of
antibiotics loaded in ALG-MC and ALG-MC-LAP C/S scaffolds (printed with 200/840 C/S needles), quantified by agar
diffusion assay (using S. aureus strain; A,C,E) over a period of 7 d. Statistical analysis performed only on burst release, i.e.,
release of antibiotics at 2 h (n = 3; * p < 0.05; *** p < 0.001). Representative images of ZOI formed on the agar plate when
release solutions were added to sample carriers (B,D,F). A cropped image of ZOI of d 7 release sample of gentamicin was
performed on a different agar plate and is added onto the ZOI of remaining samples, * in (F).

Release solutions collected from ALG-MC scaffolds at initial time points (2 h and 6 h)
developed large ZOI, indicating a burst release of the loaded antibiotic. For release solutions
collected at later time points, a progressive decrease in the developed ZOI was observed.
Importantly, even though a higher burst release of antibiotics from ALG-MC scaffolds was
observed, a ZOI still developed for release solution collected after 7 day, indicating that the
released antibiotics maintained their potency at least till day 7 (Figure 6B,D,F). The release
of loaded antibiotics from ALG-MC-LAP scaffolds was significantly lower and more evenly
over the 7 day compared to ALG-MC scaffolds, indicating that Laponite in the shell arrests
the antibiotics diffusion. In case of gentamicin loaded ALG-MC-LAP scaffolds, no release
was observed, indicating a complete arrest of gentamicin diffusion in the shell.

Comparison of the different antibiotics quantified in the release solutions of ALG-
MC scaffolds revealed that initial burst release (release solution collected after 2 h) of
clindamycin (148.23 ± 18.34 µg/mL) was significantly higher compared to gentamicin
(83.09 ± 2.05 µg/mL) and vancomycin (68.3 ± 17.1 µg/mL). At later time points, the
average release (from d 2 till d 7) of clindamycin (2.7 ± 1.7 µg/mL) was significantly lower
than gentamicin (11.31 ± 1.15 µg/mL) and vancomycin (27.4 ± 9.9 µg/mL). Quantification
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of vancomycin and clindamycin in release solutions obtained from ALG-MC-LAP scaffolds
revealed a sustained release of both the antibiotics over the observation period of 7 day
(average release per day for clindamycin and vancomycin was 27.03 ± 0.83 µg/mL and
20.44 ± 4.26 µg/mL, respectively).

The same release solutions that were used in agar diffusion assay with S. aureus strain
were also used for S. epidermidis: A similar trend in CEC of vancomycin and gentamicin
from release solutions obtained from both ALG-MC and ALG-MC-LAP scaffold types was
observed with S. epidermidis (Figure S1). Notably, total clindamycin release from ALG-MC
scaffold was significantly lower when quantified using S. epidermidis strain compared to
S. aureus strain (67.61 ± 6.60 µg/mL and 223.32 ± 21.35 µg/mL, respectively) in the agar
diffusion assay. Moreover, clindamycin release solutions obtained from ALG-MC-LAP
scaffolds did not result in ZOI formation (Figure S1C,D).

3.4.2. Impact of Shell Thickness

C/S scaffolds of ALG-MC (with vancomycin-alginate core) with different shell thick-
ness were fabricated by using coaxial needles having a combination of inner needle
with constant outlet diameter of 200 µm with outer needles with varying outlet diam-
eters of 600 µm, 840 µm and 1200 µm. Thus, a theoretical shell thickness of ~165 µm,
235 µm and 585 µm, respectively, was achieved (Figure 7A). Initial burst release of van-
comycin was found to be inversely proportional to the shell thickness of the scaffolds, i.e.,
325.82 ± 27.91 µg/mL, 149.4 ± 58.2 µg/mL and 75.74 ± 9.25 µg/mL for needle combi-
nations of 200/600, 200/840 and 200/1200 µm, respectively (Figure 7B,C). Additionally,
the total amount of vancomycin released over a period of 7 d was highest for scaffolds
fabricated by using a 200/600 µm combination coaxial needle (581.50 ± 41.59 µg/mL),
followed by 200/840 µm (332.3 ± 137.7 µg/mL) and 200/1200 µm (191.01 ± 22.89 µg/mL).
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Figure 7. Release of vancomycin from C/S scaffolds: impact of shell thickness. Schematic diagram showing different coaxial
needle combinations (A). Release of vancomycin from ALG-MC scaffolds having different shell thickness (n = 5; ** p < 0.005)
(B). Statistical analysis performed only on burst release, i.e., release of antibiotics at 2 h (n = 3; ** p < 0.005). Representative
images of ZOI formed in the presence of release solutions collected from scaffolds with different shell thickness after 2 h
and 6 h, respectively (C; release solutions obtained from three scaffolds at respective time point were loaded on the sample
carrier, denoted by I, II, III).

