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1. Introduction

3D bioprinted poly(lactic acid) scaffolds infused
with curcumin-loaded nanostructured lipid
carriers: a promising approach for skin
regeneration

Renuka Vijayaraghavan,®® M. Vidyavathi,*“ R. V. Suresh Kumar,®
Sravanthi Loganathan 2 **° and Ravi Babu Valapa () **°

Nanotechnology and 3D bioprinted scaffolds are revolutionizing the field of wound healing and skin
regeneration. By facilitating proper cellular movement and providing a customizable structure that repli-
cates the extracellular matrix, such technologies not only expedite the healing process but also ensure
the seamless integration of new skin layers, enhancing tissue repair and promoting overall cell growth.
This study centres on the creation and assessment of a nanostructured lipid carrier containing curcumin
(CNLC), which is integrated into a 3D bioprinted PLA scaffold system. The goal is to investigate its poten-
tial as a vehicle for delivering poorly soluble curcumin for enhanced wound healing. The developed CNLC
exhibited an oval morphology and average particle size of 292 nm. The entrapment efficiency (EE) was
81.37 + 0.85%, and the drug loading capacity was 6.59 + 1.61%. CNLC was then integrated into PLA-
based 3D bioprinted scaffolds, and physicochemical analyses were conducted to evaluate their properties.
Cell viability studies carried out using fibroblast cells demonstrated that the PLA/CNLC scaffolds are non-
cytotoxic. In vivo experiments showed that the PLA/CNLC scaffolds exhibited complete wound contrac-
tion and closure of full-thickness wounds within a period of 21 days. The findings confirmed the scaffold’s
capacity as a tool for accelerating wound healing. The research emphasises the need for using biomimetic
3D printed scaffold materials and the promise of nanobiotechnology in enhancing treatment efficacy.

be either chronic or acute. While acute wounds often heal on
their own within a few weeks, chronic wounds may take much

Human skin extends to a surface area of around 20 square feet
and accounts for 15% of the total body weight of a person.” It
prevents damage to the internal parts due to environmental
factors such as temperature, humidity, pressure, and chemi-
cals. It helps with temperature control, immune system moni-
toring, preventing water loss, sensitivity, and agglutinating
vitamin D3.>* A wound is any disruption to the normally
occurring cellular structure of skin. The classification of
wound depends on its genesis, depth, location, damage type,
and outward appearance.” In the medical field, wounds may
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longer to heal owing to persistent inflammation. Chronic
wounds are exacerbated by trauma, obesity, age, and persistent
diseases like diabetes and cancer.®” The complex physiological
process of wound healing involves overlapping stages of
homeostasis, inflammation, proliferation, and tissue remodel-
ling that are carefully coordinated with each other.?
Fibroblasts, fibrinopeptides, macrophages, interleukin-8 (IL-8),
keratinocytes, platelets, and many other biochemical messen-
gers accumulate in injured regions, setting off a chain reaction
of complicated biological and chemical processes that aid in
the repair of damaged tissues. Poor and faulty healing of
wounded tissues may result from any interference with this
normal wound recovery process, such as sepsis, fissure,
anoxia, or immune dysregulation.’”** Several conditions, both
inherited and acquired, such as diabetes, interfere with the
body’s natural ability to heal wounds. Higher inflammation
and aberrant cellular infiltration, defective cytokine gene-
ration, neuritis, and insufficient neo-angiogenesis define
chronic wounds. A growing older population, rising health
care costs, and the ongoing risk of diabetes and obesity
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around the world make them a major clinical and socioeco-
nomic concern.™

This suggests that there is a great need and opportunity for
further study of wound healing. The inherent promotion of
natural healing processes involved in plants has made them a
focal point of research and study in this field."* With the devel-
opment of science, attention has switched from plants as a
whole to their active chemical components. In terms of pro-
moting wound healing, curcumin ranks first. Curcumin,
found in the rhizome of both Curcuma longa and Curcuma aro-
matica, is a low-molecular-weight polyphenolic component.*®
There are many bioactive compounds found in turmeric rhi-
zomes, but the most abundant is curcumin (77%), followed by
demethoxycurcumin (17%), bisdemethoxycurcumin (3%), and
cyclocurcumin (3%). For centuries, people have turned to this
natural remedy to alleviate swelling and speed the recovery of
damaged skin wounds. The topical administration of curcu-
min has been shown to aid in the body’s natural wound
healing process. The wound-healing process is aided by curcu-
min because it works at several stages, including the inflam-
matory, maturation, and proliferative stages.'®'” It is FDA-
approved and has several biological actions, including anti-
inflammatory and antioxidant effects."® The unique chemical
structure of curcumin (CUR) allows it to engage with several
molecules, resulting in its capacity to donate or accept
H-bonds and bind with multivalent cations.'® CUR’s anti-
oxidant properties are well known due to its effect on reactive
oxygen species (ROS) such as superoxide anion, hydrogen per-
oxide, peroxyl radicals, hydroxyl radicals, and singlet oxygen.>°
The anti-inflammatory actions of CUR are linked to its capacity
to alter cell signalling molecules. Studies have found that CUR
affects signal transducers and transcription activators such as
Notch-1, Nrf2, JAK-STAT, NF-kB, and protein kinases Akt and
MAPK.>"** The anti-inflammatory properties of CUR target
and reduce skin inflammation in several skin disorders by low-
ering immune cell cytokine expression.>®> However, the clinical
efficiency of curcumin is limited by variables including low
bioavailability, water solubility, and quick metabolism.
Another drawback of curcumin is topical toxicity at high
dosages.”>™"”

To overcome these constraints, CUR has been incorporated
using advanced delivery systems including micro-sponges,>*
hydrogels,”® nanoparticles,”® nanofibers,>” emulsions,® and
lipid-based nanoparticles.”® Recent developments in nano-
structured lipid carrier (NLC) formulations, composed of a
specific combination of solid and liquid lipids, have garnered
significant interest due to their chemical stability, low toxicity,
and impressive loading and entrapment efficiency. Unlike
solid lipid nanoparticles (SLN), NLCs represent an advanced
form of lipid nanoparticles (LNPs), demonstrating low toxicity
due to their biocompatibility and biodegradability. Their disor-
ganised crystal structure, characterised by reduced crystallinity,
limits drug leakage and enhances drug payload capacity.*
Therefore, employing nano delivery technologies to regulate
the limiting factors of curcumin presents an interesting
approach to leverage its wound healing capabilities.
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Nonetheless, these also present specific constraints, including
a low surface-to-volume ratio, inconsistent release kinetics,
inadequate mechanical conditions for cellular invasion and
proliferation, and issues related to stability.

