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ORIGINAL RESEARCH

Biopolymeric 3D printed implantable scaffolds as a potential adjuvant treatment for 
acute post-operative pain management
Aikaterini Dedeloudia, Laura Martinez-Marcosb, Thomas Quintenb, Sune Andersenb and Dimitrios A. Lamprou a

aSchool of Pharmacy, Queen’s University Belfast, Belfast, UK; bJanssen Pharmaceutica, Oral Solids Development (OSD) Research & Development 
Department, Beerse, Belgium

ABSTRACT
Background: Pain is characterized as a major symptom induced by tissue damage occurring from 
surgical procedures, whose potency is being experienced subjectively, while current pain relief strate-
gies are not always efficient in providing individualized treatment. 3D printed implantable devices hold 
the potential to offer a precise and customized medicinal approach, targeting both tissue engineering 
and drug delivery.
Research design and methods: Polycaprolactone (PCL) and PCL – chitosan (CS) composite scaffolds 
loaded with procaine (PRC) were fabricated by bioprinting. Geometrical features including dimensions, 
pattern, and infill of the scaffolds were mathematically optimized and digitally determined, aiming at 
developing structurally uniform 3D printed models. Printability studies based on thermal imaging of the 
bioprinting system were performed, and physicochemical, surface, and mechanical attributes of the 
extruded scaffolds were evaluated. The release rate of PRC was examined at different time intervals up 
to 1 week.
Results: Physicochemical stability and mechanical integrity of the scaffolds were studied, while in vitro 
drug release studies revealed that CS contributes to the sustained release dynamic of PRC.
Conclusions: The printing extrusion process was capable of developing implantable devices for a local 
and sustained delivery of PRC as a 7-day adjuvant regimen in post-operative pain management.
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1. Introduction

Physical damage of tissues provoked by surgical invasions has 
urged the concern to develop suitable dosage forms and regi-
men schemes for post-operative pain management and wound 
restoration. Over the years conventional treatment strategies 
based on per os or intravenous opioid medications have pre-
vailed, contributing to the opioid pandemic, which has led to 
considerable problems such as opioid abuse, misuse, and diver-
sion [1]. Novel treatment patterns include the use of non-opioid 
analgesic combinations, such as nonsteroidal anti-inflammatory 
drugs (NSAIDs), N-methyl-D-aspartate (NMDA) receptor antago-
nists, acetaminophen, sodium channel blockers, and local anaes-
thetics, aiming on employing a multimodal method that 
synergistically combines low-concentration and shorter- 
duration pharmaceutical approaches [2,3].

The route of administration is a critical parameter, which 
affects the efficacy of an analgesic regimen as well as the 
patient’s compliance [2]. Conventional treatments concerning 
oral and intravenous administration routes do not always suc-
ceed in delivering the drug sufficiently, leading to increased side 
effects and prolonged recovery times. In particular, permeability 
and solubility issues, along with first-pass metabolism and gas-
trointestinal degradation of the drug are notable obstacles asso-
ciated with conventional dosage forms, which constantly hinder 

their bioavailability. On the other hand, extended-release 
implantable drug delivery devices can surpass these difficulties, 
targeting toward the elimination of high dosage drug intake and 
prolongation of therapeutic levels [4]. Moreover, dosing schemes 
of oral and intravenous formulations, for chronic pain, are ardu-
ous and challenging; thus, patients do not often conform easily 
to medicinal treatments. Contrarily, implants, as targeted drug 
delivery systems (DDSs), aim on precisely and directly administer 
incorporated active substances, leading to improved quality of 
life and extended lifespans. Nevertheless, implantable devices 
conceal various limitations including post-surgical infections, 
compatibility issues, allergic reactions, and the need for replace-
ment or revision surgeries. Therefore, it is crucial to thoroughly 
investigate these limitations to effectively mitigate associated 
risks [5].

An implantable device can be a multifunctional pharma-
ceutical system inserted locally as a DDS, permitting the 
release of an Active Pharmaceutical Ingredient (API) [6], and/ 
or as a tissue support, enhancing the stiffness, regrowing, and 
replacing the tissue [7,8]. Implantable drug delivery devices 
are classified into active and passive systems according to 
their mechanism of releasing the drug; in active implants the 
release is dependent on spatiotemporal stimuli (e.g. tempera-
ture, pH, ultrasounds, etc.), whilst passive implants rely on 
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passive drug diffusion and/or erosion as the main mechanisms 
for API release [9]. In addition, mechanical, structural, and 
biological attributes define the critical quality prospects of 
a developed implantable device. Therefore, the stiffness of 
a certain 3D geometrical pattern, along with surface charac-
teristics (e.g. hydrophobicity, crystallinity, roughness), 
impacts on both the physicochemical stability and the biolo-
gical potential of tissue-implant interactions [10]; conse-
quently, affecting the efficacy and safety aspects of the 
pharmaceutical system [11].

Materials commonly used for biodegradable passive 
implants are composed of synthetic [12,13] and/or natural 
polymers [14,15], aligning with the previously mentioned cri-
tical attributes. Polycaprolactone (PCL) is a synthetic and semi- 
crystalline biopolymer [16], characterized by a slow hydrolytic 
degradation rate and notable biocompatibility, with minimal 
enzymatic involvement [17]. Furthermore, PCL is compatible 
with a variety of both synthetic (e.g. polylactic co-glycolic acid 
(PLGA), polyurethane (PU), polyethylene glycol (PEG)) [18,19] 
and natural polymers (e.g. chitosan (CS), hyaluronic acid) [20], 
as well as can be blended with minerals (e.g. Ca2+, Mg2+) [21] 
and drugs [22], forming composite compounds [23]. On the 
other hand, CS is a natural semi-crystalline copolymer derived 
from the deacetylation of chitin, which defines its solubility, 
viscosity, and capability of chemical modification. Specifically, 
-NH2 groups amplify CS’s multifunctional biological efficacy 
[24], such as its analgesic, antimicrobial [25], antioxidant and 
hemostatic ability and responsiveness to stimuli [24,26]. Both 
polymers also exhibit thermoplastic properties; hence, precise 
investigation of their melting process is crucial in order to 
control their viscosity and crystallinity, ensuring efficient com-
patibility [27]. Consequently, PCL/CS matrices prospect to cre-
ate smart and dynamic implantable systems capable of 
vanishing while supporting tissue proliferation.

