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The harsh inflammatory environment associated with injured and arthritic joints represents a major challenge to
articular cartilage repair. In this study, we report the effect of cerium oxide nanoparticles, or nanoceria, in
modulating development of engineered cartilage and in combating the deleterious effects of interleukin-1a.
Nanoceria was found to be biocompatible with bovine chondrocytes up to a concentration of 1000mg/mL
(60,000 cells/mg of nanoceria), and its presence significantly improved compressive mechanical properties and
biochemical composition (i.e., glycosaminoglycans) of engineered cartilage. Raman microspectroscopy revealed
that individual chondrocytes with internalized nanoceria have increased concentrations of proline, procollagen,
and glycogen as compared with cells without the nanoparticles in their vicinity. The inflammatory response due
to physiologically relevant quantities of interluekin-1a (0.5 ng/mL) is partially inhibited by nanoceria. To the
best of the authors’ knowledge, these results are the first to demonstrate a high potential for nanoceria to improve
articular cartilage tissue properties and for their long-term treatment against an inflammatory reaction.

Introduction

Osteoarthritis and cartilage injuries are a major
cause of disability. Cell-based therapies, including tissue

engineering, are being explored as a potential repair strategy.
Inflammatory response or graft rejections by the host are
among the major challenges for any implanted material.1–4 In
cartilage tissue engineering, several strategies have been
tested to overcome these problems. For instance, it has been
shown that cultivating partially or fully mature engineered
cartilage in vitro allows implanted tissue to withstand the
harsh catabolic environment better than a freshly seeded or
underdeveloped construct.5,6 Other strategies include delivery
of steroids, such as dexamethasone, or exogenous cross-
linking factors.6–8 However, biocompatible substances that
sustainably scavenge radicals and protect de novo cartilage
from an inflammatory response are more advantageous. In
this study, we investigated the effect of cerum oxide nano-
particles in culture to act as a protectant for engineered car-
tilage against cytokine exposure.

Cerium oxide nanoparticles (nanoceria) can potentially
play an anti-inflammatory role for engineered cartilage be-
cause of its capacity to scavenge reactive oxygen and ni-
trogen species, combat inflammation, downregulate cytokine

levels, and confer cell protection both in vitro and in vivo.9

Importantly, nanoceria has been shown to prevent accumu-
lation of nitrosative stress biomarkers,10,11 such as nitrated
proteins, which are a leading cause for graft rejection.12,13

Previous studies demonstrated that nanoceria protects several
mammalian cell types, including neural,14,15 retinal,16 he-
patic,17 cardiac,10 breast,18 and epidermal cells, from oxida-
tive stresses and inflammatory responses.19 Interestingly,
nanoceria decreases tumor cell viability and invasive capac-
ity, while being nontoxic to normal cells.20–23 Nanoceria has
been found to have deleterious effects on human broncho-
alveolar cancer cells through generation of free radicals and
membrane damage, which decreased the cellular viability.24

On the contrary, several reports suggest pro-oxidant cytotoxic
effects of nanoceria under both in vivo and in vitro condi-
tions.25–29 The recent work presented in the literature sug-
gests that the synthesis, processing, storage, and handling of
nanoceria can have a significant impact on the pro-oxidative
and antioxidative properties, and that a comprehensive
physicochemical characterization of the nanoparticles is
needed.30 However, nanoceria has not been investigated for
either pro-oxidant or antioxidant effects on chondrocytes.

There is a consensus that the radical-scavenging proper-
ties of nanoceria are based on reversibility of the Ce3 + /Ce4 +
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redox couple with the consequent formation/annihilation of
surface defects (oxygen vacancies).31,32 Specifically, a par-
tially reduced cerium oxide has oxygen vacancies or defects
in the lattice structure, which are associated with the loss of
oxygen in the reaction [Eq. (1)]. However, the non-
stoichiometric oxide CeO2 - d is readily reoxidized back to
CeO2 by oxygen. The oxidized CeO2 nanoparticles are
readily reduced when placed in water14 or coated by PEG.33

CeO24CeO2� dþ d=2O2 (1)

On the basis of previous studies with nanoceria, we hy-
pothesize that the presence of nanoceria during in vitro
culture of chondrocytes protects the elaborated extracellular
matrix (ECM) from degradation by cytokines (e.g., inter-
leukin-1a [IL-1a]) and improves ECM production. We se-
lected the IL-1a isoform for our study, because it has been
shown to inhibit engineered cartilage growth and to damage
developed tissue.6,8,34 To test these hypotheses, we cultured
juvenile bovine chondrocytes in an agarose hydrogel scaf-
fold with various concentrations of nanoceria and IL-1a. We
measured their mechanical and biochemical properties at
certain time intervals. We used Raman microspectroscopy
to extract additional molecular-level information about the
response of chondrocytes to nanoceria and to verify the
macroscopic data.

