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Abstract

Advances in biomimetic three-dimensional (3D) melanoma models have brought new prospects of drug screening and disease
modeling, since their physiological relevancy for recapitulating in vivo tumor architectures is more accurate than traditional
two-dimensional (2D) cell culture. Gelatin methacryloyl (GelMA) is widely used as a tissue-engineered scaffold hydrogel
for 3D cell culture. In the present study, an in vitro 3D malignant melanoma model based on GeIMA was fabricated to
evaluate the efficiency of hypericin (Hy)-loaded microemulsion (ME) in photodynamic therapy against melanoma. The ME
was produced by the spontaneous emulsification method to enhance the bioavailability of Hy at tumor sites. Hy-loaded MEs
were applied to a 3D malignant melanoma model made using 6% GelMA and the co-culture of B16F10 and Balb/c 3T3 cells,
followed by crosslinking using violet light (403 nm). The observation revealed excellent cell viability and the presence of
F-actin cytoskeleton network. Hy-loaded MEs exhibited higher phototoxicity and cell accumulation (about threefold) than
free Hy, and the cells cultured in the 3D system displayed lower susceptibility (about 2.5-fold) than those in 2D culture.
These findings indicate that the developed MEs are potential delivery carriers for Hy; furthermore, GeIMA hydrogel-based
modeling in polydimethylsiloxane (PDMS) molds is a user-friendly and cost-effective in vitro platform to investigate drug

penetration and provide a basis for evaluating nanocarrier efficiency for skin cancer and other skin-related diseases.
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Introduction

Malignant melanoma is the most aggressive skin cancer type
with high mortality, which bears the notorious hallmarks of
elevated multidrug resistance and metastasis potential [1]. It
is derived from the abnormal transformation of melanocytes
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that produce uncontrolled melanin in the basal layer of the
epidermis because of ultraviolet (UV) radiation exposure [2].
Melanoma can also occur in specific skin areas not exposed
to UV light but constantly subjected to enormous mechan-
ical stress, such as in the palmoplantar and fingernail beds
[3]. Although surgical excision remains the most common
treatment applied to reduce the progression and eliminate
the tumor, patients commonly suffer from deep lesions and
cosmetic disfigurement [4]. Multiple treatment options are
increasingly needed for minimizing the adverse effects and
mortality. Thus, chemotherapy, radiotherapy, photodynamic
therapy (PDT), immunotherapy, and targeted therapy can be
adopted depending on the tumor location, disease stage and
genetic profile [5].

PDT is a light-assisted treatment option that uses the
combination of photosensitizer, visible light and oxygen
to generate reactive oxygen species (ROS), unleashing
irreversible damage to tumor cells and tumor-associated
vascularization [6]. This treatment modality has been widely


http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-022-00202-6&domain=pdf
http://orcid.org/0000-0002-8059-435X
http://orcid.org/0000-0001-7351-8220

Bio-Design and Manufacturing (2022) 5:660-673

661

used for superficial cancers, including skin cancer, head and
neck cancer, breast cancer, and basal cell carcinoma, due to
its minimal invasiveness and highly selective cytotoxicity
[7-10]. Studies have reported on PDT as a promising
adjuvant therapy for patients with stage III/IV cutaneous
metastatic melanomas [11].

Hypericin (Hy), a photosensitizer known as a nutraceutical
with intense photosensitive activity, is present in Hypericum
perforatum (Saint John’s wort) [12]. It has low solubility in
aqueous media with a log P (octanol/water) value of 3.43
[13], which is a substantial limitation for clinical applica-
tions; therefore, it needs novel topical formulations. Hence,
we selected microemulsion (ME) to enhance Hy solubility
and cell uptake for malignant melanoma. ME is produced
spontaneously from two immiscible liquids, usually water
and oil, stabilized by surfactants and co-surfactants and
defined as a thermodynamically stable isotropic phase. It is
a transparent system with droplet sizes ranging from 10 to
100 nm [14]. This nanocarrier enables a high solubilization
capacity for hydrophobic compounds and acts as an enhancer
for their penetration into skin and tissue. Due to its nano-
metric size, it can efficiently transport poorly soluble drugs
in an aqueous medium [15]. Because of these properties,
ME:s have allowed the development of drug delivery systems
for oral, intravenous, topical, and transdermal administration
[16-19].

To overcome the limitations of conventional two-
dimensional (2D) in vitro assays, three-dimensional (3D)
cell culture has emerged as an alternative to 2D and animal
models in studies on the mechanisms underlying melanoma
progression, overcoming ethical considerations and feasibil-
ity issues. However, it provides fundamental absorption data
from human and animal tissues that are difficult to obtain by
in vivo studies [20]. Recent advanced 3D in vitro approaches
include spheroid cell culture and melanoma skin equivalents.
The spheroid cell culture relies on cell aggregation to form
3D clusters; it generally requires a higher number of ini-
tial cells and faces the challenges of building structures with
complicated and relatively large geometries without adequate
support [21]. Melanoma skin equivalents consist of artificial
skin rebuilt from isolated cell populations, providing a more
physiologically relevant melanoma scenario; however, there
are technical challenges due to the specialized training and
constant monitoring required during the prolonged culture
time of up to 21 days [22].