Within the framework of this study, procaine (PRC) was 
used as a model drug, to evaluate the manufacturability and 
release kinetics from biopolymeric 3D printed scaffolds com-
posed of PCL, and PCL/CS. As a sodium channel blocker, PRC 
has a brief half-life time (t1/2 ≈15–20 min), resulting in short- 
term local anesthesia defined by limited toxicity [28,29]. The 
main objective was to formulate systems that provide an 
initial burst release to control acute pain (~48 h), targeting 
toward its release extension (until 1 week) from the biopoly-
meric formulation, hence, acquiring a longer drug dosing 
interval. In addition, PRC possesses anti-oxidative, anti- 
inflammatory, and anti-rheumatic properties that support the 
immune system [30]. Studies have revealed that local anaes-
thetics are involved in tumor metastasis procedures, due to 
their epigenetic effects and cancer cell growth-inhibition 
[31,32]. Therefore, PRC-loaded implantable devices are 
assumed to be a potent adjunct in multimodal pain relief 
treatment, characterized by low toxicity levels after surgical 
operations.

3D printing (3DP) is an upcoming technology, within the 
pharmaceutical engineering field, introducing a layer-by-layer 
approach to fabricate quality-based and precise DDSs [33,34], 
and tissue engineering applications [35,36]. The noticeable 
aspect of this technology emerges from its potential on 
using a broad variety of different materials (e.g. polymers, 

drugs) by simultaneously combining the digital (e.g. g-code, 
machine learning) and mechanical engineering technology 
(e.g. multi-printing, printing inspection systems) [37]. Hence, 
it is a promising technique with a prospect of developing 
novel and versatile tailor-made medicinal formulations, alter-
native to conventional treatments, characterized by tissue- 
simulated mechanical capabilities, precise structural and geo-
metrical features, and adjustable drug concentrations (efficient 
also to low drug dosages), and release profiles [38]. Moreover, 
it acquires the capability of using less amounts and/or re-use 
of biodegradable materials for the development and fabrica-
tion of personalized pharmaceutical applications, thereby con-
tributing to cost reduction, shorter manufacturing times, and 
reduced CO2 emissions. Therefore, 3DP is described as 
a sustainable technique, fitting into a circular economy system 
[39].

The aim of this study was to design and develop PRC- 
loaded 3D printed biopolymeric implantable scaffolds of PCL 
and CS composites, subsequently investigate and evaluate the 
release profile of the drug. Critical Process Parameters (CPPs) 
were defined during the development of 3D printed scaffolds 
by performing pre-formulation studies based on the investiga-
tion of the physicochemical properties of materials and their 
mixtures, mathematically predicting and assessing a Computer 
Aided Design (CAD) pattern and performing a real-time ther-
mal imaging inspection during 3DP, pursuing the optimization 
of Critical Quality Attributes (CQAs) of the developed DDSs; 
thus, reflecting the establishment of a reliable 3DP process. 
This process aimed to achieve accurate geometrical pattern 
fidelity, a finite level/degree of stiffness for the scaffolds cap-
able of supporting tissue mechanical stresses, and to meet the 
target of a prolonged in vitro release rate of PRC.

2. Materials and methods

2.1. Materials

Powdered PCL (MW: 50 kDa, particle size <600 μm) was pur-
chased from Polysciences Inc, powdered CS (low MW, deace-
tylation degree ≥75%), PRC·HCl (MW: 272.22, ≥97% purity), 
acetic acid, ammonium acetate, methanol, N-Methyl-2-pyrroli-
done (NMP) and phosphate buffered saline (PBS) tablets were 
supplied by Sigma Aldrich.

2.2. Methods

2.2.1. 3DP of empty and loaded scaffolds
In this study, five different PCL formulations were developed 
(Table 1). The PRC concentration was added at a 1% wt. level 
according to the prototype commercial product of procaine 
[40]. The amount of CS was determined as 3% wt., as 
a multifunctional excipient [41] in order to increase of the 
aqueous solubility of the scaffold and to promote the dissolu-
tion rate enhancement of PRC HCL.

Printability studies, mechanical analysis, and in vitro drug 
release evaluation were carried out for different combinations 
and %wt. proportions of empty and PRC-loaded PCL scaffolds, 
except for formulation No.5, which consisted of a physical 
mixture of CS/PRC. Physicochemical analysis (FTIR, TGA, DSC) 
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for all formulations, concerning raw materials (PCL, CS, PRC), 
physical mixtures (PMs) (PM2, PM3, PM4, PM5) and scaffold 
samples (SSs) (SS1, SS2, SS3, SS4) were performed.

2.2.1.1. CAD design preparation and optimisation. A gen-
eral mathematical approach, concerning the digital design of 
the 3D model, was developed. This computational formula is 
an arithmetic progression describing a cuboid-like rectilinear 
pattern, in which length, width and height coordinates are 
expressed by variables (Figure S1-supplemetary material). This 
step aims on acquiring data of the % infill and dimensions of 
the pattern initially to the CAD structure. In particular, design 
characteristics, defining the 3D model (e.g. raster width, angles 
and gaps between the rasters), can be adjusted in order to 
avoid possible 3DP structural stability issues (e.g. positive or 
negative air gaps between the rasters) and predict the accu-
racy and integrity of the design [42].

