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ABSTRACT
Osteosarcoma  (OS)  is  the  most  common  primary  malignant  bone
tumour. Tumour-associated macrophages (TAMs) represent up to 50 % of
the cells in the tumour and play a significant role in tumour metastasis
and tumoral immunosuppression. The modification of TAMs phenotype
has  been  identified  as  suitable  for  controlling  tumour  progression.
Nanoparticles are versatile drug delivery systems that allow enhanced
drug tumour accumulation through passive and active targeting. Among
NPs,  nanostructured  lipid  carriers  (NLCs)  possess  a  unique imperfect
matrix  structure  with  increased  drug  loading  capacity  of  highly
hydrophobic  drugs.  β-Lapachone (β-Lap)  is  a  natural  naphthoquinone
with anti-tumour activity against various cancer cells. The aim of this
work  is  to  design  and  optimize  a  NLCs  formulation  loaded  with  β-
Lapachone to be specifically internalized by TAMs for OS treatment. This
approach will be performed by using hybrid artificial intelligence tools
(AI tools) functionalizing the NLCs with the CD206 ligand mannose. To
optimize NLCs preparation, various liquid and solid lipids were tested for
drug  solubility.  AI  tools  were  employed  to  design  NLCs  with  desired
properties,  resulting in formulations with particle  sizes below 100 nm
and  stable  physicochemical  properties.  Mannose  functionalization
enhanced macrophage internalization of  the NLCs.  Moreover,  in  vitro
studies  demonstrated  these  NLCs,  particularly  the  mannose-
functionalized formulation, induced a further pro-inflammatory M1-like
polarization in TAMs, evidenced by increased TNF-α and IL-6 secretion.



This TAMs polarization strategy, combined with the localized delivery of
β-Lap, offers a promising approach for OS therapy.

Keywords: Osteosarcoma.  Tumour-associated  macrophages.  Targeted
drug delivery. Tumour environment modulation.

RESUMEN
El osteosarcoma (OS) es el tumor óseo maligno primario más común.
Los macrófagos asociados a tumores (TAM) representan hasta el 50 %
de  las  células  tumorales  y  desempeñan  un  papel  importante  en  la
metástasis tumoral y la inmunosupresión tumoral. La modificación del
fenotipo de los TAM se ha identificado como adecuada para controlar la
progresión  tumoral.  Las  nanopartículas  son  sistemas  versátiles  de
administración  de  fármacos  que  permiten  una  mejor  acumulación
tumoral  mediante  la  vehiculización  pasiva  y  activa.  Entre  las
nanopartículas,  los  transportadores  lipídicos  nanoestructurados  (NLC)
poseen  una  estructura  de  matriz  imperfecta  única  con  una  mayor
capacidad de carga de fármacos altamente hidrofóbicos. La β-lapachona
(β-Lap) es una naftoquinona natural con actividad antitumoral  contra
diversas  células  cancerosas.  El  objetivo de este trabajo es  diseñar  y
optimizar una formulación de NLC cargada con  β-lapachona para que
sea internalizada específicamente por los TAM para el tratamiento del
OS.  Este  enfoque  se  realizará  mediante  herramientas  híbridas  de
inteligencia  artificial  (IA)  y  funcionalizando  las  NLC  con  manosa,  el
ligando de CD206. Para optimizar la preparación de las NLC, se analizó
la  solubilidad  del  fármaco  en  diversos  lípidos  líquidos  y  sólidos.  Se
emplearon herramientas de IA para diseñar NLC con las propiedades
deseadas,  lo  que resultó  en formulaciones  con tamaños  de partícula
inferiores  a  100 nm  y  propiedades  fisicoquímicas  estables.  La
funcionalización con manosa mejoró la internalización de las NLC por
parte de los  macrófagos.  Además,  estudios in  vitro demostraron que



estas  NLC,  en  particular  la  formulación  funcionalizada  con  manosa,
indujeron  una  polarización  proinflamatoria  adicional  similar  a  la  de
M1 en los TAM, evidenciada por un aumento de la secreción de TNF-α e
IL-6.  Esta  estrategia  de  polarización  de  los  TAM,  combinada  con  la
administración localizada de β-Lap, ofrece un enfoque prometedor para
la terapia de OS.

Palabras  clave: Osteosarcoma.  Macrófagos  asociados  a  tumores.
Administración dirigida de fármacos. Modulación del entorno tumoral.



INTRODUCTION
Osteosarcoma (OS) is recognized as the most prevalent bone primary
malignant tumour. It shows an incidence peak in the second decade of
life associated to an enhanced activity of the metaphyseal plates and
affects more than 9 teenagers per million in the range of 15-19 years-
old (1). The most prevalent locations for OS are the femur, tibia, and
proximal humerus, particularly around the knee (2,3). In approximately
75 % of  cases,  the  tumour  is  located  within  the  metaphysis  of  long
bones, where it grows rapidly, extending to the bone periphery (4). The
typical clinical manifestations of OS include localized pain followed by
swelling and restricted joint movement.  Although rare,  a pathological
fracture  can  also  occur  at  the  site  of  the  disease  (5).  OS  can  be
classified in several types based on the predominant produced matrix
(chondroblastic, fibroblastic or osteoblastic) or by the malignant grade,
which  aids  in  assessing  the  tumour’s  metastatic  potential  (4,6).
Regarding its physio pathological origin, the principal cause is believed
to be the accumulation of genetic mutations in mesenchymal stem cells
(MSCs) during their  differentiation into osteoblasts  (7,8).  Surgery and
radiation  therapy  and  chemotherapy  remains  the  primary  treatment
options  and  are  frequently  combined  for  metastatic  tumours  (9).
However, conventional chemotherapy presents several limitations such
as drug resistance and side effects (10).
The primary histopathological feature of OS is the excessive production
of  osteoid  tissue,  the  unmineralized  organic  component  of  the  bone
matrix formed before tissue maturation (11). This matrix is produced by
malignant  cells  of  the  mesenchymal  lineage  comprising  MSCs,
osteoprogenitor  cells  and  osteoblasts  (11-13).  Furthermore,  bone
mineral  metabolism is  also  altered  and  is  thought  to  play  a  role  in
several  aspects  of  tumour  progression  (14,15).  OS presents  an
osteoclastic  stimulatory  environment  increasing  the  activity  of  these
bone resorbing cells. This effect is mediated by the secretion of soluble
factors. Simultaneously, the induced osteolysis promoted the release of