4. Discussion

In the current work, alginate-based hydrogels, along with the 3D core/shell extrusion
printing method, were used to develop a hydrogel based antibiotic delivery system in-
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tended for treating soft tissue infections in open fractures and burn wounds. The spatially
separated organization of low viscous antibiotic loaded hydrogel within a high viscous
hydrogel, i.e., in core/shell architecture, has three distinctive advantages: (1) The core com-
partment serves as a depot of antibiotics. Varied concentrations of antibiotics, according
to the clinical demand, can be loaded into the core and the core material can be adapted
to allow efficient loading with antibiotics, without the need of strongly considering shape
fidelity after printing. The latter is ensured by the shell material that additionally acts as a
diffusion barrier for antibiotics loaded in the core, leading to their retention and release
over a longer time. Furthermore, by varying the shell thickness, the release of loaded antibi-
otics can also be tuned. (2) A variety of biomaterials can be flexibly combined to fabricate
core/shell scaffolds, thus this fabrication method can be adapted to various target tissues,
for example, also to fabricate scaffolds intended for bone tissue engineering. Additive
effects of intrinsic advantages of both the biomaterials used in 3D core/shell printing can
be expected. In our present study, changing the composition of the shell components, i.e.,
the addition of Laponite to ALG-MC to shell biomaterial ink resulted in the reduction of
burst release and enhanced sustained release behaviour of the loaded antibiotics, implying
that the intrinsic adsorptive property of Laponite played a deterministic role in tuning
the release kinetics. Additionally, other scaffold properties can be tailored: In another
example showing such a synergy, Raja et al. demonstrated that core/shell scaffolds com-
posed of brittle ceramic (α-TCP) core and 6% alginate (softer) shell had significantly better
mechanical properties compared to pure alginate scaffold and were less brittle compared
to an exclusive ceramic scaffold [40]. In our ongoing work, we are developing a core/shell
scaffold system composed of a soft hydrogel loaded with sensitive biological components
as the core and self-setting calcium phosphate cements as the shell (Figure S2), intended to
be used for bone tissue engineering applications. These C/S scaffolds, having clinically
relevant sizes, could sustainably release loaded biological components and maintain their
bioactivity in the long term and also had mechanical properties comparable to trabecular
bone. (3) As 3D core/shell printing uses two biomaterials, differential release of multiple
antibiotics and/or other biological components when loaded in core and/or shell can
be achieved [23]. Additionally, stimuli responsive release systems can be developed as
shown by Wei et al. [41] where photothermal effects of polydopamine (present in the shell)
was employed to thermally reduce the viscosity of drug loaded gelatin upon irradiating
the scaffold with near infrared laser, thus releasing the drug. Upon withdrawal of the
laser, drug loaded gelatin retained its gel characteristics, thus arresting the release. Hence,
core/shell scaffolds can be designed and fabricated according to the needs of the treatment
required for a patient.

4.1. Loading of Antibiotics in Core Biomaterial Inks

To prepare antibiotic loaded core biomaterial ink, a simple approach of dissolving
antibiotic powder in a 3% alginate solution was not feasible, especially for clindamycin
and gentamicin, as they formed agglomerates. The alternative approach, where two
times concentrated antibiotic solution was slowly added to a continuously stirred two
times concentrated alginate solution, was successful: The addition of clindamycin to
alginate yielded a clear solution, indicating that it had completely dissolved in alginate. A
translucent solution of vancomycin and gentamicin alginate indicates that these antibiotics
were not completely soluble in alginate. Heriot et al. observed the development of opaque
alginate gel beads when incubated in gentamicin solutions [42]. This is also supported
by Gordon et al.’s work, where precipitation was observed when alginate was in contact
with gentamicin for at least 2 h [43]. All these observations, taken together, hint at weak
electrostatic and/or intermolecular interactions between alginate and the investigated
antibiotics, whose degree varied among the different antibiotics. However, the addition of
all three antibiotics did not significantly alter the viscosity or the shear thinning behaviour
of the biomaterial inks (Figure 2A,C), indicating that they do not have a crosslinking
effect on alginate. Attempts to dissolve clindamycin and gentamicin in 3% Laponite
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resulted in strong phase separation (Figure 1B) and drastic reduction of viscosity of the
resultant solution (Figure 2D), indicating that these two antibiotics strongly interacted with
Laponite. Additionally, when vancomycin was added to Laponite, agglomerate formation
was observed. Therefore, 3D C/S printing was not possible with these mixtures. The
drastic reduction in viscosity when clindamycin and gentamicin were added to Laponite
could be attributed to the disruption of the “house of card” assembly of Laponite nano-
discs; probably due to strong electrostatic attraction between the face of the nanodiscs and
clindamycin or gentamicin molecules [44]. Additionally, the phase separation observed
for clindamycin- and gentamicin-Laponite could be attributed to the strong electrostatic
interactions. In case of vancomycin-Laponite, agglomerate formation could be a result
of strong electrostatic repulsion between the nano discs and vancomycin molecules. It
can be speculated that, owing to steric hindrance of high molecular weight vancomycin
molecules, the house of cards assembly of the nanodiscs might have been retained, hence
vancomycin-Laponite had a similar viscosity and shear thinning behaviour (Figure 2C,D).

Both shell hydrogel blends, i.e., ALG-MC and ALG-MC-LAP, could be easily extruded
through the coaxial needle with the thinnest shell thickness (i.e., ~165 µm; Figure 6A) used
in this study. Additionally, both the shell biomaterial inks rendered high shape fidelity to
C/S scaffolds, though the core was a low concentrated (3% alginate) hydrogel. Similar to
our previous work [32], the shell biomaterial inks ALG-MC and ALG-MC-LAP showed
strong shear thinning behaviour. However, the viscosity of ALG-MC/LAP was found to
be lower than ALG-MC at a constant shear rate of 10 s−1; an opposite observation with
respect to our previous work. This can be attributed to the different swelling regimes for
MC (overnight at 4 ◦C in this study compared to 2 h at room temperature in our previous
work), the main component that gives the biomaterial inks their high viscosity. However,
both the biomaterial inks were found perfectly suitable for 3D printing and maintained
high print fidelity. Additionally, high printing speed of 5 mm/s could be achieved, thus
relatively large scaffolds (~14 × 14 × 3 mm; Figure 2) could be fabricated in less than 2 min.

4.2. Establishing Suitable Antibiotic Quantifying Methods

Spectroscopic quantification methods mentioned in the literature were initially used
to quantify antibiotics in the release solutions. A reliable standard curve for pure antibiotics
in saline could be developed (Figure 3). However, absorbance measurements of release
solutions obtained from unloaded samples indicated the presence of high amounts of
antibiotics; in case of clindamycin and gentamicin, the values were close to those of the
antibiotic loaded samples. It was postulated that high absorbance obtained for unloaded
sample release solutions was caused by scaffold components, i.e., alginate and methylcellu-
lose. This observation was confirmed by measuring the absorbance of pure alginate and
methylcellulose solutions (data not shown). MC is an inverse thermal gelling biopolymer,
i.e., it is in gel form at higher temperatures and soluble at lower temperatures. The gelation
temperature depends on the MC concentration, molecular weight, and the electrolyte con-
centration [29]. For ALG-MC scaffolds, which were incubated—as in the present study—in
CaCl2 solution for alginate crosslinking, we have shown that methylcellulose is partially
released [29]. Thus, it can be postulated that at least the release of methylcellulose from the
scaffolds might have resulted in strong absorbance at 198 nm and 230 nm. Consequently,
spectroscopic antibiotic quantification methods were unsuitable for the current study due
to its rather unspecific measuring principle. Alternatively, more specific methods such as
immunoassay liquid chromatographic and mass spectrometric methods for quantification
of antibiotics in complex solutions [45] could be employed instead. However, owing to
extensive sample preparation and the high technical effort required for these methods
and the very high number of samples obtained in our experiments, these methods were
considered impractical for the current study.