In this study, CAD model dimensions were thoroughly exam-
ined after defining the physicochemical properties of materials 
(e.g. thermal properties, MW), and evaluating the 3DP technolo-
gical application (e.g. capabilities of 3D printer, nozzle diameter).

where,
a: raster width
b: scaffold width
c: scaffold length
x: percentage of infill
y: raster gap
n: a and y repetitions

Limitations:

● 0 < y < b − 2a
● a < b/2
● (n + 1)a + ny > 0
● n ≥ 1, n ∈ N
● a, b, c ∈ Z > 0
● x ∈ [0,100]

*N: natural numbers, Z: integers
Dimensions of scaffolds were determined by Equation (2). 

A square pattern was designed, where:

● dnozzle = y = a
● b = (2n + 1)a
● Vstrand = π * a2 * b
● Αsq = b2

● infill(x%) = (2n + 1)a * b
● raster gaps = Αsq – infill(x%)

where, d: diameter, V: volume, Α: area
Infill of the pattern was calculated by Equation (2) and 

Equation (3), where:

● a = y = 0.84 mm
● b = c = 10.92 mm
● n = 6
● x = 53.85%

2.2.1.2. Design and development of 3D printed scaffolds. 
The main scaffold design is described by a two-layer rectilinear 
pattern with a vertical raster orientation (0°/90°) and an even 
raster-gap existence (Figure S2-supplementary material). 3D 
CAD designs were created with Tinkercad (Autodesk Inc., U.S. 
A.) according to Equation (2), for acquiring 3D structures 
based on pattern fidelity, infill integrity, and mechanical sta-
bility, and were exported as a Stereolithography (SLA) file (.stl) 
for 3DP use.

Scaffolds were fabricated with various compositions 
(Table 1) with a 3D Bio-X bioprinter (Cellink, Sweden). 
Composite mixtures were initially weighed, transferred into 
a falcon tube, and vortexed for 5 min, in order to ensure 
proper particle dispersion. Subsequently, PCL or composite 
mixtures were loaded into a 10 mL stainless steel cartridge 
paired with an 18 G (0.84 mm) nozzle and placed into 
a thermoplastic printhead. All printing parameters (PP) 
(Table 2) were adjusted by the Cellink Bio-X software. The 
determination of the suitable/appropriate printing tempera-
ture was made with FLIR One™ Pro Gen 3 thermal camera, 
smartphone accessory. The IR-camera was placed at 15 cm 
distance from the printing head in order to assure image 
focus and temperature measurement precision. Thermal 
videos were collected and analyzed in Vernier Thermal 
Analysis Plus app (Vernier Software & Technology, U.S.A.). IR 
temperature measurement accuracy was validated by an 
external thermometer (±1°C) [43].

The characterization of the printed scaffolds, as outlined in 
sections §2.2.2, §2.2.3, §2.2.4, §2.2.5, §2.2.6, was conducted for 
the PP1.

2.2.2. Thermogravimetric analysis and differential 
scanning calorimetry
Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) were performed on raw materials, PMs, 
and extruded SSs in order to assess their thermal behavior.

TGA measurements were performed for samples (n = 3, 
5–10 mg) in an open aluminum pan – to determine the 
absolute material degradation –, using a Q500 TGA 
(TA Instruments, New Castle, DE, U.S.A.), heating from 
room temperature to 500°C, applying a heating rate of 
20°C/min and a nitrogen flow rate of 40 mL/min.

Table 1. Formulations concerning raw materials and physical mixtures.

Materials (%wt.)

Formulationsa PCL CS PRC HCl

1 100 – –
2 99 – 1
3 97 3 –
4 96 3 1
5b – 50 50

aPMs were prepared for all above formulations. 
bSSs were not developed for No.5. 
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Standard (STDSC) and modulated DSC (MTDSC) thermal 
analyses were conducted with a DSC 214 Polyma (NETZSCH, 
Germany) and NETZSCH Proteus® thermal analysis software 
ver. 8.0 (NETZSCH, Germany) was used for the evaluation of 
thermal characteristics of materials. All samples (n = 3, 5–10  
mg) were weighed in an aluminum pan, subsequently, 
crimped hermetically with a lid. Nitrogen flow rate was 
adjusted to 40 mL/min.

A heat-cool-heat cycle, with a 2 min interval isothermal 
process, prior to each heating cycle, was set for STDSC studies, 
analyzed from −10°C to 200°C or 250°C, at a heating rate of 
20 °C/min and a cooling rate of 5°C/min. The cooling rate of 
thermal cycles was measured through an IR-camera, by per-
forming a thermographic analysis of samples during their 
procedure of cooling after direct extrusion from the printer 
(Table S1-supplementary material).

The glass transition temperature (Tg) and the heat capacity 
change (ΔCp) of each extruded sample were evaluated 
through MTDSC studies, by analyzing the reversing signal. 
Sensitivity, heat flow, and time constant, and thermal resis-
tances (TAU-R) calibrations were initially set, with indium as 
standard. The heating rate was adjusted at 1°C/min and 
a 0.8 °C/min modulated oscillation was applied. All samples 
were initially equilibrated for 5 min and examined in 
a temperature range between −75°C to 200°C.

Gordon-Taylor Equation (4) upon Simha-Boyer rule 
(equation 5) was implemented for the assessment of the-
oretical Tg values of SS2 and SS4; subsequently, compared 
with their experimental Tg. The calculated Tg values were 
defined and revealed the practical miscibility of the drug 
within the polymeric excipients [43,44]. 

where, Tg1 and w1 correspond to Tg and weight fraction of 
plain polymeric matrixes (e.g. SS1 and SS3), respectively, Tg2 

and w2 indicate the Tg and the weight fraction of PRC, respec-
tively, while Tg3 is the theoretical Tg of the polymeric-drug 
formulation (e.g. SS2 and SS4). K is a constant parameter and 
ΔCp1 and ΔCp2 are the heat capacity change during the glass 
transition of the polymeric formulation (e.g. SS1 and SS3) and 
PRC, respectively.

