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ABSTRACT: Both cerium oxide (CeOx) nanoparticles and mefenamic acid
(MFA) are known anti-inflammatory agents with hepatoprotective properties and
are therefore prescribed for one of the major diseases in the world, nonalcoholic
fatty liver disease (NAFLD). To study the potential cytotoxicity and anti-
inflammatory effects as well as drug retention of a potential therapeutic CeOx/MFA
supramolecular complex, a well-standardized hepatic (HepG2) spheroid model was
used. Results showed that the highest cytotoxicity for the CeOx/MFA supra-
molecular complex was found at 50 μg/mL, while effective doses of 0.1 and 1 μg/
mL yielded a significant decrease of TNF-α and IL-8 secretion. Time-resolved
analysis of HepG2 spheroids revealed a spatiotemporal distribution of the
supramolecular complex and limited clearance from the internal microtissue over
a period of 8 days in cultivation. In summary, our results point at rapid uptake,
distribution, and biostability of the supramolecular complex within the HepG2 liver spheroid model as well as a significant anti-
inflammatory response at noncytotoxic levels.
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In the past decade, nanoparticle-based drug delivery systems
have become increasingly popular in therapeutic and

pharmaceutical applications due to their increased bioavail-
ability, lower drug consumption rates, reduced side effects, and
the ability to deliver drugs to a targeted region in the body.1,2

A more recent development trend involves the engineering of
functional nanomaterials based on supramolecular principles to
create modular platforms with tunable chemical, mechanical,
and biological properties.3 Such supramolecular building
blocks may combine inorganic nanomaterials with therapeutic
agents to take advantage of their combinatorial effect for the
treatment of severe diseases.4−6 For instance, a supramolecular
system based on cerium dioxide nanoparticles (CeO2NPs)
known for its antioxidant and hepatoprotective properties and
nonsteroidal anti-inflammatory drugs (NSAIDs) such as
mefenamic acid (MFA) can serve as promising nanodrug
candidates for liver-related diseases.7 Among liver diseases,
nonalcoholic fatty liver disease (NAFLD) represents a major
degenerative liver disorder with a global prevalence of 24%.8,9

In fact, despite recent progress in the understanding of the
pathogenesis of this common disease, there is still no approved
medication for treating NAFLD.10 In the current study, we
investigate in detail the effects of a supramolecular hybrid
nanocarrier consisting of a CeO2NP core modified with MFA

and a hydroxypropyl-β-cyclodextrin (HPβ-cyclodextrin) poly-
mer shell on cellular viability, microtissue distribution and
retention, as well as cytokine secretion using a three-
dimensional (3D) HepG2 human liver spheroid model. The
development and application of human 3D tissue models such
as the generation of pathophysiological liver systems for drug
pharmacokinetics and toxicity follow the international trend to
overcome limitations of current animal models that do not
represent, e.g., the human pathology of NAFLD.11 Addition-
ally, these in vitro 3D models are in line with recent efforts to
promote alternatives to animal experiments according to the
“3Rs” concept due to the ability to reproduce a cellular
phenotype in vivo.12,13

Primary experiments set out to verify the feasibility and
reproducibility of our 3D liver cell culture model for the
evaluation of the cytotoxicity, retention, and anti-inflammatory
effects of the supramolecular complex. In particular, the quality
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of HepG2 spheroids was initially evaluated in terms of
spheroid size, intracellular ATP concentration, and cellular
viability over a defined cultivation time of 6 days. It is
important to note that spheroid diameter and cellular aging are
known factors to influence the outcome of drug testing results,
thus highlighting the need for the reliable generation of
identical spheroids.14 Reproducibility results shown in Figure 1

demonstrate similar spheroid diameters for 6 days exhibiting
respective RSDs of 2.1, 4.1, and 4.2% using an initial seeding
density of 15 000 cells/mL. Additionally, intracellular ATP
concentration as an indicator of viability increased significantly
between day 1 and day 3 and remained constant for the
remaining cultivation period, thus pointing at a highly
metabolic active cell model. These results were further
confirmed by live/dead viability assays based on calcein-AM
and ethidium bromide staining.
In a next step, the composition, morphology, thermal