Hydrogels have been widely used to inoculate cell
self-assembled living structures. An advanced 3D cell cul-
ture model was established using the gelatin methacryloyl
(GelMA) hydrogel to mimic malignant melanoma. The
GelMA hydrogel is derived from hydrolyzed collagen and
contains biological motifs, namely Arg-Gly-Asp (RGD)
binding sequences, which provide cell attachment sites,
promote intercellular interactions, and assist with oxygen

diffusion and nutrient delivery [23]. The GeIMA pre-polymer
solution is a photocurable biomaterial with tunable physical
properties for creating cell-laden constructs [24, 25]. These
microengineered tissues can be utilized as in vitro models
for recapitulating the heterogeneity and complex intracellu-
lar interactions of solid tumors and enable a more accurate
simulation of the tumor microenvironment and phenotypes to
evaluate the efficacy of therapeutic drugs before their in vivo
testing and clinical trials. Several studies have shown that
3D melanoma cell cultures promote growth factor expres-
sion that is correlated with disease progression, allowing for
the better prediction of chemotherapeutic drug resistance and
melanoma metastasis [26, 27].

In the present study, we fabricated an in vitro 3D malignant
melanoma model using photocurable GeIMA to encapsu-
late B16F10 and Balb/c 3T3 cells, resulting in a co-cultured
construct, which was used for evaluating the efficiency of
Hy-loaded MEs in PDT. The spontaneous emulsification
method was employed to produce these nanoformulations,
characterized by particle size, shape, and physicochemical
properties. For the 3D in vitro model, cell viability, prolifera-
tion, cytoskeleton, mechanical properties, and the expression
of hypoxia-inducible factor-1 alpha (HIF-la) were ana-
lyzed to ensure tumor tissue formation. Furthermore, Hy
penetration and the intracellular accumulation from MEs
were investigated using confocal laser scanning microscopy
(CLSM).

Materials and methods
Materials

Hypericin was obtained through chemical synthesis carried
out by Prof. Dr. Anderson Orzari Ribeiro (Federal University
of ABC, Brazil) according to a previously reported protocol
[28]. Oleic acid, propylene glycol, Tween 20 (hydrophilic-
lipophilic balance, HLB = 16.7), and phosphotungstic
acid were purchased from Synth, Brazil. Medium-chain
triglyceride (MCT) was obtained from Athletica Clinical,
Brazil. Tween 80 (HLB = 15.0), bovine serum albu-
min (BSA), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT), cell counting kit-8 (CCK-8),
porcine skin gelatin, methacrylic anhydride (MA), lithium
phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP), human
HIF-1a enzyme-linked immunosorbent assay (ELISA) kit,
and Dulbecco’s modified eagle medium (DMEM) were
acquired from Sigma-Aldrich, USA. Fetal bovine serum
(FBS) was purchased from Cultilab, Brazil. Singlet oxy-
gen sensor green (SOSG), phalloidin-fluorescein isoth-
iocyanate (FITC), 4’,6-diamidine-2’-phenylindole dihy-
drochloride (DAPI), Live/DeaD viability/cytotoxicity Kkit,
CellTracker Red CMTPX and CellTracker Green CMFDA
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were obtained from Invitrogen, USA. Phosal® 50 PG 50%
phosphatidylcholine in propylene glycol) was donated by
Lipoid, Germany. Polydimethylsiloxane (PDMS, Sylgard
184) was purchased from Dow Corning, USA.

Construction of MEs using pseudoternary phase
diagrams

The solubility of Hy in oils and surfactants was investigated
to select the most suitable components for the development
of MEs. Hy at 0.1 mg/mL was added to the following com-
pounds: oils (MCT, MCT + Phosal® 50 PG, oleic acid)
and surfactants (Tween 20, Tween 80, propylene glycol).
The mixtures were vortexed for 3 min and centrifuged at
3000 r/min for 10 min. Then, 10 pL of the supernatant
was diluted with 1 mL phosphate-buffered saline (PBS) +
0.2% Tween 20 to determine the amount of Hy by fluo-
rescence spectrophotometry (F-4500, Hitachi, Japan). The
experiments were repeated in triplicate.

A mixture of surfactants and co-surfactant (Smix) in a
ratio of 3:1 (w/w) was added to the oil phase in weight
ratios (O/Smix) of 1:5, 1:10, 1:15, 1:20, 1:25, or 1:30. The
resulting mixture was then titrated with the aqueous phase
by adding volumes of 500 wL of deionized water with 10%
ethanol each time at room temperature. During the titration,
the mixture was homogenized by vortexing for 1 min, and
the changes in the visual aspect were observed. After the
titrations, the proportions of the system components were
recorded to construct the pseudo ternary diagram classifying
the systems obtained according to visual observation. Only
clear dispersions of 100 nm or lower particle size were con-
sidered in the ME region of the diagram. The shaded area
in each phase diagram was plotted to indicate better micro-
emulsifying efficiency. No heating was applied during the
preparation of MEs.

Characterization of MEs

All formulations were characterized by physical appearance,
particle size, zeta potential, droplet morphology, solution vis-
cosity, solution pH, and Hy content. Dynamic light scattering
(DLS) (Zetasizer Nano S90, Malvern, UK) measurement was
employed to determine the hydrodynamic diameter, polydis-
persity indexes (PDI), and zeta potential; the samples were
diluted at the ratio of 1:10 to avoid the effect of multiple scat-
tering. A sample drop diluted in water (1:10) was deposited
onto a Formvar and carbon-coated 300-mesh copper grid
(Ted Pella Inc., USA) to investigate the ME droplet mor-
phology. After removing the excess and staining with 1%
phosphotungstic acid for 30 s, the sample was dried and
analyzed by a transmission electron microscope (JEM-2100,
Jeol, Japan) operated at 200 kV. The selected MEs were
characterized by fluorescence spectroscopy at A = 553 nm
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(excitation) and A = 560-800 nm (emission) using a quartz
cuvette with an optical path length of 1 cm.

