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Abstract:



Nanomaterials are used in many different industries such as cosmetics, food, clothing, and electronics. There is increasing concern that exposure to nanoparticles (NPs) during pregnancy can adversely affect fetal development. It is well known that the size, charge, and chemistry of a nanoparticle can modulate embryological development. The role that particle morphology plays on early development, however, is still widely unknown. The present study aims to investigate the effect of hydroxyapatite nanoparticle (HANP) morphology on embryological development in a zebrafish exposure model. Four distinct HANP morphologies (dots, long rods, sheets, and fibers) were fabricated and characterized. Zebrafish embryos were exposed to HANPs (0–100 mg/L), and viability and developmental deformities were evaluated for up to 5 days post-fertilization (dpf). Malformations such as pericardial edema and axial curvature were apparent in embryos as early as 1 dpf, following exposure to the dot and fiber particles, and developed in embryos by 3 dpf in the sheet and long rod particle groups. Minimal death was observed in response to dot, long rod, and sheet particles (≤25%), while fiber particles induced overwhelming toxicity (≤60%) after 1 dpf, and complete toxicity during all subsequent time points. Collectively, these results suggest that nanoparticle morphology can significantly impact embryological development and should be a required consideration when designing nanomaterials for commercial use.
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1. Introduction


The use of nanoparticles (NPs) in many common household items has increased the likelihood and intensity of human exposure, e.g., silver NPs found in clothing and sheets, titanium dioxide NPs found in cosmetics and sunscreen products, and carbon NPs found in bikes and other transportation vehicles [1]. Although nanomaterials have attractive and unique features, there is increasing evidence that these features can also make them reactive, resulting in potential health risks [2]. There are many routes of exposure for nanomaterials; nanomaterials can enter the body via inhalation, skin penetration, or ingestion [3]. Nanomaterial exposure can also occur following the implantation of a biomaterial within the body. A popular orthopedic biomaterial for bone and dental regenerative applications is calcium phosphate ceramics, since it has an inorganic mineral composition, physical characteristics, and a porosity similar to human bone [4,5]. Within the calcium phosphate family, hydroxyapatite (HA) is most similar to mature bone. HA is often used as a bone filler, and as a coating for metal implants to improve fixation of the implant to bone tissue [6]. Though HA is promising for clinical use [7,8], some reports have suggested that HA coatings can produce nanoparticulate debris, causing toxicity and inflammation in the body [9,10]. In pregnant mice it has been shown that NPs cross the placenta, accumulate in the fetus [11], restrict blood flow, reduce placenta size, and cause fetal growth restriction, eventually causing death. The effect of particle size, chemistry, and charge on early development has been extensively investigated [12,13,14], in contrast to the effects of particle morphology, which has not been studied conclusively.



In order to evaluate the effect of NP morphology on fetal development, we have chosen to use a zebrafish exposure model. Zebrafish are small in size, reproduce and develop quickly, have transparent embryos, etc., making it a very popular model to use in the fields of toxicology and biomedical research. In addition, zebrafish and human genomes share 75% homology, i.e., [15] the cardiovascular, nervous, inflammatory, and digestive systems are highly conserved in both zebrafish and humans [16,17]. It has recently been shown that hydroxyapatite nanoparticle (HANP) morphology greatly affects acute inflammation in vivo and in vitro [18]. The present study investigates how NP morphology affects fetal development by exposing four different HANPs (dots, long rods, sheets, and fibers) to zebrafish embryos and evaluating their effects on viability and developmental for up to 5 days post-fertilization (dpf).




2. Results and Discussion


Four distinct HANP morphologies were synthesized via the hydrothermal method. Transmission electron microscopy (TEM) micrographs revealed that the long rod particles were 20 nm in diameter and 200 nm in length (Figure 1A, Table 1), and the sheet particles were 75 nm in length and 30 nm in width (Figure 1B, Table 1). The dot particles were the smallest in size compared to the other 3 particle morphologies, with an approximate diameter of 15 nm (Figure 1C, Table 1). Although the fiber particles had a width of 60 nm, the particle length ranged from 1 to 4 µm (Figure 1D, Table 1). Phase composition analysis confirmed that all synthesized NPs were composed of HA [18], thereby showing that the effects that the HANPs induce on the zebrafish embryos were due to the particle morphology rather than the particle chemistry.


Figure 1. Hydroxyapatite nanoparticle (HANP) transmission electron microscopy (TEM) micrographs of the long rods (A), sheets (B), dots (C), and fibers (D).
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Table 1. Physicoproperties of the HANPs. Reproduced and modified from [18]. Copyright Elsevier, 2016.