properties, and size distribution of the supramolecular complex
were characterized by transmission electron microscopy
(TEM), UV−vis spectroscopy, and dynamic light scattering
(DLS) to verify the successful formation of a stable hybrid
nanostructure. The supramolecular complex (SMC) consists of
the zinc salt of mefenamic acid (ZnMFA), hydroxypropyl-β-
cyclodextrin (HPβ-CD), and cerium dioxide nanoparticles (see
Figure S-1) in a ratio of 1:6:1 (ZnMFA/HPβ-CD/CeO2NP).
The morphology and size of the CeO2NP-based supra-
molecular complex were characterized in water by TEM and
DLS, respectively. Electron microscopy (TEM) analysis of
CeO2NPs shown in Figure S-1c revealed that the particles
exhibit a spherical morphology in the size range of 2−3 nm.
DLS measurements were performed to measure the average
size distribution of the assembled SMC of ZnMFA, HPβ-CD,
and CeO2NP indicated by hydrodynamic diameters in a size
range of 5−9 nm as shown in Figure S-1d. Absorption spectra
of MFA, ZnMFA, and SMC in methanol revealed two

characteristic bands in the UV spectral range (see Figure S-
1e). The first band maxima undergo a bathochromic shift at
279.3−283.1−289.5 nm, while a hypsochromic shift at 350.7−
344.9−336.8 nm was observed for the second band maxima,
for MFA−ZnMFA−SMC, respectively. Similarly, a band
maxima in aqueous solution revealed a shift at 285.5 and
335 nm (see Figure S-1f), thus pointing at the presence of
ZnMFA within the supramolecular complex. Another
important parameter to consider is the degradation character-
istics of the supramolecular complex, which describe the
connection between temperature and complex stability. Figure
S-1g shows differential scanning calorimetry (DSC) curves for
SMC and its components ZnMFA and HPβ-CD. The ZnMFA
curve reveals two endothermic peaks at 106 and 120 °C, which
point at a two-stage degradation process. The observed strong
exothermic peak at 162°C can be associated with the thermal
destruction of ZnMFA to MFA, while the endothermic peak at
250 °C is typical for MFA exhibiting a polymorph transition
from form 1 to form 2.15 In turn, temperatures above 250 °C
resulted in MFA destruction. Importantly, DSC patterns for
HPβ-CD and SMC revealed similar features, while DSC curves
for pure SMC did not show any characteristic peaks for
ZnMFA, which indicates the absence of unbound HPβ-CD
and ZnMFA. In other words, DSC results confirmed that the
individual components are strongly associated with each other,
thus resulting in the formation of a stable supramolecular
complex.
Following the physical and chemical characterization of the

supramolecular complex, potential cytotoxicity was evaluated
using a HepG2 3D spheroid model in subsequent experiments.
The results in Figure 2a illustrate the time dose−response

relationship of the nanodrug indicating half-maximal inhibitory
concentrations (IC50s) of the supramolecular complex of
136.4 ± 7.8, 108.3 ± 6.1, 101.1 ± 7.0, and and 87.5 ± 10.3 μg/
mL after effective exposure times of 24, 48, 72, and 96 h,
respectively. These results were additionally substantiated
using cell viability staining (see also Figure S-2). Interestingly,
IC50 values did not change significantly after 48 h of treatment
in our 3D HepG2 spheroid model and remained stable, as
shown in Figure 2b. As a result of this time−dose relationship
study, a maximal exposure period of 48 h in the presence of the
supramolecular complex was defined for all subsequent
experiments.
An important aspect of any nanodrug study is concerned

with bioavailability including accumulation, retention, and

Figure 1. (a) HepG2 spheroid diameter (μm) over a cultivation
period of 6 days postseeding, n = 12, ±SD, *p < 0.05, **p < 0.01. (b)
Table of relative standard deviations (RSDs%) of respective HepG2
spheroid cultivation times of 1, 3, and 6 days. (c) Phase-contrast
micrographs of HepG2 spheroids at day 1, day 3, and day 6 of
cultivation. Scale bar, 100 μm. (d) Time-resolved intracellular ATP
concentration of HepG2 spheroids over a cultivation time of 6 days
postseeding, n = 6, ±SD, **p < 0.01. (e) Corresponding live (green)/
dead (red) fluorescent micrographs. Scale bar, 200 μm.