Materials and Methods

Materials

CeO2 nanoparticles were obtained from Meliorum Tech
(batch No. 121008; Rochester, NY). Low-melting-point
type VII agarose, collagen type II from chicken sternal
cartilage, and solid sodium dodecanoate were acquired from
Sigma-Aldrich (St. Louis, MO). High-glucose Dulbecco’s
modified Eagle’s medium (DMEM) powder, and live/dead
cellular viability assay were obtained from Life Technolo-
gies (Grand Island, NY).

Cell culture

Articular cartilage was harvested from knee joints of juvenile
bovine obtained from the local abattoir. Primary chondrocytes
were isolated through enzymatic digestion using collagenase
(Type IV; Worthington, Inc., Westville, NJ)35 and expanded in
500-cm2, tissue-culture-treated dishes with a plating density of
20,000 cells/cm2. Cells were cultured in a 5% CO2 environment
at 37�C and fed with DMEM media supplemented with 10%
fetal bovine serum, amino acids (0.5· minimum essential
amino acids and 1· nonessential amino acids), 0.5 ng/mL basic
fibroblast growth factor, 0.5 ng/mL platelet-derived growth
factor, and 1 ng/mL of transforming growth factor (TGF)-b1

(Invitrogen Co., Carlsbad, CA), and antibiotics (100 units/mL
penicillin and 100mg/mL streptomycin) every 2 days. Once
confluence was reached, chondrocytes were trypsinized and
casted into a 2% w/v agarose slab at cell concentration of
60 · 106 cells/mL. Samples were cored from the slab with di-
mensions of 4 mm in diameter and a thickness of 2.34 mm.
Constructs were cultured in chemically defined medium (CM:
DMEM with 0.1mM dexamethasone, 40 mg/mL l-proline,
50 mg/mL ascorbate 2-phosphate, 100 mg/mL sodium pyru-
vate, 1 · ITS + premix, 100 U/mL penicillin and 100 mg/mL

streptomycin, and amphotericin B) supplemented with TGF-
b3.6 TGF-b3 supplementation was stopped after day 14, be-
cause previous studies reported improved mechanical and
biochemical properties of engineered cartilage with transient
application of the growth factor.36 Constructs were cultured
for 2–3 weeks to allow their partial maturation before ap-
plying the IL-1a insult.6

Experimental design

Two separate studies were performed to evaluate the anti-
inflammatory effect of nanoceria particles on engineered
cartilage. Study 1 investigated the effect of nanoceria in-
corporated within the agarose scaffold, and Study 2 evalu-
ated the effect of supplementing the CM with nanoceria.

In Study 1, nanoceria particles were incorporated in the
agarose gel at concentrations 0, 10, 100, and 1000mg/mL,
with the 0 mg/mL group serving as the control (Fig. 1A).
Since chondrocytes were encapsulated in the agarose at a
concentration of 60 · 106 cells/mL, the highest nanoceria
(1000 mg/mL) loading group corresponds to 60,000 cells/mg
of nanoceria at day 0. Nanoceria was mixed with liquid
agarose during casting. A concentration of 10 ng/mL of IL-
1a was added fresh to the CM during media changes be-
tween days 16 and 30.

In Study 2, the CM was supplemented with nanoceria at
concentrations of 0, 100, and 1000mg/mL, with the 0mg/mL
group serving as the control (Fig. 1B). Constructs were
cultured for 21 days to obtain mechanical strength suitable
for the IL-1a insult. On day 21, constructs were divided into
9 (3 IL-1a concentrations · 3 nanoceria concentrations) ex-
perimental groups to evaluate the effect of IL-1a concen-
tration and nanoceria concentrations. IL-1a was applied at
concentrations of 0, 0.5, or 10 ng/mL, and nanoceria was
added at concentrations of 0, 100, or 1000mg/mL. The group
with 0 ng/mL of IL-1a and 0 mg/mL of nanoceria served as