tumour  growth  inductors,  creating  a  cycle  of  bone  destruction  and
tumour formation  (12,14).  The final outcome is the establishment of a
metabolic  state which increases the production of  immature,  weaker,
and  disorganized  bone  matrix  together  with  the  hyperactivity  of
osteoblasts and osteoclasts (12,14,15).
Additionally,  tumour-associated  macrophages  (TAM)  and  myeloid-
derived  suppressor  cells  (MDSCs)  amplify  the  alterations  in  bone
homeostasis  (14).  The  tumoral  microenvironment  (TME)  formed  by
tumoral  cells,  immune  cells,  stromal  cells,  extracellular  matrix  and
soluble  mediators  plays  a  key  role  in  tumour  progression  and
chemotherapy efficacy (16). In this scenario, immune cells can either
facilitate or inhibit the tumour growth (17). Specifically, TAMs constitute
a significant portion of OS mass, representing up to 50 % of the cells
(18).  They perform essential  functions related to bone formation and
osteoblast differentiation and have been identified as main players in
tumour  metastasis  and  tumoral  immunosuppression  (19-21).
Macrophages can depict opposing phenotypes, with different functions:
the inflammatory phenotype or classical (M1) and the anti-inflammatory
or  alternative  phenotype  (M2).  Overall,  M1-TAMs  are  associated  to
tumour inhibition whereas M2-TAMs are associated to a neoangiogenic
effect and secrete cytokines like IL-1β leading to tumour progression
and metastasis  (22-24). Given the role of  TAMs in controlling tumour
progression,  different  strategies  based  on  either  avoiding  their
M2 polarization or suppressing the M2-TAMs profile inducing an M1-TAMs
have been proposed to control  OS (21,25).  Clinical trials have shown
that  the  addition  of  mifamurtide  to  the  standard  chemotherapy
treatment, results in an increase in 6-year survival rate in OS patients
(26). The mechanism of action of this therapeutic molecule is thought to
be  related  to  its  ability  to  in  vitro switch  M2-TAMs  towards  and
intermediate M1/M2-TAMs, proving that polarization to M1-TAMs was key
for  controlling  tumour  progression  (27).  The  development  of  drug
delivery systems targeting TAMs could enable the efficient  control  of



macrophage polarization and, therefore, improve the treatment of OS.
This approach seeks to selectively control the macrophage population
towards a pro-inflammatory response avoiding undesired side effects.
Nanoparticles (NPs) are versatile drug delivery systems with improved
pharmacokinetic profiles when compared to free therapeutic molecules.
These systems allow for  enhanced circulation time and accumulation
within  the  tumour  through  passive  and  active  targeting  (28).  In  the
latter case, their surface can be modified to include specific moieties
with  affinity  for  either  the  bone  extracellular  matrix  or  cell  surface
receptors. Several targeted NPs loaded with chemotherapy drugs have
been  developed  for  OS  management  including  liposomes,  polymeric
NPs, mesoporous silica nanocarriers, manganese dioxide NPs and iron
oxide  NPs  (29,30).  However,  these  strategies  are  mainly  focused  on
controlling proliferative cells and, to the best of our knowledge, no TAMs
targeted NPs have been reported for OS management. 
β-Lapachone  (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]  pyran-5,6-
dione) (β-Lap) is a natural naphthoquinone extracted from the lapacho
tree.  It  exhibits  anti-tumour  activity  against  various  cancer  cells,
including  breast  cancer,  leukaemia,  prostate  cancer,  bladder  cancer,
lung  cancer,  hepatoma,  pancreatic  cancer,  and  OS.  β-Lap  induces  a
redox  cycle  mediated  by  NAD(P)H:  quinone  oxidoreductase  1 (NQO1)
(31,32).  During  this  process,  β-Lap  is  reduced  to  an  unstable
semiquinone that undergoes a two-step oxidation, returning to its stable
form and perpetuating a futile redox cycle. The generated redox cycle
disrupts intracellular reactive oxygen species (ROS) balance, leading to
cell  death  through  apoptosis  and  necrosis  (necroapoptosis).  This
mechanism of action confers drug specificity towards hypoxic tumour
regions usually highly infiltrated in TAMs (33). Moreover, an upregulated
expression  of  this  anti-oxidant  enzyme  has  been  reported  in  anti-
inflammatory  M2 macrophages  (34).  Moreover,  some  studies  have
shown  that  ROS  play  a  key  role  in  macrophage  differentiation.