The present study seeks to develop a 3D bioprinted compo-
site of poly(lactic acid) and curcumin incorporated into NLCs.
This approach aims to mitigate some of the limitations linked
to traditional NLCs when utilised independently, presenting a
promising strategy for enhancing wound healing and further-
ing applications in regenerative medicine. This 3D bioprinting
method facilitates accurate and personalised administration of
therapeutic agents directly to the wound area, allowing for
regulated release within specifically designed structures that
correspond to the wound’s shape and size, thereby enhancing
healing effects and possibly aiding in tissue engineering.*=*?
Poly(lactic acid) (PLA) is a biodegradable polymer commonly
employed in 3D bioprinting, especially in applications related
to tissue engineering and regenerative medicine. The wide-
spread appeal of PLA arises from its compatibility with biologi-
cal systems, its ability to break down naturally, and its robust
mechanical properties.*®> Unlike other biopolymers, such as
polycaprolactone (PCL) or polylactic-co-glycolic acid (PLGA),
PLA degrades into non-toxic byproducts, primarily lactic acid,
which are metabolized naturally through the body’s Krebs
cycle, minimizing the risk of inflammatory responses or cyto-
toxic effects.>**> PLA also offers a more balanced degradation
rate compared to PCL, which degrades in a significantly slower
manner and may impede timely tissue regeneration in
dynamic wound environments. Mechanically, PLA exhibits
superior tensile strength and thermal stability, which are criti-
cal for maintaining scaffold integrity during the healing
process, unlike PLGA, which often displays lower mechanical
robustness and faster degradation that may compromise struc-
tural support.®*®?” In the realm of skin regeneration, PLA
scaffolds act as a temporary platform for cellular proliferation,
closely resembling the natural skin structure, providing
mechanical support, and directing cell growth.>® As PLA
scaffolds degrade over time within the body via natural meta-
bolic processes, they convert into non-toxic substances, even-
tually being replaced by the newly formed tissue.”

The novelty of the present study lies in the development
and integration of curcumin-loaded nanostructured lipid car-
riers (CNLC) into 3D bioprinted PLA scaffolds for wound
healing, marking a pioneering approach in combining the
therapeutic benefits of curcumin with advanced 3D bioprint-
ing technology. This is the first reported study to leverage
CNLC’s capacity to enhance curcumin’s bioavailability and
stability—overcoming its inherent limitations such as poor
solubility and rapid metabolism—within a structurally and
biologically favourable PLA scaffold matrix. The integration of
CNLC into a 3D bioprinted scaffold not only ensures con-
trolled and localized drug delivery but also addresses chal-
lenges in traditional drug delivery systems by offering precise
customization to wound sites. Following this, we delved into
an analysis of the physicochemical attributes exhibited by the
3D-bioprinted PLA/CNLC scaffold. Also, this biomaterial was
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employed to scrutinize the in vitro proliferation of the 3
T3 human fibroblast cell line. Moreover, we also conducted
in vivo experiments using rats bearing full-thickness wounds
to evaluate the efficacy of these fabricated scaffolds in foster-
ing wound healing. By merging nanotechnology with 3D print-
ing, this approach sets a new benchmark in regenerative medi-
cine, particularly for wound healing applications, and opens
avenues for personalized therapeutic interventions.

2. Experimental
2.1 Materials and methods

2.1.1 Materials. Highly pure (>95%) curcumin and Tween
80 obtained from Sigma Aldrich, India were used as the API
and surfactant, respectively. Stearic acid and oleic acid
required to synthesize CNLC were acquired from HiMedia
Chemicals, Mumbali, India. Nature Tec India Pvt. Ltd provided
PLA (grade: 3D850 M,, = 116 000 g mol™') which was utilised
as a biopolymer in the fabrication of scaffolds.

2.2 Preparation of CNLC

Blank NLCs (BNLC) and curcumin loaded NLCs (CNLC) were
developed in accordance with the melt dispersion ultra-
sonication technique with slight modification.*” The overall
procedure is stated below which includes two stages. An oil
phase made up of a 3:1 mixture of the lipids stearic acid
(solid) and oleic acid (liquid) was prepared. An aqueous phase
containing 2% Tween 80 in distilled water was prepared.
Separately, 1% curcumin was added in the above mixture for
the preparation of CNLC. Both phases were first heated inde-
pendently to 80 °C until the lipid melted and formed a homo-
geneous clear lipid phase. Following the melting process, the
lipid phase was mixed with the surfactant aqueous solution at
2000 rpm for 10 min while maintaining the same temperature.
The obtained pre-emulsion was subjected to further treatment
with a probe-type ultrasonicator (make: Sonics & Materials,
Inc.; model: Sonics VibraCell), with an on time of 6 s and an
off time of 3 s, for 15 min, at a temperature that was kept at
least 5 °C above the melting point of the lipids. Then, the dis-
persions were allowed to cool to room temperature. The pro-
cedure for the preparation of blank NLCs was the same except
for the addition of curcumin to the NLCs.

2.2.1 Preparation of bioinks. After adequate pre-drying,
10 g of PLA pellets were weighed into a beaker containing
30 mL of chloroform. For at least 3 h, the mixture was agitated
to ensure that all of the PLA was homogenously dissolved. To
prepare the curcumin loaded PLA (PLA/C) scaffold, 100 mg of
curcumin was added to the PLA/chloroform solution. In order
to prepare the PLA/CNLC sample, 10 mL of CNLC was added
to the PLA/chloroform solution separately. Both of these com-
binations were agitated for an additional 12 h to ensure that
the NLC content was evenly distributed throughout the PLA
matrix.

2.2.2 Fabrication of 3D bioprinted scaffolds. In this work,
an advanced 3D bioprinter based on pneumatic extrusion
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(Cellink BioX™, Sweden) was used to construct 3D bioprinted
PLA, PLA/C, and PLA/CNLC scaffolds. Auto CAD SolidWorks
was used to create the 3D porous structure in the scaffolds.
The dimensions of each 3D sample were standardised to be
10 x 10 x 1 mm. Each scaffold was printed by depositing a
layer of biomaterial via a nozzle with a diameter of 0.41 mm.
The printing speed and pneumatic pressure were both fixed at
2 mm s~ ' and 120 kPa, respectively. An orthogonal layer
arrangement of 0/90° was used for the fabrication of 3D bio-
printed scaffolds.

2.3 Characterization of NLCs and bioinks

2.3.1 Particle size analysis. Dynamic light scattering (DLS)
(make: Anton Paar Litesizer; model: 500) was used to deter-
mine the particle size of CNLC. Polydispersity index (PDI) and
hydrodynamic diameter (mean diameter, z-average) are two
parameters of particle size distribution that may be obtained
using DLS. All samples were diluted (10x) with ultra-pure water
before measurements and were used to achieve an appropriate
scattering intensity. The optimal temperature during the
measurement was 25 °C.

2.3.2 Zeta potential analysis. The electrophoretic mobility
was measured to obtain the zeta potential (ZP) of the CNLC
dispersion (make: Anton Paar Litesizer; model: 500). Three
separate measurements were taken for each sample at 25 °C.

2.3.3 Entrapment efficiency and drug loading. Successful
drug entrapment into the nanocarrier system is quantified as
the entrapment efficiency (EE) of the drug. This is determined
relative to the total quantity of the active drug included in the
formulation (eqn (1)). However, the quantity of drug integrated
into the nanocarrier system is quantified by its drug loading
capacity (DL). It is determined relative to the total mass of the
formulation (eqn (2)). The centrifugation method was used to
determine the percentage of drug loading and the entrapment
efficiency of CNLC. The pH of CNLC was lowered to 1.2 with
the addition of 0.1 N HCI to form aggregates. After this, the
NLC was centrifuged at 12 000 rpm for 60 min. Following the
collection of 1 mL of supernatant, 9 mL of methanol was
further added to make up the volume to 10 mL. The concen-
tration of curcumin in the above solution was determined in
triplicate using a UV-spectrophotometer at a wavelength of
423 nm.*® Eqn (1) and (2) were used to calculate the %EE and
%DL parameters for CNLC.

