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Abstract: Interactions of nanoparticles with biological matter—both somatically and in nature—draw
scientists’ attention. Nanoparticulate systems are believed to be our saviors, acting as versatile drug
delivery vehicles. However, they can also cause life-threatening bodily damage. One of the most
important properties of nanocrystalline cerium dioxide is its antioxidant activity, which decreases the
abundance of reactive oxygen species during inflammation. In this paper, we report on synergistic
effects of inorganic cerium oxide (IV) nanoparticles conjugated with the antioxidative enzymes
superoxide dismutase and catalase on scavenging oxygen and nitrogen radicals.
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1. Introduction

There is a growing body of evidence suggesting that oxidative stress plays a key role in the
pathogenesis of numerous pathological conditions, including neurodegenerative diseases, acute
lung injury and reperfusion injury, mood disorders, etc. [1,2]. In most cases, oxidative stress is
primarily caused by a deficiency of antioxidants and/or an excess of reactive oxygen/nitrogen
species (ROS/RNS) [3]. According to multiple reports in the literature, superoxide radicals ( ·O−2

)
,

hydrogen peroxide (H2O2), hydroxyl radicals (·OH) and peroxynitrite (ONOO−) cause the most harm
in pathological conditions [2,4,5]. Besides causing oxidative injuries, intracellular reactive oxygen
species are capable of triggering pro-inflammatory cytokine production [6]. Moreover, when released
into the extracellular milieu, ROS may act as pro-inflammatory markers, worsening a pathological
condition [7]. Thus, fighting oxidative stress, in particular the overproduction of ROS/RNS, appears
to be of a great importance.

Over the past decades, multiple strategies to reduce the impact of oxidative stress have been
developed. The use of naturally produced enzymes, such as superoxide dismutase (SOD) or
catalase (CAT), or the genetic overexpression of these enzymes, has shown huge potential in in vitro
and animal experiments [1,3,8,9]. In particular, attention has been focused on the effect of SOD
therapy in myocardial reperfusion injury. Jolly et al. was the first to demonstrate the efficacy of
superoxide dismutase in reducing the myocardial infarction size in animals [10]. That study was
followed by a number of reports showing SOD’s beneficial effect in experimental models of different
ischemia-reperfusion injuries [11–13]. Moreover, it was shown that SOD therapy can be successfully
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used following radiotherapy to reduce the concentration of ROS [14]. Targeted delivery of antioxidant
enzymes, including SOD and CAT, appears to be of particular interest. Multiple strategies have been
developed in an attempt to deliver the enzymes directly to certain types of cells, or even to the specific
organelles [15–18].

At the same time, considerable evidence suggests either a failure of SOD to protect from oxidative
damage or a drop in therapeutic efficacy with increased duration of reperfusion. It has been suggested
that the great disparity in the results of SOD therapy is related to either the dose of the enzyme
tested or the experimental conditions of the study [19,20]. Another theory suggests that the lack of
reproducibility of SOD therapy trials could be caused by enzyme inhibition by peroxide radicals
and/or hydrogen peroxide formed as the result of superoxide radical dismutation [21].

A possible solution could be the concurrent use of SOD and catalase—another vital component
of biological defense against oxidative stress [22]. CAT facilitates the decomposition of hydrogen
peroxide into water and oxygen. However, the activity of catalase itself can be drastically reduced
in the presence of superoxide radicals, the generation of which can reach up to 3 nmol/min under
pathological conditions [23,24]. Moreover, in order to create a mutually protective set of SOD and CAT,
the ratio of the enzymes should be precisely controlled, which can be performed by cross-linking the
enzymes with glutaraldehyde [25]. However, there are several concerns regarding glutaraldehyde
stability in vivo [26]. Therefore, although the SOD-CAT therapy was found to be fairly effective, there
is still enough room for improvement. In the present work we propose a novel approach to address the
issues raised above with the conjugation of SOD and CAT to nanocrystalline cerium dioxide, known
as an efficient ROS scavenger.

Cerium dioxide (ceria) is a multifunctional material known for its high catalytic performance
in various applications [27]. Most of ceria’s unique properties are primarily due to the presence of
mixed valence states of Ce3+ and Ce4+ and the presence of oxygen vacancies [28]. In particular, partial
reduction of Ce4+ to Ce3+ on the surface gives rise to ceria’s pronounced antioxidant properties. In
the nanocrystalline state, due to the large surface-to-volume ratio, ceria exhibits an abundance of
oxygen vacancies with relatively high mobility [29]. The resulting strong nonstoichiometric properties
of nanocrystalline ceria (nanoceria) make it a potent material for biomedical application. Of particular
interest is the ability of nanoceria to protect against oxidative stress. Multiple animal and cell culture
studies have demonstrated that nanocrystalline cerium dioxide is an effective ROS scavenger [30].
Moreover, it was shown that nanoceria can act as a SOD or CAT mimetic, and the efficacy of the
compound to scavenge radicals is directly related to the concentration of Ce3+ ions on the surface of the
particles [28,31]. These studies suggest that nanoceria is capable of neutralizing superoxide radicals and
hydrogen peroxide—two compounds that inhibit the activity of catalase and superoxide dismutase.