FIG. 1. Two modes of introducing nanoceria in a 3D
agarose-based culture of chondrocytes. (A) In Study 1, na-
noceria is embedded in the construct during casting (day 0)
and interleukin-1a (IL-1a) is added to the culture media. (B)
In Study 2, the growth medium is supplemented with na-
noceria along with IL-1a. IL-1a was added fresh during
each media change. 3D, three-dimensional. Color images
available online at www.liebertpub.com/tea
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the control. The intermediate IL-1a concentration of 0.5 ng/
mL was selected to represent in vivo conditions,37,38 whereas
10 ng/mL is known to be an effective concentration for in-
flammatory damage under in vitro conditions.6,7,39,40

Cell viability was evaluated using live/dead cytotoxicity
kit (Life Technologies) and examined using a confocal
microscope (Olympus Fluoview-100, Center Valley, PA).
Living cells were stained with calcein-AM, which fluoresces
green, and dead cells were stained with ethidium homo-
dimer-1, which fluoresces red.

Mechanical properties

Compressive mechanical properties of engineered carti-
lage were determined using a custom-made mechanical
tester.41 A stress-relaxation protocol was used in unconfined
compression to determine the equilibrium Young’s modu-
lus, where 10% strain was applied at a strain rate of 0.05%/s,
held for 30 min, and the equilibrium stress was used to
calculate the modulus. The dynamic modulus was then
measured by imposing 2% sinusoidal strain at a frequency
of 1 Hz. Mechanical testing was performed every 2 weeks
(n = 4–7 constructs per group).

Biochemical content

Following mechanical testing, samples were weighed to
obtain the wet weight and prepared for biochemistry.
Constructs were dried by lyophilization for 48 h and di-
gested using Proteinase K for 16 h at 56�C.42 Agarose was
centrifuged and the supernatant was collected to measure
DNA, glycosaminoglycan (GAG), and collagen contents.
The GAG content was measured spectrophotometrically
using 1,9-dimethylmethylene blue (DMMB) dye-binding
assay and compared to chondroitin-6-sulfate standards.43,44

The collagen present in the digested sample was calculated
by measuring ortho-hydroxyproline (OHP) content through
a colorimetric procedure, and a collagen-to-OHP ratio of
7.64 was used to calculate the collagen content.45 Bio-
chemical contents (GAG, collagen, and DNA) were nor-
malized by the construct’s wet and dry weight.

In vitro confocal Raman microspectroscopy

Nonpolarized Raman spectra were measured in two ranges
of 300–1200 and 1180–1800 cm - 1 on individual living
chondrocytes in *1-mm-sliced sections of constructs im-
mersed in CM. For the measurements, a LABRAM-ARA-
MIS confocal Raman microscope was used with a 17-mW,
633-nm HeNe laser as the excitation source. This excitation
wavelength was found to be optimal for balancing between
the Raman scattering efficiency and the detrimental inter-
ference from fluorescence. To reduce sample heating, the
beam was attenuated by a D0.3 filter, and the power on
the sample was 5.7 mW. To attain a satisfactory signal-to-
noise ratio, spectra were acquired for 30 min each, using a
1200 grooves/mm diffraction grating and a UPlanApo/IR
60 · (Olympus) water-immersion objective. The exposure of
cells to the 633-nm irradiation with a power of 5.7 mW for
30 min was verified to be noninvasive since no change in the
cell morphology was visually detected after the measure-
ments. Moreover, the spectra measured during 3 min were
qualitatively identical to the spectra measured during 30 min.

The microscope wavenumber was calibrated before each set
of measurements using the zero-order peak and the Si peak at
520.7 cm - 1 of a Si reference sample.

The pinhole size (350mm) was selected to be optimal for
probing a whole chondrocyte (with average size of 10mm)
with a minimum contribution from the ECM. Additional Ra-
man measurements with a focus on the ECM regions, as well
as Raman spectra of agarose hydrogel, confirmed that the
spectra of the cells are qualitatively different from those of the
scaffold matrix as the latter do not contain peaks of DNA and
phospholipids. We did not use the ECM spectra for the anal-
ysis due to the statistically large deviations observed and much
lower spectrum intensities. The standard deviation of the di-
agnostic bands was calculated separately and reported in the
average spectra presented. The statistical analysis and the
spectrum baseline correction procedure are demonstrated in
Supplementary Figs. S5 and S6 (Supplementary Data are
available online at www.liebertpub.com/tea) for the control
sample. The Raman spectra of chondrocytes were processed
using the Labspec software. Specifically, the spectra were
uniformly smoothed using a Savitzky-Golay function (degree
4, size 13, and height 10). The baseline of the averaged spectra
was corrected in the 400–1200- and 1200–1800-cm- 1 regions
with a power-4 polynomial and a straight line, respectively
(Supplementary Fig. S5).