Figure 2. (a) SMC dose−response curves of HepG2 spheroids after
drug exposure times of 24, 48, 72 and 96 h at day 6 postseeding. Error
bars represent ±SEM (n = 12). (b) Corresponding IC50 values at
respective exposure times. Error bars represent ±SD (n = 12), *p <
0.05.
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clearance from the tissue of interest. Consequently, tissue
retention was analyzed using 3D HepG2 microtissues to
evaluate the cellular internalization capacity of the supra-
molecular complex. Time-resolved retention of SMC in the
HepG2 spheroid model was assessed following a 48 h
treatment regime at reduced predetermined IC50 concen-
trations of 10 and 20 μg/mL. Microtissues were subsequently
analyzed after each medium exchange step (e.g., every second
day) over a cultivation period of 8 days postexposure (see also
Scheme S-1). Initial viability studies shown in Figure 3a
indicated no significant cytotoxic effects on the HepG2
spheroids as a result of 48 h of exposure during the 8 day
post-treatment period. Next, entire 3D cell constructs were
quantified and double-normalized to the spheroid cell number
and untreated control after each media change to assess
nanoparticle retention in the HepG2 microtissues (see Figure
3b). Over 8 days, apparent dose-dependent differences
between 10 and 20 μg/mL were observed, resulting in an
approximately 7-fold higher internal amount of 140Ce ions
present after 48 h of exposure of 10 μg/mL of SMC to an
untreated control. In turn, a 20 μg/mL concentration resulted
in an approximately 3-times higher amount of 140Ce ions
within treated spheroids. Interestingly, despite periodic
medium replacement and washing steps, the concentration
profile of CeO2NPs inside the microtissues remained stable for
both nanodrug concentrations, thus indicating the ability of

SMC to accumulate and remain in the liver microtissue. For
instance, a fold change of 5.5 ± 1.2 and 11.5 ± 3.3 g of 140Ce
per cell relative to untreated control was found at day 0 post-
treatment, while similar values of 6.4 ± 1.9 and 14.9 ± 3.0 of g
140Ce per cell were obtained after 8 days for 10 and 20 μg/mL
of SMC, respectively. These results are in good correlation
with published in vivo studies using rats, where CeO2NPs
accumulated mainly in the liver after administration and were
still detectable after 8 weeks and, in some cases, up to 5
months.16,17 In an attempt to assess cerium oxide nanoparticle
distribution inside our 3D liver tissue analogues in more detail,
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) was employed to determine the spatiotemporal
allocation of 140Ce ions within the liver tissue structure. Results
shown in Figure 3c display the amount of 140Ce ions in the
spheroid edge and core at day 0 and day 8 following a 48 h
administration of two nanodrug concentrations. While 140Ce
ion intensities of 2578 ± 595 and 2911 ± 161 counts for both
10 and 20 μg/mL SMC concentrations were similar in the
outer cell layers of the spheroid after 48 h of exposure (day 0),
significant lower intensities of 1285 ± 139 and 1595 ± 214
counts were found in the core of the spheroid. Moreover,
following 8 days post-treatment with SMC, no significant
differences of 140Ce ion counts throughout the entire 3D cell
constructs (e.g., from the edge to the core of the spheroid)
were observed as illustrated in Figure 3d. In comparison,

Figure 3. (a) Cellular viability of HepG2 spheroids after 0, 2, 4, 6, and 8 days of exposure at SMC concentrations of 20 and 10 μg/mL, n = 3 ± SD.
(b) Quantitative analysis of isotope 140Ce detected by ICP-MS in 3D HepG2 spheroids incubated with 0, 10, and 20 μg/mL of SMC, n = 6 ± SD,
*p < 0.05, **p < 0.01. (c) Cerium distribution in HepG2 spheroids after 0 and 8 days post-treatment with 10 and 20 μg/mL of SMC. 140Ce counts
of the spheroid edge (50 μm from outer spheroid rim) and spheroid core (150 μm from outer rim), n = 20 ± SD, **p < 0.01. (d) Microscopic
image of H&E stained HepG2 spheroid thin sections and isotope distribution of 140Ce from edges (arrows) to core after incubation with SMC for
48 h with 10 and 20 μg/mL after 0 days (left) and 8 days (right) post-treatment. Scale bar, 100 μm. LA-ICP-MS images were obtained with a laser
spot size of 10 μm.
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analysis of the two-dimensional (2D) monolayer culture
revealed a random distribution of 140Ce across the culture
area over the whole cultivation period, as shown in Figure S-3.
These results clearly suggest spatiotemporal alterations and
stable localization of nanoceria within the 3D HepG2 liver
model, since even after repeated washing procedures, only
limited clearance took place.
In a final set of experiments, the anti-inflammatory property