Microbiological assay, a classic method, has been traditionally used to quantify MICs of
various antibiotics [46]. The quantification of antibiotics is based on the response of bacteria
used in these assays. The area of ZOI is directly proportional to the amount of antibiotic in
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the sample, and no specific response from scaffold components was seen. This assay could
semi-quantitatively provide information about the concentration of antibiotics in complex
samples [47,48]. In the current study, agar diffusion assay was employed to quantify the
released antibiotic from the scaffolds as (1) interference from scaffold components was not
observed, (2) semi-quantitative determination of released antibiotics could be performed
and (3) simultaneously, potency of the released antibiotics could be tested on bacterial
species usually found in burn wounds (i.e., S. aureus and S. epidermidis). An increase in
area of ZOI was observed when increasing antibiotic concentrations were loaded onto the
sample carrier (Figure 4). Additionally, a standard curve could be generated by plotting
the area of ZOI vs. concentration of antibiotic loaded onto the sample carrier (Figure 4C,D).
Once the standard curve was developed, an area of the ZOI’s formed for release solutions
was used to determine the antibiotic concentration.

4.3. Release of Antibiotics from Core/Shell Scaffolds

During the release studies performed for seven days, it was observed that all types
of C/S antibiotic loaded scaffolds were stable and maintained their structure, proving
that the dense shell provided structural stability to the scaffolds. Effective concentration
of released antibiotics from the scaffolds over a period of seven days was quantified by
agar diffusion assays. A disadvantage of employing this method is that absolute antibiotic
concentration in the release solutions could not be quantified, on the other hand, potency
(and effective concentration) of the released antibiotics was directly confirmed in this
assay. It can be postulated that the diffusion of antibiotics majorly determined their release
kinetics from ALG-MC scaffolds, hence the intrinsic molecular properties of the antibiotics
and scaffold porosity must play a dominant role in determining the release kinetics of the
loaded antibiotics. Additionally, molecular interactions between loaded antibiotics and
scaffold components (i.e., alginate, methylcellulose and Laponite) must have an influence
on their release kinetics. For ALG-MC scaffolds loaded with antibiotics, the average burst
release (at 2 h) of clindamycin was significantly higher compared to vancomycin and
gentamicin (Figure 6). Comparison of the molecular weight of the loaded antibiotics
(Table 1) suggests that it plays a dominant role in the early phase of their release. Especially,
the high molecular weight of vancomycin must have hindered their diffusion from the
ALG-MC shell. The decrease in burst release of vancomycin observed with increasing shell
thickness (Figure 7) further strengthens this hypothesis. On the other hand, clindamycin
and gentamicin have similar molecular weights (Table 1); therefore, the difference in release
kinetics, i.e., the higher initial burst release, as well as the higher total amount of release
observed for clindamycin vs. gentamicin, must be attributed to other reasons: A strong
interaction between gentamicin and alginate [42,49], resulting in an electrostatic attraction,
might have hindered its release, whereas, in case of clindamycin, electrostatic repulsion
between high amount of negatively charged hydroxyl groups and negatively charged
alginate probably resulted in a very high burst and total release. In a study performed
to evaluate the effect of vancomycin released from various viscous media on S. aureus,
Kostenko et al. postulated that aromatic amino residues could have interacted by means
of hydrogen bonds, with the carboxylic groups of alginates, whereas methylcellulose
remained non interactive with vancomycin [50]. To the best of our knowledge, no studies
have shown direct interaction of clindamycin and gentamicin with methylcellulose. Hence,
at least for vancomycin, no interaction with methylcellulose can be expected. In general,
the release kinetics of antibiotics loaded in ALG-MC scaffolds can thus be speculated to be
highly dependent on molecular weight and interactions of antibiotics with alginate along
with the shell porosity.
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Table 1. Summary of the different properties of antibiotics used in this study. (NA = not available).

Properties Vancomycin Clindamycin Gentamicin

Molecular weight (g/moL) 1485.7 461.4 575.67
Isoelectric point (pI) 8.1 [51] NA 9.5 [51]

pKa (strongest acidic) * 2.99 12.16 12.55
pKa (strongest basic) * 9.93 7.55 10.18

* Predicted values; source: https://hmdb.ca/ (accessed on 2 August 2021).

In contrast to the high variability in the amount of released antibiotics at different
time points from ALG-MC scaffolds, consistent amounts of antibiotics were released from
ALG-MC-LAP scaffolds over time. Thus, electrostatic interactions between Laponite and
antibiotic molecules must have played a major role in their release. Addition of Laponite
lowered the release of vancomycin and clindamycin and in the case of gentamicin, a
complete arrest was observed. This observation can be attributed to the high adsorptive
property of Laponite particles, consisting of a layered silicate structure housing a central
magnesium core (disc shaped, with a size of about 25 nm in diameter and 1 nm in thickness),
which has a highly negatively charged face and a positively charged rim [52]. High
pKa values of gentamicin (Table 1; pKa: strongest Acidic, Strongest Basic = 12.55, 10.18,
respectively) implies that it exists in a protonated state having a net positive charge,
which is strongly attached to the negative surface of Laponite. Thus hindering, (probably
completely arresting) gentamicin release from ALG-MC-LAP shell. Thus, total net charge
of the antibiotics (as a result of their pKa or pI values) must have a dominant role in
determining their release kinetics from ALG-MC-LAP. However, concentration of Laponite
in the shell can be specifically adapted to be able to achieve desired controlled and/or
sustained release of loaded antibiotics. Previous work of Hodder et al. showed release of
methylcellulose (~25%) and calcium ions (therefore probably also release of alginate) from
alginate-methylcellulose scaffolds over a period of 21 days [29]. Based on these findings,
it can be speculated that remaining antibiotics (probably also gentamicin) and Laponite
could be released at a later time.