Total amount of curcumin — amount of free curcumin

%EE = .
Total amount of curcumin
x 100
(1)
YDL — Total amount of curcumin — amount of free curcumin
o Total amount of NLC
x 100
(2)

2.3.4 Morphological analysis. Field emission scanning
electron microscopy (FE-SEM) (make: Carl Zeiss, Germany;

This journal is © The Royal Society of Chemistry 2025
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model: Supra 35 VP) was used to examine the exterior surface
morphology of CNLC and determine their shape. Distilled
water was used to dilute the samples, which were further air-
dried, sputtered with gold under vacuum, and then subjected
to FESEM examination at 4.0 kV.

2.4 Rheological characterization

The rheological characteristics of 3D printable bioinks of PLA,
PLA/C, and PLA/CNLC were evaluated using a rotating rhe-
ometer (make: Thermo Scientific, Karlsruhe, Germany; model:
HAAKETM MARSTM iQ). All rheology studies were conducted
on a 60 mm parallel plate. The measurements were conducted
at 25 °C. Before the analysis, the equipment was calibrated to
a shearing rate of 1-100 s~' for 300 s to ensure accuracy.
Rotational measurements were conducted at shear rates
ranging from 0.01 to 100 s~".

2.5 Characterization of 3D bioprinted scaffolds

2.5.1 Fourier transform infrared (FTIR) spectroscopy ana-
lysis. FTIR spectroscopy (make: Bruker Optik GmbH, Germany;
model: TENSOR 27) was used to conduct the spectral studies
of curcumin, BNLC, and CNLC. The existence of functional
groups in 3D bioprinted PLA, PLA/C, and PLA/CNLC scaffolds
was also examined, and spectra were obtained in the wave
number range of 4000-400 cm™'. The curcumin, BNLC, and
CNLC samples were pelletized using a die pressing process
after being combined with dried KBr at a mass ratio of 1: 10 to
facilitate analysis. The spectra for 3D bioprinted composite
scaffolds were obtained using the attenuated total reflectance
(ATR) mode.

2.5.2 X-ray diffraction (XRD) analysis. The structural ana-
lysis of curcumin, BNLC, CNLC, and 3D bioprinted PLA, PLA/
C, and PLA/CNLC scaffolds was conducted using an XRD ana-
lyser with Cu Ka radiation (1.54 A) (manufacturer: Rigaku;
country: Japan; model: Smart Lab Guidance). Wide-angle X-ray
spectra (WAXS) were captured at a scan rate of 3° min™" with a
26 detection range of 10° to 60°. The experiment was per-
formed using a step size of 0.01° and a counting time of 0.5 s
per step at 40 kV and 30 mA.

2.5.3 Thermogravimetric analysis (TGA). Using a thermo-
gravimetric (TG) analyser (make: NETZCH, Germany; model:
STA 2500), the heat stability or thermal degradation behaviour
of curcumin, CNLC, BNLC, and 3D bioprinted PLA, PLA/C,
and PLA/CNLC composite scaffolds was assessed. All samples
were analysed in the temperature range of 30-600 °C at a
heating rate of 10 °C per minute in a nitrogen (N,)
environment.

2.5.4 Scanning electron microscopy (SEM) analysis. 3D bio-
printed PLA, PLA/C, and PLA/CNLC composite scaffolds were
examined for their surface morphology using a scanning elec-
tron microscope (make: TESCAN, Czech Republic; model:
VEGA 3). Before being analysed by SEM, the scaffolds were
gold-sputtered under vacuum.

2.5.5 Atomic force microscopy (AFM) analysis. Atomic
force microscopy in the contact mode (make: Agilent
Technologies, USA; model: 5500 series) was utilized to
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examine the surface topography of 3D bioprinted PLA, PLA/C,
and PLA/CNLC composite scaffolds.

2.5.6 In vitro degradation analysis. For the in vitro degra-
dation investigation, 3D bioprinted scaffolds of PLA, PLA/C,
and PLA/CNLC (1 cm x 1 cm) were dry-weighed (W,) before
being immersed in a 5 mL vial of phosphate buffer solution
(PBS) (pH 7). The vials were kept in an orbiting incubator
rotating at 100 rpm and 37 °C for up to four weeks. The
samples were taken out of the vials after 1, 7, 14, 21, and 28
days and then freeze dried and weighed (Wy4). By comparing
the post-degradation weight of the sample to its initial weight,
the percentage of scaffold degradation was calculated using
the formula given below:

o

Wy — W,
2o — 74 100 (3)
W,

o

Weight loss (%) =

2.5.7 Antibacterial activity. The evaluation of antibacterial
activity of the scaffolds was conducted through the agar disc
diffusion method, using Gram-positive (Staphylococcus aureus)
and Gram-negative (Escherichia coli) bacterial strains. In a solu-
tion of 0.9% NaCl in 3 mL of deionized water, the microorgan-
isms were suspended. The agar medium was prepared by com-
bining the microbial suspension with it shortly before it could
solidify. The bacterial suspension contained about 3 x 10’ CFU
of bacteria per millilitre. First, 15 mL of the agar medium con-
taining the bacteria was evenly distributed across Petri dishes
and allowed to solidify. Then, the 3D bioprinted PLA, PLA/C,
and PLA/CNLC scaffolds (1 em x 1 cm) were gently positioned
on the agar. After this, the Petri dishes were kept at 37 °C for
24 h. Using the antibiotic zone reader, the size of the zone of
inhibition was measured to determine the efficacy of the
scaffolds.

2.6 Invitro cell culture studies

The 3 T3 mouse embryonic fibroblast cell line was obtained
from the National Centre for Cell Science (NCCS), Pune, India,
for in vitro biological assessment experiments. Given the
importance of fibroblasts in the connective tissue, this cell
line has been used extensively in research to investigate wound
healing in in vitro models, which makes it an ideal preference
for this study. The 3 T3 cell line was cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco™, USA). Also, the
medium was supplemented with foetal bovine serum (FBS)
and antibiotics [penicillin (100 g mL™") and streptomycin
(100 g mL™")]. The culture was incubated at 37 °C in an
environment containing 5% CO,. All cell culture experiments
were done in triplicate.

2.6.1 Cell proliferation assay. For this study, 3 T3 cells were
seeded onto 3D bioprinted PLA, PLA/C, and PLA/CNLC compo-
site scaffolds and then subjected to an MTT [(3-(4,5-dimethyl-
thiazolyl-2)-2,5-diphenyltetrazolium bromide), Sigma Aldrich,
India] assay to determine the vitality and proliferation of the
cells. The MTT reagent was prepared by diluting it to a concen-
tration of 5 mg mL™" in phosphate buffer solution (PBS,
Gibco™, USA) prior to use. Cell-seeded scaffolds were incubated
for the appropriate time (1-14 days), 40 uL of MTT solution was
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added, and then the scaffolds were left in the incubator for
another 4 h, until a purple precipitate was formed. The yellow
MTT dye was reduced by the mitochondrial oxidoreductase
enzyme in cells with active metabolism. Then, the media was
sucked out of all the wells, and were washed thrice with PBS.
After the medium was removed, 300 pL of dimethyl sulfoxide
(DMSO, Sigma-Aldrich, India) was added to dissolve the forma-
zan crystals for spectroscopic analysis. The microplate reader
was then used to evaluate the cytotoxicity of 3 T3 cells by
measuring the OD at 570 nm (make: Thermo Fisher Scientific,
Waltham, USA; model: Multiskan GO). The following formula
was used to determine the percentage (%) of live cells:

(mean value of OD)

Cell viability (%) = (mean value of OD)

st %100  (4)

control

2.6.2 Live/dead assay. The 3D bioprinted PLA, PLA/C, and
PLA/CNLC composite scaffolds were stained with Acridine
Orange/Ethidium Bromide (AO and EtBr, HiMedia, India) to
analyse the apoptotic behaviour of cells. After the 7™ and 14™
day of the incubation period, the cell-seeded 3D bioprinted
scaffolds underwent three washes with sterile PBS and were
subsequently stained using a dual fluorescent solution con-
taining AO and EtBr. The cells underwent incubation for
45 min prior to visualisation with a fluorescent cell imager
(model: ZOETM; manufacturer: Bio-Rad Laboratories,
Singapore). The observation of green fluorescence signifies the
presence of viable cells, as AO is capable of penetrating living
cells and attaching to DNA within the nucleus. EtBr infiltrates
compromised cell membranes and interacts with fragmented
DNA, resulting in red fluorescence, indicative of cell death.