The electrical conductivities were measured using a
DIGIMED® model CD-40 conductometer. The pH of the
formulation was measured by a pH-meter (Mettler Toledo
MP 220, Switzerland). The viscosity was quantified by Dis-
covery Hybrid Rheometer (DHR-2, TA-Instruments, USA)
using 40-mm-diameter parallel plates with a truncation gap
of 100 wm. The Hy encapsulation efficiency in MEs was
determined by the ultrafiltration method using Amicon® cen-
trifugal filter devices with a 100 kDa molecular weight cut-off
membrane (Millipore, USA); Hy-loaded ME at 100 mg/L
(1 mL) was added in the upper donor chamber, and the unit
was centrifuged at 8000 r/min for 40 min. All of these mea-
surements were performed in triplicate at 25 °C.

The stability of MEs loaded with 100 pg/mL of Hy was
monitored over 180 days by checking their droplet size, PDI,
zeta potential, hypericin content, and any visual changes.

Singlet oxygen generation

Singlet oxygen ('O,) generation was analyzed using SOSG.
Each sample (free Hy in PBS, DMSO, or Hy-loaded MEs)
was added to SOSG at 5 pmol/L for a final Hy concentration
of 20 wmol/L. The samples were then irradiated with yellow
LED ((590 + 10) nm) at 8.4 mW/cm? for 20 min. SOSG
fluorescence at A = 488/525 nm (excitation/emission) was
monitored using a Synergy H1 hybrid multi-mode reader
(BioTek Instruments Inc., USA).

Cell cultures

Mouse malignant melanoma cells (B16F10 cells) and Balb/c
mouse 3T3 Clone A31 fibroblasts (3T3 cells) were cultured
using DMEM supplemented with 10% FBS, 10,000 U/mL
of penicillin and 10 mg/mL of streptomycin. Both cell lines
were maintained at 37 °C under 5% CO; in an incubator.

3D-bioengineered malignant melanoma model
using GelMA

GelMA was synthesized according to a previously published
protocol [29, 30]. Briefly, porcine skin gelatin was mixed
at 10% (w/v) into PBS and stirred at 60 °C until fully dis-
solved. MA was added to the solution at a rate of 0.5 mL/min
until a concentration of 8% (v/v) was obtained in the gelatin
solution. The solution was stirred for 1 h at 50 °C, followed
by two times dilution with PBS at 50 °C, and then dialyzed
against distilled water using 12 kDa cut-off dialysis tubing
for one week at 40 °C to remove the unreacted groups from
the solution. The GelMA solution was frozen overnight at
— 80 °C and lyophilized in a freeze dryer for a week. The
dried GeIMA was stored at — 20 °C until further usage.



Bio-Design and Manufacturing (2022) 5:660-673

663

o
a e
NH; NH. o o
m 2
el e gl
2 _— o\(lL
&[\2‘”2 NH NH,
NH, NH, NZ\)/NIH\(
Oj\ OA)_
Gelatin GelMA
Violet light
(403 nm)
14 days
—_—

GelMA + 0.3% LAP +
Fibroblast and
melanoma cells

Fig. 1 Schematic process of GeIMA molding and cell encapsulation.
a GelMA pre-polymer synthesized from porcine skin gelatin, which
became photocurable by adding 0.3% LAP and irradiation under violet
light (A = 403 nm). b The melanoma (B16F10) and fibroblast (3T3)

Figures 1a and 1billustrate the GeIM A fabrication process
and the application of Hy-loaded MEs and PDT to the cell-
laden constructs. For in vitro 3D constructs, B16F10 and 3T3
cells at 1 x 107 cells/mL of each type were suspended in 6%
(w/v) GeIMA containing 0.3% LAP (w/v) in PBS, transferred
to a PDMS casting mold (§ mm x 8 mm x 3 mm), and then
photocrosslinked by exposure to violet light (A = 403 nm) at
an intensity of 40 mW/cm? for 15 s. Hydrogel constructs were
cultured in DMEM with 10% FBS at 37 °C under 5% CO,
for 14 days. PDT treatment was performed first by incubating
the cells with Hy-loaded MEs, and then irradiating them with
yellow light (A = 590 nm).

Mechanical properties

The fabricated GelMA hydrogels were assessed for their
Young’s modulus by using a mechanical tester (6800 Series,
Instron, USA) with a ramp of 2.0 N/min up to a maximum
of 100.0 N. The data were plotted as a stress-strain curve,
and the Young’s modulus was calculated as the slope of the
linear region of this curve between 0 and 20% strain.

Immunofluorescence assay

The cell-laden samples were fixed in 4% (w/v) paraformalde-
hyde for 15 min and then 0.1% Triton X-100 for 15 min to
permeabilize the cell membrane, followed by blocking with
1% (w/v) BSA for 15 min at room temperature. For F-actin

Violet light
(403 nm)

_—

0.3% LAP

Crosslinked GelMA

PDT
Hypericin-loaded Yellow light
. microemulsion (590 nm)

cells were added to GeIMA solution containing 0.3% LAP and cast
into a PDMS mold; after crosslinking by violet light, this 3D cell-laden
construct was cultured for 14 days to be treated with Hy-loaded MEs
following PDT by irradiation with yellow light (A = 590 nm)

cytoskeleton staining, the samples were soaked in a 1:1000
dilution of phalloidin-FITC in 0.1% (w/v) BSA for 1 h.
Finally, the nuclei were stained with DAPI for 10 min. For the
cell co-culture observation, B16F10 and 3T3 cells in GeIMA
constructs were marked using two different long-term Cell
Trackers, Green CMFDA and Red CMTPX, respectively.
The Cell Tracker solutions were prepared according to the
manufacturer’s protocol. The images were acquired by an
inverted fluorescence microscope (Axiovert 200 M, Carl
Zeiss, Germany).