Specifically,  ROS in tumoral  environment activates macrophages to a
M1 pro-inflammatory and antitumoral state (35).
Despite β-Lap has the potential to modulate tumour microenvironment
in OS avoiding tumour growth and metastasis, its poor water-solubility
hinders  bioavailability  (36).  Moreover,  while  it  exhibits  preferential
activity  in  cells  overexpressing  NQO1,  improving  the  drug  cellular
specificity is necessary to avoid undesired side effects. In this scenario,
the development of β-Lap loaded TAMs targeted drug delivery systems
will allow to specifically modulate the phenotype of TAMs towards a pro-
inflammatory  and  anti-tumoral  profile.  Among  nanoparticulated  drug
delivery systems, nanostructured lipid carriers (NLCs) possess a unique
imperfect matrix structure with enhanced properties, such as increased
drug  loading  capacity  of  highly  hydrophobic  drugs,  greater  stability
during storage, and controlled drug release. Moreover, their surface can
be modified by incorporating glycoligands such as mannose, fucose, or
glucose for targeting specific cell membrane receptors on macrophages.
Therefore,  NLCs  could  be  adequate  to  fine-tune  nanocarriers  for
macrophage polarization control (37-41). 
The design of drug delivery systems such as NLCs, is a complex process
with several  variables involved.  Computational  techniques have been
employed  to  model  results,  make  predictions,  and  even  optimize
different  formulations  (42-44).  Artificial  neural  networks  (ANNs),  an
artificial intelligence (AI) technique that mimics the functioning of the
human brain, can be integrated with other AI tools, such as Fuzzy Logic
(FL) or Genetic Algorithms (GAs), to create hybrid systems capable of
modelling  complex  manufacturing  processes.  These  computational
techniques  have  been  used  as  effective  tools  for  optimizing  the
development of NLCs. By incorporating variables such as composition
and operation conditions, these techniques enable refined control and
prediction of particle size, polydispersity index, zeta potential, and drug
loading capacity, ensuring the development of robust and reproducible
designs (45,46).



The  aim of  this  work  is  to  design  and  optimize  a  NLCs  formulation
loaded with β-Lapachone to be specifically internalized by TAMs for OS
treatment.  This  approach will  be  performed by using  hybrid  artificial
intelligence  tools  (AI  tools)  functionalizing  the  NLCs  with  the
CD206 ligand mannose. The developed system would induce immune
cellular  response  (M1-TAMs  polarization),  leading  to  a  decrease  in
tumour growth by dual cellular and chemical action. 

MATERIALS AND METHODS
Materials
β-Lapachone  (β-Lap)  was  kindly  donated  by  the  Pernambuco  State
Pharmaceutical  Laboratory,  LAFEPE  (Recife,  Brazil).  Miglyol®,
Transcutol® CG,  Labrasol® ALF,  Labrasol® Lipophile WL,  Transcutol®
HP, selected as liquid lipids (LL),  were kindly  provided by Gattefossé
(France). Oleic Acid was also selected as LL and it was acquired from
Merck  (Portugal).  Compritol®  888 ATO,  Precirol®  ATO  and  Glyceryl
Tristearate  were  selected  as  solid  lipids  (SL)  and  kindly  gifted  by
Gattefossé  (France).  Polysorbate  80 (Tween®  80),  purchased  from
Sigma Aldrich (Germany), and lecithin (Epikuron® 145 V), donated by
Cargill  (USA), were used as surfactants. Milli-Q® water (Milli-Q® plus,
Millipore Iberica, Spain) was used throughout all the experiments. For
the  functionalization  process,  stearylamine  and  D-(+)-Mannose  were
acquired  from Sigma-Aldrich  (USA).  The acetate buffer was  prepared
using acetic acid 0.2 M from Sigma Aldrich (USA) and sodium acetate
0.2 M from Scharlab (Spain).

Selection of NLCs components
β-Lapachone solubility in liquid lipids
The  solubility  of  β-Lap  in  different  LL  was  assessed  following  a
previously described procedure (45). To this end, 200 mg of β-Lap was
mixed with 1 mL of each LL. The mixture was stirred at 300 rpm for
48 hours. Then samples were centrifuged at 12,000 rpm and 20 °C for



30 min and properly diluted in acetonitrile. The amount of solubilized β-
Lap was quantified by UV-Visible  spectrophotometry  using an Agilent
Technologies  UV-VIS  8453 spectrophotometer  (USA)  at  257 nm,
employing  a  previously  validated  calibration  curve.  Solubility  studies
were conducted in triplicate.

β-Lapachone solubility in solid lipids
The  solubility  of  β-Lap  in  different  LL  was  also  assessed following  a
previously described procedure (45).  To this end, 200 mg of each SL
was heated in a water bath at 80 °C (5 °C above its melting point). Once
the  SL  was  melted,  β-Lap  was  added  in  5 mg  increments  until  a
precipitate appeared, indicating the presence of non-solubilized β-Lap.

Miscibility studies of liquid lipids and solid lipids
LL  and  SL  were  mixed  in  various  ratios  (50:50,  25:75,  75:25).  The
mixtures were heated in a water bath at 80 °C with continuous stirring
for  5 minutes,  phase  separation  was  evaluated  as  indicative  of
immiscibility.
2.3 Experimental Design
Dataform® v3.1 software (Intelligensys Ltd., UK) was used to establish a
reduced and balanced experimental  design for  three variables:  LL:SL
ratio, concentration of Tween® 80 (% v/v) in the aqueous phase, and
percentage of  lecithin  relative  to  the  total  lipid  phase.  The obtained
experimental design conditions are shown in table I.