Delivery of antibiotics from hydrogels (such as alginate, gelatin, chitosan, modified
hyaluronic acid, etc.) have been extensively studied and their applicability for treat-
ing infections in open fractures and burn wounds was evaluated [19,53–55]. However,
in most of these studies, antibiotics were loaded in either beads, membranes, or thick
hydrogels. Various antibiotics are loaded by direct dissolving in hydrogels [19,53,56], ab-
sorbed [21,54,55,57,58] or as particles (preloaded in suitable carrier particles) [59] composed
of hydrogels. Similar to our study, the release of the loaded antibiotics in these studies was
also governed by their diffusivity, variable porosity of the hydrogel and their interaction
with the hydrogel components. To the best of our knowledge, very few studies have
been performed that focus on 3D printing of antibiotic loaded hydrogel scaffolds [60,61].
Kumari et al. developed 3D bioprinted scaffolds composed of recombinant spider silk
protein incorporated with antibiotic loaded mesoporous silica nanoparticles. Release of
antibiotics, studied in 2D films, from their hydrogel composite showed varied release
kinetics depending on the release medium (for gentamicin ~34% and <5% in PBS and
Tris/HCl, respectively), indicating that the release medium could have a drastic effect on
antibiotics release. Additionally, the very low and sustained release of loaded antibiotics in
PBS can be attributed to the diffusion barrier offered by the mesoporous silica nanoparti-
cles [60]. Aldrich et al. fabricated a hybrid scaffold consisting of a hard polycaprolactone/
hydroxyapatite composite (PCL/HA) and a soft hydrogel (methacrylated hyaluronic acid
and gelatin) using a two-channel 3D bioprinter. A burst release of daptomycin, loaded in
the hydrogel, was observed, and reached a plateau at later points. The authors in this work
have further demonstrated that bone marrow derived macrophage cells could be printed
on the hydrogel strands of the scaffold, which was then used in mouse model study [61].

Similar to the study of Aldrich et al., the core/shell 3D printing method can be used to
incorporate antibiotics or drugs in the core and viable cells in the shell compartment (or vice

https://hmdb.ca/
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versa) to deliver both at the defect site. Additionally, the combination of antibiotics such as
of gentamicin, vancomycin and clindamycin, proven for efficient antibacterial activity in
bone related infections [62], can be loaded in different compartments of core/shell scaffolds
to attain the desired release kinetics. Furthermore, the 3D C/S printing method can be
combined with other biofabrication methods such as traditional 3D printing/bioprinting or
inkjet bioprinting to develop hybrid scaffolds, to further aid in soft tissue regeneration. For
example, methods of Cubo et al. [22], Kim et al. [63] and Turner et al. [64], where functional
human skin grafts, muscle, and vascular constructs, respectively, are fabricated by 3D
bioprinting, can be easily integrated with the current method; such that a skin or muscle
substitute with antibiotics can be precisely manufactured and tailored to the needs of the
patient. Alternatively, collagen gels (with or without cells) can be casted on core/shell
antibiotic loaded scaffolds to develop a hybrid scaffold that can potentially aid in soft tissue
regeneration and simultaneously avoid or treat infections.

5. Conclusions

Using 3D core/shell extrusion printing, a unique antibiotic delivery system has been
developed, wherein a high viscous (shell) hydrogel encapsulates the low viscous antibi-
otic loaded (core) hydrogel. The shell component provides mechanical stability to the
scaffolds and can modulate the release kinetics of the loaded antibiotic. Microbiological
agar diffusion assay was adapted to quantify and simultaneously assess the potency of the
released antibiotics. A sustained and potent release of the tested antibiotics (vancomycin,
clindamycin, gentamicin) was observed for seven days. We demonstrated that by changing
the composition of the shell hydrogel, i.e., by adding Laponite to ALG-MC, the release
kinetics can be significantly slowed down. Additionally, by changing the shell thickness,
the release of antibiotics can be modulated. Further work can focus on developing hybrid
constructs, aiming at the integration of core/shell antibiotic loaded scaffolds with soft
tissue regeneration. With many possibilities to tailor release kinetics of loaded antibiotics,
such a versatile antibiotic delivery system could potentially open new treatment procedures
for soft tissue infections and regeneration in open fractures and burn wounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13122151/s1, Table S1: Absolute release of various antibiotics from ALG-
MC and ALG-MC-LAP scaffolds quantified by agar diffusion assay (using S. aureus) during the
release study, Figure S1: Release of antibiotics from C/S scaffolds; impact of shell biomaterial ink
composition, and Figure S2: An image of a core/shell 3D printed calcium phosphate cement scaffold.

Author Contributions: A.R.A. conceptualized the study along with A.L., M.G. (Michael Gelinsky)
and H.B. Experimental work was carried out by A.R.A., J.S. and M.G. (Michael Geissler). Data analysis
was performed by A.R.A., M.G. (Michael Geissler) and S.R. Writing—original draft preparation was
done by A.R.A. All the authors reviewed and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting this article are shown as figures in the results
and Supplementary Materials. Raw datasets analysed in the present study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank Gerald Steiner for allowing access to Genesys 10 Bio UV-vis
spectrophotometer and for providing his valuable insights in analysing spectrometric data of the
antibiotics. The authors also would like to thank Elke Boschke for their helpful hints and important
support with the bacteria experiments.

Conflicts of Interest: Hubert Büchner is Senior Project manager—Advanced Therapies at Heraeus
Medical GmbH. There is no conflict of interest other than his affiliation with this company.

https://www.mdpi.com/article/10.3390/pharmaceutics13122151/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13122151/s1


Pharmaceutics 2021, 13, 2151 19 of 21

References
1. Metsemakers, W.J.; Morgenstern, M.; Senneville, E.; Borens, O.; Govaert, G.; Onsea, J.; Depypere, M.; Richards, R.G.; Trampuz, A.;

Verhofstad, M.; et al. General treatment principles for fracture-related infection: Recommendations from an international expert
group. Arch. Orthop. Trauma Surg. 2020, 140, 1013–1027. [CrossRef] [PubMed]

2. Norbury, W.; Herndon, D.N.; Tanksley, J.; Jeschke, M.G.; Finnerty, C.C. Infection in burns. Surg. Infect. 2016, 17, 250–255.
[CrossRef]

3. Jeschke, M.G.; van Baar, M.E.; Choudhry, M.A.; Chung, K.K.; Gibran, N.S.; Logsetty, S. Burn injury. Nat. Rev. Dis. Prim. 2020, 6,
11. [CrossRef]

4. Zalavras, C.G. Prevention of Infection in Open Fractures. Infect. Dis. Clin. N. Am. 2017, 31, 339–352. [CrossRef] [PubMed]
5. Krishnan, P.; Frew, Q.; Green, A.; Martin, R.; Dziewulski, P. Cause of death and correlation with autopsy findings in burns

patients. Burns 2013, 39, 583–588. [CrossRef] [PubMed]
6. Bloemsma, G.C.; Dokter, J.; Boxma, H.; Oen, I.M.M.H. Mortality and causes of death in a burn centre. Burns 2008, 34, 1103–1107.