Cytotoxicity assay

First, the cytotoxicity of empty MEs and Hy-loaded MEs was
evaluated by MTT assay. The Balb/c 3T3 cells or B16F10
cells were seeded in 96-well plates at a density of 1 x 107
cells per well for 24 h. Then, the cells were incubated with
different concentrations of formulations prepared in DMEM.
After 24 h, this medium was removed, and the cells were
washed twice with PBS. Subsequently, 50 pL per well of
MTT at 1 mg/mL in culture medium was added to each
well. After incubation for 3 h, the medium was removed, and
the formazan crystals were dissolved in 50 WL of ethanol,
followed by the addition of 150 pL of PBS: isopropanol
(1:1) mixture to each well. The absorbance was measured at
570 nm using a microplate reader (Multiskan GO, Thermo
Scientific, USA).
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For the 3D malignant melanoma model, the Live/Dead
Cell Viability Assay kit was used to observe the viability
changes in the cells in the culture according to the manu-
facturer’s instructions. The cells were incubated with calcein
AM (2 pg/mL in PBS) and ethidium homodimer (4 pwg/mL
in PBS) reagents for 30 min at 37 °C under light protection.
The green and the red fluorescence images of viable and non-
viable cells, respectively, were captured using an inverted
fluorescence microscope (Axiovert 200 M, Carl Zeiss, Ger-
many).

A CCK-8 assay was further performed to assess the cell
viability in 2D and 3D cell-laden constructs after PDT. The
free Hy and Hy loaded in M1C and M2A at 0, 1, 50, 100, and
200 nmol/L in DMEM were applied to cells. After 24 h, the
medium containing the Hy formulations was removed, and
the cells were washed twice with PBS. Afterward, the cells
were incubated with 10% CCK-8 in DMEM for 4 h at 37 °C.
The absorbance of samples and corresponding controls was
determined at 450 nm using a microplate reader (Multiskan
GO, Thermo Scientific, USA).

HIF-1a-production in the 3D malignant melanoma
model

The cell culture supernatants collected from the 3D malig-
nant melanoma model were centrifuged at 3500 g for 5 min
at 4 °C to remove any impurities. The secreted HIF-1a pro-
tein was quantified using the HIF-1oe ELISA kit according to
the manufacturer’s protocol. The control was prepared from
monolayer cell culture.

Cellular uptake of the Hy-loaded ME in the 3D
malignant melanoma model

In order to analyze the cellular internalization of Hy in the 3D
melanoma model, the cells were fixed with 4% paraformalde-
hyde for 20 min, and the nuclei were stained by DAPI for
10 min. Subsequently, the cellular internalization of free Hy
and Hy-loaded MEs was analyzed by CLSM (LSM 780, Carl
Zeiss, Germany) using the excitation wavelength of 543 nm
generated by a He—Ne laser beam. The fluorescence emission
of samples was detected at a wavelength of 590 nm.

Statistical analyses

All quantitative data were presented as mean =+ standard
deviation (SD). One-way ANOVA was used to determine
the statistical significance between the experimental groups
with the Tukey post-hoc test. Values of *p <0.05, **p <0.01,
and ***p < 0.001 indicated significance.
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Results and discussion
Screening of components for ME

The most crucial criterion for ME development is the
selection of the formulation components based on drug sol-
ubilization. Therefore, a Hy solubility test at 100 pwg/mL
was performed in various media. Figure S1 (Supplementary
Information) shows that Hy was soluble in all the surfac-
tants and co-surfactant: Tween 80, Tween 20, and propylene
glycol. For the oil phase, Hy was entirely soluble in oleic
acid and partially soluble in MCT. For the latter medium,
3% Phosal® 50PG was added to fully solubilize Hy. Phosal®
50PG contains phosphatidylcholine, the principal phospho-
lipid in lecithin that functions as an emulsifier [31]. Oleic
acid is a hydrophobic biocompatible compound acting as
a permeation enhancer due to its partition into the stratum
corneum, destabilizing skin lipids [32].

In order to construct ternary phase diagrams, oleic acid
was combined with Tween 20 and propylene glycol, while
MCT + 3% Phosal® 50PG was combined with Tween 80
and propylene glycol. Subsequently, the ideal combination
of surfactants and co-surfactant ratios was determined as 3:1
(w/w) to suit the required HLB values of these oil phases.
The final HLB values were identified as up to 10 to gener-
ate oil-in-water (O/W) ME, since high solubility leads drug
association to the oily phase, and the correct blend of HLB
surfactants contributes to the formation of a stable ME upon
dilution with water [33]. Meanwhile, the use of co-surfactant
such as propylene glycol assists with the decrease in interfa-
cial tension and viscosity. Furthermore, non-ionic surfactants
such as Tween 80 and Tween 20 are less toxic than ionic
surfactants and have a lower critical micellar concentration,
offering stability in a biological environment [34].

Construction of pseudo-ternary phase diagrams
and ME characterization

The set of oily phases (O) and the mixture of surfactant and
co-surfactant (Smix) were titrated with the aqueous phase
(W) using deionized water + 10% ethanol. Based on the pre-
liminary screenings, the domain of the points was delimited,
in which the maximum solubilization of the dispersed phase
forms a homogeneous, transparent, translucent, and isotropic
system, a typical characteristic of ME. Figure 2a shows the
pseudo-ternary phase diagrams, in which the formulations
MI1C and M2A were selected due to their maximum water
content and lowest possible surfactant content.