Previously we demonstrated that enzymes such as superoxide dismutase and catalase can be
conjugated with nanoparticles without the loss of enzymatic activity [32]. The present work focuses on
the conjugation of SOD and CAT to nanocrystalline cerium dioxide in an attempt to create a robust
antioxidant system.

2. Materials and Methods

2.1. Materials

Cu/Zn SOD (from bovine erythrocytes), catalase (from bovine liver), cerium (III) nitrate,
ammonia, citric acid, SOD assay kit (Cat # 19160) and lipopolysaccharides (LPS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Amplex® Red catalase assay kit (Cat # A22180) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco's Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), penicillin and streptomycin were purchased from Corning Inc. (Manassas,
VA, USA). RAW 264.7 (ATCC® TIB-71™) cell line was obtained from ATCC® (Manassas, VA, USA).
Griess reagent was obtained from Enzo Life Sciences (Farmingdale, NY, USA).
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2.2. Synthesis of Nanocrystalline Ceria

Cerium dioxide colloidal solution was synthesized according to the method described
elsewhere [33]. Briefly, 25 mL of the aqueous solution of 0.4 M cerium (III) nitrate containing 2.0 g of
citric acid was prepared and then mixed with 100 mL of a 3 M ammonia solution under mild steering.
The resulting colloidal solution was kept at RT for 2 h for the formation of CeO2 to be fully completed.
Then, the sols were rinsed by copious amounts of deionized water.

2.3. Physicochemical Characterization of Ceria Nanoparticles

Phase composition and cell parameter of the obtained ceria were determined by means of X-ray
powder diffraction (XRD). These measurements were performed using Rigaku D/MAX 2500 (Rigaku,
Woodlands, TX, USA). Diffraction peaks were identified with JCPDS data base. Following cell
parameter calculations (a), the nonstoichiometric parameter (δ) was determined according to the
empirical formula [33]:

a (nm) = 0.5413 + 0.04612* δ

The morphology of ceria nanoparticles was assessed by means of transmission electron microscopy
(TEM) (Hitachi H9500, Schaumburg, IL, USA). Images of the samples were obtained with an
accelerating voltage of 100 kV. Additionally, ceria particle size was determined using dynamic light
scattering (DLS) (Brookhaven 90 plus, Holtsville, NY, USA). The concentration of ceria in the obtained
soles was determined by thermogravimetric analysis (TGA) (TA instruments, New Castle, DE, USA).

2.4. Preparation of Ceria-Enzyme Conjugates

The conjugates were prepared according to the methodology adapted from elsewhere [34]. Briefly,
aqueous solution containing SOD or CAT with the concentrations of 1 U/mL for each of the enzymes
was mixed with the ceria sol; the resulting solution was incubated at RT for 2 h.

2.5. Assessment of Antioxidant Activity

The antioxidant activity of the conjugates against superoxide radicals was assessed by the SOD
enzymatic assay. It was performed using WST-1 reagent as an indicator dye; superoxide radicals
were generated by the xanthine/xanthine oxidase (0.25 U) reaction. In its turn, the ability of the
conjugates to scavenge hydrogen peroxide was evaluated using catalase assay (Amplex® Red assay).
The concentration of hydrogen peroxide used in the assay was 2 µM, which is relevant to the
physiological level [31].

Additionally, antioxidant activity of the conjugates was measured in the cell culture experiments.
These studies were conducted according to the protocol adapted from elsewhere [35]. Briefly, prior to
the experiments mouse macrophages (RAW 264.7, ATCC® TIB-71™) were cultured at 37 ◦C under 5%
CO2 until reaching 80% confluency. Then the cells were passaged, diluted and 1 × 105 macrophages
were seeded in a sterile 24-well plate and incubated overnight at 37 ◦C under 5% CO2 to allow cell
attachment. Following incubation, aliquots of the samples were added to the wells and kept at 37 ◦C
for 4 h. Then, the cells were LPS challenged (10 µg/mL) and incubated for another 4 h at 37 ◦C under
5% CO2. Afterwards, the samples were treated with an equal amount of Griess reagent. Following
30 min incubation, the optical density of the resulting solution was recorded at 540 nm.