[CrossRef]
7. Keen, E.F.; Robinson, B.J.; Hospenthal, D.R.; Aldous, W.K.; Wolf, S.E.; Chung, K.K.; Murray, C.K. Incidence and bacteriology of

burn infections at a military burn center. Burns 2010, 36, 461–468. [CrossRef]
8. Oliveira, P.R.; Carvalho, V.C.; da Silva, F.C.; de Paula, A.P.; Santos-Silva, J.; Lima, A.L. The incidence and microbiological profile

of surgical site infections following internal fixation of closed and open fractures. Rev. Bras. Ortop. 2016, 51, 396–399. [CrossRef]
9. Rupp, M.; Popp, D.; Alt, V. Prevention of infection in open fractures: Where are the pendulums now? Injury 2020, 51, S57–S63.

[CrossRef]
10. Rowan, M.P.; Cancio, L.C.; Elster, E.A.; Burmeister, D.M.; Rose, L.F.; Natesan, S.; Chan, R.K.; Christy, R.J.; Chung, K.K. Burn

wound healing and treatment: Review and advancements. Crit. Care 2015, 19, 243. [CrossRef]
11. Homaeigohar, S.; Boccaccini, A.R. Antibacterial biohybrid nanofibers for wound dressings. Acta Biomater. 2020, 107, 25–49.

[CrossRef]
12. Ramos, G.; Cornistein, W.; Cerino, G.T.; Nacif, G. Systemic antimicrobial prophylaxis in burn patients: Systematic review. J. Hosp.

Infect. 2017, 97, 105–114. [CrossRef] [PubMed]
13. Smith, R.; Russo, J.; Fiegel, J.; Brogden, N. Antibiotic delivery strategies to treat skin infections when innate antimicrobial defense

fails. Antibiotics 2020, 9, 56. [CrossRef]
14. Working, Z.M.; Frederikse, H.; Drew, A.; Loc-Carrillo, C.; Kubiak, E.N. Bone penetrance of locally administered vancomycin

powder in a rat femur fracture model. Injury 2017, 48, 1459–1465. [CrossRef]
15. Morgenstern, M.; Vallejo, A.; McNally, M.A.; Moriarty, T.F.; Ferguson, J.Y.; Nijs, S.; Metsemakers, W.J. The effect of local antibiotic

prophylaxis when treating open limb fractures: A systematic review and meta-analysis. Bone Jt. Res. 2018, 7, 447–456. [CrossRef]
16. Carver, D.C.; Kuehn, S.B.; Weinlein, J.C. Role of Systemic and Local Antibiotics in the Treatment of Open Fractures. Orthop. Clin.

N. Am. 2017, 48, 137–153. [CrossRef]
17. Sørensen, T.S.; Sørensen, A.I.; Merser, S. Rapid release of gentamicin from collagen sponge. In vitro comparison with plastic

beads. Acta Orthop. Scand. 1990, 61, 353–356. [CrossRef] [PubMed]
18. Grolman, J.M.; Singh, M.; Mooney, D.J.; Eriksson, E.; Nuutila, K. Antibiotic-Containing Agarose Hydrogel for Wound and Burn

Care. J. Burn Care Res. 2019, 40, 900–906. [CrossRef]
19. Nuutila, K.; Grolman, J.; Yang, L.; Broomhead, M.; Lipsitz, S.; Onderdonk, A.; Mooney, D.; Eriksson, E. Immediate Treatment of

Burn Wounds with High Concentrations of Topical Antibiotics in an Alginate Hydrogel Using a Platform Wound Device. Adv.
Wound Care 2020, 9, 48–60. [CrossRef] [PubMed]

20. Kim, H.S.; Sun, X.; Lee, J.H.; Kim, H.W.; Fu, X.; Leong, K.W. Advanced drug delivery systems and artificial skin grafts for skin
wound healing. Adv. Drug Deliv. Rev. 2019, 146, 209–239. [CrossRef]

21. Boo, G.A.T.; Arens, D.; Metsemakers, W.J.; Zeiter, S.; Richards, R.G.; Grijpma, D.W.; Eglin, D.; Moriarty, T.F. Injectable gentamicin-
loaded thermo-responsive hyaluronic acid derivative prevents infection in a rabbit model. Acta Biomater. 2016, 43, 185–194.
[CrossRef] [PubMed]

22. Cubo, N.; Garcia, M.; del Cañizo, J.F.; Velasco, D.; Jorcano, J.L. 3D bioprinting of functional human skin: Production and in vivo
analysis. Biofabrication 2017, 9, 015006. [CrossRef]

23. Akkineni, A.R.; Ahlfeld, T.; Lode, A.; Gelinsky, M. A versatile method for combining different biopolymers in a core/shell fashion
by 3D plotting to achieve mechanically robust constructs. Biofabrication 2016, 8, 045001. [CrossRef]

24. Smidsrød, O.; Skjak-Brlk, G. Alginate as immobilization matrix for cells. Trends Biotechnol. 1990, 8, 71–78. [CrossRef]
25. Köllmer, M.; Appel, A.A.; Somo, S.I.; Brey, E.M. Long-Term Function of Alginate-Encapsulated Islets. Tissue Eng. Part B 2016, 22,