2.7 In vivo animal wound model

An excision wound model in adult male Wistar rats was used
to test the wound healing efficiency of 3D bioprinted compo-
site scaffolds. All rats used in the investigation were pathogen-
free and weighed between 150 and 200 g (Kedar Biolabs,
Telangana, India). The animals used in the research were
obtained from the primary animal facility available at SPMVV
University, Tirupati, India. The Institutional Animal Care and
Use Committee (IACUC) granted approval for this study, with
approval number CPCSEA/1677/SPMVV/IAEC/IIL. The rats were
housed in polypropylene cages at a temperature of 25 + 2 °C
and subjected to a standard 12 h laboratory light/dark cycle.
Food (chow) and water were always available to the rats. There
were 24 animals overall, and they were divided into four sets of
six each (Table 1). The first group (control) received no treat-

Table 1 Treatment groups for in vivo studies

Group Group No. of
S.no no name animals Treatment
1. 1 Wound 6 Wound created
2. I Blank 6 Wound created + PLA scaffolds
3. 1 Test 1 6 Wound created + PLA/C scaffolds
4. v Test 11 6 Wound created + PLA/CNLC

1290 | Biomater: Sci, 2025, 13,1286-1303
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ment. The second group received a blank (PLA) scaffold, the
third group received a curcumin loaded PLA scaffold (PLA/C),
and the fourth group received a PLA scaffold incorporated with
CNLC (PLA/CNLC). Each group received a scaffold with an area
of 1 cm?.

2.7.1 Preparation of animals. Prior to being placed in a
natural resting position on the operating table, the animals
were given intramuscular injections of xylazine HCI (10 mg
kg™') and ketamine HCI (80 mg kg™") to induce anaesthesia.
The dorsal fur of the animals was shaved using an electric
clipper, and an outline of the planned wound location,
measuring 1 x 1 cm? was sketched on their backs, between
their shoulders (5 mm away from the ears). A 1 em® wound
area was obtained after the full-thickness skin had been
removed from the designated region. This wound was then
cleaned with sterile gauze to restore equilibrium. After receiv-
ing their respective scaffolds, the animals in the treatment
groups (groups II, III, and IV) were bandaged. Every day, the
bandage wrap was checked for looseness and changed, if
necessary, until the 28" day.

2.7.2 Wound closure. The percentage of wound healing
was recorded every week after the infliction of the wound. The
graphical method was employed to ascertain the percentage
reduction in the wound area by tallying the squares of the
retraced wound area. The proportion of the original wound
area healed was calculated using the following eqn (5):

wound area on zeroth day

1 =1-
Yiclosure wound area on the following days

X100 (5)

2.8 Assessment of biochemical constituents

The granulation tissue of all the animals was collected on days
7 and 14. After being washed in cold saline (0.9%) to eliminate
any blood clots, the sample was stored in a normal saline solu-
tion at —20 °C until biochemical analysis could be conducted.
2.8.1 Estimation of hydroxyproline. Following the pro-
cedure outlined by Ponrasu et al.,*' the hydroxyproline concen-
tration of the connective tissue surrounding the wound was
determined. Briefly, 10 mL of 6 N HCI was used to homogenise
300 mg of granulation tissues, and the resulting liquid was
afterwards transferred into test tubes. The test tubes were
sealed, and then heated to 130 °C for 3 h to hydrolyze the
samples. The contents of the test tubes were transferred to a
graduated measuring cylinder, 2 mL of methyl red was added,
and the cylinder was shaken briskly. Then, NaOH (2.5 N) was
added, and the solution was agitated until the pink colour
faded to yellow. The pH was adjusted to a more neutral range
by adding HCI (0.01 N), to around 6-7. By diluting with dis-
tilled water, the total volume of the sample was brought to
50 mL, and then 2 mL of the diluted sample was mixed with
1 mL of chloramine-T solution. To this, 1 mL of perchloric
acid was added and the contents were kept at room tempera-
ture for 20 min after gentle mixing. Each test tube was added
with 1 mL of p-dimethylaminobenzaldehyde (PDAB), and then
they were shaken until there was no longer any trace of colour.

This journal is © The Royal Society of Chemistry 2025
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Each tube was heated to 60 °C in a water bath and sub-
sequently cooled rapidly under running water. The absorbance
was recorded at 557 nm with the use of a calorimeter. The
tissue hydroxyproline concentration was determined using a
standard curve and expressed as mg g~ ! wet weight.

2.8.2 Estimation of hexosamine. The Blix method was
employed to ascertain hexosamine concentrations across
various body tissues. To achieve this, 300 mg of granulation
tissues was homogenised in 10 mL of 6 N HCI, and sub-
sequently, the solution was transferred into test tubes. The
samples were hydrolyzed by placing them in sealed test tubes
and heating them to 98 °C for 8 h. The pH was adjusted to 7
by adding 4 N NaOH to the solution in the test tubes, which
were then poured into the graduated cylinder. The sample was
diluted to 50 mL with distilled water, and then 2 mL of that
solution was mixed with 1 mL of 2% acetylacetone. After
heating the mixture to 96 °C for 40 min, 1 mL of Ehrlich’s
reagent and 5 mL of 96% ethanol were added, and the liquid
was cooled under running water. The solution was then stirred
and allowed to stand still for 1 hour at room temperature. The
absorbance of the pink solution was recorded at 530 nm, and
the concentration of hexosamine was established by referen-
cing the results against a standard curve. The hexosamine
content of the tissue is presented in mg g~ " of dry weight.

2.9 Histological analysis

On days 7, 14, 21 and 28 of therapy, histological samples were
obtained from all groups and preserved in 10% buffered for-
malin. Sections were cut using a corneal trephiner and stained
with hematoxylin and eosin following the normal protocol of
paraffin embedding. The fixed samples were examined under a
microscope to determine the effect of 3D bioprinted scaffolds
on wound healing.

2.10 Gross studies

The photographs of wounds sustained by each group were cap-
tured and compared visually as part of our overall assessment.