3. Results and Discussion

Over the past years, numerous synthetic approaches for the preparation of nanoceria have been
developed. However, the potential use of cerium dioxide in biomedical applications puts certain
constraints on its formation method. In particular, the compound should be stable to aggregation
and appropriate for dosing, biocompatible, and the particle size should not exceed 2–3 nm to achieve
pronounced antioxidant properties [36]. In an attempt to meet these requirements, we synthesized
stable ceria colloidal solutions stabilized by citric ions.



Bioengineering 2017, 4, 18 4 of 9

The obtained ceria sols were dried and then characterized by a number of physicochemical
techniques. The XRD results showed that the proposed methodology allowed us to prepare cubic
ceria with a cell parameter of ~5.442 Å, suggesting the stoichiometry of the samples to be CeO1.90 [27].
The results of TEM demonstrated that the particle size was in the range of 2–3 nm (see Figure 1).

Bioengineering 2017, 4, 18  4 of 9 

The obtained ceria sols were dried and then characterized by a number of physicochemical 

techniques. The XRD results showed that the proposed methodology allowed us to prepare cubic 

ceria with a cell parameter of ~5.442 Å , suggesting the stoichiometry of the samples to be CeO1.90 [27]. 

The results of TEM demonstrated that the particle size was in the range of 2–3 nm (see Figure 1). 

 

Figure 1. Transmission electron microscopy images of ceria sols. 

Little or no evidence of particle aggregates was found on the micrographs. These results were 

further confirmed by dynamic light scattering, which showed that hydrodynamic diameter of the 

ceria nanoparticles in the sols was 2.3 ± 1 nm. The stability of the sols was confirmed by long-term 

storage experiments, which showed no observable precipitation over the period of six months. 

Therefore, the synthetic approach used in this study resulted in stable ceria colloidal solutions with 

a particle size small enough that pronounced antioxidant properties could be expected. The 

concentration of ceria in the obtained samples was determined by thermogravimetric analysis and 

was calculated to be 0.01 M. At this concentration, the antioxidant effect of ceria nanoparticles is 

expected to occur [37,38].  

The antioxidant activity of the conjugates was assessed by means of SOD and catalase enzymatic 

assays. Additionally, cell culture experiments with lipopolysaccharide-challenged macrophages were 

conducted to evaluate the ability of the conjugates to scavenge extracellular radicals. The obtained results 

were compared with those for the non-functionalized ceria nanoparticles and SOD/CAT.  

The results of the SOD enzymatic assay (Figure 2a) showed that the conjugates exhibited 

excellent SOD mimetic activity, effectively scavenging superoxide radicals. Moreover, the SOD 

mimetic activity of the ceria-SOD conjugates was found to be significantly higher than that of the 

unfunctionalized ceria nanoparticles and pure SOD (p << 0.001, n = 4).  

The ability of the conjugates to scavenge hydrogen peroxide was evaluated using the catalase 

assay (Amplex®  Red assay). The results are shown in Figure 2b. The ceria-CAT conjugates 

demonstrated pronounced catalase mimetic activity against the physiologically relevant hydrogen 

peroxide concentration of 2 μM [31]. Again, the activity of the conjugates was found to be 

significantly higher than that of pure nanoceria and catalase (p = 0.001, n = 4).  

Figure 1. Transmission electron microscopy images of ceria sols.

Little or no evidence of particle aggregates was found on the micrographs. These results were
further confirmed by dynamic light scattering, which showed that hydrodynamic diameter of the ceria
nanoparticles in the sols was 2.3 ± 1 nm. The stability of the sols was confirmed by long-term storage
experiments, which showed no observable precipitation over the period of six months. Therefore,
the synthetic approach used in this study resulted in stable ceria colloidal solutions with a particle size
small enough that pronounced antioxidant properties could be expected. The concentration of ceria in
the obtained samples was determined by thermogravimetric analysis and was calculated to be 0.01 M.
At this concentration, the antioxidant effect of ceria nanoparticles is expected to occur [37,38].

The antioxidant activity of the conjugates was assessed by means of SOD and catalase enzymatic
assays. Additionally, cell culture experiments with lipopolysaccharide-challenged macrophages were
conducted to evaluate the ability of the conjugates to scavenge extracellular radicals. The obtained
results were compared with those for the non-functionalized ceria nanoparticles and SOD/CAT.

The results of the SOD enzymatic assay (Figure 2a) showed that the conjugates exhibited excellent
SOD mimetic activity, effectively scavenging superoxide radicals. Moreover, the SOD mimetic activity
of the ceria-SOD conjugates was found to be significantly higher than that of the unfunctionalized
ceria nanoparticles and pure SOD (p << 0.001, n = 4).