34–46. [CrossRef]
26. Aderibigbe, B.A.; Buyana, B. Alginate in Wound Dressings. Pharmaceutics 2018, 10, 42. [CrossRef]
27. Tønnesen, H.H.; Karlsen, J. Alginate in drug delivery systems. Drug Dev. Ind. Pharm. 2002, 28, 621–630. [CrossRef] [PubMed]
28. Schütz, K.; Placht, A.M.; Paul, B.; Brüggemeier, S.; Gelinsky, M.; Lode, A. Three-dimensional plotting of a cell-laden algi-

nate/methylcellulose blend: Towards biofabrication of tissue engineering constructs with clinically relevant dimensions. J. Tissue
Eng. Regen. Med. 2017, 11, 1574–1587. [CrossRef]

http://doi.org/10.1007/s00402-019-03287-4
http://www.ncbi.nlm.nih.gov/pubmed/31659475
http://doi.org/10.1089/sur.2013.134
http://doi.org/10.1038/s41572-020-0145-5
http://doi.org/10.1016/j.idc.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28292542
http://doi.org/10.1016/j.burns.2012.09.017
http://www.ncbi.nlm.nih.gov/pubmed/23137628
http://doi.org/10.1016/j.burns.2008.02.010
http://doi.org/10.1016/j.burns.2009.10.012
http://doi.org/10.1016/j.rbo.2015.09.010
http://doi.org/10.1016/j.injury.2019.10.074
http://doi.org/10.1186/s13054-015-0961-2
http://doi.org/10.1016/j.actbio.2020.02.022
http://doi.org/10.1016/j.jhin.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28629932
http://doi.org/10.3390/antibiotics9020056
http://doi.org/10.1016/j.injury.2017.04.040
http://doi.org/10.1302/2046-3758.77.BJR-2018-0043.R1
http://doi.org/10.1016/j.ocl.2016.12.005
http://doi.org/10.3109/17453679008993535
http://www.ncbi.nlm.nih.gov/pubmed/2402990
http://doi.org/10.1093/jbcr/irz113
http://doi.org/10.1089/wound.2019.1018
http://www.ncbi.nlm.nih.gov/pubmed/31903298
http://doi.org/10.1016/j.addr.2018.12.014
http://doi.org/10.1016/j.actbio.2016.07.029
http://www.ncbi.nlm.nih.gov/pubmed/27435965
http://doi.org/10.1088/1758-5090/9/1/015006
http://doi.org/10.1088/1758-5090/8/4/045001
http://doi.org/10.1016/0167-7799(90)90139-O
http://doi.org/10.1089/ten.teb.2015.0140
http://doi.org/10.3390/pharmaceutics10020042
http://doi.org/10.1081/DDC-120003853
http://www.ncbi.nlm.nih.gov/pubmed/12149954
http://doi.org/10.1002/term.2058


Pharmaceutics 2021, 13, 2151 20 of 21

29. Hodder, E.; Duin, S.; Kilian, D.; Ahlfeld, T.; Seidel, J.; Nachtigall, C.; Bush, P.; Covill, D.; Gelinsky, M.; Lode, A. Investigating the
effect of sterilisation methods on physical properties and cytocompatibility of methyl cellulose used in combination with alginate
for 3D-bioplotting of chondrocytes. J. Mater. Sci. Mater. Med. 2019, 30, 10. [CrossRef] [PubMed]

30. Duin, S.; Schütz, K.; Ahlfeld, T.; Lehmann, S.; Lode, A.; Ludwig, B.; Gelinsky, M. 3D Bioprinting of Functional Islets of Langerhans
in an Alginate/Methylcellulose Hydrogel-Blend. Adv. Healthc. Mater. 2019, 8, 1801631. [CrossRef] [PubMed]

31. Kilian, D.; Ahlfeld, T.; Akkineni, A.R.; Bernhardt, A.; Gelinsky, M.; Lode, A. 3D Bioprinting of osteochondral tissue substitutes
—In vitro-chondrogenesis in multi-layered mineralized constructs. Sci. Rep. 2020, 10, 8277. [CrossRef] [PubMed]

32. Ahlfeld, T.; Cidonio, G.; Kilian, D.; Duin, S.; Akkineni, A.R.; Dawson, J.I.; Yang, S.; Lode, A.; Oreffo, R.O.C.; Gelinsky, M.
Development of a clay based bioink for 3D cell printing for skeletal application. Biofabrication 2017, 9, 034103. [CrossRef]

33. Ahlfeld, T.; Cubo-Mateo, N.; Cometta, S.; Guduric, V.; Vater, C.; Bernhardt, A.; Akkineni, A.R.; Lode, A.; Gelinsky, M. A Novel
Plasma-based Bioink Stimulates Cell Proliferation and Differentiation in Bioprinted, Mineralized Constructs. ACS Appl. Mater.
Interfaces 2020, 12, 12557–12572. [CrossRef]

34. Guduric, V.; Belton, N.; Richter, R.F.; Bernhardt, A.; Spangenberg, J.; Wu, C.; Lode, A.; Gelinsky, M. Tailorable zinc-substituted
mesoporous bioactive glass/alginate-methylcellulose composite bioinks. Materials 2021, 14, 1225. [CrossRef] [PubMed]

35. Nasatto, P.L.; Pignon, F.; Silveira, J.L.M.; Duarte, M.E.R.; Noseda, M.D.; Rinaudo, M. Methylcellulose, a Cellulose Derivative with
Original Physical Properties and Extended Applications. Polymers 2015, 7, 777–803. [CrossRef]

36. Dawson, J.I.; Oreffo, R.O.C. Clay: New Opportunities for Tissue Regeneration and Biomaterial Design. Adv. Mater. 2013, 25,
4069–4086. [CrossRef]

37. Becher, T.B.; Mendonça, M.C.P.; de Farias, M.A.; Portugal, R.V.; de Jesus, M.B.; Ornelas, C. Soft Nanohydrogels Based on Laponite
Nanodiscs: A Versatile Drug Delivery Platform for Theranostics and Drug Cocktails. ACS Appl. Mater. Interfaces 2018, 10,
21891–21900. [CrossRef]

38. Tomás, H.; Alves, C.S.; Rodrigues, J. Laponite®: A key nanoplatform for biomedical applications? Nanomed. Nanotechnol. Biol.
Med. 2018, 14, 2407–2420. [CrossRef] [PubMed]