Since the goal of the Raman study was to understand how
individual chondrocyte cells interact with nanoceria, we ac-
quired spectra of individual cells for 30 min each to attain a
sufficient signal-to-noise ratio for each cell. This fact and the
need to test all the samples within a couple of days limited our
analysis to four to six cells per a sample. It should be men-
tioned that a more conventional approach (fast measurement
of Raman spectra of 30–40 cells/sample and their statistical
analysis) does not allow comparing cells that internalized
nanoceria with those that did not. To verify whether the
chosen reductionist approach is sensible, we repeated a part of
these experiments both in the presence (1000mg/mL) and
absence of nanoceria but without IL-1a on more than 30 cells/
sample. We have obtained similar trends between the me-
chanical strengths of the scaffolds and the spectra (in terms of
intensities of the characteristic peaks) averaged over 30 and 5
cells (Supplementary Figs. S10 and S11).

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
evaluate average particle size and morphology of the cerium
oxide nanoparticles ( Jeol JEM 100CX, bright-field mode at
100 keV). The TEM samples were prepared by adding a
drop of a dilute suspension of nanoceria onto a carbon-
covered Cu, 300-mesh grid.

Statistical analysis

A one-way ANOVA was performed on the Young’s and
dynamic moduli as well as biochemical content to test for
differences between experimental groups. A post hoc t-test
with two samples assuming equal variances was performed
to obtain significant differences between individual groups
with control. The significant difference across groups ( p-
value) and the number of samples (n) in a group are re-
ported. The standard errors were calculated and were used
for error bar values.
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Results

Characterization of nanoceria

TEM images of nanoceria showed a rod-like morphology
with an average aspect ratio of 8, where the particle di-
mensions were 65 – 10 nm (length) and 8 – 1 nm (width; Fig.
2). Polyhedral-shaped particles of 8-nm size were also
noted; however, it cannot be fully ascertained whether the
rounded nanoparticles are indeed a separate polyhedral
particle or rod-like particles with a diameter of 8 nm ori-
ented perpendicular to the microscope axis. As discussed in
more detail in Supplementary Data, Raman spectra of the
nanoceria show that even though the lattice structure of the
nanoparticles is fluorite cubic, they contain a significant
amount of the Ce3 + lattice defects in the superficial layer.
X-ray photoelectron spectroscopy (XPS) and UV-Vis ab-
sorption spectroscopy provide additional evidence of the
relatively high concentration of Ce3 + in the nanoparticles
(Supplementary Figs. S3 and S4). In addition, XPS certifies
that the nanoceria surface does not contain foreign elements.
The surface area (101 – 5 m2/g) and isoelectric point (*7.5)
of the nanoparticles were measured using the Brunauer,
Emmet, and Teller and electrokinetic methods, respectively
(Supplementary Data).

Study 1

Incorporation of nanoceria particles into the agarose
scaffold at a concentration of 1000mg/mL significantly
improved mechanical properties of grown tissue in the ab-
sence of IL-1a (Fig. 3A, B). Direct contribution of nanoceria
to the mechanical strength of the scaffold was ruled out
because there were no significant differences across the
groups at day 0 ( p > 0.6, n = 4). The effect of 10 mg/mL
nanoceria on the mechanical and biochemical properties was
not significantly better than the control (Fig. 3). The bio-
chemical analyses of these samples revealed an interesting
pattern (Fig. 3C, D). DNA content was not significantly
different across the various groups but the GAG content of

the 1000mg/mL nanoceria group was 15–20% greater than
the control group ( p < 0.01, n = 4). Thus, the nanoceria
particles improved mechanical properties of engineered
cartilage through increased biosynthesis of GAGs.

Nanoceria particles incorporated in the agarose scaffold
did not prevent tissue degradation following insult with
10 ng/mL IL-1a (Fig. 3). Following IL-1a insult, the me-
chanical properties decreased to 40.8 – 2 kPa (n = 4 per
group) and were not significantly different from the control
(Fig. 3). Biochemical analyses showed that GAG and col-
lagen contents decreased with IL-1a (Fig. 3C, D). Cell vi-
ability on day 30 was similar across all groups (Fig. 4) and
was confirmed by the DNA content (Fig. 3E).