The ability of the conjugates to scavenge hydrogen peroxide was evaluated using the catalase
assay (Amplex® Red assay). The results are shown in Figure 2b. The ceria-CAT conjugates
demonstrated pronounced catalase mimetic activity against the physiologically relevant hydrogen
peroxide concentration of 2 µM [31]. Again, the activity of the conjugates was found to be significantly
higher than that of pure nanoceria and catalase (p = 0.001, n = 4).

Therefore, the obtained results are indicative of the synergetic effect of nanocrystalline ceria and
superoxide dismutase or catalase absorbed on its surface.
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Figure 2. The results of the SOD enzymatic assay (a) and Amplex® Red assay (b) performed for
SOD-ceria and CAT-ceria conjugates, non-functionalized ceria, catalase and superoxide dismutase.
Based on the obtained calibration curves, the percentage of superoxide radicals (a) and hydrogen
peroxide (b) inhibition results were calculated and are presented herein. Asterisks represent significant
difference between values (p < 0.05, n = 4).

In the present study the conjugates’ antioxidant activity against extracellular reactive nitrogen
species was also evaluated. Nitric oxide (NO) plays an important role in numerous physiological
processes including oxidative stress. Generated and released by macrophages and neutrophils, NO is
able to kill viruses and pathogenic bacteria and even to act as an ROS scavenger [39]. However, when
exposed to superoxide radicals, nitric oxide is also involved in formation of peroxynitrite (ONOO−)
and hydroxyl radicals (·OH), both of which appear to be cytotoxic agents:

NO + ·O−2 → ONOO−+H+ → ·OH + ·NO2

Given the excellent antioxidant activity of the ceria-SOD/CAT conjugates against ROS, one would
expect to see efficacy in eliminating peroxynitrite radicals. To prove this hypothesis, the activity of the
conjugates against RNS was tested in the cell culture experiments with mouse macrophages challenged
by LPS. It was shown that upon exposure to LPS, macrophages release a milieu of oxidants and
enzymes, including different RNS [40]. The Griess test was used to determine the content of the RNS
(Figure 3). As would be expected, SOD-ceria conjugates possessed pronounced scavenging activity,
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effectively reducing the concentration of ·NO2. Moreover, the efficacy of the SOD-ceria conjugates was
significantly higher than that of individual nanoceria and SOD (p << 0.001, n = 4).
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Figure 3. The results of the Griess test conducted for SOD- and CAT-ceria conjugates, and
non-functionalized ceria, superoxide dismutase and catalase. The measured absorbance at 550 nm is
directly correlated with the content of ·NO2 in the cell culture media. Asterisks represent significant
difference between values (p < 0.05, n = 4).

In the case of the CAT-ceria conjugates, the measured antioxidant activity appeared to be lower
than that of the SOD-ceria conjugates and remained on the level of pure nanoceria. CAT alone had a
relatively low scavenging efficacy. These results were not unexpected given the antioxidant mechanism
of catalase. At the same time, the antioxidant activity of the CAT-ceria conjugates was apparently
dictated by the RNS-scavenging properties of nanoceria.

In the present study, the antioxidant properties of ceria conjugates were tested in the presence of
LPS-challenged macrophages. The pronounced tendency of activated macrophages to phagocytose
foreign objects could have caused elevated cellular uptake of the conjugates, increasing the
concentration of the antioxidants in intracellular space. Therefore, the measured antioxidant activity
of the conjugates can be expected to be lower when determined in the presence of unactivated
macrophages/monocytes. On the other hand, in the experiments with nanoceria it was shown that
cellular uptake is more pronounced for 100 nm particles. In the case of smaller particles (3 nm),
the cellular uptake was found to be significantly lower [41]. However, more detailed cell culture
studies are required to evaluate cellular uptake and to determine the ability of the conjugates to
scavenge intracellular ROS and RNS.

Given the excellent antioxidant properties of ceria conjugates studied in the present work, one
can envision potential medicinal and clinical applications of the proposed antioxidant system. There is
a number of in vivo studies showing the efficacy of nanocrystalline ceria in the treatment of different
pathological conditions, including reproductive, neurological, gastrointestinal, ophthalmologic,
etc. [36,42,43]. Taking into account the significantly higher antioxidant activity of the conjugates
analyzed in this study, their efficacy in vivo can be expected to be even higher than that of unmodified
ceria. However, in order to discuss these findings within the scope of potential biomedical applications,
it is imperative to assess the distribution of the conjugates in vivo, as well as their toxicity and stability.
Thus, thorough animal studies are required to prove that the potential benefits of the use of ceria
conjugates outweigh the complexity and possible adverse effects of the therapy.
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4. Conclusions

The present study deals with antioxidant conjugates based on nanocrystalline ceria and superoxide
dismutase or catalase. In in vitro experiments, we showed that SOD/CAT and nanoceria were capable
of complementing each other, providing a synergetic effect towards antioxidant activity. The cell culture
experiments provided additional evidence of the pronounced antioxidant activity of the conjugates.
This work is a foundation for more detailed in vitro, cell culture and animal studies.