39. Ismail, A.F.H.; Mohamed, F.; Rosli, L.M.M.; Shafri, M.A.M.; Haris, M.S.; Adina, A.B. Spectrophotometric determination of
gentamicin loaded PLGA microparticles and method validation via Ninhydrin-gentamicin complex as a rapid quantification
approach. J. Appl. Pharm. Sci. 2016, 6, 007–014. [CrossRef]

40. Raja, N.; Yun, H. A simultaneous 3D printing process for the fabrication of bioceramic and cell-laden hydrogel core/shell scaffolds
with potential application in bone tissue regeneration. J. Mater. Chem. B 2016, 4, 4707–4716. [CrossRef]

41. Wei, X.; Liu, C.; Wang, Z.; Luo, Y. 3D printed core-shell hydrogel fiber scaffolds with NIR-triggered drug release for localized
therapy of breast cancer. Int. J. Pharm. 2020, 580, 119219. [CrossRef] [PubMed]

42. Heriot, M.; Nottelet, B.; Garric, X.; D’Este, M.; Richards, G.R.; Moriarty, F.T.; Eglin, D.; Guillaume, O. Interaction of gentamicin
sulfate with alginate and consequences on the physico-chemical properties of alginate-containing biofilms. Int. J. Biol. Macromol.
2019, 121, 390–397. [CrossRef] [PubMed]

43. Gordon, C.A.; Hodges, N.A.; Marriott, C. Antibiotic interaction and diffusion through alginate and exopolysaccharide of cystic
fibrosis-derived Pseudomonas aeruginosa. J. Antimicrob. Chemother. 1988, 22, 667–674. [CrossRef]

44. Becher, T.B.; Braga, C.B.; Bertuzzi, D.L.; Ramos, M.D., Jr.; Hassan, A.; Crespilho, F.N.; Ornelas, C. The structure–property
relationship in LAPONITE® materials: From Wigner glasses to strong self-healing hydrogels formed by non-covalent interactions.
Soft Matter 2019, 15, 1278–1289. [CrossRef]

45. Parthasarathy, R.; Monette, C.E.; Bracero, S.; Saha, M.S. Methods for field measurement of antibiotic concentrations: Limitations
and outlook. FEMS Microbiol. Ecol. 2018, 94, fiy105. [CrossRef]

46. Bonev, B.; Hooper, J.; Parisot, J. Principles of assessing bacterial susceptibility to antibiotics using the agar diffusion method. J.
Antimicrob. Chemother. 2008, 61, 1295–1301. [CrossRef]

47. Bishop, J.R.; Bodine, A.B.; O’Dell, G.D.; Janzen, J.J. Quantitative assay for antibiotics used commonly in treatment of bovine
infections. J. Dairy Sci. 1985, 68, 3031–3036. [CrossRef]

48. Lalpuria, M.; Karwa, V.; Anantheswaran, R.C.; Floros, J.D. Modified agar diffusion bioassay for better quantification of Nisaplin®.
J. Appl. Microbiol. 2013, 114, 663–671. [CrossRef]

49. Choi, Y.S.; Hong, S.R.; Lee, Y.M.; Song, K.W.; Park, M.H.; Nam, Y.S. Study on gelatin-containing artificial skin: I. Preparation and
characteristics of novel gelatin-alginate sponge. Biomaterials 1999, 20, 409–417. [CrossRef]

50. Kostenko, V.; Ceri, H.; Martinuzzi, R.J. Increased tolerance of Staphylococcus aureus to vancomycin in viscous media. FEMS
Immunol. Med. Microbiol. 2007, 51, 277–288. [CrossRef]

51. Henner, J.; Sitrin, R.D. Isoelectric focusing and electrophoretic titration of antibiotics using bioautographic detection. J. Antibiot.
1984, 37, 1475. [CrossRef]

52. Dawson, J.I.; Kanczler, J.M.; Yang, X.B.; Attard, G.S.; Oreffo, R.O. Clay Gels For the Delivery of Regenerative Microenvironments.
Adv. Mater. 2011, 23, 3304–3308. [CrossRef]

53. Kim, J.O.; Choi, J.Y.; Park, J.K.; Kim, J.H.; Jin, S.G.; Chang, S.W.; Li, D.X.; Hwang, M.R.; Woo, J.S.; Kim, J.A.; et al. Development
of clindamycin-loaded wound dressing with polyvinyl alcohol and sodium alginate. Biol. Pharm. Bull. 2008, 31, 2277–2282.
[CrossRef] [PubMed]

http://doi.org/10.1007/s10856-018-6211-9
http://www.ncbi.nlm.nih.gov/pubmed/30610462
http://doi.org/10.1002/adhm.201801631
http://www.ncbi.nlm.nih.gov/pubmed/30835971
http://doi.org/10.1038/s41598-020-65050-9
http://www.ncbi.nlm.nih.gov/pubmed/32427838
http://doi.org/10.1088/1758-5090/aa7e96
http://doi.org/10.1021/acsami.0c00710
http://doi.org/10.3390/ma14051225
http://www.ncbi.nlm.nih.gov/pubmed/33807758
http://doi.org/10.3390/polym7050777
http://doi.org/10.1002/adma.201301034
http://doi.org/10.1021/acsami.8b06149
http://doi.org/10.1016/j.nano.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28552649
http://doi.org/10.7324/JAPS.2016.600102
http://doi.org/10.1039/C6TB00849F
http://doi.org/10.1016/j.ijpharm.2020.119219
http://www.ncbi.nlm.nih.gov/pubmed/32165221
http://doi.org/10.1016/j.ijbiomac.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/30304700
http://doi.org/10.1093/jac/22.5.667
http://doi.org/10.1039/C8SM01965G
http://doi.org/10.1093/femsec/fiy105
http://doi.org/10.1093/jac/dkn090
http://doi.org/10.3168/jds.S0022-0302(85)81198-X
http://doi.org/10.1111/jam.12078
http://doi.org/10.1016/S0142-9612(98)00180-X
http://doi.org/10.1111/j.1574-695X.2007.00300.x
http://doi.org/10.7164/antibiotics.37.1475
http://doi.org/10.1002/adma.201100968
http://doi.org/10.1248/bpb.31.2277
http://www.ncbi.nlm.nih.gov/pubmed/19043213