2.11 Statistical analysis

The results are presented as the mean standard deviation (S.
D.), and all studies were performed in triplicate. The statistics
were analysed using GraphPad Prism® 7 (Version 7.0). One-
way ANOVA was carried out for three or more groups to deter-
mine the statistical significance. Statistical significance (when
n = 3) was assumed for values with p-values of *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion
3.1 Size distribution, zeta potential and morphology

To enhance the bioavailability of curcumin, NLCs containing
curcumin were produced using the melt dispersion ultra-
sonication process. Stearic acid was used as the solid matrix
and oleic acid was used as the liquid lipid for the production
of CNLC. Tween 80 was chosen as a surfactant. In the context
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of NLCs, particle size is a crucial factor that influences both
the degree and speed at which a drug may permeate and be de-
posited in the skin. The particle size study of CNLC indicates
that they exhibit a slim distribution width and a narrow par-
ticle size range of 200-500 nm with polydispersity indexes
(PDI) of 0.173, which confirms the homogeneity of the dis-
persion (Fig. 1(a)). A smaller particle size results in a greater
interfacial surface area, which enhances medication absorp-
tion. Particles with an average diameter of up to 400 nm may
be readily carried across cells. Furthermore, it was proposed
that the reduced dimensions facilitate a more rapid rate of
release.*” Additionally, there have been reports indicating that
a smaller particle size might result in faster absorption and
enhance the bioavailability.*® Additionally, PDI quantifies the
breadth of particle size dispersion. If the polydispersity index
(PDI) is less than 0.5, it indicates a high level of uniformity in
the particle population. Conversely, high PDI values indicate a
wide range of particle sizes.

The ZP denotes the electric charge applied to the surface of
the NLCs. A higher ZP value indicates a better likelihood of
stability for the suspension, since the charged particles resist
each other and counteract the inherent inclination to assem-
ble. It is widely accepted that larger ZP values, whether positive
or negative, indicate that the dispersion will exhibit more long-
term stability.** The ZP value was determined to be —10.41 mV
(Fig. 1(b)). Formulations with a negative zeta potential experi-
ence stronger electrostatic repulsion between globules, which
prevents the merging of globules and ensures their physical
stability.

The morphological analysis of the NLC formulation was
conducted by capturing Field Emission Scanning Electron
Microscopy (FESEM) images of freeze-dried NLCs. It has been
revealed that they possess an oval form (Fig. 1(c)). The size
analysis findings align with the size distribution histogram
obtained from the FESEM study for CNLC (Fig. 1(d)).

3.2 Encapsulation efficiency and drug loading

The developed CNLC showed satisfactory entrapment and
loading efficiency. The entrapment efficiency of curcumin was
determined to be 81.37 + 0.85%, whereas the drug loading was
found to be 6.59 + 1.61%.

3.3 Rheological characteristics of bioinks

The rheological characteristics of bioinks is a crucial foun-
dation for assessing their capacity to be printed. A suitable vis-
cosity is needed for the bioink in order to achieve high form
fidelity and controlled printing. The objective is to develop an
ink that has a well-defined yield stress and exhibits shear-thin-
ning behaviour in terms of rheology. The bioink must possess
sufficient strength to prevent the building from collapsing due
to its own weight after deposition.*

Fig. 2(a) demonstrates that the storage modulus (G') has a
positive correlation with frequency for all three inks,
suggesting their elastic nature. The material PLA/CNLC exhi-
bits the greatest value of G', followed by PLA/C, and finally
PLA. This indicates that PLA/CNLC has the highest elasticity
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and has the capacity to store a greater amount of energy
throughout the process of deformation. Fig. 2(b) illustrates the
loss modulus (G”), which likewise exhibits an increase in the
value as the frequency rises. The PLA/CNLC combination once
again demonstrates the greatest values, with PLA/C and PLA
following closely after. Furthermore, they exhibit a G' < G”
relationship. At a shear rate of 0.01%, the storage modulus (G')
of PLA is 6 Pa and the loss modulus (G") is 8 Pa. At the same
shear rate, PLA/C has G’ and G” values of 8 and 12 Pa, while
PLA/CNLC has higher G’ and G” values of 72 and 108 Pa,
respectively. Consequently, it may be inferred that the viscosity
of the bioink is more significant than its elasticity, which is a
typical characteristic of any polymeric bioink.

The viscosity of the bioink was measured at a temperature
of 25 °C throughout a range of shear rates from 0.01 to 100 Hz
(Fig. 2(c)). The rheological investigation revealed that the vis-
cosity of PLA at a frequency of 0.01 Hz was found to be 19 x
10" Pa s. However, at the greatest shear rate of 100 Hz, the vis-
cosity reduced significantly to 13 x 10® Pa s. The viscosity of
PLA/C was found to be 19 x 10" at a frequency of 0.01 Hz and
reduced to 18 x 10® Pa s at the greatest shear rate of 100 Hz.
The viscosity of the PLA/CNLC mixture was initially found to
be 12 x 10° at 0.01 Pa s and decreased to 15 x 10> when sub-
jected to the greatest shear rate of 100 Hz. All three bioinks
showed shear-thinning characteristics and PLA/CNLC exhibi-
ted the highest viscosity compared to other bioinks, where the
viscosity decreased as the shear strain increased. Hence, all
three bioinks demonstrated unobstructed extrusion via the 3D
printer nozzle, indicating their compatibility with 3D-
bioprinting.

The extrusion tension and printing speed were adjusted to
control the optimal circumstances for 3D printing with PLA,
PLA/C, and PLA/CNLC. Various printing speeds ranging from 2
to 7 mm s~' and extrusion pressures ranging from 60 to 200
kPa were used to print structures in order to assess the print-
ability of all the bioinks in a qualitative manner (Fig. 2(d1-
d3)). The printing outputs were categorised using the colours
red, green, and yellow. The findings indicated that the colour
red indicates the occurrence of blockage in the bio ink, while
the colour yellow suggests the presence of a defective pore
structure and geometry. On the other hand, the colour green
signifies the optimal range for 3D printing. The bioink exhibi-
ted unobstructed flow from the nozzle and yielded very robust
and functioning structures.

3.4 Fourier transform infrared (FTIR) spectroscopy analysis

FTIR analysis was used to determine the functional groups
present in the active ingredient ‘curcumin’ and to investigate
its interactions with lipid carriers. Fig. 3(a) displays the spec-
tral pattern of curcumin, BNLC, CNLC, and the 3D bioprinted
PLA, PLA/C, and PLA/CNLC scaffolds. The infrared spectra of
curcumin include stretching vibrations at 1629 cm™", mostly
associated with the overlapping stretching vibrations of
alkenes (C=C) and carbonyl (C=O0) functional groups. The
infrared spectrum of the curcumin ligand exhibits a stretching
vibration at 3180-3540 cm™', which is caused by the O-H

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

groups. Furthermore, a C=C aromatic stretching vibration is
observed at 1425 cm™ ", accompanied by a high intensity band
at 1510 cm™". This band is associated with a combination of
vibrations, such as the stretching of carbonyl bonds v(C=O0),
in-plane bending vibrations related to aliphatic 5§ CC-C and &
CC=0O0, and in-plane bending vibrations concerning aromatic
6 CC-H in both keto and enol forms. Additionally, stretching
vibrations are observed around the aromatic C-C bonds in
both the keto and enolic forms of curcumin.?**® Additionally,
a notable and intense band at 1267 cm™" corresponds to the
bending vibration of the phenolic band »(C-0). The spectra of
BNLC and CNLC exhibit characteristic bands at 2919 cm™" and
2851 cm™*, which correspond to —-CH, vibrations and O-CH,
vibrations, respectively. Additional bands linked to ester bonds
(-COO-) were seen at 1732 cm™ ', and vibrations relating to
C=O0 and CH, were detected within the range of
1466-1202 cm™'. Finally, the bands ranging from 966 to
1107 em™" are attributed to the symmetrical arrangement of
the C-O bond and the asymmetric stretching vibrations of the
C-O bond in the ether functional groups. Evidence of C encap-
sulation in lipid nanoparticles was indirectly discovered via
the CNLC spectral analysis. The characteristic bands that typi-
cally indicate the presence of curcumin (C) were either hidden
or concealed inside the blank Nano Lipid Carrier (NLC) peaks.
The transmittance spectra of the pure PLA, PLA/C, and PLA/
CNLC samples had distinct characteristics. Peaks were seen at
2700-3000 cm™", which correspond to the stretching of ~CH,
groups. Additionally, peaks at 1460-1413 cm ™" are ascribed to
the bending of ~-CH; groups, while a peak at 1382 cm™ is allo-
cated to C-H bending. The picture also shows a clear elonga-
tion of the carbonyl group (C=O0) in the ester bond at around
1749 cm™’, along with a balanced elongation of the -C-O-C
bond at 1170 em ™" and an imbalanced elongation of the ~-CH;
bond at 1070 cm™". The prominent bond seen in PLA/CNLC is
characterised by peaks at 2923 cm™ and 2856 cm™.
Furthermore, the inclusion of CNLC in the PLA matrix reduced
its peak intensities.