The obtained diagrams were compared to observe the
effects of surfactants with different HLB values on the ME
region. The higher HLB value of Tween 20 (HLB = 16.7)
was optimal to incorporate a more aqueous phase because
it enhances interfacial layer hydrophilicity [33]. Meanwhile,
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Fig.2 a Pseudo-ternary phase diagrams depicting the influence of oil
phase composition on ME formation: W = aqueous phase, Smix =
mixture of surfactant and co-surfactant, O = Oil phase. The isotropic
ME:s selected for dynamic light scattering analysis were: 1) M1C (W
= deionized water + 10% ethanol, Smix = Tween 20: propylene glycol
(3:1), O = Oleic acid); 2) M2A (W = deionized water + 10% ethanol,
Smix = Tween 80: propylene glycol (3:1), O = MCT + 3% Phosal®

Tween 80 (HLB = 15) is less hydrophilic, decreasing the par-
tition into the aqueous phase, thus reducing the water loading
and narrowing the ME region. Figure 2b shows the droplet
size distribution of the selected MEs. All MEs had a droplet
size of approximately 10 nm. However, M1C formulated with
oleic acid showed the widest range of droplet sizes in the sam-
ple. This might be due to the carbon chain of oleic acid (18
carbons) including a double bond, whereas MCT is usually
composed of short chains with 6-12 carbons. The number of
carbons in the compounds used for the oil phase can influence
the emulsification process, since long chains have difficulty
in penetrating the interface of the surfactants and are usually
dispersed [35].

The fluorescence emission spectra obtained for 0.1 mg/mL
Hy in DMSO, PBS, M1C, and M2A (Fig. 2c) showed that
Hy-loaded MEs presented similar fluorescence emissions to
Hy in DMSO, since this is the most used solvent for Hy stock
solution preparation. Conversely, Hy is insoluble in PBS and
aggregates in aqueous media to yield low fluorescence emis-
sion. It can be concluded that the prepared MEs were efficient
in Hy solubilization. Figure 2d shows the images obtained
from transmission electron microscopy, revealing that the
lipid droplets were spherical. These results corroborate the
droplet size analysis, showing that droplets are present in

50PG). The dark area corresponds to the ME formation area. b Droplet
size distribution of Hy-loaded MEs: M1C and M2A by DLS. ¢ Hyper-
icin fluorescence spectra at 0.1 mg/mL in different media: PBS, DMSO,
MIC, and M2A obtained with excitation at 552 nm and emission at
560— 800 nm. d TEM images of phosphotungstic acid staining of M1C
and M2A

Table 1 Characteristics of selected MEs

Microemulsion MIC M2A

Particle size (nm) 8.38 £0.13 10.39 £ 0.04
PDI 0.141 £ 0.047 0.021 £0.011
Zeta potential (mV) —9.62+1.12 —11.7+1.83
pH 4.99 +0.13 6.83 £0.21
Conductivity (j.S/cm) 301.2 £ 0.5 203.54+0.2
Viscosity (Pa s) 0.003 £ 0.001 0.132 £ 0.001
Encapsulation efficiency 88.45 £3.92 87.43 £2.70

(%)

the nanometer range and have varying sizes from approxi-
mately 10 nm. Table 1 details the characteristics of selected
MEs. The selected ME displays an internal phase diameter
range from 8 to 14 nm (with PDI < 0.2) and a negative zeta
potential (about — 10 mV), suggesting formulation stabil-
ity. The zeta potential represents the total charge of the lipid
vesicle or particle in a medium. Zeta potential values equal
to or greater than 30 mV (module) are considered stable,
which is mainly true for particulate systems. However, this
rule may not be valid for some ME formulations with a lower
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zeta potential [36]. In general, dispersed droplets are stable
when enough electrostatic repulsion between them is allied to
some steric impediment. These associated phenomena reveal
that intermediate zeta potential values can avoid the aggre-
gation of droplets from MEs, increasing their stability. Thus,
the stability of MEs containing non-ionic surfactants in their
composition, such as that of the formulations of the present
study, does not depend only on the zeta potential, because
its stability is significantly influenced by the surfactant chain
size [37]. The obtained values for the electrical conductivity
of the MEs were in the order of 100 wS/cm, indicating that
the emulsion type was O/W. The conductivity was measured
to determine the type of ME and estimate the predominant
phase resulting from the changes in composition or temper-
ature. The actual value mainly reveals whether this phase is
aqueous or oily, or both phases are continuous. Microemul-
sified O/W and bi-continuous systems have higher electrical
conductivity values than microemulsified type W/O sys-
tems. O/W ME:s are preferred in biological applications, as
the oil nanodroplets dispersed in water can offer excellent
capacity to solubilize hydrophobic compounds and increase
their stability and bioavailability [38]. To determine the Hy
encapsulation efficiency present in MEs, separating the non-
encapsulated fraction using high-speed spin centrifugation
(11 000 g) was necessary. Both selected MEs had > 80%
encapsulation efficiency, meaning that the formulations effi-
ciently encapsulated Hy at 100 pg/mL.

The physicochemical stability of the MEs after 6 months
of storage at temperatures 4, 25, and 37 °C is shown in
Fig. S2 (Supplementary Information). At 4 and 25 °C, the
MEs demonstrated isotropic and translucent morphology,
as shown by macroscopic visualization during this period.
In addition, the droplets maintained their initial sizes and
PDIs with no evidence of precipitation or flocculation. The
initial concentration of Hy encapsulated in these ME sys-
tems also remained constant, showing that the compound
was thermostable in the MEs. However, the increase in PDI
values was observed under storage at 37 °C, which might
be due to the dehydration of the formulation that altered the
interfacial tension and increased the kinetic energy between
the droplets, so that they could overcome the energy barrier
and tend to get closer to each other, provoking flocculation
and coalescence [39]. Despite the instability of MEs when
stored at 37 °C, the thermodynamic stability of MEs still
contributed to the conservation of nanodroplet sizes at 4 and
25 °C. These temperatures offer advantages over unstable
dispersions, such as suspensions and macroemulsions, by
providing a much longer shelf life.