2.2.3. Fourier transform infrared spectroscopy
Compatibility of polymers along with API, concerning physico-
chemical interactions and compound-inspection analysis were 
assessed by FTIR analysis. Raw material, PMs, and SSs were 
examined with a Nicolet iS50FTIR Spectrometer (ThermoFisher 
Scientific Inc.) using attenuated total reflectance (ATR), in 
a spectra range of 4000 cmˉ1 and 700 cm¯1. Samples were run 
in triplicate with a resolution of 4 cm¯1 with 32 scans.

2.2.4. Morphological and elemental analysis of scaffolds
The examination of scaffolds’ dimensions, regarding the raster 
width and gap of the rectilinear pattern, was performed with 
a Leica Microsystems EZ4W microscope. Scaffold shape fidelity 
(SF) was evaluated, through a comparison between the actual 3D 
printed scaffold and the theoretical CAD pattern dimensions. 
Moreover, surface and microstructural properties concerning sur-
face roughness and topology, internal pore formation, and inter-
connectivity were assessed with a dual beam focused ion beam 
scanning electron microscope (SEM; TESCAN Lyra3, Czech 
Republic) coupled with an energy-dispersive X-ray (EDS) detec-
tor. The examined scaffolds were initially entirely coated with 
a paper-thin layer of gold and detected under 20 kV accelerating 
voltage and 500 × magnification. The evaluation of the chemical 
analysis and elemental distribution data was performed by 
AztecLive software (OXFORD Instruments) [45].

2.2.5. Tensile strength test evaluation
Mechanical strength analysis of 3D printed scaffolds was per-
formed with a TA.Xtplus texture analyzer (Stable Micro 
Systems, Surrey, UK). 3D rectangular extruded SSs (length =  
32.76 mm, width = 1.68 mm, n = 5) were tested in a vertical 
direction, until breakage. In particular, the samples were 
placed between two clamps at a 20 mm distance, and 
a cross head speed of 5 mm/s and a force of 300 N in the 
load cell was applied. Data were converted from force vs. 
displacement into stress vs. strain, and Young’s Modulus (E); 
Ultimate Tensile Strength (UTS), and Maximum Elongation 
(ME) were determined by the slope of the latter curve [22].

Table 2. Printability parameters concerning different adjustments on temperature ranges, pressure, and speed during 3DP of scaffolds. Shape fidelity (%) compared 
to actual size dimensions is noted.

Printing Parameters
Raster Width 

(mm)
Raster Gap 

(mm)

SS No.

Temperature 
Ranges 

(°C)
Pressure 

(kPa)
Speed 
(mm/s)

Experimental 
Size

Shape Fidelity 
(%)

Experimental 
Size

Shape Fidelity 
(%)

1 PP1 TR1 65 1 0.86 ± 0.01 −2.50 0.80 ± 0.00 5.12
PP2 TR2 130 0.91 ± 0.03 −8.03 0.74 ± 0.01 12.24

2 PP1 TR1 65 1 1.00 ± 0.08 −18.93 0.70 ± 0.07 16.44
PP2 TR2 130 0.97 ± 0.01 −15.95 0.72 ± 0.01 14.76

3 PP1 TR1 65 1 0.90 ± 0.03 −6.93 0.81 ± 0.03 3.02
PP2 TR2 130 0.90 ± 0.01 −6.90 0.81 ± 0.03 3.10

4 PP1 TR1 65 1 0.96 ± 0.05 −14.55 0.77 ± 0.05 8.65
PP3 130 2 0.97 ± 0.05 −15.91 0.70 ± 0.05 16.39

Table 3. Temperature ranges of the printhead, during printability studies.

(oC) T1 T2 T3 T4

TR1 89.3 ± 0.4 88.5 ± 1.1 52.3 ± 1.4 45.2 ± 0.2
TR2 71.1 ± 0.3 70.5 ± 0.6 41.0 ± 0.4 37.1 ± 0.4
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2.2.6. In vitro drug release and drug content studies
Drug release and drug content studies were performed 
in vitro, in order to evaluate the released as well as the 
incorporated concentration of PRC from/into the polymeric 
matrices ( �wscaffold = 100 mg, n = 4), respectively.

Drug release studies were performed in PBS dissolution med-
ium (0.01 M, pH 7.4) under sink conditions at 37.0 ± 0.5°C. All 
scaffold formulations were immersed into vials containing 4 mL 
of medium and supernatant samples were withdrawn at specific 
time points (2 h, 6 h, 24 h, 48 h, and 1 week), followed by the 
replenishment of the withdrawn medium volume. The samples 
were analyzed in a High-performance liquid chromatography 
(HPLC; Agilent Technologies 1220 Infinity LC system, Agilent, 
U.S.A.) with a One™ 120 column 4.6 × 250 mm, 5 μm, RP C8, 
120 Å (ThermoFisher Scientific, UK) attached to a Guard column 
(Phenomenex, U.S.A.) loaded with SecurityGuard cartridges (C8, 
4 × 3.0 mm ID, Phenomenex, U.S.A.), in order to protect the 
column from polymeric traces. Isocratic elution was implemen-
ted using a mobile phase of a 75:25 (v/v) mixture of 20 mM 
acetate buffer (pH 4.0) and methanol, operating at a flow rate 
of 1.0 mL/min, a column temperature of 20°C, and an injection 
volume of 50 μL. Detection of PRC was performed at 225 nm (UV 
detector). The dissolution curve was evaluated according to the 
calibration curve of the API [46].