3.5 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) was used to investigate the crystalline
characteristics of drug-loaded and drug-free nanostructured
lipid carriers (NLCs). Highly crystalline lipids provide sharp,
high-intensity reflections, whereas an amorphous backdrop of
defective lipid lattice creates low-intensity reflections. Fig. 3(b)
displays the X-ray diffraction patterns of curcumin, freeze-
dried powder of blank BNLC, freeze-dried powder of CNLC,
and the 3D bioprinted scaffolds made of poly(lactic acid)
(PLA), PLA with curcumin (PLA/C), and PLA with curcumin-
loaded NLCs (PLA/CNLC). The X-ray diffractogram of curcumin
powder reveals distinct peaks at diffraction angles of 20 =
12.99°, 14.86°, 17.23°, 17.91°, and 21.05°, indicating the pres-
ence of crystalline structure in the powder. The XRD pattern of
CNLC shows the complete disappearance of the distinctive
peaks associated with C, suggesting that C molecules have
been dispersed inside the hydrophobic core region and have
established a disordered connection with the NLC matrix. The
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Fig. 3 (a) FTIR spectra, (b) XRD pattern, and (c) TGA profile for curcumin, BNLC, CNLC, and 3D bioprinted PLA, PLA/C, and PLA/CNLC scaffolds. (d)
In vitro degradation study of 3D bioprinted PLA, PLA/C, and PLA/CNLC scaffolds in PBS solution (pH 7) at 37 °C.

diffraction pattern of both BNLC and CNLC shows no notice-
able variation in the peak pattern, indicating that the addition
of curcumin did not alter the characteristics of NLCs. The dis-
tinct diffraction peaks corresponding to PLA were identified in
all of the 3DP scaffolds. The existence of CNLC may be con-
firmed from the presence of three low-intensity peaks in the
diffractogram of PLA/CNLC, namely at 11.6°, 21.4° and 24.5°.

3.6 Thermogravimetric analysis (TGA)

Fig. 3(c) exhibits the thermogravimetric profile for curcumin,
BNLC, CNLC, and 3D bioprinted PLA, PLA/C, and PLA/CNLC
scaffolds. The graph shows that curcumin first underwent a
decrease in mass between 85 and 120 °C, leading to a loss of
around 3% of its mass. This behavior may be attributed to the
process of water evaporation from the sample. The compound
experienced a secondary reduction in mass as a result of
thermal disintegration occurring between temperatures of
210 °C and 370 °C. The breakdown led to a reduction in mass
of 58%. The residual mass constituted around 40% at a temp-
erature of 599 °C. For both blank (BNLC) and drug-loaded
NLCs, the sample experienced the greatest weight loss at
higher temperatures, between 370 °C and 520 °C. The loss of

1294 | Biomater. Sci, 2025, 13, 1286-1303

integrity in lipid particles occurred as a result of the decompo-
sition process, which includes the cleavage of the carbon-
carbon double bond and the subsequent fragmentation of the
molecule into smaller, volatile molecules.”” The weight loss
process in PLA/C occurs in two distinct stages. The first degra-
dation stage takes place between temperatures of 85 and
148 °C, leading to a weight reduction of around 9%. The
primary cause of this reduction in bulk is mostly attributed to
the removal of moisture. The subsequent phase of degradation
takes place within the temperature range of 260-355 °C, result-
ing in a significant decrease in mass by 96%. The thermo-
gravimetric analysis (TGA) of the PLA/CNLC material reveals a
substantial degradation process between temperatures of
180 °C and 347 °C, leading to a 98% reduction in mass. The
main degradation mechanism in PLA/C and PLA/CNLC mainly
consists of the breakdown of organic chains in C and CNLC,
as well as the cleavage of the carbonyl backbone in PLA.

3.7 Invitro degradation study of 3D bioprinted scaffolds

Fig. 3(d) illustrates the findings of weight loss investigation
carried out on scaffolds placed in PBS to obtain a deeper
understanding of the degradation characteristics of 3D bio-
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printed PLA and PLA composite scaffolds. The PLA and PLA/C
scaffolds exhibited little weight loss; however, the degradation
ratio markedly increased with the incorporation of CNLC into
the scaffolds, as seen in Fig. 3(d). Based on these data, it can
be inferred that the CNLC component plays a crucial role in
regulating the degradation of the PLA/CNLC scaffold.

3.8 Scanning electron microscopy analysis

Fig. 4 displays the results of the SEM study, which examines
the morphology of the 3D bioprinted PLA, PLA/C, and PLA/
CNLC composite scaffolds. Table 2 provides a comprehensive
overview of the printing parameters associated with each
scaffold. In this research, a 60% infill density was chosen for
PLA and PLA/C, while a 50% infill density was picked for PLA/
CNLC. This decision was made because of the observation that
choosing a higher infill density led to the formation of non-
uniform structures and blocking of pores. Choosing a lower
infill density, however, led to uneven filament formation. The
average pore diameter (Avg. Dp) and average filament diameter
(Avg. Dg) of 3D bioprinted PLA, PLA/C, and PLA/CNLC
scaffolds were determined from the SEM morphological ana-
lysis displayed in Fig. 4. The computed values are presented in
Table 2. The PLA/CNLC composite scaffolds exhibit surface
roughness, whereas the surfaces of PLA and PLA/C are
smooth, as seen in Fig. 4. The level of roughness is directly
related to the degree of uniform distribution of CNLC across
the outside edges and inner regions of the PLA ink during the
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Table 2 Printing specifications used for the scaffold fabrication

Nozzle Layer Avg. Dy Avg. Dp
Scaffolds diameter (mm) height (mm) (nm) (nm)
PLA 0.410 0.2 326 526
PLA/C 0.410 0.2 276 509
PLA/CNLC 0.410 0.2 626 201

process of 3D printing. Fig. 4 shows the visual representations
of the 3D bioprinted scaffolds.

3.9 Atomic force microscopy (AFM) analysis

Atomic force microscopy (AFM) was used to examine the
surface and network topologies of the 3D bioprinted PLA, PLA/
C, and PLA/CNLC scaffolds. AFM is a valuable technique for
analysing the configuration and various characteristics of
polymer nanocomposites. Fig. 5(a) illustrates that both PLA
and PLA/C surfaces exhibit a rim-and-plain topology. However,
the inclusion of CNLC into the PLA matrix resulted in a trans-
formation of the topography into a rough surface with bristles.
Therefore, the AFM surface topographical analysis uncovers
the diverse and varied solid microstructure of PLA/CNLC
scaffolds. Based on Fig. 5(b), the root mean square roughness
(Rq) values are determined to be 53 nm for PLA, 92 nm for
PLA/C, and 219 nm for PLA/CNLC. R, is responsive to both the
lower and higher frequency elements of the surface and offers
quantification of the total roughness. PLA/CNLC exhibits more
roughness as compared to other scaffolds.