Pharmaceutics 2021, 13, 2151 21 of 21

54. Diaz, V.; Deimling, C.; Morgenstern, M.; D’Este, M.; Puetzler, J.; Zeiter, S.; Arens, D.; Metsemakers, W.J.; Richards, R.G.; Eglin, D.;
et al. Local Application of a Gentamicin-Loaded Hydrogel Early After Injury Is Superior to Perioperative Systemic Prophylaxis in
a Rabbit Open Fracture Model. J. Orthop. Trauma 2020, 34, 231–237. [CrossRef] [PubMed]

55. Cahill, S.V.; Kwon, H.K.; Back, J.; Lee, I.; Lee, S.; Alder, K.D.; Hao, Z.; Yu, K.E.; Dussik, C.M.; Kyriakides, T.R.; et al. Locally
delivered adjuvant biofilm-penetrating antibiotics rescue impaired endochondral fracture healing caused by MRSA infection. J.
Orthop. Res. 2021, 39, 402–414. [CrossRef]

56. Lin, H.R.; Ou, L.H.; Lin, Y.J.; Ling, M.H. Hollow, pH-sensitive calcium–alginate/poly(acrylic acid) hydrogel beads as drug carriers
for vancomycin release. J. Appl. Polym. Sci. 2018, 136, 1878–1886. [CrossRef]

57. Ratanavaraporn, J.; Chuma, N.; Kanokpanont, S.; Damrongsakkul, S. Beads fabricated from alginate, hyaluronic acid, and gelatin
using ionic crosslinking and layer-by-layer coating techniques for controlled release of gentamicin. J. Appl. Polym. Sci. 2018, 136,
46893. [CrossRef]

58. Ali, A.F.; Ahmed, M.M.; El-Kady, A.M.; El-Hady, B.M.A.; Ibrahim, A.M. Synthesis of Gelatin-Agarose Scaffold for Controlled
Antibiotic Delivery and its Modification by Glass Nanoparticles Addition as a Potential Osteomyelitis Treatment. Silicon 2021, 13,
2011–2028. [CrossRef]

59. Shuklaand, S.; Shukla, A. Tunable antibiotic delivery from gellan hydrogels. J. Mater. Chem. B 2018, 6, 6444–6458. [CrossRef]
60. Kumari, S.; Bargel, H.; Scheibel, T. Recombinant Spider Silk–Silica Hybrid Scaffolds with Drug-Releasing Properties for Tissue

Engineering Applications. Macromol. Rapid Commun. 2020, 41, 1900426. [CrossRef] [PubMed]
61. Aldrich, A.; Kuss, M.A.; Duan, B.; Kielian, T. 3D Bioprinted Scaffolds Containing Viable Macrophages and Antibiotics Promote

Clearance of Staphylococcus aureus Craniotomy-Associated Biofilm Infection. ACS Appl. Mater. Interfaces 2019, 11, 12298–12307.
[CrossRef] [PubMed]

62. van Vugt, T.A.G.; Arts, J.J.; Geurts, J.A.P. Antibiotic-Loaded Polymethylmethacrylate Beads and Spacers in Treatment of
Orthopedic Infections and the Role of Biofilm Formation. Front. Microbiol. 2019, 10, 1626. [CrossRef] [PubMed]

63. Kim, J.H.; Seol, Y.J.; Ko, I.K.; Kang, H.W.; Lee, Y.K.; Yoo, J.J.; Atala, A.; Lee, S.J. 3D Bioprinted Human Skeletal Muscle Constructs
for Muscle Function Restoration. Sci. Rep. 2018, 8, 12307. [CrossRef] [PubMed]

64. Turner, P.R.; Murray, E.; McAdam, C.J.; McConnell, M.A.; Cabral, J.D. Peptide Chitosan/Dextran Core/Shell Vascularized 3D
Constructs for Wound Healing. ACS Appl. Mater. Interfaces 2020, 12, 32328–32339. [CrossRef]

http://doi.org/10.1097/BOT.0000000000001707
http://www.ncbi.nlm.nih.gov/pubmed/32304564
http://doi.org/10.1002/jor.24965
http://doi.org/10.1002/app.32574
http://doi.org/10.1002/app.46893
http://doi.org/10.1007/s12633-020-00576-1
http://doi.org/10.1039/C8TB00980E
http://doi.org/10.1002/marc.201900426
http://www.ncbi.nlm.nih.gov/pubmed/31697434
http://doi.org/10.1021/acsami.9b00264
http://www.ncbi.nlm.nih.gov/pubmed/30855125
http://doi.org/10.3389/fmicb.2019.01626
http://www.ncbi.nlm.nih.gov/pubmed/31402901
http://doi.org/10.1038/s41598-018-29968-5
http://www.ncbi.nlm.nih.gov/pubmed/30120282
http://doi.org/10.1021/acsami.0c07212

	Introduction 
	Materials and Methods 
	Preparation of Shell Biomaterial Inks 
	Preparation of Antibiotics Loaded Core Biomaterial Inks 
	Rheological Characterization of the Biomaterial Inks 
	Fabrication of Scaffolds by 3D Core/Shell (C/S) Printing 
	Release of Antibiotics 
	Spectrophotometric Quantification of Antibiotics 
	Agar Diffusion Assays to Quantify Antibacterial Activity of the Released Antibiotics 
	Statistical Analysis 

	Results 
	Fabrication of Antibiotic-Loaded Scaffolds by Core/Shell Extrusion Printing 
	Antibiotic-Loaded Core Biomaterial Inks 
	Rheological Characterization of Core and Shell Biomaterial Inks 
	Extrusion-Printing of Antibiotic-Loaded Core/Shell Scaffolds 

	Spectrophotometric Methods for Quantifying Antibiotics in Release Solutions 
	Agar Diffusion Assay for Antibiotics Quantification 
	Release Kinetics of Antibiotics from C/S Scaffolds 
	Impact of Shell Composition 
	Impact of Shell Thickness 


	Discussion 
	Loading of Antibiotics in Core Biomaterial Inks 
	Establishing Suitable Antibiotic Quantifying Methods 
	Release of Antibiotics from Core/Shell Scaffolds 

	Conclusions 
	References