Singlet oxygen generation

The efficiency of Hy-loaded MEs to generate 'O, was ana-
lyzed using the SOSG reagent. As shown in Fig. 3, strong
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Fig.3 'O, generation by Hy (20 wmol/L) in different media: PBS,
DMSO, M1C, and M2A after irradiation with light at 590 nm (light
dose: 10 J/cm?). The fluorescence intensity (FI) of SOSG probe was
detected by excitation and emission wavelengths at 504 and 525 nm,
respectively. Significant difference (*p < 0.001) was found against PBS

SOSG fluorescence intensity of the free Hy in DMSO or
Hy-loaded MEs was observed upon 590 nm yellow LED
irradiation for 20 min. On the contrary, Hy was insoluble in
PBS, leading to precipitation and low SOSG fluorescence.
The low solubility of Hy in an aqueous medium makes it
form self-aggregates that reduce the fluorescence quantum
yield, resulting in the difficulty to transfer energy from triplet
state to oxygen, thus undermining the process of 'O, gen-
eration [40]. Although the MEs contain 60%—70% of water,
the nanodroplets of oil stabilized by the surfactants enable
Hy to be water soluble. This fact markedly increases Hy
bioavailability, since 1o, generated after light irradiation in
the presence of oxygen promotes the oxidation of surround-
ing biomolecules, damages the vascular system, and triggers
programmed cell death by apoptosis [41].

Bioengineered 3D malignant melanoma model

The cell encapsulation condition in GelMA was first investi-
gated by loading the cells into 6%, 8%, or 10% (w/v) GelMA
pre-polymer followed by violet light crosslinking. This pro-
cess generates a stable 3D construct at 37 °C. The optical
images in Fig. 4a show that the cells only stretched and
exhibited vigorous spreading in 6% GelMA after 3 days. In
comparison, spherical cell morphologies were observed at
higher GelMA concentrations (8% and 10%). Indeed, cells
can suffer stress during the encapsulation process; especially,
an elevated GelMA concentration turns the scaffold into a
rigid and compact solid with inadequate porosity and tran-
sient swelling in the culture medium for cell proliferation
because of the poor supply of nutrients and oxygen in 3D
cell culture [42]. GeIMA can be attributed tunable proper-
ties by modifying the concentrations of its constituents, its
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Fig.4 a Optical micrographs a
showing cells spreading in the
cell co-culture of B16F10 and
3T3 cells in 6%, 8%, and 10%
(w/v) GelMA followed by violet
light irradiation at 40 mW/cm?
for 15 s (Scale bar = 100 pm). b
Stress-strain curves of 6%, 8%,
and 10% (w/v) GelMA
hydrogels. ¢ Calculated Young’s
moduli. The data are expressed
as mean =+ SD (n = 3). *p <
0.05, **p < 0.01, ***p < 0.001
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synthesis process and crosslinking parameters to achieve a
desirable condition for the culture of different cell types and
physiological applications [43].

Encapsulating cells into GeIMA allows cell adhesion,
proliferation and differentiation in an extracellular envi-
ronment [44]. Other traditional cell-laden biomaterials like
Matrigel, collagen and decellularized extracellular matrices
are typical animal-derived scaffolding elements composed of
various polysaccharides, proteins (e.g., collagen and laminin)
and growth factors. Compared to these, GeIMA holds rela-
tively tunable mechanical properties and sufficient stability
due to the temperature-independent and irreversible pho-
tocrosslinking process. GeIMA also provides the advantage
of improving the control of batch-to-batch variability while
being more economical than these matrices [45].

Another interesting advantage revealed in our study while
working with PDMS molds is that GelMA is more straight-
forward to handle and utilize for modeling 3D constructs with
tailorable dimensions and thickness, rendering it an effective
tissue-engineering platform for drug screening. This robust
replication method can also enable the rapid creation of tumor
models on a patient-specific basis to evaluate treatments with-
out requiring sophisticated technological equipment such as
a 3D bioprinter.

The mechanical properties of GelMA were further
described (Fig. 4b). The Young’s moduli of GelMA at 6%,
8% and 10% (w/v) were (4.84 + 0.51), (7.73 £ 0.39) and
(11.94 £ 0.78) kPa, respectively (Fig. 4c). As depicted, the

GelMA % (m/v)

change in stiffness of GeIMA can be achieved by modulat-
ing its concentration. In addition, our result demonstrated
that using 6% (w/v) GeIMA for melanoma and fibroblast
cell co-culture provided a similar stiffer environment com-
parable to previously reported human skin with Young’s
moduli between 4.5 and 8 kPa [46]. Another in vivo study
using nude mice also demonstrated that the Young’s modulus
of melanoma tissue was higher than that of non-melanoma
((4.93 £ 2.38) vs. (0.98 & 0.41) kPa) [47]. The stiffer envi-
ronment of melanoma resembles solid tumors and is better
mimicked using denser GeIMA gels. Malignant transforma-
tion is accompanied by specific signaling in cellular and
extracellular mechanical properties, such as stiffness and
adhesion. Several studies reported that mechanical regula-
tion influences tumor growth and hypoxic core formation
inside the tumor mass, thus contributing to drug resistance
while displaying an increased stiffness compared to normal
tissues [48].