Table I. Reduced experimental design
Formula
tion

LL:SL ratio Tween® 80 (% v/v) Lecithin (% w/v)

1 30:70 2.00 2.0
2 50:50 0.50 1.5
3 10:90 1.25 1.0
4 30:70 1.25 1.5
5 50:50 2.00 1.0
6 10:90 0.50 2.0
7 50:50 2.00 2.0
8 10:90 1.25 1.5
9 30:70 0.50 1.0

NLCs formulation
NLCs  were  prepared  using  a  high-shear  hot  homogenization  method
similarly to previously described (46). Based on the solubility of β-Lap in
the  different  LL  and  SL  lipids,  Compritol®  888 ATO  (COMP)  and
Transcutol® HP (THP) were selected as lipid components, while Tween®
80 and lecithin were used as surfactants. A lipid blend of 300 mg was
prepared containing the LL and SL in the proportions indicated in table I.
The  drug  was  incorporated  in  this  phase  based  on  its  LL  solubility.
Separately, an aqueous phase was prepared by adding lecithin to 10 mL
of a Tween® 80 solution in milli-Q water as specified in  table I. Then,
both phases were heated in a water bath at 80 °C for 5 minutes, and the
aqueous  phase was then added to  the  lipid  blend and homogenized
using an Ultra-Turrax T25 (IKA Labortechnik, Germany) for 10 minutes
at 14,800 rpm. Finally, the resulting NLCs dispersion was cooled in an
ice-water bath for two minutes with gentle stirring. The dispersions were
stored at 4 °C until characterization (41,45,47).

NLCs characterization



NLCs  dispersions  were  characterized  in  terms  of  particle  size,
polydispersity  index  (PdI)  and  surface  charge  (ZP)  using  a  Zetasizer
Nano-ZS  (Malvern  Instruments,  UK).  Samples  were  diluted  in  milli-Q
water (1:10), and polystyrene cuvettes were used for particle size and
PdI measurements (DTS0012, Malvern Instruments, UK). Measurements
were conducted at 25 ± 1 °C, and NLCs were characterized 15 minutes
and  14 days  after  preparation.  Surface  charge  was  determined  by
measuring  particle  mobility  in  an  electric  field  to  calculate  the  Zeta
potential  (ZP). Samples were also diluted in milli-Q water (1:10),  and
measurements  were  performed  using  a  Malvern  DTS  1070 cuvette
15 minutes and 14 days after NLC preparation.
NLCs dispersions were also characterized in terms of drug loading (DL)
and encapsulation efficiency (EE). To this end, NLCs were purified using
cellulose membranes (MWCO: 3.5 kDa from Spectra/Por®).  Then,  the
purified dispersion was dissolved in acetonitrile (1:2 dilution) to release
the  encapsulated  drug  and  centrifuged  at  12,000 rpm,  4 °C  for
30 minutes.  The  encapsulated  drug  was  quantified
spectrophotometrically  using  a  plate  reader  (FLUOstar  Omega,  BMG
Labtech, Germany) at 280 nm. The same procedure was performed for
non-purified  NLCs  to  determine  the  total  drug  amount  (free  drug  +
encapsulated  drug).  The  DL  and  EE  were  calculated  using  equation
1 and equation 2, respectively,

DL (%)¿ [ Encapsulated drug (mg)Weight of NLCs (mg) ]x 100 (Eq. 1)

EE (%)¿ [ Encapsulated drug (mg )Totaldrug (mg) ]x 100
(Eq. 2)

NLC formulation modelling using artificial intelligence tools
INForm® v5.01 (Intelligensys  Ltd,  UK)  is  a  commercial  software  that
integrates  ANN,  and  GAs,  specifically  designed  for  modelling  and
optimizing pharmaceutical formulations such as NLCs. This software was



used to model the generated experimental database (Table II).  Three
variables  were  included  as  inputs:  LL/SL  ratio,  the  percentage  of
Tween®  80 in  the  aqueous  phase,  and  the  percentage  of  lecithin
relative to the total lipid phase. Four variables were included as outputs:
particle size, PdI and ZP after 14 days of storage and DL. The modelling
was carried out using the default software parameters.
Composition conditions were selected to produce an optimal formulation
based  on  the  following  requirements:  particle  size  and  PdI  with  the
lowest possible values, ZP with the most negative values at 14 days,
and  maximum  DL.  The  optimal  formulation  was  experimentally
prepared.  Unloaded  (NLC)  and  drug-loaded  formulations  (NLC-β-Lap)
were prepared to validate the generated model.

NLCs surface functionalization
Optimal  formulations  (NLC-β-Lap)  were  functionalized  with  mannose
(NLC-β-Lap-MAN). To achieve this, stearylamine (2 % w/w) (relative to
the total lipid phase) was added to the lipid blend, and the formulation
was prepared as  described  in  section  2.4.  The formulation  was then
incubated with a 50 mM D-(+)-mannose solution  prepared in  acetate
buffer  at  pH  4,  and  stirred  vigorously  for  48 hours,  similarly  to
previously  described  (45,48,49).  The  formulation  was  subsequently
dialyzed using a cellulose membrane (MWCO: 3.5 kDa) against milli-Q
water with agitation for 30 minutes to remove potential impurities and
unattached mannose.