Drug content studies were conducted for loaded and blank 
SSs. Each scaffold was subjected to sonication (Q23 Ultrasonic 
Bath, Ultrawave, UK) in a 4 mL NMP dilution [47]. 
Subsequently, the samples were furtherly diluted at a 1:200 
ratio in an 80:20 (v/v) acetate buffer (pH 4.0) and analyzed by 
the same HPLC process as in the in vitro release studies; 
however, the mobile phase ratio was adjusted to 80:20, to 
accommodate the presence of NMP in the chromatogram. 
The total amount of the loaded API was determined by apply-
ing the calibration curve of PRC, using NMP as an internal 
standard. Equation 6 was applied to ascertain the % concen-
tration of the embedded drug into the polymeric matrix, 
which remained unreleased after the dissolution studies.

where, wtotal drug: drug embedded within the polymeric matrix, 
wfree drug: drug non interacting with the polymeric matrix, 
wformulation: the total weight of the polymeric formulation.

2.2.7. Evaluation of the dissolution profile kinetics
The Ritger-Peppas model was applied to ascertain the kinetic 
mechanism, regarding the in vitro release studies:

where, Mt and M1 indicate the absolute cumulative amount of 
drug released at time t and infinite time respectively, K denotes 
the release-rate constant, while n is the diffusion coefficient. 
Considering that the 3D geometrical structure is based on 
a rectilinear rod-like model (d = 0.84 mm, length = 10.92 mm), 
the diffusion coefficient n is determined for the cylindrical struc-
tures, where n ≤0.45 corresponds to Fickian diffusion release (Case 
I), 0.45 < n < 0.89 signifies anomalous (non-Fickian) transport, and 
n = 0.89 indicates zero order (Case II) release kinetics [48].

2.2.8. Statistical analysis
One-way analysis of variance (ANOVA) with a Tukey’s post hoc 
test was applied for mechanical analysis data, while dissolu-
tion studies were examined with a student’s t-test, paired with 
two tailed (GraphPad Prism software ver.9; GraphPad Software 
Inc., CA, U.S.A.). Both analyses were conducted with a p < 0.05 
significance level. All in vitro experiments were performed in 
duplicate, and the data were demonstrated as the mean value  
± standard error of the mean (SEM).

3. Results and discussion

3.1. Printability studies

Printability studies were completed by examining and adjust-
ing different values of PP, i.e. temperature, pressure, speed, 
and pre-flow time and final parameter ranges were deter-
mined after initial studies (results are not reported) (Table 2).

The system’s temperature accuracy was determined by an IR- 
camera, measuring temperature ranges within different sections/ 
parts of the 3D printer’s printhead. In particular, during the 
thermography procedure, four different temperature regions 
were investigated, depicting the bioprinter’s printhead system 
and were separated according to color zones from warmer (red, 
yellow, and orange) to cooler colors (purple, blue, and black). The 
temperature of extrusion of molten material (nozzle region-T1), 
the printhead’s electrical resistances (T2), the cartridge area (T3), 
as well as the printhead’s system (T4) (Figure 1) were evaluated. 
Monitoring the system’s temperature allows the capacity to 
control the material melt and to predict the melt state of the 
loaded material during 3DP. Moreover, thermal analysis of the 
materials (§ 3.3) revealed the optimum temperature setting dur-
ing printing. From this, two different temperature ranges, TR1 

(Figure 1(a)) and TR2 (Figure 1(b)) (Table 2), were examined 
during the printing procedure (Table 3). Adjustments of printing 
temperature were set according to PCL’s thermal properties 
(Tprinting ≥ Tm(PCL)), due to its higher %wt. in the bulk, so as to 
enhance its viscosity, subsequently contributing to higher flow-
ability properties of the melted mixture during printing [42]. 

Material extrusion can be modified and monitored by 
applying different pressure forces permitting the control of 
material flow through the nozzle. Two different pressures were 
used to evaluate the processability of solid rasters, during 
printability studies. It was observed that when the melted 
material was less viscous, less pressure was required for mate-
rial extrusion and printing [42].

Furthermore, printing speed is defined by two individual 
velocities, the traveling speed and the printhead speed [42]. 
Printing speed was adjusted to 1 mm/s and 2 mm/s for adequate 
extruded material flowability and continuous filament attach-
ment to the printing surface. Moreover, 3DP design integrity 
was achieved by controlling the printhead’s moves before start-
ing to travel and by determining the printing pre-flow time of the 
material. According to printability accuracy perspectives, the 
filament diameter equals the distance between the nozzle and 
the printbed offset. In this study, the filament diameter is nozzle 
diameter identified; thus, pre-flow time was determined by 
Equation (8), when vtotal = vpump = vtraveling. Hence, material pre- 
flow time was adjusted and calculated to 840 ms.
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where, d: diameter, v: velocity-
Overviewing melt temperature, pressure, and printing speed 

attributes, three different combinations of PPs were applied 
during printability studies; PP1 (TR1, 65 kPa and 1 mm/s), PP2 
(TR2, 130 kPa and 1 mm/s) and PP3 (TR1, 130 kPa and 2 mm/s). 
PP1 was implemented for all SSs, PP2 was applied for SS1, SS2 
and SS3 and PP3 was implemented only for SS4.