Effects of nanoceria on chondrocytes and synthesis of
proteins: in vitro Raman microspectroscopic analysis. To
understand how individual chondrocyte cells interact with
nanoceria, we performed a Raman microscopic study of
individual chondrocyte cells in the scaffolds from Study 1.
To be able to accurately differentiate between the Raman
signatures of individual cells in the proximity of nanoceria
from those of the cells remote from the nanoparticles, we
limited out probing set to 5–10 cells/sample in order to at-
tain a satisfactory signal-to-noise ratio in the individual
spectra (see Experimental Design section for more detail).

Before presenting the results, it is worth noting that op-
tical images of the cells subjected to the Raman analysis do
not reveal significant changes in the cell morphology caused
by the presence of 1000mg/mL nanoceria (Fig. 5). To ex-
tract the molecular information from the Raman spectra, it is
required to select diagnostic peaks for each biochemical
component of the cell. For this purpose, we assigned spec-
tral peaks by comparison of the Raman spectra of chon-
drocytes in scaffolds with those of chondrocytes in native
cartilage, collagen type II from chicken sternal cartilage,
agarose, and solid sodium dodecanoate (Supplementary
Fig. S7), as well as with the literature spectra of phospho-
lipids, glycogen, GAGs, DNA/RNA, and proteins.46–48 This
allowed us to distinguish for each cellular component sev-
eral characteristic peaks that do not overlap with other peaks
and have intensity much higher than the signal-to-noise ratio
of the spectra of individual cells. These peaks and their
analytical attributes are summarized in Table 1. Figure 6
compares the average Raman spectrum of cells in the con-
trol group (n = 5; constructs without nanoceria) with spectra
of five individual cells from constructs that were embedded
with 1000mg/mL nanoceria. The five spectra of the nano-
ceria-exposed cells can be divided into two distinct groups.
Spectra of cells 1, 4, and 6 are similar, within the standard
deviation, to the average spectrum of the control sample.
Moreover, these spectra do not display the CeO2 peak at
460 cm - 1, suggesting that there is no detectable amount of
nanoceria within the probing spot. In contrast, the spectra of
cells 3 and 5 displayed a distinct nanoceria peak at 460 cm- 1

and are quantitatively different from the control. Further,
they have significantly higher intensities of the Pro peak at
855 cm - 1, the glycogen peak at 480 cm - 1, and a peak at
940 cm- 1 due to the C - C stretching mode of a-helical
structure of procollagen. The intensity for DNA at *790 cm - 1

was significantly different from the control group, which
is in agreement with the biochemical properties reported
previously. Optical images of the cells (Fig. 5) are

FIG. 2. Transmission electron microscopy image of na-
noceria particles. Rod-shaped (arrows) and polyhedral (as-
terisks) particles.
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consistent with the Raman-derived internalization of na-
noceria, where cells contain large dark spots (Fig. 5C, D,
arrow 1) with irregular shape as distinct from rounded and
smaller lipid droplets. Moreover, Raman spectrum of a
large dark spot inside the ECM (Fig. 5C, arrow 2) shows
that this spot consists of nanoceria. In contrast, such large
irregular spots are not observed inside cells 1 and 4 (Fig.
5A, B, respectively), as well as in images of control
samples (Fig. 5E, F).

In addition, cells in contact with aggregates of nanoceria
were characterized by lower peak intensities at 1300 and

1660 cm - 1, which represent common and unsaturated lipids,
respectively (Table 1). Nanoceria was not observed to cause
excessive lipid accumulation, even at high loading concen-
trations. This suggests that nanoceria does not trigger the
apoptotic mechanism linked to excessive lipid accumula-
tion.49 This result agrees with the results from DNA content
analysis and live/dead viability staining (Figs. 3E and 4).
Finally, Raman analysis did not detect spectral markers of
DNA damage, which would be noted as increased Raman
peaks at 1578 cm - 1 and new peaks at 1607 or 1114 cm - 1,
which correspond to Phe and Try, respectively.50

FIG. 3. Mechanical and biochemical properties for Study 1. Nanoceria particles were added to the agarose scaffold at
concentrations of 0, 10, 100, and 1000mg/mL. (A) Equilibrium Young’s modulus (EY), (B) dynamic modulus (G*) at 1 Hz,
(C) glycosaminoglycan (GAG), and (D) collagen contents normalized by wet weight, and (E) DNA content (n = 4–7 per
group per time point). * Represents p < 0.05. The DNA content did not vary significantly with addition of nanoceria or IL-1a
(#p > 0.1). No significant difference in EY and G* was observed across the groups on day 0 ( p > 0.6).
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Study 2