The cell viability of 3D cell co-culture (B16F10 and 3T3
cells) in 6% (w/v) GeIMA was verified by live/dead stain-
ing (Fig. 5a). Most of the cells were viable over 14 days of
culture, which also demonstrated that the cells readily prolif-
erated and elongated in GeIMA scaffolds. Since GelMA is a
photocurable hydrogel that is widely used as a 3D cell culture
matrix, its tunable mechanical properties enable the creation
of complex, cell-responsive microtissues [49]. Moreover, as
shown in Figs. 5b and 5Sc, increased F-actin filamentous
networks within the cells evidenced that the co-culture of
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Fig.5 Immunostaining assay was conducted to observe cell viabil-
ity and cell spreading in the co-culture of 3T3 and BI6F10 cells
in 6% GelMA + 0.3% LAP. a Live/Dead cell staining. Scale bar =
500 wm. b F-actin/nuclei staining by phalloidin-FITC/ DAPI at 3, 7,
and 14 days. Scale bar = 500 wm. ¢ F-actin/nuclei fluorescence inten-
sity over 14 days. d B16F10 cells (green color) and 3T3 cells (magenta

B16F10 and 3T3 cells could promote the cytoskeleton orga-
nization supported by the interactions between the two cell
types and between cells and GeIMA. Numerous in vitro stud-
ies have indicated that the F-actin networks have a unique
molecular signature for creating a dynamic structure in 3D
cell culture, which can generate mechanical behaviors by
modulating cell adhesion, migration, and division [50, 51].
The cell co-culture of BI6F10 and 3T3 cells was exam-
ined using two different long-term Cell Trackers. The cells
were first marked and then mixed into 6% GelMA. Figure 5d
shows the monitoring results for both cell lines over 7 days.
It was found that the GeIMA scaffolds allowed the mainte-
nance of cellular interactions to ensure their proper growth.
Fibroblasts, as the main cellular components within the
tumor stroma, have been reported to promote the dynamic
interactions of tumor cells with acellular components that
contribute to extracellular matrix formation and stimulate
cell-cell interactions as well as cell growth and invasion
[52]. In addition, fibroblasts can protect cancer cells from
immune defense [53]. These features tremendously affect
tumor morphology and gene expression and increase resis-
tance to chemotherapy and radiotherapy [54, 55]. Thus, many
studies also focused on targeting tumor-associated fibroblasts
for developing novel cancer therapies [56]. All of these data
suggest that the co-culture melanoma model better reflects
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color) were marked with Cell Trackers CMTPX and CMFDA, respec-
tively. Scale bar = 500 wm. e CCK-8 assay showing increased cell
proliferation in the photocrosslinked GelMA. f The HIF-1o expres-
sions were measured after 1, 3 and 7 days for the 2D model and after 1,
3,7, 10, and 14 days for the 3D model. The data are expressed as mean
4+ SD (n = 3). *p <0.05, **p < 0.01, ***p < 0.001

the actual in vivo tumor-stromal architecture and provides a
promising approach for predicting the antitumor efficacy of
drug candidates.

The cell metabolic activities were verified by the CCK-
8 assay (Fig. 5e). The results showed that metabolic activity
increased over time in 3D cell co-culture, providing evidence
that the GelMA construct created a cell-proliferative milieu
with cell-adhesive domains such as RGD, and was sufficient
to support the growth of the co-culture of melanoma and
fibroblast cells over prolonged periods. The cell metabolic
activities were also corroborated by Live/Dead assay, since
no significant cell death was observed at 14 days of culture.
Besides, GeIMA crosslinked by violet irradiation during 15 s
(0.6 J/cm?) did not significantly affect cell viability or the
metabolic activities.

The hypoxiainside 2D and 3D cell co-culture was detected
by ELISA assay for HIF-1« released in the supernatant of
the culture medium (Fig. 5f). At 24 h, the concentrations of
HIF-1a were similar in both systems. However, the HIF-1¢
level in 3D cell culture was significantly higher for longer
incubations than in 2D, and the latter contained very low
detectable HIF-1«. Since the cell viability in 2D was consid-
erably affected by long-term cultivation (> 7 days) due to the
lack of space for cell growth, we did not quantify HIF-1« at
10 and 14 days.
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Fig.6 a Live/Dead cell staining of 3D malignant melanoma models.
Cells were treated with free Hy and Hy loaded in M1C and M2A (from 1
to 200 nmol/L), followed by PDT (yellow-light irradiation at 10 J/cm?).
Red color denotes a dead cell, and green denotes a live cell. Scale bar

As expected, hypoxic conditions are hard to reproduce in
classic 2D cell culture. Conventional 2D culture substrates
like tissue culture polystyrene flasks present significant draw-
backs limiting how the study conclusions can appropriately
be translated to actual in vivo processes. On the other hand,
in a complex 3D microenvironment, melanoma grows in a
stromal mimicry in 3D spatial conformation where cells are
subjected to long-term culture and the stiffness of GeIMA
support. A hypoxic core occurs in response to heterogeneous
oxygen gradients, promoting the release of soluble signals
such as HIF-1, which have a crucial tumor pathological
aspect of inducing cell migration and invasion; it allows effi-
cient cellular cross-talk for assessing therapy responses to
signaling inhibitors [57].

Cytotoxicity evaluation for 2D and 3D cell co-culture
melanoma models

The cytotoxicity of empty MEs was investigated by the MTT
assay (Fig. S3 in Supplementary Information). The empty
MEs exhibited no significant effect on the survival rate of
Balb/c 3T3 and B16F10 cells at 10 mg/mL in the culture
medium, and the cell survival rate was above 90%. In PDT
treatment, 3D models were incubated with free Hy and Hy-
loaded MEs at 0, 1, 50, 100, and 200 nmol/L. for 24 h,
followed by yellow LED irradiation at 10 J/cm?. For the 3D
model, the Live/Dead staining result is shown in Fig. 6a; the
ME:s containing Hy exhibited more pronounced and signifi-
cantly higher phototoxicity (about threefold) (p < 0.05) than
the free Hy. In addition, the cell metabolic activities were
verified by the colorimetric CCK-8 assay (Fig. 6b) to better

0

0

120
2D
3D 2 100
280
3 0
> 40
8 20
0
10 50 100 200 0 10 50 100 200
[Hy] nmol/L [Hy] nmol/L

120 M2A
N 2D
SR | I 3D
28 -
3 w0 ~
>4 S
3 20 e
0
10 50 100 200 0 10 50 100 200
[Hy] nmol/L [Hy] nmol/L

= 300 wm. b The metabolic activity and cell death in 2D and 3D cell
cultures after Hy-PDT were determined by CCK-8 assay. The data are
expressed as mean £ SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001

compare 2D and 3D cell cultures, which indicated that the
cells cultured in the 3D system displayed less susceptibility
(at least about 2.5-fold) to the PDT treatment than those in
the 2D system.