Structural features of the scaffolds were examined by opti-
cal microscopy (Figure 2(i)) and revealed results concerning 
the fidelity between the experimental and the theoretical 
(digital) structure dimensions (Equation 9). Positive values, 
regarding the SF of the pattern’s raster width, indicate swel-
ling of the polymeric raster during printing extrusion. The 
swelling effect of rasters occurred due to the applied high 
pressure and high viscosity behavior of the materials during 
melt-extrusion. On the contrary, negative values of %SF of 

raster gaps denote a reduction of space between the rasters 
due to their swelling. Moreover, an equal raster and gap %SF 
scheme is observed, with an inverse correlation between ras-
ter width and gap in all different 3D printed SSs. Therefore, 
when comparing the SF of the rectilinear pattern, it is noticed 
that the difference between raster width and gap sum is 
apparently similar to the theoretical. In addition, an SF defines 
the uniformity and integrity of the structure regarding the 
digital geometrical characteristics, it is assumed that raster 
width and gap measurements reveal close values to the origi-
nal, with >80% occurrence of accordance to the initial pat-
tern [49].

SEM images revealed surface morphological characteristics, 
regarding the surface topology, roughness, and pore 

Figure 1. Acquired temperature zones (T1, T2, T3, and T4) of the printhead, during different temperature system adjustments, depicting (a) TR1 and (b) TR2.
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formation of all extruded formulations (Figure 2(i), Figure S3- 
supplementary material). Specifically, particle compaction was 
clearly depicted on extruded rasters’ surface, creating 
a uniform surface pore formation. The melting and extrusion 
temperature can affect a powder’s particle compaction, and 
hence impact pore size formation and particle homogeneity in 
the melting mixture [43]. No specific difference in surface 
morphology was observed between the different scaffold for-
mulations, owing to similar particle size of materials used, the 

low load %wt. of CS and PRC in the scaffold, and the close 
temperature ranges applied during printability studies.

EDS analysis was performed for the determination of all 
extruded scaffolds’ elemental composition. All spectra 
revealed the characteristic peaks of carbon (C) and oxygen 
(O), corresponding to PCL (Figure 2(a)/iii). In addition, nitrogen 
(N) and chloride (Cl) were detected on SS2 and SS4 formula-
tions (Figure 2(b,d)/iii), confirming the existence of the hydro-
chloric salt of PRC distributed on specific areas of the samples; 

Figure 2. Optical microscope images illustrating (i) the raster width and gap dimensions and SEM-EDS microscope analysis depicting (ii) the surface and (iii) the 
elemental map of (a) SS1, (b) SS2, (c) SS3 and (d) SS4 3D extruded samples, respectively.
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however, these elements were not identified on SS3 
(Figure 2(c)/iii), due to possible evaporation of CS’s -NH2 

groups throughout the melting procedure. Therefore, it is 
assumed that even though both CS and PRC were adequately 
mixed, they were not equally distributed into the polymeric 
matrix, owing to their low %wt. concentration [50].

3.2. FTIR characterization

FTIR spectra of pure CS and PRC were compared with the PM5 
FTIR spectrum (Figure S4A-supplementary material) to evaluate 
possible interactions, regarding their combination. The presence 
of PRC in PM5 is appeared through characteristic peaks of the 
aromatic ester C-O stretching in 1270 cm−1, the C-N stretching of 
the substituted aromatic amine in 1363 cm−1, the -NH2 scissoring 
absorption at 1605 cm−1, the conjugated C=C stretching bands 
of the benzol in 1645 cm−1, as well as the stretching of the 
aromatic ester C=O in 1691 cm−1. The spectrum also showed 
two characteristic bands in 2495 cm−1 and 2585 cm−1, denoting 
the appearance of tertiary amine salt NH+ stretch, and 
a characteristic peak in 3205 cm−1 of ammonium anions 
(because the HCl salt of PRC was used). On the other hand, 
characteristic bands for CS were appeared in 900 cm−1 defining 
the C-H bending out of the plane of the ring of monosaccharides, 
in 1154 cm−1 for the asymmetric stretching of the ether 
C-O-C bridge, in 1308 cm−1 showing the C-N stretching of the 
aromatic amine and in 3352 cm−1 for the stretching of O-H, 
formed by intramolecular H bonds [46,47].

Samples of the extruded formulations were analyzed through 
FTIR and compared to PM5, for the examination of CS and PRC 
presence into PCL matrices (Figure S4B-supplementary material). 
A strong band at 1722 cm−1 was appeared in all spectra, defining 
the carbonyl C=O stretching of PCL (53). Regarding SS2, PRC was 
evaluated through the characteristic bands at 1605 cm−1, 1645  
cm−1, 3205 cm−1, and 3352 cm−1, as previously analyzed. 
Moreover, the appearance of CS in SS3 was determined through 
a slight peak at 3205 cm−1 denoting the stretching of ammonium 
anions. Last but not least, the presence of both CS and PRC were 
assessed by peaks at 1605 cm−1, 1645 cm−1, 2495 cm−1, 2585  
cm−1, and 3205 cm−1, revealing their potential interaction, by 
forming intermolecular H bonds with PCL. The strength of CS 
and PRC absorbances in all spectra was weak, due to their low % 
wt. used in the formulation mixture [46,47].

3.3. Thermal analysis

TGA and DSC analysis were performed to describe the thermal 
properties of all raw materials, PMs, and extruded composites.

The melting temperature of PCL (Tm(PCL) = 66.3 ± 0.4°C) was 
considerably lower compared to CS (Tm(CS) = 166.0 ± 2.5°C) and 
PRC (Tm(PRC) = 162.8 ± 0.3°C) (Figure 3(c)). Contrarily PCL 
degraded at a higher temperature (Tdeg(PCL) = 426 ± 1°C), com-
pared to other materials (Tdeg(CS) = 317 ± 3°C, Tdeg(PRC) = 298 ± 6 
°C) (Figure 3(a)). Hence, the adjustment of printing temperature 
ranges (TR1 and TR2) did not significantly affect the thermal 
properties of CS and PRC during the melting procedure of PCL 
composite mixtures. Furthermore, composite scaffolds consist-
ing of CS possessed a slightly faded yellow appearance 
(Figure 2(d)/i), due to initial thermal degradation of inter/intra- 

hydrogen bonds (9.0 ± 0.4% wt. loss, T = 72 ± 2°C), as well as the 
generation of carbon related by-products, associated to possible 
deacetylation of amine groups (Table S2-supplementary materi-
als) [51].