In this study, engineered cartilage was cultured with CM
supplemented with nanoceria particles. The rationale for
adding nanoceria directly to the growth medium was to
deactivate the effects of inflammation caused by the IL-1a
insult at the outer layers of scaffold itself. The concentra-
tions of nanoceria in suspension were 0, 100, and 1000mg/
mL, with the 0 mg/mL serving as the control.

A statistically significant downregulation of mechanical
properties and GAG content was observed due to 0.5 ng/mL
of IL-1a in control and experimental samples (Fig. 7). In the
absence of IL-1a insult and in the presence of a low IL-1a
concentration (0.5 ng/mL), constructs cultured with 1000mg/
mL nanoceria had the greatest mechanical properties (n = 5,
p < 0.05 vs. control; Fig. 7). At a physiologically relevant
concentration of IL-1a (0.5 ng/mL), nanoceria protected
engineered cartilage from inflammatory damage at concen-

trations of 100 and 1000 mg/mL (n = 5, p < 0.05 vs. control).
However, at the highest concentration of IL-1a (10 ng/mL),
nanoceria did not protect the constructs against damage due
to inflammation (Fig. 7).

Discussion

Based on the findings of the studies reported here, we
accept our hypothesis that nanoceria improves synthesis of
ECM (GAGs). However, we conditionally accept the second
hypothesis that nanoceria protects deposited ECM from IL-
1a enzymatic insult.

Nanoceria particles (concentration range = 100–1000mg/
mL) embedded in the construct or delivered through the cul-
ture medium (both Study 1 and Study 2) improved tissue
properties (Figs. 3 and 7). This effect was more pronounced
for nanoceria-embedded constructs, where increases in bio-
chemical contents corresponded to the improved dynamic and

FIG. 4. Live/dead analysis of control and nanoceria-containing constructs on day 30. Green color indicates live cells and red
color indicates dead cells. Constructs were cultured without IL-1a insult (top row) or with 10 ng/mL IL-1a from days 16 to 30
(bottom row). (A, E) Control (0mg/mL of nanoceria), (B, F) 10mg/mL, (C, G) 100mg/mL, and (D, H) 1000mg/mL of nanoceria.
No discernable differences were observed between groups. Color images available online at www.liebertpub.com/tea

FIG. 5. Optical images of
individual chondrocyte cells
(A–D) cultured with 1000mg/
mL nanoceria and (E, F) two
cells from a control sample
(no nanoceria). Arrows 1 in
(C) and (D) mark dark spots
that are assumed to be nano-
ceria clusters on the basis of
the absence of such spots in
the samples not loaded with
nanoparticles as well as on
the basis of the Raman
spectrum of the spot marked
by arrow 2. Scale is the same.
Color images available on-
line at www.liebertpub
.com/tea
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Young’s moduli, respectively (Fig. 3). We also suggest that
nanoceria’s radical-scavenging activity may be responsible for
the improved biochemical and mechanical properties. These
results for different mode of addition of nanoceria imply that
in the absence of an external stress, the local redox environ-
ment near the chondrocytes controls the tissue growth and its
properties in vitro. Therefore, the anabolic effects of nanoceria
particles are better when embedded within the construct. Re-
cently, beneficial effects of nanoceria for tissue engineering
applications35 and for accelerated wound healing11 have been
reported. Even though the increased scavenging of oxidant
intermediates can be attributed to the increased accumulation

of collagen, there is no direct evidence to substantiate it.
Further, it has been observed that the dissolved cerium can
enhance incorporation of proline in both collagen and non-
collagen proteins.36

In this study, we evaluated the ability of nanoceria to combat
the inflammatory action of IL-1a, specifically, the matrix deg-
radation effects. In cartilage, IL-1a insult causes matrix deg-
radation that inhibits intracellular biochemical synthesis.51 The
matrix degradation process stimulated by IL-1a is caused by the
release of metalloproteinases and a decrease in extracellular pH,
due to an increase in proton extrusion from chondrocytes to
the extracellular environment.52–54 Insignificant difference in