Acknowledgments: This work was supported in part by the Clemson University Creative Inquiry Program,
Institute for Biological Interfaces of Engineering, and the National Institutes of Health (5P20GM103444-08).

Author Contributions: D.G., V.R. and V.I. conceived and designed the experiments; J.R., B.W., D.G. and V.I.
conducted the experiments; V.R., D.G., V.I., J.R., B.W. analyzed the data; A.V. provided critical revisions; V.R., A.V.,
V.I. contributed reagents and analysis tools; D.G. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Howard, M.D.; Greineder, C.F.; Hood, E.D.; Muzykantov, V.R. Endothelial targeting of liposomes
encapsulating SOD/catalase mimetic EUK-134 alleviates acute pulmonary inflammation. J. Control. Release
2014, 177, 34–41. [CrossRef] [PubMed]

2. Garcia, G.; Nanni, S.; Figueira, I.; Ivanov, I.; McDougall, G.J.; Stewart, D.; Ferreira, R.B.; Pinto, P.; Silva, R.F.M.;
Brites, D.; et al. Bioaccessible (poly)phenol metabolites from raspberry protect neural cells from oxidative
stress and attenuate microglia activation. Food Chem. 2017, 215, 274–283. [CrossRef] [PubMed]

3. Shuvaev, V.V.; Muro, S.; Arguiri, E.; Khoshnejad, M.; Tliba, S.; Christofidou-Solomidou, M.; Muzykantov, V.R.
Size and targeting to PECAM vs ICAM control endothelial delivery, internalization and protective effect of
multimolecular SOD conjugates. J. Control. Release 2016, 234, 115–123. [CrossRef] [PubMed]

4. Gandhi, S.; Abramov, A.Y. Mechanism of oxidative stress in neurodegeneration. Oxid. Med. Cell. Longev.
2012, 2012, 428010. [CrossRef] [PubMed]

5. Halliwell, B. Free radicals, reactive oxygen species and human disease: A critical evaluation with special
reference to atherosclerosis. Br. J. Exp. Pathol. 1989, 70, 737–757. [PubMed]

6. Naik, E.; Dixit, V.M. Mitochondrial reactive oxygen species drive proinflammatory cytokine production.
J. Exp. Med. 2011, 208, 417–420. [CrossRef] [PubMed]

7. Stentz, F.B.; Umpierrez, G.E.; Cuervo, R.; Kitabchi, A.E. Proinflammatory cytokines, markers of
cardiovascular risks, oxidative stress, and lipid peroxidation in patients with hyperglycemic crises. Diabetes
2004, 53, 2079–2086. [CrossRef] [PubMed]

8. Yun, X.; Maximov, V.D.; Yu, J.; Zhu, H.; Vertegel, A.A.; Kindy, M.S. Nanoparticles for targeted delivery of
antioxidant enzymes to the brain after cerebral ischemia and reperfusion injury. J. Cereb. Blood Flow Metab.
2013, 33, 583–592. [CrossRef] [PubMed]

9. Vertegel, A.; Reukov, V.; Maximov, V. Enzyme–Nanoparticle Conjugates for Biomedical Applications.
In Enzyme Stabilization and Immobilization; Minteer, S.D., Ed.; Methods in Molecular Biology; Humana Press:
Totowa, NJ, USA, 2011; Volume 679, pp. 165–182.

10. Jolly, S.R.; Kane, W.J.; Bailie, M.B.; Abrams, G.D.; Lucchesi, B.R. Canine myocardial reperfusion injury.
Its reduction by the combined administration of superoxide dismutase and catalase. Circ. Res. 1984, 54,
277–285. [CrossRef] [PubMed]

11. Temsah, R.M.; Netticadan, T.; Chapman, D.; Takeda, S.; Mochizuki, S.; Dhalla, N.S. Alterations in
sarcoplasmic reticulum function and gene expression in ischemic-reperfused rat heart. Am. J. Physiol.
1999, 277, H584–H594. [PubMed]

12. Wheler, K.; Smutney, F.; Dikalova, M.; Samulski, T. Antioxidant Gene Therapy and Hepatic
Ischemia-Reperfusion Injury. Hepatology 2010, 5, 705–711.