of the mefenamic-acid-carrying supramolecular nanoceria
complex was investigated using ELISA to determine the
secretion of relevant cytokines, including TNF-α, IL-6, and IL-
8. Prior to our nanodrug efficacy study, however, the ability of
high concentrations of free fatty acids (FFAs) to induce
inflammatory responses that are similar to those observed in
patients with NAFLD and nonalcoholic steatohepatitis
(NASH) was investigated in the 3D liver spheroid model.18

Since the main fatty acids are palmitic acid and oleic acid in the
human body, our human hepatic HepG2 model was incubated
with a mixture of these FFAs to induce an inflammatory
response that causes steatosis in vitro.19,20 Figure 4a confirmed

the hepatoxicity of fat overloading via FFA as indicated by an
overall reduction of viability of 33.5 ± 16.9% for FFA-exposed
HepG2 spheroids in comparison to healthy controls.
Importantly, the cellular viability of SMC treated healthy
spheroids remained stable at a concentration range of 0.1 to 20
μg/mL and slightly decreased at 50 μg/mL. Results of the final
evaluation of the anti-inflammatory effects of the supra-
molecular nanoceria complex are shown in Figure 4b−d, where
the release of three selected cytokines after 24 h of FFA
exposure was monitored. While significantly elevated TNF-α
and IL-8 secretion was observed in the presence of FFA, no
effect on IL-6 production was detected, thus effectively
eliminating IL-6 from the panel of cytokine markers. Also,
SMC exposure to spheroids did not produce an additional anti-
inflammatory impact at any concentration on IL-6 secretion
(see Table S-2). However, notable reductions of the other

proinflammatory factors were discovered at 0.1−1 μg/mL
SMC concentrations, resulting in a decreased TNF-α release of
31 ± 1.7% at 0.1 μg/mL and a stepwise reduction of IL-8
secretion by 6.4 ± 3.6 and 13.9 ± 0.7% at 0.1 and 1 μg/mL,
respectively. In other words, the initial inflammatory response
induced by the excess of free fatty acids yielded an increased
TNF-α and IL-8 cytokine production, which was significantly
reduced by SMC treatment, thus indicating the hepatopro-
tective function of the nanodrug. These results correlate with
the known anti-inflammatory capacities of both, CeO2NPs and
MFA, in the literature.16,21−24

In conclusion, the investigated mefenamic-acid-carrying
nanoceria-based supramolecular complex showed encouraging
results leading to a significant reduction of an anti-
inflammatory response in the presence of noncytotoxic levels
of the nanodrug in our HepG2 liver spheroid model. Although
the positive effects of both MFA and nanoceria have long been
established in liver-related diseases, their combination and
application in the form of a supramolecular complex are still in
its infancy. Additionally, our clearance study confirmed stable
localization of cerium oxide nanoparticles in the tissue
construct lacking an effective clearance mechanism, as
demonstrated in several previous in vivo studies. In this
respect, the application of LA-ICP-MS has proven to be a
valuable bioimaging tool for sample-specific high-resolution
visualization in the field of drug delivery and tissue
engineering. The presented differences in nanoparticle
allocation in 2D and 3D HepG2 cultures support the
hypothesis that spheroids’ enhanced dimensionality and
complexity can imitate transport processes closer to the in
vivo situation than monolayer cultures. These results also mean
that spheroidal in vitro 3D tissue models can serve as an
alternative to animal testing at earlier stages of drug
development. The translation to a more advanced 3D hepatic
coculture model, including human primary hepatocytes
combined with nonparenchymal cells, may be beneficial to
investigate experimentally the intercellular effects of fat
accumulation and inflammation in the liver as well as to
study the complex phenotype of NAFLD in more detail.
Further investigations not covered in our study need to
examine the extent to which clearance mechanisms are
influenced by particle load and dose rate as well as a broader
evaluation of the antilipotoxic role of the supramolecular
complex, thus providing a more detailed understanding of their
nanobiology interactions.
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G., Casals, G., Parra, M., Gonzaĺez de la Presa, B., Ribera, J., Pastor,
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