	
Particle Morphology

	
Dimensions

	
Surface Area






	
Long Rods

	
20 nm × 200 nm

	
71.6




	
Dots

	
15 nm × 15 nm

	
91.5




	
Sheets

	
75 nm × 30 nm

	
58.6




	
Fibers

	
60 nm × 1–4 μm

	
52.7










Exposure to 40 mg/L of particles resulted in the accumulation of embryonic malformations for all particle types, except long rods, by 5 dpf. Though 17% of the embryos exhibited malformations at day 3, malformations were not present at 5 dpf (Table 2). Malformations, such as pericardial edema and bent tails (Figure 2E,G), were apparent in embryos after 3 days of sheet and long rod particle exposure, and as early as 1 day following dot and fiber particle exposure. Minimal death was observed in response to dot, long rod, and sheets (≤25%). However, fiber particles induced overwhelming toxicity (≤60%) after 1 dpf, and complete toxicity during all subsequent time points.


Figure 2. Images of zebrafish after treatment with the HANPs. Image A (control, healthy), B (malformed), and C (dead) embryos at 24 hpf. Image D (control, healthy) and Image E (malformed) depict zebrafish at 72 hpf, while Image F (control, healthy) and G (malformed) depict zebrafish at 120 hpf after treatment. These images are representations of pericardial edema and axial curvature malformations that were observed following exposure of the HANPs to the embryos. The observed defect phenotypes were not specific to a particular particle morphology.
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Table 2. Phenotypic observations of zebrafish after treatment with the HANPs at 40 mg/L exposure. The percentage mortality represents mortality with respect to the number of embryos present at each time point, rather than cumulative mortality.







	

	
Sheets

	
Dots

	
Long Rods

	
Fibers

	
Control




	
40 mg/L

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead






	
Day 1

	
0%

	
14%

	
20%

	
20%

	
0%

	
25%

	
33%

	
67%

	
0%

	
29%




	
Day 3

	
27%

	
0%

	
25%

	
0%

	
17%

	
0%

	
0%

	
100%

	
0%

	
0%




	
Day 5

	
33%

	
0%

	
0%

	
17%

	
0%

	
0%

	
0%

	
100%

	
0%

	
0%










An increase in the exposure dose to 100 mg/L resulted in increased malformation and toxicity. All embryos suffered from malformations, within 3 days of exposure to sheets, dots, or long rods (Table 3). All embryos exposed to fiber particles died by 1 dpf (as represented by Figure 2C). Despite being exposed to particles for only 24 h, the zebrafish did not recover from the malformations over time. The observed defect phenotypes were not specific to a particular particle morphology. Exposure to particle concentrations of 4 and 20 mg/L did not cause any significant death or developmental defects, and were therefore not shown. It should be noted that the absence of toxicity and mortality at 4 and 20 mg/L suggest that the risk of toxicity from physiologically relevant exposure appear to be quite low.



Table 3. Phenotypic observations of zebrafish after treatment with the HANPs at 100 mg/L exposure. The percentage mortality represents mortality with respect to the number of embryos present at each time point, rather than cumulative mortality.







	