Furthermore, in all composite PMs (PM2, PM3, PM4), the 
impact of CS and PRC load was evaluated by TGA determina-
tion since it was not detected through DSC analysis due to 
their low %wt. in the PM (Table S2-supplementary material). 
All SSs and PMs showed similar Tdeg (Figure 3(b)) and Tm; 
however, SSs were characterized by lower melting endotherm 
absolute values compared to PCL and PMs (PM2, PM3, and 
PM4) (Table S3-supplementary material). Therefore, it is con-
cluded that polymer materials were not completely melted 
(Tprinting ≤ Tm(Endpoint)) and were partially recrystallized after 
melt-extrusion [22].

Glass transition temperatures of both raw materials and 
scaffold samples were determined through MTDSC studies, 
subsequently, the Gordon-Taylor equation was applied to cal-
culate the theoretical Tg values of SS2 and SS4, examining the 
miscibility of the drug into the scaffolds. MTDSC thermograms 
showed similar Tg for both SS2 (Tg(SS2) = −66.7°C) and SS4 
(Tg(SS4) = −66.5°C), while their theoretical Tg values (Tg(SS2) = 
−60.8°C and Tg(SS4) = −58.9°C) were close to the experimental. 
The low concentration of PRC (1% wt.) permitted its complete 
miscibility and its amorphous state transition into the 
extruded solid dispersions.

3.4. Mechanical analysis

Stiffness of all scaffolds was tested until breakage, Young’s 
Modulus (E), Ultimate Tensile Strength (UTS), and Maximum 
Elongation (ME) were evaluated (Figure 4(b)). Examining the 
general profile of different materials used, all scaffolds seemed 
to break in similar loads (UTSmean = 4.35 ± 0.20) (Table 4), due to 
high PCL concentrations in all scaffolds. Moreover, composite 
scaffolds were classified by the resulting lowest resistance to 
longitudinal deformation (SS2: 2.49 ± 0.83, SS3: 2.00 ± 1.33, SS4: 
1.73 ± 0.32), comparably to plain PCL scaffolds (SS1: 3.92 ± 0.80), 
possibly impacted by CS and PRC presence. Considering the low 
concentrations of CS and PRC in the scaffolds, slight differences 
were observed regarding scaffolds’ stiffness behavior; in particu-
lar, Young’s Modulus for SS1 (30.00 ± 0.47) resulted in lower 
values compared to composite samples (SS2: 33.93 ± 6.36, SS3: 
30.35 ± 5.14, SS4: 38.35 ± 2.64) [22]. The addition of the natural 
polymer CS and the API affected the ductility of the final struc-
ture, likely due to their different MW and solid amorphous form 
to PCL. Furthermore, the results demonstrated that plastic defor-
mation of each scaffold is related to their dimensions and the 
rectilinear infill pattern, since depicted peaks on stress-stain 
curves (Figure 4(a)) define the stretching of vertically printed 
rasters. Therefore, final stiffness characteristics of all fabricated 
scaffolds are defined to be durable and tough, with adequate 
mechanical properties, which can be potentially applied as effec-
tive DDSs for hard tissues [52]. 

3.5. In vitro drug release studies

PRC release profiles through solid (SS2) and composite (SS4) 
polymeric 3D printed scaffolds were examined and evaluated 
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(Figure 5). This study primarily focuses on the in vitro release 
profiles of the API. It is important to clarify that no investiga-
tions into the in vivo release kinetics of the API, or the assess-
ment of toxicity levels associated with both the polymers and 
the API are included.

Obtained results regarding SS2 formulation denoted an 
initial burst release during the first 24 h (21.12%), followed 
by a moderate increase, reaching its maximum value at 48 h 
(24.71%), subsequently, a plateau was formed up to 7 days. 
PCL contributes to delaying the drug release, due to its sub-
stantially hydrophobic nature, acquired from its long lipophilic 
chains (Figure S5A-supplementary material). On the contrary, 
PRC is an amphiphilic drug (aromatic -NH2: pKa1 = 2.5, alipha-
tic -NH2: pKa2 = 9.0, water solubility: 5 mg/mL); thus, in the 
aqueous PBS medium (pH 7.4) the aliphatic -NH2 is ionized, 
rather than the aromatic -NH2 being unionized, due to delo-
calization of the amine’s electron pair into the ring [53]. It is 
assumed that the drug interacts with the hydrophobic aro-
matic ring within the chains of the PCL, which enhances its 

entrapment into the polymeric system and prolongs its release 
(Figure S5B-supplementary material) [46]. The release mechan-
ism from SS2 (n = 0.46) indicates a non-Fickian pattern, 
described from combined phenomena of pure diffusion and 
Case II transport [54], due to interactions developed through 
intermolecular forces, between the dissolution medium ions 
and the scaffold surface (Table 5). In particular, dissolution 
media molecules may interact with the amorphous phase of 
the polymeric surface, stimulating the fragmentation of tie- 
chain segments, consequently, permitting water penetration, 
and allowing PRC’s release. Moreover, the low concentration 
of PRC in the formulation may affect its total release levels 
from PCL matrix, due to small amount of PRC molecules 
entrapped into polymeric chain regions, that are vulnerable 
to dissolution medium molecule interactions [55].