In vitro cell studies
In vitro cell studies were performed in human monocytes derived from
acute  lymphocytic  leukaemia  (THP-1)  acquired  from  ATCC  (TIB-202)
(USA). THP-1 cells were cultured in RPMI 1640 media supplemented with
foetal bovine serum (FBS) (10 %), penicillin/streptomycin (1 %) and 2-
mercaptoethanol  0.05 mM.  Before  studies,  cells  at  a  density  of
2x105 cells/mL were stimulated with 200 nM of phorbol 12-myristate 13-



acetate  (PMA)  acquired  from  Sigma-Aldrich  (USA)  in  complete  RPMI
1640 media for 48 hours to induce their differentiation to macrophages.
Finally,  cell  monolayers  were  washed  with  Dulbecco’s  phosphate-
buffered saline (DPBS), and incubated with complete RPMI 1640 media,
allowing them to set for 24 h at 37 °C and 5 % of CO2 before seeding. 

Cell viability studies
Cells were seeded in 96-well  plates (2x10⁴ cells/well).  After 24 hours,
the optimized formulations (NLC, NLC-β-Lap, and NLC-β-Lap-MAN) were
added at a final 300 μg/mL (solid mass per volume) concentration and
incubated  for  24 hours.  As  control,  cells  treated  with  an  equivalent
amount of  milli-Q water were used. After  this  time,  cell  viability  was
evaluated using the “Cell Proliferation Reagent WST-1” kit from Roche
Molecular  Biochemicals  (Germany)  following  the  manufacturer’s
instructions. A phenol red-free medium from Gibco (USA) was used, and
the WST-1 reagent was applied in darkness. The reagent was also added
to wells  without  cells,  to serve as absorbance blanks.  The plate was
incubated with  the  reagent  for  1 hour  at  37 °C and then shaken for
1 minute. The absorbance at 450 nm was determined on a plate reader
(Bio-Rad  680,  Barcelona,  Spain).  Cell  viability  was  calculated  using
equation 3.

Cell viability (%)¿ [ Sample absorbance−BlkControlabsorbance−Blk ]x 100 (Eq. 3)

Cell internalization studies
Cells were seeded in 96-well  plates (2x10⁴ cells/well).  After 24 hours,
fluorescently  labelled  formulations  (NLC-β-Lap  and  NLC-β-Lap-MAN)
prepared by adding coumarine-6 (4 µg/mL) to the lipid blend during the
NLC  formulation,  were  added  at  a  final  concentration  of  300 μg/mL
(solid  mass  per  volume)  and  incubated  for  2 hours  to  quantify  their
internalization  using  a  fluorometric  method.  An  initial  fluorescence



measurement was taken using a plate reader (FLUOstar Omega, BMG
Labtech,  Germany)  with  an  excitation  and  emission  wavelengths  of
485 nm and  520 nm,  respectively.  After  2 hours,  three  washes  were
performed  with  20 mM  glycine  solution  from  Fluka  BioChemika
(Switzerland) in DPBS at pH 7.4. Then, 100 µL/well of Triton X-100 (1 %)
from  Merck  (Portugal)  was  added  to  induce  cell  lysis,  allowing  the
internalized formulations  to be released.  Fluorescence measurements
were then taken post-lysis in the same conditions. The percentage of
NPs internalization was determined using equation 4.

Cell internalization (%)¿ [ Post−lysis fluorescenceInitial fluorescence ]x
100

(Eq. 4)

Evaluation of the TAMs profile modification
The  capacity  of  the  developed  formulations  to  modulate  TAMs
phenotype was tested using THP-1 macrophages. Cells were seeded in
96-well  plates  (2x10⁴  cells/well)  and  allowed  to  attach  for  18 h.
Monolayers  were  then  stimulated  with  lipopolysaccharide  (LPS)
(100 ng/mL) for 24 h to obtain activated macrophages serving as TAMs
models.  Following  stimulation,  cells  were  treated with  the developed
formulations (NLC-β-Lap, and NLC-β-Lap-MAN) at a final concentration of
300 μg/mL (solid mass per volume). As controls, stimulated cells but not
treated  were  used.  After  24 hours,  cell  culture  supernatants  were
collected,  and  the  secreted  concentrations  of  various  cytokines  and
matrix degradative enzymes implicated in tumour invasion, metastasis
and OS osteolysis (TNF-α, IL-6, IL-8, IL-1RA, and IL-13) were determined
using a magnetic bead-based multiplex assay (R&D systems, USA) and
according to the manufacturer's instructions.

Statistical analysis



The  obtained  data  was  analysed  with  GraphPad  Prism  8 software
through  one-way analysis  of  variance  (ANOVA)  followed  by post  hoc
Tukey’s Multiple Comparison Test. Results are presented as mean ± SD.
Statistically significant differences were set at p < 0.05.

RESULTS 
NLCs components selection
β-Lap is highly insoluble in water, but its lipid solubility was unknown.
This study evaluated the β-Lap solubility in different liquid lipids (Fig. 1),
revealing  statistically  significant  variation.  Transcutol®  CG  (TCG),
Labrasol®  ALF,  and  Transcutol®  HP  exhibited  the  highest  β-Lap
solubilization capacity, while Labrasol® Lipophile WL showed the lowest
(Fig.  1).  Consequently,  Transcutol®  CG  (TCG),  Labrasol®  ALF,  and
Transcutol® HP were selected for further development. 

Figure 1.  β-Lapachone solubility  in  different  liquid  lipids.  Values are
mean ± SD (n =  3).  (****)  p < 0.0001 vs.  Transcutol® HP;  (####)
p < 0.0001 vs.  Labrasol®  ALF;  and  
(††††) p <0.0001 vs. Transcutol® CG.