PLA/CNLC

”
232.6 ym 1805 ym
SEM HV: 15 KV WD: 15.56 mm
View field: 2.83 mm Det: SE
SEMMAG: 45X | Date(midy): 02107723

Fig. 4 SEM and optical images of 3D bioprinted PLA, PLA/C, and PLA/CNLC scaffolds.
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Fig. 5 (a) AFM surface topography and (b) roughness analysis for 3D bioprinted PLA, PLA/C, and PLA/CNLC scaffolds.

3.10 Antibacterial activity

The antibacterial efficacy of 3D bioprinted scaffolds is shown
in Fig. 6(a) and (b). PLA/CNLC exhibited noteworthy antibac-
terial activities, yielding significant results. PLA/CNLC exhibi-
ted the highest zone of inhibition (ZOI) against Escherichia coli
(2.6 cm) and Staphylococcus aureus (2.4 cm) when compared to
PLA/C scaffolds. However, PLA/C demonstrated the ability to
suppress the development of all bacterial strains, whereas PLA
exhibited no antibacterial properties. The antibacterial activity
observed in this study can be attributed to the unique pro-
perties of curcumin. Its mechanism of action involves the dis-
ruption of bacterial cell walls and membranes due to its inter-
action with lipid bilayers, which compromises membrane
integrity.*®*° This disruption is primarily facilitated by curcu-
min’s hydrophobic polyphenolic structure, allowing it to

ﬂ

¥)
\\_

Fig. 6 (a) Antibacterial activity and (b) zone of inhibition graph for PLA/C
scaffolds against Gram-positive and Gram-negative microorganisms.
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embed into and destabilize bacterial membranes, leading to
leakage of essential intracellular contents. Furthermore, curcu-
min induces oxidative stress by generating reactive oxygen
species (ROS), which damage cellular components such as
DNA, proteins, and lipids, ultimately resulting in bacterial cell
death.”® Additionally, curcumin is known to inhibit quorum
sensing, a critical bacterial communication process, thereby
reducing biofilm formation and virulence factor production.”
These mechanisms collectively explain the observed enhanced
antibacterial activity of the PLA/CNLC scaffolds against
Escherichia coli and Staphylococcus aureus.

3.11 Cell proliferation assay

The biological compatibility of 3D bioprinted scaffolds made
from PLA, PLA/C, and PLA/CNLC was assessed using the MTT
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Zone of inhibition (cm)
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aureus coli

Pathogens

and PLA/CNLC scaffolds for 3D bioprinted PLA, PLA/C, and PLA/CNLC
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Fig. 7 Cell viability percentage and growth rate for 3D printed PLA, PLA/C, and PLA/CNLC scaffolds using MTT assay. (a) Viability percentage (%) vs.
incubation period and (b) OD at 570 nm vs. incubation period. The data are presented as mean + S.D. for n = 3. ** indicates significance for p < 0.01

and *** indicates p < 0.001.

test. The scaffolds were inoculated with 3 T3 cells, and the
optical densities (ODs) were measured over a period of 1-14
days. Based on the data shown in Fig. 7(a), it can be inferred
that the cell viability (%) of the PLA, PLA/C, and PLA/CNLC
scaffolds increases as the incubation duration increases. The
graph illustrates the percentage of cell viability throughout the
period of 1 to 14 days of incubation. Fig. 7(b) demonstrates
that the optical density of the PLA, PLA/C, and PLA/CNLC
scaffolds increases as the incubation period progresses. The
PLA/CNLC scaffolds exhibited the highest proportion of viable
cells at all time periods, indicating that the scaffolds closely
resembled the extracellular matrix (ECM) of the skin tissue
and provided favourable conditions for cell growth, as seen by
the cell proliferation shown in Fig. 7(b). The enhanced cell pro-
liferation observed in the PLA/CNLC scaffolds can be attributed

PLA/C

to the synergistic effects of curcumin’s bioactive properties and
the scaffold’s optimized physical characteristics. Curcumin, as a
potent antioxidant and anti-inflammatory agent, reduces oxi-
dative stress in fibroblasts by neutralizing reactive oxygen
species (ROS) and modulating inflammatory pathways.”>*> This
creates a favourable microenvironment that supports cellular
viability, proliferation, and migration, which are essential pro-
cesses in wound healing. Additionally, curcumin’s ability to
inhibit pro-inflammatory cytokines and promote the expression
of growth factors further enhances fibroblast activity and tissue
regeneration.”®®” The PLA/CNLC scaffolds demonstrated
superior performance compared to PLA and PLA/C scaffolds in
terms of cell growth, providing evidence that their nanoscale
design successfully replicated the extracellular matrix (ECM)
and promoted cell attachment and proliferation.

PLA/CNLC

Fig. 8 Live/dead staining of 3 T3 cells seeded on PLA, PLA/C, and PLA/CNLC scaffolds for varying culture time durations.
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scaffold when they are cultured for longer periods.
Differentiating between normal cells and apoptotic cells may

The cell proliferation and vitality of 3 T3 cells on 3D bioprinted be achieved by assessing their permeability to AO and EtBr.
scaffolds made of PLA, PLA/C, and PLA/CNLC were evaluated Usually, the binding of DNA results in the emission of green
and are shown in Fig. 8. Cells have the ability to colonise the glow for AO and red fluorescence for EtBr. Typically, deceased
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Fig. 9 In vivo models of full thickness wound healing on the skin. (a) Photos of wound sites on days 0, 7, 14, and 21 after scaffold adhesion. (b)
Statistical analysis of wound closure rates of the control, 3D bioprinted blank PLA, PLA/C, and PLA/CNLC groups at all time points.
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cells exhibit vivid crimson luminescence and are readily sus-
ceptible to staining by both AO and EtBr dyes. However, the
presence of green colour in living cells indicates that they are
only permeable to AO.’® Following the seeding process, 3 T3
cells attach to the scaffolds by acquiring a spherical shape, as
seen in Fig. 8. When 3 T3 cells are cultured further, they
spread out further across the surface of the scaffold and start
to proliferate. The results indicate that 3 T3 cells attach and
proliferate in a comparable manner on PLA and PLA/C
scaffolds, but show significantly improved adherence and pro-
liferation on the PLA/CNLC scaffold. The MTT test results of 3
T3 cells cultured on the scaffold support these findings, indi-
cating that the inclusion of CNLC significantly impacts the
biological suitability of the 3D bioprinted scaffold.