13. Fan, C.G.; Zwacka, R.M.; Engelhardt, J.F. Therapeutic approaches for ischemia/reperfusion injury in the
liver. J. Mol. Med. 1999, 77, 577–592. [CrossRef] [PubMed]

14. Holley, A.K.; Miao, L.; St. Clair, D.K.; St. Clair, W.H. Redox-modulated phenomena and radiation therapy:
The central role of superoxide dismutases. Antioxid. Redox Signal. 2014, 20, 1567–1589. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jconrel.2013.12.035
http://www.ncbi.nlm.nih.gov/pubmed/24412573
http://dx.doi.org/10.1016/j.foodchem.2016.07.128
http://www.ncbi.nlm.nih.gov/pubmed/27542476
http://dx.doi.org/10.1016/j.jconrel.2016.05.040
http://www.ncbi.nlm.nih.gov/pubmed/27210108
http://dx.doi.org/10.1155/2012/428010
http://www.ncbi.nlm.nih.gov/pubmed/22685618
http://www.ncbi.nlm.nih.gov/pubmed/2557883
http://dx.doi.org/10.1084/jem.20110367
http://www.ncbi.nlm.nih.gov/pubmed/21357740
http://dx.doi.org/10.2337/diabetes.53.8.2079
http://www.ncbi.nlm.nih.gov/pubmed/15277389
http://dx.doi.org/10.1038/jcbfm.2012.209
http://www.ncbi.nlm.nih.gov/pubmed/23385198
http://dx.doi.org/10.1161/01.RES.54.3.277
http://www.ncbi.nlm.nih.gov/pubmed/6697450
http://www.ncbi.nlm.nih.gov/pubmed/10444483
http://dx.doi.org/10.1007/s001099900029
http://www.ncbi.nlm.nih.gov/pubmed/10543390
http://dx.doi.org/10.1089/ars.2012.5000
http://www.ncbi.nlm.nih.gov/pubmed/24094070


Bioengineering 2017, 4, 18 8 of 9

15. Dziubla, T.D.; Shuvaev, V.V.; Hong, N.K.; Hawkins, B.J.; Madesh, M.; Takano, H.; Simone, E.; Nakada, M.T.;
Fisher, A.; Albelda, S.M.; et al. Endothelial targeting of semi-permeable polymer nanocarriers for enzyme
therapies. Biomaterials 2008, 29, 215–227. [CrossRef] [PubMed]

16. Hood, E.; Simone, E.; Wattamwar, P.; Dziubla, T.; Muzykantov, V. Nanocarriers for vascular delivery of
antioxidants. Nanomedicine 2011, 6, 1257–1272. [CrossRef] [PubMed]

17. Howard, M.D.; Hood, E.D.; Greineder, C.F.; Alferiev, I.S.; Chorny, M.; Muzykantov, V. Targeting to Endothelial
Cells Augments the Protective Effect of Novel Dual Bioactive Antioxidant/Anti-Inflammatory Nanoparticles.
Mol. Pharm. 2015, 11, 2262–2270. [CrossRef] [PubMed]

18. Hood, E.D.; Chorny, M.; Greineder, C.F.; Alferiev, S.I.; Levy, R.J.; Muzykantov, V.R. Endothelial targeting
of nanocarriers loaded with antioxidant enzymes for protection against vascular oxidative stress and
inflammation. Biomaterials 2014, 35, 3708–3715. [CrossRef] [PubMed]

19. Comhair, S.A.; Bhathena, P.R.; Dweik, R.A.; Kavuru, M.; Erzurum, S.C. Rapid loss of superoxide dismutase
activity during antigen-induced asthmatic response. Lancet 2000, 355, 624. [CrossRef]

20. Comhair, S.A.A.; Ricci, K.S.; Arroliga, M.; Lara, A.R.; Dweik, R.A.; Song, W.; Hazen, S.L.; Bleecker, E.R.;
Busse, W.W.; Chung, K.F.; et al. Correlation of systemic superoxide dismutase deficiency to airflow
obstruction in asthma. Am. J. Respir. Crit. Care Med. 2005, 172, 306–313. [CrossRef] [PubMed]

21. Casano, L.M.; Gómez, L.D.; Lascano, H.R.; González, C.A.; Trippi, V.S. Inactivation and degradation
of CuZn-SOD by active oxygen species in wheat chloroplasts exposed to photooxidative stress.
Plant Cell Physiol. 1997, 38, 433–440. [CrossRef] [PubMed]

22. Kono, Y.; Fridovich, I. Superoxide Radical Inhibits Catalase. J. Biol. Chem. 1982, 257, 5751–5754. [PubMed]
23. Rahman, K. Studies on free radicals, antioxidants, and co-factors. Clin. Interv. Aging 2007, 2, 219–236.