Solubility  tests  in  solid  lipids  revealed  β-Lap  was  less  soluble  in
Precirol®  ATO  than  in  the  other  SL.  Therefore,  Precirol®  ATO  was
excluded.  Additionally,  glyceryl  Tristearate  was  excluded  due  to  its
immiscibility  with  the  selected  LL.  On  the  other  hand,  Compritol®
888 ATO  (COMP)  mixed  with  the  LL  with  high  β-Lap  solubility
(Transcutol® CG, Labrasol® ALF and Transcutol® HP) showed no phase
separation. Preliminary blank NLCs formulations using 50:50 LL:SL ratio,
Tween 2 % v/v  relative  to  the  aqueous  phase,  and  lecithin  1 % w/v
relative to the lipid phase were prepared to select the most adequate
LL/SL  combination  (data  not  shown).  Based  on  these  results,
Transcutol® HP was selected, as it produced NLCs with the smallest and
most homogeneous particle size distribution, appropriate ZP values and
good stability after 14 days of storage at 4 °C.

NLCs characterization and optimization
The formulations detailed in table I were prepared and characterized in
terms of particle EE and DL 15 minutes post-preparation, and again in
terms of size, PdI and ZP after 14 days of storage at 4 °C (Table II).

Table  II. NLCs  characteristics  15 minutes  and  14 days  after  their
preparation and storage at 4 °C

NLCs characteristics (t = 15 min)
NLCs characteristics
(t = 14 days)

NL
Cs

Particle size
(nm)

PdI
ZP
(mV)

EE (%)
DL
(%)

Partic
le size
(nm)

PdI
ZP
(mV)

1 90.3 ± 37.9 0.29  -13.0  15.0 ± 0.4  88.7 ± 0.24  -12.2 ±



±
0.02

± 6.2 2.5
±
0.2

39.8
±
0.02

7.7

2 147.2 ± 76.2
0.34 
±
0.03

-18.9 
± 6.1

14.1 ±
16.8

0.4 
±
1.3

143.3 
± 85.7

0.36 
±
0.01

-19.2 ±
7.4

3 157.7 ± 77.0
0.28 
±
0.01

-15.7 
± 5.0

6.1 ±
0.2

0.1 
±
0.0

156.8 
± 71.6

0.29 
±
0.02

-16.9 ±
5.9

4 104.9 ± 38.9
0.26 
±
0.06

-18.5 
± 6.7

7.5 ±
0.0

0.2 
±
0.1

102.6 
± 38.4

0.26 
±
0.04

-15.4 ±
6.1

5 122.9 ± 52.7
0.23 
±
0.01

-11.5 
± 6.7

15.3 ±
4.0

0.7 
±
0.8

124.2 
± 49.1

0.23 
±
0.02

-11.1 ±
6.2

6
329.9 ±
193.4

0.32 
±
0.03

-18.6 
± 6.6

4.4 ±
1.4

0.1 
±
0.0

316.1 
±
195.1

0.34 
±
0.06

-18.0 ±
4.8

7 97.6 ± 38.4
0.27 
±
0.02

-14.9 
± 5.2

16.9 ±
9.6

0.9 
±
1.4

98.5 ±
38.4

0.26 
±
0.01

-10.0 ±
5.1

8 149.5 ± 67.4
0.31 
±
0.02

-15.9 
± 6.3

5.7 ±
0.3

0.1 
±
0.1

164.5 
± 96.9

0.31 
±
0.01

-15.8 ±
4.7

9
261.6 ±
151.7

0.38 
±
0.05

-18.1 
± 5.8

7.4 ±
6.2

0.2 
±
0.4

251.5 
±
163.2

0.36 
±
0.02

-18.4 ±
5.9

NLCs  modelling  using  artificial  intelligence  tools  and
functionalization
INForm® v5.01 software was employed to optimize the composition for
β-Lap-encapsulating  NLCs  (NLC-β-Lap).  The  software  selected  the
formulation  that  meet  all  pre-defined criteria,  specifically,  minimizing



particle size and PdI after 14 days at 4 °C while maintaining a negative
ZP for stability. The optimal formulation consisted of a 50:50 LL:SL ratio,
1.12 % (v/v)  of  Tween 80 and 1.17 % of  lecithin (w/v).  Predicted and
experimental values for this formulation are detailed in table III.
Table III.  NLCs characteristics predicted by the INForm ® software
and the experimental results

NLC  predicted
characteristics

NLC  characteristics
after 15 minutes

NLC  characteristics
after  14 days  of
storage 

Charact
eristics

Predi
cted
value
s

Experim
ental
values
(NLC)

Experimen
tal  values
(NLC-β-
Lap)

Experime
ntal
values
(NLC)

Experimen
tal  values
(NLC-β-
Lap)

Size
(nm)-day
14

116.6 
85.4 ±
33.4 

89.2 ± 42.9
76.0 ±
25.3

77.8 ± 28.4

PdI-day
14

0.28
0.28 ±
0.02

0.25 ± 0.02
0.28 ±
0.03

0.22 ± 0.03

ZP  (mV)-
day 14

-18.5 
-18.1 ±
6.6

-14.4 ± 7.9
-14.8 ±
5.3

-14.2 ± 6.0

DL  (%)-
15 min

0.5 - 0.01 ± 0.00 - 0.14 ± 0.02

Table III demonstrates the model’s accurate prediction of particle size,
PdI and ZP, with experimental values closely aligned with predictions.
The stability  of  the  formulations  over  14 days was confirmed by the
experimental PdI and ZP values. However, the model overestimated the
drug  loading  capacity  (DL)  in  agreement  with  previous  studies,  the
limited number of loaded formulations within the database restricts the
accuracy of the model. Consequently, while the model provides reliable
initial estimations for particle size, PdI and ZP, further adjustments and



experimental  validations  are  necessary  to  improve  its  precision
regarding DL.
In  agreement  with  previous  works  (41,45,49),  the  mannose
functionalization of NLCs yielded a shift in the surface charge to positive
ZP values for both, blank (NLC) (+ 32.6 ± 5.9 mV) and β-Lap loaded
formulations (NLC-β-Lap) (+ 24.1 ± 6.4 mV).