	
Sheets

	
Dots

	
Long Rods

	
Fibers

	
Control




	
100 mg/L

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead

	
Malformed

	
Dead






	
Day 1

	
0%

	
25%

	
0%

	
18%

	
0%

	
18%

	
0%

	
100%

	
0%

	
29%




	
Day 3

	
67%

	
33%

	
88%

	
38%

	
67%

	
22%

	
0%

	
100%

	
0%

	
0%




	
Day 5

	
0%

	
100%

	
0%

	
100%

	
0%

	
100%

	
0%

	
100%

	
0%

	
0%










HANP fiber particles have previously been shown to cause increased oxidative stress, cytotoxicity, and apoptosis in various cell types, e.g., macrophages, neutrophils, and fibroblasts, in vitro as well as increased inflammation in vivo [18]. Oxidative stress has been hypothesized to cause axial curvature [19] in zebrafish. During the early stages of organogenesis, embryos possess a weak antioxidant defense capacity and are, therefore, more sensitive to the teratogenic effects of oxidative compounds. A disequilibrium between reactive oxygen species (ROS) and the embryonic antioxidant defense can therefore, affect the development and function of the zebrafish, giving rise to many different congenital abnormalities such as cardiac edema, growth delay, decrease in pigmentation, and even death [20]. It is likely that the cytotoxicity and oxidative stress that occur following fiber particle exposure in vitro [18], also occur in the zebrafish embryos. Unlike tangled fiber particles, straight fibers, such as the ones used in the current study, cause incomplete uptake and frustrated phagocytosis in cells, leading to mechanical strain and eventual cell death [21]. The mechanical strain that the fiber particles cause could potentially disrupt the chorion of the zebrafish embryos, contributing to the significant death observed. Further studies are needed to confirm whether the nano hydroxyapatite particles disrupt the chorion directly, by contact, or indirectly, as well as evaluate the oxidative stress that the fiber particles cause in zebrafish embryos.



The dot particles caused increased developmental malformations, as compared to the long rod and sheet particles. The dot particles have the highest specific surface area compared to the other particle morphologies [18]. Particles with a high specific surface area are found to be more reactive due to the greater surface area per mass ratio, which can act as a catalyst for reactions between cells and biomolecules [22]. Recent studies have demonstrated that, when exposed to the lungs, particles with higher surface area become trapped, cause clearance impairment and inflammation, eventually leading to fibrosis and cell death [22,23,24]. When exposed to the embryos, the dot particles may translocate through the chorionic pores of the zebrafish and get trapped within the chorionic space. NPs trapped in the chorion can restrict the diffusion of nutrients and oxygen supply to the embryo, causing axial deformities in the tail and spine as well as edema [25,26,27]. The accumulated nanoparticles can also alter the charge, diffusion, and interactions of chorionic proteins such as the hatching enzyme and membrane transporter, leading to interference in the signaling cascades of embryonic development [25,28]. Studies have shown that nanoparticle adsorption to the hatching enzyme causes a delay in hatching [29]. Furthermore, HA particles with properties similar to the dot particles, aggregate together around the membrane transporter protein altering the function of the protein [28]. Taken together, the high specific surface area of the dot particle is most likely the contributing factor causing the observed toxicity and axial deformation.




3. Conclusions


The results of the current study demonstrate that particle morphology greatly affects and influences embryonic development. Although HA is a relatively safe biomaterial, in its nanoparticulate form HA exposure not only induces toxicity, but can cause developmental, and physiological impairments in zebrafish embryos. Increased nanoparticle testing, with an emphasis on particle morphology parameters, should be a required consideration when designing nanomaterials for commercial use.




4. Materials and Methods


4.1. Particle Preparation and Characterization


The HANPs were fabricated via the hydrothermal method and characterized for phase composition via X-ray diffraction (XRD, Siemens D5000, Texas, TX, USA), and particle morphology via transmission electron microscopy (TEM, Hitachi HF-3300v, Rotkreuz, Switzerland) following the methods of Pujari-Palmer et al. [18].




4.2. Zebrafish Embryo Exposure to HANPs


Zebrafish embryos were collected 4 h post-fertilization (hpf) and exposed to the four different HANP solutions at final concentrations of 0, 4, 20, 40, and 100 mg/L at 28.5 °C. Zebrafish embryo development and viability were evaluated for up to 5 dpf using bright-field microscopy (Nikon SMZ1500, Nikon, Tokyo, Japan) Image analysis to determine the percentage of dead and malformed embryos over time, was performed using ImageJ software. All animal experiments were performed in strict accordance with the recommendations of “care and use of laboratory animals of Sweden”. The same embryos (n = 6–8) were followed throughout the whole study.








Acknowledgments


This work was supported by the Science for Life Laboratory Zebrafish Technology Platform in Uppsala.




Author Contributions


Shiuli Pujari-Palmer and Marjam Karlsson Ott conceived and designed the experiments; Shiuli Pujari-Palmer and Xi Lu performed the experiments; Shiuli Pujari-Palmer, Xi Lu and Karlsson Ott analyzed the data; Marjam Karlsson Ott contributed reagents/materials/analysis tools; Shiuli Pujari-Palmer, Xi Lu and Marjam Karlsson Ott wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Donaldson, K.; Stone, V.; Tran, C.L.; Kreyling, W.; Borm, P.J. Nanotoxicology. Occup. Environ. Med. 2004, 61, 727–728. [Google Scholar] [CrossRef] [PubMed]

	2. 
Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622–627. [Google Scholar] [CrossRef] [PubMed]