Table 1. Diagnostic Peaks in Raman Spectra of Chondrocytes Used

for the Analysis of Biochemical Changes

Raman shift, cm - 1 Biochemical characteristic References

1004 Symmetric ring breathing of phenylalanine 77,78
Absolute intensity of this peak is proportional

to total protein in cells
52,63,78,79

Collagen backbone C - C stretching
854, 925 Pro 80
940 C - C stretching mode of a-helical structure

of collagen
61

960–970 Nonhelical telopeptide/less-ordered collagen This work on the basis of Refs. 81,82
480 Endocyclic (CCO, CCC) deformations;

glycogen content
83–86

1043–1050 C - OH stretching mode of pyranose ring;
polysaccharide content

81,83

1300 CH2 twisting mode of hydrocarbon chains;
total lipids

87

1657 C = C stretching mode of unsaturated lipids
(superimposed on the amide I peak of protein);
total unsaturated lipids

88

*1750 C = O stretching mode of ester groups of lipids 88
*790 P - O stretching mode of phosphodiester

(C5-O-P-O-C3) groups of DNA polysaccharide
backbone structures; Total DNA

77

FIG. 6. Raman spectra of five individual chondrocytes (Nos. 1, 3–6) in a scaffold embedded with 1000mg/mL nanoceria
acquired at day 33 in comparison with an average spectrum of five control cells. For comparison, Raman spectrum of a
nanoceria cluster in the scaffold is shown. Vertical bars show standard deviations in the main diagnostic peaks (Table 1) for
the average spectrum of the control sample. The averaging procedure is shown in the Supplementary Data. Optical images
of cells (No. 1, 3–5) are shown in Figure 5. Color images available online at www.liebertpub.com/tea
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the DNA content (Fig. 3E) and live/dead analysis (Fig. 4) also
suggest that of IL-1a, even at very high concentration, does not
decrease chondrocyte viability but rather degrades the deposited
ECM. In Study 2, where nanoceria is suspended in growth
medium, 100 and 1000mg/mL nanoceria groups partially pre-
vented matrix degradation of engineered constructs exposed to
physiological levels of IL-1a (0.5 ng/mL).37,38 Delivery of na-
noceria particles within the construct or through the culture
medium did not protect the engineered cartilage from high
concentrations of IL-1a (10 ng/mL). However, it should be
noted that while the concentration of IL-1a used here (10 ng/
mL) is typical of in vitro studies,6,7,39,40 it is two orders of
magnitude greater than the measured in vivo concentrations of
IL-1a and IL-1b for arthritic or arthritic-like conditions.37,38

Based on our findings, we conditionally accept our hypothesis
that the detrimental effects of IL-1a can be deactivated by
interacting with nanoceria and is comparable with observa-
tions by previous studies that have used mammalian cell
lines.10,15–18,55–57 However, further studies are necessary to
determine the mechanism as well as effectiveness of nanoceria
in deactivating IL-1a in chondrocytes in physiologically rel-
evant conditions.

Raman microspectroscopy was used to verify the macro-
scopic data and to extract additional molecular-level informa-
tion about the chondrocyte response to nanoceria. Previous
studies have shown that vibrational spectroscopy method used
in this study is versatile in its ability to noninvasively charac-
terize the physiological status of individual cells at the mo-
lecular level.58 Specifically, it has been used to monitor the
impact of external stimuli and pathology on the content of
proteins, membrane and nonmembrane lipids, DNA, and GAG,
order of lipids, secondary and ternary structure of proteins,
integrity of DNA, and redox state of cytochrome c. As com-
pared with the conventional fluorescence-based assays, the
Raman-based analysis does not use foreign molecular probes,

which can affect the cells (e.g., Hoechst labeling of the nu-
cleus).59 Moreover, the spectroscopic nature of the method
allows acquisition of a large body of the microscopic infor-
mation from one spectrum of the cell acquired in a short time
(30 min in our study). However, to the authors’ best knowledge,
this method has been applied to characterize individual chon-
drocytes only in one study, where molecular markers of the cell
dedifferentiation in the 2D state were determined.60

Our study for the first time demonstrates the potential of
Raman microspectroscopy in detecting in vitro molecular
changes in individual chondrocytes embedded in agarose. In
particular, the spectra suggest that there is a direct correla-
tion between the intracellular and near-membrane presence
of nanoceria and increased cellular synthesis of procollagen
and glycogen, as well as a better ordering of procollagen.
Moreover, the spectra do not reveal apoptotic changes, ne-
crotic changes, or genotoxic effects due to nanoceria. This
result agrees with the nanoceria-induced increase in the
expression of the neuroprotection-associated genes and in-
hibition of the apoptosis signaling pathways, including
downregulation of caspase-3.55

We rule out that the possibility of membrane protection
by nanoceria against IL-1a as a reason for antioxidant ef-
fects since no visual aggregation of nanoceria outside of cell
membrane was observed in the optical images. Thus, it is
likely that the improved tissue properties and anti-inflam-
matory properties are due to intracellular effects.