3.13 Invivo wound healing assay

The wound healing ability of the 3D bioprinted PLA, PLA/C,
and PLA/CNLC scaffolds was assessed by analysing wound
regions and assessing wound closure. The scaffolds exhibited
strong adherence to the wound site in all the three groups
during surgery, and none of them had any post-operative pro-
blems such as infection or swelling. Fig. 9(a and b) demon-
strates the efficacy of scaffolds in promoting wound healing in
an excision model. On the 7th, 14th, 21st, and 28th days after
the injury, there was a decrease in the size of the wound.
Fig. 9(b) demonstrates that the healing of wounds in the PLA/
CNLC sample group was significantly better than that in the
PLA and PLA/C groups, as seen in comparison with the control
group. On the seventh day, the percentage of wound closure
was around 42% for the PLA/CNLC group, 41 + 2.6% for the
PLA/C group, 26% for the blank PLA group, and 18% for the
control group. By day 21, the wounds had fully healed for PLA/
CNLC, with a closure rate of 70%. For PLA/C, the closure rate
was 48%. The closure rates for blank PLA and the control
group were 44% and 31% respectively. On day 21, the effective-
ness of PLA/CNLC scaffolds in wound healing demonstrated
complete closure of the wound. Fig. 9(a) displays photos of
injuries incurred by each group.
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3.14 Biochemical assessment

Various binding proteins play a crucial role in the skin’s reac-
tion throughout the process of wound healing. Inflammation
cells play a role in promoting the growth of endothelial cells
during the healing process, which in turn supports the devel-
opment of new blood vessels, creation of collagen, and restor-
ation of damaged regions with new epithelial cells. Matrix con-
stituents such as hydroxyproline and hexosamine play a role in
the creation of fresh extracellular matrix. Connective tissue
scleroproteins, such as collagen and elastin, are composed of
the amino acid hydroxyproline. Hydroxyproline has shown to
be a dependable indicator for identifying the presence of col-
lagen and monitoring its metabolic processes. Hexosamine, a
matrix molecule, serves as a fundamental component for the
creation of fresh extracellular matrix. It promotes the synthesis
of extracellular matrix, hence facilitating wound healing via
the upregulation of hyaluronic acid production. Prior studies
have shown that an elevation in the concentration of these
molecules facilitates the process of tissue healing after an
injury.”® The concentrations of hydroxyproline and hexosa-
mine in the granulation tissue were assessed on the zeroth
and 14™ day in the groups of rats undergoing therapy. Fig. 10
shows the efficacy of scaffolds in influencing hydroxyproline
and hexosamine levels. On the 14™ day, the amounts of hydro-
xyproline (12.64 + 1.2 mg g ') and hexosamine (10.21 +
1.92 mg g~ ") were significantly higher in the 3D bioprinted
PLA/CNLC group compared to the control group. This suggests
that there was an enhanced deposition of collagen in the 3D
bioprinted PLA/CNLC group. The efficacy of 3D bioprinted
PLA/C in restoring hydroxyproline (4.73 + 0.68 mg g~') and
hexosamine (3.2 = 0.63 mg g ") levels in mice was reduced on
day 14. The presence of higher levels of collagen at the wound
site serves as a clear indication of the quantity of fibroblasts
that are actively depositing new tissue, suggesting an early
phase in the healing process. The presence of greater amounts
of hydroxyproline and hexosamine compounds in PLA/CNLC
scaffolds, as compared to PLA/C scaffolds, confirms the better
capability of CNLC in promoting wound healing.
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Fig. 10 Impact of 3D bioprinted scaffolds on (a) the hydroxyproline content and (b) the hexosamine content of rats on the zeroth and 14" day post

wounding.
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3.15 Histological analysis

In order to assess the efficacy of the 3D bioprinted PLA, PLA/C,
and PLA/CNLC scaffolds in promoting wound healing and
skin reconstruction, the skin tissues were subjected to haema-
toxylin & eosin staining. The findings demonstrated that the
levels of epithelialisation, maturation, and tissue regeneration
were enhanced throughout the process of wound healing after
4 weeks of surgery (Fig. 11). The 3D bioprinted PLA/CNLC
shows the development of granulation tissue on the surface on
day 7, which was then followed by the production of a thin,
intermittent layer of squamous epithelium on day 14.
Ultimately, the whole incision region became completely
covered by newly formed tissue on day 21. There was a signifi-
cant increase in the growth and development of outer skin
cells, along with a large number of fibroblasts, excessive
growth of granulation tissue, and dense deposition of collagen.
After 2 weeks of the surgery, the 3D bioprinted PLA/C group
showed the development of granulation tissue in the wound,
along with the initiation of movement by the epithelial cells.
After 3 weeks, a delicate layer of epithelial tissue developed on
the surface of the wound. The wound healing of the untreated
control group and the PLA group was delayed in comparison
with the PLA/C and PLA/CNLC groups. The process of wound
healing was seen to progress from the periphery towards the
centre after 4 weeks. Nevertheless, the central portions of the

Day 7
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PLA/C

PLA/CNLC

1300 | Biomater: Sci, 2025, 13, 1286-1303

View Article Online

Biomaterials Science

wound were only partially covered by the outermost layer of
skin, known as the epidermis. An uneven layer of the thinner
outer skin had developed. The dermis of wounds in the 3D
bioprinted PLA/CNLC group exhibited a higher level of matur-
ity compared to the control group. The results consistently
showed that the wounds treated with 3D bioprinted PLA/CNLC
exhibited superior healing compared to all the other groups.

4. Conclusion

The study successfully developed curcumin-loaded nano-
structured lipid carriers (CNLC) and integrated them into PLA
and fabricated 3D bioprinted scaffolds. A melt dispersion
ultrasonication technique was used to develop CNLC and they
exhibited a narrow particle size distribution (200-500 nm),
high entrapment efficiency (81.37 + 0.85%), and satisfactory
drug loading capacity (6.59 + 1.61%). Rheological analysis con-
firmed the suitability of bioinks for 3D printing, demonstrat-
ing shear-thinning behaviour and appropriate viscosity. The
3D constructs of PLA, PLA/C, and PLA/CNLC scaffolds were
created using a pneumatic extrusion-based 3D printing
approach. FTIR characterization of the 3D-printed scaffolds
revealed the presence of functional groups indicating success-
ful incorporation of CNLC into the PLA matrix. The scanning

Day 21 Day 28

Fig. 11 Histological images of the granulation tissue after gauze, 3D bioprinted PLA, PLA/C, and PLA/CNLC therapy, as shown in the haematoxylin
and eosin-stained section.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4bm01550a

Published on 29 January 2025. Downloaded on 4/5/2026 6:49:16 PM.

Biomaterials Science

electron microscopy (SEM) study of the scaffolds revealed the
presence of uninterrupted filament development and ideal
porosity (200 pm). The antibacterial assay demonstrated that
PLA/CNLC had strong antimicrobial capabilities against
Escherichia coli and Staphylococcus aureus, effectively lowering
the bacterial population. In vitro studies demonstrated that the
PLA/CNLC scaffolds supported cell proliferation and were non-
cytotoxic. In vivo experiments on rats confirmed the efficacy of
the scaffolds in promoting wound healing, with complete
wound closure being observed within 21 days. Overall, the inte-
gration of CNLC into 3D-printed PLA scaffolds presents a
promising approach for enhancing wound healing and advan-
cing regenerative medicine applications. While the study
demonstrates promising results, several limitations must be
acknowledged, particularly regarding the translation of 3D bio-
printing technology to clinical applications. Scaling up 3D bio-
printing for large-scale production presents significant chal-
lenges, including maintaining uniform scaffold properties,
managing high production costs, and ensuring regulatory
compliance. Variability in scaffold porosity, mechanical
strength, and therapeutic agent distribution could impact the
reproducibility and efficacy of scaffolds on a clinical scale.
Addressing these challenges will require further research into
scalable manufacturing techniques, and comprehensive long-
term in vivo studies to ensure safety and efficacy in clinical
settings.
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