In vitro cell studies
Macrophages were treated for  24 h with NLC, NLC-β-Lap, and NLC-β-
Lap-MAN at  a final  concentration  of  300 μg/mL.  Untreated cells  were
used as control. Cell viability is shown in  figure 2A. Statistical analysis
revealed  no  significant  differences  in  cell  viability  among  the
formulations.  Cell  viability  values  were  close  to  100 %  for  all
formulations, demonstrating high cytocompatibility, regardless of β-Lap
incorporation.  As  expected,  blank formulations  (NLC) had no adverse
effect on cell viability due to the GRAS (Generally Recognized as Safe)
status of their excipients. 



Figure 2. A. THP-1 cell viability after 24h treatment with formulations
(300 μg/mL).  B.  THP-1 internalization  after  24h  treatment  with
formulations  (300 μg/mL).  Untreated  cells  were  used  as  a  control.
Values:  mean  ±  SD  (n =  6).  (****)  p < 0.0001 vs.  control;  (####)
p < 0.0001 between samples.

Since cell  viability was consistent across all  formulations,  subsequent
experiments were focused on drug-loaded formulations (NLC-β-Lap and
NLC-β-Lap-MAN)  (300 μg/mL).  Internalization  assays  (Fig.  2B)
demonstrated  statistical  significantly  higher  uptake  for  mannose-
functionalized  formulations  (NLC-β-Lap-MAN)  compared  to  non-
functionalized ones (NLC-β-Lap), confirming successful mannose coating
and  enhanced  macrophages  internalization,  consistent  with  previous
works (48,49).
The  impact  of  NLC-β-Lap,  and  NLC-β-Lap-MAN  (300 μg/mL)  on
macrophage  phenotypes  was  assessed  by  quantifying  pro-and  anti-
inflammatory mediators’ secretion from stimulated macrophages (TAMs)
(Fig. 3). 



Figure  3.  Relative  pro-inflammatory  (TNF-α,  IL-6,  IL-8)  and  anti-
inflammatory (IL1-RA,  IL-13) cytokines release from TAMs (100 ng/mL)
24 hours  post-treatment  with  NLC-β-Lap  and  NLC-β-Lap-MAN
formulations relative to untreated LPS - stimulated cells. Values: mean ±
SD  (n =  3).  (****)  p < 0.0001 vs.  TAMs;  (*)  p < 0.05 vs.  TAMs;  and
(###) p < 0.001 between samples.

The analysis of cytokine profiles (Fig. 3) revealed that both,  NLC-β-Lap
and  NLC-β-Lap-MAN treatments  significantly  increased  TNF-α  and  IL-
6 expression compared to LPS stimulated TAMs controls. No significant
differences  in  those  parameters  were  observed  between  NLCs
treatments.  Although  IL-8 is  well  known  to  contribute  to  TAMs
polarization  toward  an M2 phenotype,  no  significant  differences  were
observed after the treatment with the developed systems. In addition,
NLC-β-Lap significantly  altered the secretion  of  the anti-inflammatory
cytokine IL-1RA while the treatment with NLC-β-Lap-MAN increased the
secretion of IL-13.

DISCUSSION
Osteosarcoma  (OS)  is  the  most  prevalent  bone  primary  malignant
tumour where the immune system is intricately involved. Immune cells
can  either  facilitate  or  inhibit  the  tumoral  growth  (17).  Nowadays,
chemotherapy is the first line of treatment; however, it presents several
limitations such as drug resistance and associated side effects (10). 
Macrophages present a high potential  for  immunomodulation as they
can acquire opposing phenotypes (M1-TAMs or M2-TAMs), with different
functions,  including  bone  formation,  bone  regeneration,  and  bone
homeostasis  (50,51).  Moreover,  β-Lap,  a  natural  naphthoquinone,
exhibits anti-tumoral activity against different types of cancer including



OS  and  has  demonstrated  the  ability  to  modulate  intracellular  ROS
levels and macrophage responses (31-33). 
Modulating  TAMs  profiles  with  β-Lap  treatment  may  induce  a  pro-
inflammatory  phenotype,  creating  an  anti-tumoral  environment  and
inhibiting  tumorigenic  cell  proliferation  (35).  Therefore,  β-Lap  was
encapsulated  in  nanostructured  lipid  carriers.  To  optimize  NLCs
preparation,  various  liquid  and  solid  lipids  were  tested  for  drug
solubility.  Based  on  the  solubility  studies  Transcutol®  HP  and
Compritol® 888 ATO (COMP) were selected (Fig. 1). AI tools (ANN+GAs)
were used to establish the optimal NLCs composition of the NLCs based
on a previously  generated database. The resulting models  effectively
predicted the nanoparticles physicochemical properties. The developed
NLC and NLC-β-Lap formulations exhibited particle sizes below 100 nm
and uniform size distributions (PdI < 0.3). Moreover, moderate negative
zeta potential (ZP < -15 mV) values, indicative of colloidal stability, were
achieved  (47).  Additionally,  no  significant  differences  were  observed
between the freshly prepared formulations and those stored at 4 °C for
14 days,  confirming  the  absence  of  aggregation  during  storage,  and
therefore,  their  stability  (45).  The  INForm®  v5.01 established  model
accurately predicted size, PdI, and zeta potential, but overestimates the
loading capacity of the systems. Despite the high solubility of β-Lap in
the selected lipids, low values of DL and EE were obtained. 
Despite the limited loading capacity of the developed NLC, the systems
exhibited therapeutic effects due to the high potency of the drug. β-Lap
is  active  at  low  concentrations  showing  IC50 values  in  tumoral  cells
between 0.06 µM and 48.94 µM (52,53). The assayed NLC were able to
obtain  a  drug  concentration  of  649 µM,  that  is,  between 10,816 and
13.26-fold  higher  than  the  required  therapeutic  concentration.
Strategies for enhancing drug encapsulation efficiency could include the
use  of  a  blend  of  different  liquid  lipids  and  solid  lipids  instead  of
selecting  single  LL  and  SL  (54).  Moreover,  the  model’s  capacity  to
predict  the  drug  loading  is  restricted  by  the  highly  reduced  sample