	3. 
Sharifi, S.; Behzadi, S.; Laurent, S.; Forrest, M.L.; Stroeve, P.; Mahmoudi, M. Toxicity of nanomaterials. Chem. Soc. Rev. 2012, 41, 2323–2343. [Google Scholar] [CrossRef] [PubMed]

	4. 
De Groot, K. Bioceramics consisting of calcium phosphate salts. Biomaterials 1980, 1, 47–50. [Google Scholar] [CrossRef]

	5. 
Dorozhkin, S.V.; Epple, M. Biological and medical significance of calcium phosphates. Angew. Chem. 2002, 41, 3130–3146. [Google Scholar] [CrossRef]

	6. 
Hak, D.J. The use of osteoconductive bone graft substitutes in orthopaedic trauma. J. Am. Acad. Orthop. Surg. 2007, 15, 525–536. [Google Scholar] [CrossRef] [PubMed]

	7. 
Huracek, J.; Spirig, P. The effect of hydroxyapatite coating on the fixation of hip prostheses. Arch. Orthop. Trauma Surg. 1994, 113, 72–77. [Google Scholar] [CrossRef] [PubMed]

	8. 
Jaffe, W.L.; Scott, D.F. Total hip arthroplasty with hydroxyapatite-coated prostheses. J. Bone Jt. Surg. Am. Vol. 1996, 78, 1918–1934. [Google Scholar] [CrossRef]

	9. 
Bloebaum, R.D.; Zou, L.; Bachus, K.N.; Shea, K.G.; Hofmann, A.A.; Dunn, H.K. Analysis of particles in acetabular components from patients with osteolysis. Clin. Orthop. Relat. Res. 1997, 338, 109–118. [Google Scholar] [CrossRef]

	10. 
Morscher, E.W.; Hefti, A.; Aebi, U. Severe osteolysis after third-body wear due to hydroxyapatite particles from acetabular cup coating. J. Bone Jt. Surg. Br. Vol. 1998, 80, 267–272. [Google Scholar] [CrossRef]

	11. 
Yamashita, K.; Yoshioka, Y.; Higashisaka, K.; Mimura, K.; Morishita, Y.; Nozaki, M.; Yoshida, T.; Ogura, T.; Nabeshi, H.; Nagano, K.; et al. Silica and titanium dioxide nanoparticles cause pregnancy complications in mice. Nat. Nanotechnol. 2011, 6, 321–328. [Google Scholar] [CrossRef] [PubMed]

	12. 
Browning, L.M.; Huang, T.; Xu, X.H. Real-time in vivo imaging of size-dependent transport and toxicity of gold nanoparticles in zebrafish embryos using single nanoparticle plasmonic spectroscopy. Interface Focus 2013, 3, 20120098. [Google Scholar] [CrossRef] [PubMed]

	13. 
Di Bona, K.R.; Xu, Y.; Ramirez, P.A.; DeLaine, J.; Parker, C.; Bao, Y.; Rasco, J.F. Surface charge and dosage dependent potential developmental toxicity and biodistribution of iron oxide nanoparticles in pregnant CD-1 mice. Reprod. Toxicol. 2014, 50, 36–42. [Google Scholar] [CrossRef] [PubMed]

	14. 
Hong, J.S.; Park, M.K.; Kim, M.S.; Lim, J.H.; Park, G.J.; Maeng, E.H.; Shin, J.H.; Kim, Y.R.; Kim, M.K.; Lee, J.K.; et al. Effect of zinc oxide nanoparticles on dams and embryo-fetal development in rats. Int. J. Nanomed. 2014, 9, 145–157. [Google Scholar]

	15. 
Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.S. Zebrafish: A complete animal model to enumerate the nanoparticle toxicity. J. Nanobiotechnol. 2016, 14, 65. [Google Scholar] [CrossRef] [PubMed]

	16. 
Beliaeva, N.F.; Kashirtseva, V.N.; Medvedeva, N.V.; Khudoklinova, I.; Ipatova, O.M.; Archakov, A.I. Zebrafish as a model organism for biomedical studies. Biomed. Khimiia 2010, 56, 120–131. [Google Scholar] [CrossRef]

	17. 
Varshney, G.K.; Lu, J.; Gildea, D.E.; Huang, H.; Pei, W.; Yang, Z.; Huang, S.C.; Schoenfeld, D.; Pho, N.H.; Casero, D.; et al. A large-scale zebrafish gene knockout resource for the genome-wide study of gene function. Genome Res. 2013, 23, 727–735. [Google Scholar] [CrossRef] [PubMed]