[PubMed]
24. Shimizu, N.; Kobayashis, K.; Hayashi, K. The Reaction of Superoxide Radical with Catalase. J. Biol. Chem.

1984, 259, 4414–4418. [PubMed]
25. Mao, G.D.; Thomas, P.D.; Lopaschuks, G.D.; Poznanskyq, M.J.; Tg, C. Superoxide Dismutase (SOD)-Catalase

Conjugates. J. Biol. Chem. 1993, 268, 416–420. [PubMed]
26. Bunn, H.F. The use of hemoglobin as a blood substitute. Am. J. Hematol. 1993, 42, 112–117. [CrossRef]

[PubMed]
27. Baranchikov, A.E.; Polezhaeva, O.S.; Ivanov, V.K.; Tretyakov, Y.D. Lattice expansion and oxygen

non-stoichiometry of nanocrystalline ceria. CrystEngComm 2010, 12, 3531–3533. [CrossRef]
28. Heckert, E.G.; Karakoti, A.S.; Seal, S.; Self, W.T. The role of cerium redox state in the SOD mimetic activity of

nanoceria. Biomaterials 2008, 29, 2705–2709. [CrossRef] [PubMed]
29. Mullins, D.R. The surface chemistry of cerium oxide. Surf. Sci. Rep. 2015, 70, 42–85. [CrossRef]
30. Grulke, E.; Reed, K.; Beck, M.; Huang, X.; Cormack, A.; Seal, S. Nanoceria: factors affecting its pro- and

anti-oxidant properties. Environ. Sci. Nano 2014, 1, 429–444. [CrossRef]
31. Pirmohamed, T.; Dowding, J.M.; Singh, S.; Wasserman, B.; Heckert, E.; Karakoti, A.S.; King, J.E. S.; Seal, S.;

Self, W.T. Nanoceria exhibit redox state-dependent catalase mimetic activity. Chem. Commun. 2010, 46,
2736–2738. [CrossRef] [PubMed]

32. Reukov, V.; Maximov, V.; Vertegel, A. Proteins conjugated to poly(butyl cyanoacrylate) nanoparticles as
potential neuroprotective agents. Biotechnol. Bioeng. 2011, 108, 243–252. [CrossRef] [PubMed]

33. Ivanova, O.S.; Shekunova, T.O.; Ivanov, V.K.; Shcherbakov, A.B.; Popov, A.L.; Davydova, G.A.; Selezneva, I.I.;
Kopitsa, G.P.; Tret’yakov, Y.D. One-stage synthesis of ceria colloid solutions for biomedical use. Dokl. Chem.
2011, 437, 103–106. [CrossRef]

34. Vertegel, A.A.; Siegel, R.W.; Dordick, J.S. Silica nanoparticle size influences the structure and enzymatic
activity of adsorbed lysozyme. Langmuir 2004, 20, 6800–6807. [CrossRef] [PubMed]

35. Khanduja, K.L.; Avti, P.K.; Kumar, S.; Pathania, V.; Pathak, C.M. Inhibitory effect of vitamin E on
proinflammatory cytokines-and endotoxin-induced nitric oxide release in alveolar macrophages. Life Sci.
2005, 76, 2669–2680. [CrossRef] [PubMed]

36. Nelson, B.; Johnson, M.; Walker, M.; Riley, K.; Sims, C. Antioxidant Cerium Oxide Nanoparticles in Biology
and Medicine. Antioxidants 2016, 5, 15. [CrossRef] [PubMed]

37. Shcherbakov, A.B.; Zholobak, N.M.; Ivanov, V.K.; Ivanova, O.S.; Marchevsky, A.V.; Baranchikov, A.E.;
Spivak, N.Y.; Tretyakov, Y.D. Synthesis and antioxidant activity of biocompatible maltodextrin-stabilized
aqueous sols of nanocrystalline ceria. Russ. J. Inorg. Chem. 2012, 57, 1411–1418. [CrossRef]