number, which is an inherent constraint of  the reduced experimental
design (45). 
Shifting  macrophage  polarization  towards  a  pro-inflammatory
phenotype (M1-TAMs) has the potential to decrease OS tumour growth
by cellular strategies (21,25). Macrophages present recognition factors,
including  mannose  receptors,  that  mediate  the  uptake  and
internalization  of  compounds  through  receptor-mediated  endocytosis
(55,56).  To  take  advantage  of  this  mechanism,  the  developed  NLCs
were coated with the monosaccharide mannose. 
Mannose  functionalization  required  the  incorporation  of  stearylamine
(SA), containing free amino groups, to facilitate Schiff’s base formation
(-N  =  CH-)  with  mannose’s  aldehyde  group  (57).  This  modification
resulted  in  a  shift  from  negative  to  positive  zeta  potential  values.
Despite  mannose inherent  negative  charge,  the  excess  of  unreacted
amino groups on the nanoparticle surface led to the observed ZP shift in
both blank and β-Lap loaded formulations in agreement with previous
works (41,45,49). 
All formulations show cell viability values near to 100 %, indicating the
high cytocompatibility of the developed formulations. Statistical analysis
revealed  no  significant  differences  in  cell  viability  among  the
formulations,  concluding this type of NLCs does not negatively affect
cell viability.
Internalization assays demonstrated mannose-functionalized NLC-β-Lap-
MAN formulations exhibited nearly twice the cell uptake compared to
non-functionalized formulations (NLC-β-Lap). These results confirm the
successful mannose coating and enhanced macrophage internalization
after functionalization.
In  agreement  with  these  findings  Vieira  et  al.  (49)  demonstrated  a
14.5 fold increase in cellular uptake of mannose-coated NLCs compared
to uncoated NLCs, as determined by fluorescence microscopy and flow
cytometry. Despite quantitative differences between studies, the data



strongly  support  the  conclusion  that  mannose  functionalization
significantly enhances NLCs internalization in macrophages.
Using a tumour-associated macrophage model, the treatment with NLC-
β-Lap  and  NLC-β-Lap-MAN  significantly  increased  IL-6 and  TNF-α
secretion,  indicating  a  further  pro-inflammatory  M1-like  polarization.
However, no increase was observed for IL-8 secretion and a less marked
enhancement  in  IL-1RA  and  IL-13 secretion  was  observed,  further
supporting  this  M1-like  profile.  Full  confirmation  of  the  macrophage
phenotype switch will be performed in future studies using RT-qPCR and
immunofluorescence. 
Given the stablished role of macrophages in OS tumour metastasis (19-
21), repolarizing them towards a pro-inflammatory phenotype or a M1-
TAMs  phenotype  can  be  an  excellent  strategy  to  control  OS.  The
administration  of  β-Lap  loaded NLCs  offers  the  potential  to  enhance
drug  circulation  time  and  tumour  accumulation,  facilitating  TAMs
phenotype modulation and creating an anti-tumoral environment  (28).
Additionally,  the  mannose  functionalization  of  the  NLCs  significantly
improve internalization by macrophages, promoting their repolarization
toward a pro-inflammatory phenotype (M1-TAMs phenotype). 

CONCLUSIONS
NLCs loaded with the anti-tumoral drug β-Lap and surface-functionalized
with mannose were successfully developed for targeted drug delivery.
AI tools, specifically ANNs, proved effective to accurate predict particle
size,  polydispersity  index,  and zeta potential  of  NLCs.  However,  drug
loading predictions were less accurate, indicating the need for further
model refinement or exploration of alternative loading strategies.
Mannose-functionalized NLCs exhibited enhanced macrophage uptake,
crucial for targeted delivery to tumour-associated macrophages. Despite
suboptimal drug loading, these systems stimulated the secretion of pro-
inflammatory  cytokines  IL-6 and  TNF-α,  inducing  macrophage



polarization towards an anti-tumoral phenotype. This suggests that even
with lower drug concentrations, the targeted delivery and macrophage
activation  achieved  with  these  NLCs  hold  significant  therapeutic
potential for osteosarcoma.
Future  studies  will  be  focused  on  optimizing  drug  loading  efficiency
through  the  screening  of  other  raw materials  or  loading  techniques.
Additionally,  in  vivo studies  are  needed  to  evaluate  the  therapeutic
efficacy of these mannose-functionalized NLCs in relevant OS models.
The successful application of AI tools in predicting key NLC properties
underscores  their  value  in  accelerating  drug  delivery  system
development.
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