Examining PRC’s release rate from SS4 formulations, an initial 
steep increase is observed during the first 24 h (37.49% drug 
released), followed by a steady increase and finally reaching its 
highest value at 48 h (39.27%) (Figure 5). As referred also in 

Figure 3. TGA thermograms of (a) PCL, CS, PRC, PM2, and PM4, and (b) all SSs and PMs. (c) STDSC thermograms of PCL, PRC, and CS, and (d) MTDSC thermograms of 
all SSs (first heat cycle) and PRC (second heat cycle).
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§ 2.2.1. the use of CS indicates an enhanced PRC release from SS4 
extruded samples. The water solubility of CS corresponds to its 
ionization potential (pKa ≈ 6.3), which is relative to the degree 
and the method of its deacetylation (Figure S5D-supplementary 
material). The amount and the distribution of free -NH2 groups in 
its structure can define its capability of interacting and/or releas-
ing the active substance [53]. Hence, it is assumed that CS, as 
a polysaccharide, reacts with the PRC hydrophilic -NH2 group 
(Figure S5A-supplemntary material) in a way that facilitates pri-
marily its dissolution rate from PCL matrixes, subsequently con-
tributing to its 7-day extended release [56]. More specifically, CS’s 
-NH2 and -OH ligands may form hydrogen bonds with PRC’s 
functional groups, leading to its more controllable release 
(Figure S5C-supplementary material). Moreover, the length of 
this polymer’s chain is crucial to its solubility. In particular, low 
MW CS appears to be more soluble, possibly, due to random 
arrangement of N-acetyl groups in its chain. These structure 
modifications affect the polymer’s conformation, by reducing 
intermolecular attraction forces (e.g. van der Waals), making 
the polymer more vulnerable to hydration forces [57]; thus, 

influencing PRC’s entrapment capacity in the polymeric mixture 
and enhancing its release [26]. As a result, low concentrations of 
CS (3% wt.) may not influence vastly the final PRC’s release 
mechanism, due to PCL’s greater amount in SS4 formulations; 
however, higher % release levels reveal a Fickian release mechan-
ism (n = 0.29) described by a diffusive regime [27,58].

Furthermore, a notably extended release rate is observed 
for SS2 and SS4 formulations during dissolution studies, by 
releasing their maximum % drug after 48 h, which can char-
acterize the release potency as prolonged, considering the 
short half-life of PRC (~15–20 min) [59]. Drug content studies 

Figure 4. (a) Stress-strain curves and (b) bar chart of Young’s modulus (E), ultimate tensile strength (UTS), and maximum elongation (ME) values of SS1, SS2, SS3, 
and SS4 3D printed scaffold samples, respectively (n = 5).

Table 4. Evaluation of E, UTS, and ME mechanical parameters of SS1, SS2, SS3, 
and SS4 3D printed scaffold samples (n = 5).

SS
E 

[MPa/(mm/mm)]
UTS 

[MPa]
ME 

[mm/mm]

SS1 30.00 ± 0.47 4.35 ± 0.24 3.92 ± 0.80
SS2 33.93 ± 6.36 4.62 ± 0.59 2.49 ± 0.83
SS3 30.35 ± 5.14 4.07 ± 0.39 2.00 ± 1.33
SS4 38.35 ± 2.64 4.37 ± 0.41 1.73 ± 0.32

Table 5. Drug release kinetics of procaine from the 3D printed extruded scaf-
folds, following the Ritger-Peppas mathematical modeling approach.

Procaine

Formulation n K R2

SS2 0.46 4.38 0.969
SS4 0.29 3.40 0.908

Figure 5. In vitro % release of procaine hydrochloride (PRC HCl) vs. time (SS2 
and SS4 extruded scaffolds) at PBS medium (t= 0–168 h). The results denote the 
mean value (n= 4, SEM < 2) and are normalised to the %wt. Of the loaded 
amount of the API.
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revealed a drug recovery of 1.44 ± 0.1 mg (with an avg. scaf-
fold weight of 100 mg) from the loaded samples. Therefore, 
dissolution studies determined that 75.29% and 60.73% inter-
acted with the polymeric matrices of SS2 and SS4, respectively, 
as per Equation 6 (§ 2.2.6). Consequently, PCL impacts the 
total drug release in both SS2 and SS4, since it effectively 
entraps the API [46]. The combination of two polymers in 
SS4 may affect the drug release rate, considering the solubility 
compatibility between the PBS dissolution medium and CS 
[27,58]. Therefore, CS in SS4 seems to enhance the solubility 
of the polymeric matrix, conducting toward a greater, almost 
twice (39.27%), dissolution rate of PRC [26,44].

4. Conclusions

In this research study, novel formulations were developed, with 
a perspective on simplifying current multimodal pain relief regi-
mens. Empty and PRC loaded 3D printed scaffolds of PCL and 
PCL/CS composites were designed and developed. 
Physicochemical evaluation, concerning heating processing 
and chemical interactions of raw materials, PMs, and extruded 
samples did not show any significant evidence, regarding their 
stability and compatibility. Moreover, printability parameters 
were optimized. Scaffold dimensions were investigated to be 
similar to the theoretical CAD dimensions, developed through 
a mathematical model. Stiffness parameters of the scaffolds were 
characterized to be reproducible, corresponding to the recti-
linear geometrical design. Furthermore, drug release studies 
were exclusively conducted in vitro, where a synergistic effect 
between PCL and CS was indicated, revealing an initial immedi-
ate release of PRC, succeeded by a 7-day extended increase. 
These models aim of laying the groundwork for the development 
of in vivo models (i.e. animal studies based on operative pain and 
pain assessment) to explore the pharmacodynamic and pharma-
cokinetic profile of the API, especially for local/distant drug 
release evaluation. Therefore, combinations of biocompatible 
and biodegradable polymeric composites have shown promising 
results in fabricating multifunctional implantable 3D printed 
DDSs, for post-operative analgesia treatment.
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