The fibroblasts and melanoma cells co-embedded in
GelMA enabled them to mimic the 3D structure organiza-
tion, creating heterogeneous growth states for both cell lines.
In addition, the hypoxic core occurring in the 3D cell culture
may induce the most cells within this region to divide or
undergo apoptosis; therefore, the malignant cells found at
the periphery show the highest level of cell proliferation and
become more invasive when supported by GelMA construct
and stromal cells such as fibroblasts [58, 59]. The upregula-
tion of metabolic expression related to HIF on melanoma
cells grown in 3D has been reported as one of the sig-
nificant drawbacks of this platform to evaluate therapeutic
agents, since 3D cell cultures are heterogeneously exposed
to oxygen, nutrients and drugs; therefore, these hypoxic
micro-tumors are mostly negatively susceptive to drugs and
contribute to developing drug-resistance [60]. Thus, the use
of GelMA to recreate functional 3D malignant melanoma
models enables the recapitulation of a relevant cellular con-
dition to reflect native tissue morphology and contributes to
the improved predictability of drug efficacy over traditional
2D cultures.

Cell uptake of Hy-loaded MEs against 3D melanoma
models

The 3D melanoma model was used to evaluate the pene-
tration of Hy from MEs. CLSM was used to analyze its

@ Springer



Bio-Design and Manufacturing (2022) 5:660-673

a Control

Free Hy

200 .o

L] 200 400 200
X (um) ¥ (um) e

Hy-loaded M2A

800

y (m)

Hy-loadedM1C

y (m)

Fig.7 a Using CLSM to evaluate the penetration of free Hy and
Hy-loaded MEs in the 3D malignant melanoma model. The red dot
represents the penetrated Hy, while the DAPI-nuclei staining represents
the control (blue color). b Quantification of Hy fluorescence intensity

full thickness to detect Hy fluorescence over the Z-distance.
Figures 7a and 7b display 3D reconstructions from the mul-
tilayer scanning of Hy fluorescence and their corresponding
quantifications. The details of Hy fluorescence of each layer
are presented in Fig. S4 (Supplementary Information). In
general, Hy-loaded MEs demonstrated higher penetration
than the free Hy (about 2.5-fold) (p < 0.05). Reports have
shown that the ME acts as a penetration-enhancer in the
skin and tumor tissues, since the hydrophobic drug is encap-
sulated into an oil core stabilized by an interfacial film of
amphiphilic surfactant molecules, increasing the partition of
the drug into the membrane [39, 61]. Although the differ-
ence in particle sizes between the M1C and M2A did not
show a significant influence on Hy penetration, the higher
water content of MI1C (68%) compared to M2A (58%)
may assist in decreasing viscosity, consequently increasing
drug diffusion, release and transport across the membrane
[62].

The cellular internalization of Hy can be attributed to the
fact that cancer cells express a high number of low-density
lipoprotein (LDL) receptors compared to normal cells [63].
Therefore, the ME inner core composed of triglycerides and
cholesterol esters has a high affinity to LDL receptors on
cultured B16F10 cells [64]. The intracellular accumulation
of Hy via LDL receptors could be in turn more intense in
malignant melanoma cells. Although this targeted feature
of Hy-loaded MEs could diminish Hy-accumulation in
healthy 3T3 cells, we still found a significant difference
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over the Z distance measured from the total of 23 slices; the average
fluorescence of each slice for an in vitro tissue depth of 47.01 pm was
calculated (n = 3)

in photocytotoxicity compared to free Hy for 2D and 3D
melanoma models. The results here highlight the advantage
of Hy-loaded MEs over the free formulation for tissue
penetration, potentially eradicating the pathological tissue
by PDT in melanoma treatment.

It is worthy to note that the production of the GeIMA-
based 3D melanoma model was readily attainable, with
reproducible constructs for use as a potential replacement
to in vivo models in preclinical testing. Besides, high-
throughput screening leverages significant and robust find-
ings for translation to clinically observed drug penetration
involved in the pathway of different drug-delivery strategies.
Moreover, CLSM imaging techniques allow for qualitative
and quantitative fluorescent drug detection in 3D cell con-
structs, offering a valuable tool to rapidly analyze drug uptake
by cells and prove the therapeutic outcome in melanoma.

Conclusions

In this study, the co-culture of melanoma and fibroblast
cell-laden constructs fabricated using GelM A and photopoly-
merization yielded a reliable 3D malignant melanoma model
owing to similarities to the native counterpart, including F-
actin networks, HIF-1o expression, and tissue mechanical
properties. The Hy-loaded MEs were successfully developed
and tested directly in these 3D models, which showed more
resistance to Hy-PDT than the traditional 2D cell culture.
Using confocal microscopy, the penetration of Hy could be
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conveniently visualized by Z-step scanning while measuring
the Hy fluorescence intensity. The phototoxicity and pene-
tration of Hy-loaded MEs were more potent than those of
free Hy, indicating that Hy nanodroplets could penetrate
tumor tissue more efficiently. Our results suggest that this
tissue-engineered in vitro model platform can be an ethically
acceptable approach to investigate drug-tissue interactions
and provide a basis for evaluating nanocarrier efficacies for
skin cancer and other skin-related diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00202-6.
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