At the same time, there are studies that reported adverse
genomic and pro-oxidant cytotoxic effects due to nanoceria
at different concentrations.24–28,61–70 Specifically, nanoceria
has been reported to be toxic to microbial and algal cells,
which is correlated with the nanoparticle adsorption on the
cell membrane.64–66,68 It can also be toxic to mammalian
cells, although the nanotoxicity mechanism appears to be
different, including a rapid intracellular uptake15,71,72 and

FIG. 7. Mechanical and biochemical properties of constructs from Study 2, where the growth medium was supplemented
with nanoceria. (A) Equilibrium Young’s modulus (EY), (B) dynamic modulus (G*) at 1 Hz, and (C) GAG normalized by
wet weight. IL-1a was added from day 21 to 34 and its concentrations are shown on the figure (0, 0.5, and 10 ng/mL).
Dotted lines represent the control and are guidelines for comparison (n = 4–7 per group). Significant differences ( p £ 0.05)
with respect to nanoceria concentration are noted by an asterisk (* vs. 0 mg/mL nanoceria). Differences with respect to IL-1a
treatment are noted by # (vs. 0 ng/mL IL-1a). A statistically significant downregulation of mechanical properties and GAG
content was observed due to 0.5 ng/mL IL-1a in control and experimental samples.
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pro-oxidant effects.73 The aspect ratio of nanoceria is a
critical factor in determining its pro-oxidative effects.29

Nanorods shorter than *200 nm with an aspect ratio of < 16
were found to have little-to-no toxicity, which was attrib-
uted to the higher tendency of these nanorods to form
bundles. However, their low toxicity may be due to the
nanosize-induced increase in the Ce3 + /Ce4 + ratio rather
than their morphology. Although the molecular mechanisms
of both the promoting and adverse effects of nanoceria are
unclear at the moment, it can be speculated, on the basis of
the high amount of Ce3 + in the surface layer of the nano-
particles used in this study, that the antioxidant effects are
related to the Ce3 + /Ce4 + ratio since it determines the redox
buffer and oxygen storage capacity of the nanoparticles. A
further study using CeO2 nanoparticles with different con-
centrations of Ce3 + could clarify this important issue.

In conclusion, nanoceria particles at concentrations up to
1000 mg/mL were biocompatible with chondrocytes and
improved mechanical and biochemical properties of en-
gineered cartilage when embedded in the agarose scaffold.
Further, the presence of nanoceria in the culture media
partially protected the ECM from the inflammatory damage
caused by physiological levels of IL-1a (0.5 ng/mL). Fi-
nally, our findings suggest that incorporation of nanoceria
into a biological repair strategy may serve as a means of
augmenting the engineered cartilage properties in vitro prior
to implantation.

Key Points

The effects of nanoceria on the in vitro culture of chon-
drocytes in agarose scaffolds and against the ECM degra-
dation by exogenously added IL-1a were studied. It was
found that

(1) At least up to a concentration of 1000mg/mL, nano-
ceria is biocompatible toward chondrocytes (60,000
cells/mg of nanoceria).

(2) Nanoceria particles embedded within engineered
cartilage constructs have a beneficial impact on the
biochemical as well as mechanical properties of the
cartilage tissue grown in vitro.

(3) The presence of nanoceria in the growth media par-
tially protected the ECM from the inflammatory
damage due to IL-1a (at a physiologically relevant
concentration of 0.5 ng/mL). However, when IL-1a
was present at very high concentration (10 ng/mL), no
anti-inflammatory effect due to nanoceria was ob-
served.

(4) For the first time, Raman microspectroscopy was
applied in vitro to directly detect molecular changes
in individual chondrocytes in 3D agarose scaffolds in
response to a stimulus.

(5) The Raman analysis revealed that the presence of
nanoceria near the cell membrane or inside the cells
stimulates intercellular synthesis of procollagen and
glycogen, and does not trigger apoptosis or necrosis
of the cells.
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