	18. 
Pujari-Palmer, S.; Chen, S.; Rubino, S.; Weng, H.; Xia, W.; Engqvist, H.; Tang, L.; Ott, M.K. In vivo and in vitro evaluation of hydroxyapatite nanoparticle morphology on the acute inflammatory response. Biomaterials 2016, 90, 1–11. [Google Scholar] [CrossRef] [PubMed]

	19. 
King-Heiden, T.C.; Wiecinski, P.N.; Mangham, A.N.; Metz, K.M.; Nesbit, D.; Pedersen, J.A.; Hamers, R.J.; Heideman, W.; Peterson, R.E. Quantum dot nanotoxicity assessment using the zebrafish embryo. Environ. Sci. Technol. 2009, 43, 1605–1611. [Google Scholar] [CrossRef] [PubMed]

	20. 
Boix, N.P.E.; Gomez-Catalan, J.; Teixido, E.; Llobet, J.M. The zebrafish embryo as a model for studying oxidative stress effect during embryonic development. Reprod. Toxicol. 2013, 41, 21–34. [Google Scholar] [CrossRef]

	21. 
Brown, D.M.; Bangert, U.; Windle, A.H.; Walter, D.M.; Walker, G.S.; Scotchford, C.A.; Donaldson, K.; Sone, V. An in vitro study of the potential of carbon nanotubes and nanofibres to induce inflammatory mediators and frustrated phagocytosis. Carbon 2007, 45, 1743–1756. [Google Scholar] [CrossRef]

	22. 
Duffin, R.; Tran, L.; Brown, D.; Stone, V.; Donaldson, K. Proinflammogenic effects of low-toxicity and metal nanoparticles in vivo and in vitro: Highlighting the role of particle surface area and surface reactivity. Inhal. Toxicol. 2007, 19, 849–856. [Google Scholar] [CrossRef] [PubMed]

	23. 
Oberdorster, G.; Ferin, J.; Lehnert, B.E. Correlation between particle size, in vivo particle persistence, and lung injury. Environ. Health Perspect. 1994, 102, 173–179. [Google Scholar] [CrossRef] [PubMed]

	24. 
Tran, C.L.; Buchanan, D.; Cullen, R.T.; Searl, A.; Jones, A.D.; Donaldson, K. Inhalation of poorly soluble particles. II. Influence of particle surface area on inflammation and clearance. Inhal. Toxicol. 2000, 12, 1113–1126. [Google Scholar] [PubMed]

	25. 
Lee, K.J.; Nallathamby, P.D.; Browning, L.M.; Osgood, C.J.; Xu, X.H. In vivo imaging of transport and biocompatibility of single silver nanoparticles in early development of zebrafish embryos. ACS Nano 2007, 1, 133–143. [Google Scholar] [CrossRef] [PubMed]

	26. 
Xia, T.; Zhao, Y.; Sager, T.; George, S.; Pokhrel, S.; Li, N.; Schoenfeld, D.; Meng, H.; Lin, S.; Wang, X.; et al. Decreased dissolution of ZnO by iron doping yields nanoparticles with reduced toxicity in the rodent lung and zebrafish embryos. ACS Nano 2011, 5, 1223–1235. [Google Scholar] [CrossRef] [PubMed]

	27. 
Zhao, X.; Ong, K.J.; Ede, J.D.; Stafford, J.L.; Ng, K.W.; Goss, G.G.; Loo, S.C. Evaluating the toxicity of hydroxyapatite nanoparticles in catfish cells and zebrafish embryos. Small 2013, 9, 1734–1741. [Google Scholar] [CrossRef] [PubMed]

	28. 
Xu, Z.; Zhang, Y.L.; Song, C.; Wu, L.L.; Gao, H.W. Interactions of hydroxyapatite with proteins and its toxicological effect to zebrafish embryos development. PLoS ONE 2012, 7, e32818. [Google Scholar] [CrossRef] [PubMed]

	29. 
Maccormack, T.J.; Clark, R.J.; Dang, M.K.; Ma, G.; Kelly, J.A.; Veinot, J.G.C.; Goss, G.G. Inhibition of enzyme activity by nanomaterials: Potential mechanisms and implications for nanotoxicity testing. Nanotoxicology 2012, 6, 514–525. [Google Scholar] [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/).







media/file4.png





nav.xhtml


  nanomaterials-07-00089


  
    		
      nanomaterials-07-00089
    


  




  





media/file3.png
P g

W

LN SRR






media/file1.png





media/file0.jpg





media/file2.jpg