http://dx.doi.org/10.1016/j.biomaterials.2007.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17950837
http://dx.doi.org/10.2217/nnm.11.92
http://www.ncbi.nlm.nih.gov/pubmed/21929460
http://dx.doi.org/10.1021/mp400677y
http://www.ncbi.nlm.nih.gov/pubmed/24877560
http://dx.doi.org/10.1016/j.biomaterials.2014.01.023
http://www.ncbi.nlm.nih.gov/pubmed/24480537
http://dx.doi.org/10.1016/S0140-6736(99)04736-4
http://dx.doi.org/10.1164/rccm.200502-180OC
http://www.ncbi.nlm.nih.gov/pubmed/15883124
http://dx.doi.org/10.1093/oxfordjournals.pcp.a029186
http://www.ncbi.nlm.nih.gov/pubmed/9177029
http://www.ncbi.nlm.nih.gov/pubmed/6279612
http://www.ncbi.nlm.nih.gov/pubmed/18044138
http://www.ncbi.nlm.nih.gov/pubmed/6323471
http://www.ncbi.nlm.nih.gov/pubmed/8380162
http://dx.doi.org/10.1002/ajh.2830420122
http://www.ncbi.nlm.nih.gov/pubmed/8416284
http://dx.doi.org/10.1039/c0ce00245c
http://dx.doi.org/10.1016/j.biomaterials.2008.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18395249
http://dx.doi.org/10.1016/j.surfrep.2014.12.001
http://dx.doi.org/10.1039/C4EN00105B
http://dx.doi.org/10.1039/b922024k
http://www.ncbi.nlm.nih.gov/pubmed/20369166
http://dx.doi.org/10.1002/bit.22958
http://www.ncbi.nlm.nih.gov/pubmed/20939007
http://dx.doi.org/10.1134/S0012500811040070
http://dx.doi.org/10.1021/la0497200
http://www.ncbi.nlm.nih.gov/pubmed/15274588
http://dx.doi.org/10.1016/j.lfs.2004.09.037
http://www.ncbi.nlm.nih.gov/pubmed/15792834
http://dx.doi.org/10.3390/antiox5020015
http://www.ncbi.nlm.nih.gov/pubmed/27196936
http://dx.doi.org/10.1134/S0036023612110137


Bioengineering 2017, 4, 18 9 of 9

38. Zholobak, N.M.; Ivanov, V.K.; Shcherbakov, A.B.; Shaporev, A.S.; Polezhaeva, O.S.; Baranchikov, A.Y.;
Spivak, N.Y.; Tretyakov, Y.D. UV-shielding property, photocatalytic activity and photocytotoxicity of ceria
colloid solutions. J. Photochem. Photobiol. B Biol. 2011, 102, 32–38. [CrossRef] [PubMed]

39. Wu, D.; Yotnda, P. Production and Detection of Reactive Oxygen Species (ROS) in Cancers. J. Vis. Exp. 2011,
2–5. [CrossRef] [PubMed]

40. Szliszka, E.; Mertas, A.; Czuba, Z.P.; Król, W. Inhibition of Inflammatory Response by Artepillin C in
Activated RAW264. 7 Macrophages. Evid.-Based Complement. Altern. Med. 2013, 2013, 735176. [CrossRef]
[PubMed]

41. Lord, M.S.; Jung, M.; Teoh, W.Y.; Gunawan, C.; Vassie, J.A.; Amal, R.; Whitelock, J.M. Cellular uptake
and reactive oxygen species modulation of cerium oxide nanoparticles in human monocyte cell line U937.
Biomaterials 2012, 33, 7915–7924. [CrossRef] [PubMed]

42. Heckman, K.L.; Decoteau, W.; Estevez, A.; Reed, K.J.; Costanzo, W.; Sanford, D.; Leiter, J.C.; Clauss, J.;
Knapp, K.; Gomez, C.; et al. Custom cerium oxide nanoparticles protect against a free radical mediated
autoimmune degenerative disease in the brain. ACS Nano 2013, 7, 10582–10596. [CrossRef] [PubMed]

43. Chaudhury, K.; Babu, N.; Singh, A.K.; Das, S.; Kumar, A.; Seal, S. Mitigation of endometriosis using
regenerative cerium oxide nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2013, 9, 439–448. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jphotobiol.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20926307
http://dx.doi.org/10.3791/3357
http://www.ncbi.nlm.nih.gov/pubmed/22127014
http://dx.doi.org/10.1155/2013/735176
http://www.ncbi.nlm.nih.gov/pubmed/23781267
http://dx.doi.org/10.1016/j.biomaterials.2012.07.024
http://www.ncbi.nlm.nih.gov/pubmed/22841920
http://dx.doi.org/10.1021/nn403743b
http://www.ncbi.nlm.nih.gov/pubmed/24266731
http://dx.doi.org/10.1016/j.nano.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22960424
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Nanocrystalline Ceria 
	Physicochemical Characterization of Ceria Nanoparticles 
	Preparation of Ceria-Enzyme Conjugates 
	Assessment of Antioxidant Activity 

	Results and Discussion 
	Conclusions 

