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Abstract

Nanoparticle (NP) pharmacokinetics and biological effects are influenced by many factors, 

especially surface physicochemical properties. We assessed the effects of an amorphous silica 

coating on the fate of zinc after intravenous (IV) injection of neutron activated uncoated 65ZnO or 

silica-coated 65ZnO NPs in male Wistar Han rats. Groups of IV-injected rats were sequentially 

euthanized, and 18 tissues were collected and analyzed for 65Zn radioactivity. The protein coronas 

on each ZnO NP after incubation in rat plasma were analyzed by SDS-PAGE gel electrophoresis 

and mass spectrometry of selected gel bands. Plasma clearance for both NPs was biphasic with 

rapid initial and slower terminal clearance rates. Half-lives of plasma clearance of silica-

coated 65ZnO were shorter (initial - <1 minute; terminal - 2.5 minutes) than uncoated 65ZnO 

(initial - 1.9 minutes; terminal - 38 minutes). Interestingly, the silica-coated 65ZnO group had 

higher 65Zn associated with red blood cells and higher initial uptake in the liver. The 65Zn 

concentrations in all the other tissues were significantly lower in the silica-coated than uncoated 

groups. We also found that the protein corona formed on silica-coated ZnO NPs had higher 

amounts of plasma proteins, particularly albumin, transferrin, A1 inhibitor 3, α-2-hs-glycoprotein, 

apoprotein E, and α-1 antitrypsin. Surface modification with amorphous silica alters the protein 

corona, agglomerate size, and zeta potential of ZnO NPs, which in turn influences ZnO biokinetic 

behavior in the circulation. This emphasizes the critical role of the protein corona in the 

biokinetics, toxicology, and nanomedical applications of nanoparticles.
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INTRODUCTION

Zinc oxide (ZnO) is a widely used additive in ceramics, plastics, cement, sealants, foods, 

and cosmetics. In addition, semiconducting and optical properties make it useful for a 

variety of technological applications, ranging from sensors, light emitting diodes, and solar 

cells (Djurisic and Leung, 2006, Su et al., 2010). In recent years, there has been an increase 

in the production of ZnO nanoparticles (NPs) resulting from development of more 

sophisticated techniques in nanotechnology and novel synthetic methods. ZnO NPs have 

unique properties that are different from larger ZnO particles, including increased reactivity 

and enhanced UV filtering ability (Baek et al., 2012, Baek et al., 2011). ZnO NPs are 

commonly added to sunscreens because of their ability to absorb both UV-A and UV-B 

radiation (Nohynek et al., 2008, Nohynek et al., 2007). Despite the widespread advantages 

of ZnO NPs, their use is sometimes limited due to potential toxicity. ZnO NPs undergo 

dissolution releasing Zn2+ ions responsible for their cytotoxic effects (Alarifi et al., 2013, De 

Berardis et al., 2010, Warheit et al., 2009, Xia et al., 2008). In general, the particle solubility 

increases as the nanoparticle size decreases (Kreyling et al., 1990) (Baek et al., 2011). This 

increases concerns regarding nanoparticles’ health effects.

A safer formulation concept for the synthesis of metal oxide NPs has been proposed 

(Demokritou et al., 2013, Gass et al., 2013, Sotiriou et al., 2014). This method employs 

flame spray pyrolysis using the Versatile Engineered Nanomaterial Generation System 

(VENGES) to coat the nanoparticles with a thin layer of amorphous silica. It has been shown 

that silica coating mitigates ZnO nanoparticle toxicity and potential for DNA damage in 

vitro (Sotiriou et al., 2014). The protective effects of silica coating observed in this study 

were correlated with decreased in vitro dissolution of ZnO in cell-free culture media.

The biokinetic behavior of NPs is influenced by surface characteristics of NPs, such as their 

chemical and molecular structure (Choi et al., 2007, Choi and Choy, 2014, Konduru et al., 

2015, Moghimi et al., 2012, Shim et al., 2014). Surface chemistry influences the adsorption 

of plasma lipids, proteins and other components of blood in the formation of a particle 

corona, which may regulate the overall nanoparticle pharmacokinetics and biological 

responses (Konduru et al., 2015, Kreyling et al., 2014). Pharmacokinetic studies using 

neutron activated uncoated ZnO NPs have been published previously (Yeh et al., 2012, Choi 

and Choy, 2014, Chen et al., 2010, Konduru et al., 2014, Paek et al., 2013). These studies 

explored the role of primary NP size on biokinetics of IV-injected (Yeh et al., 2012), orally 

administered (Baek et al., 2012) (Konduru et al., 2014) and intratracheally instilled ZnO NPs 

(Konduru et al., 2014). We have also studied the role of silica coating on biokinetics of IT-

instilled and gavaged ZnO NPs (Konduru et al., 2014). However, the effects of the silica 

coating on the pharmacokinetics of IV-injected 65ZnO have not been explored. Here, we 

present a pharmacokinetic study of IV-injected 65ZnO and silica-coated 65ZnO NPs over a 

period of 7 days in male Wistar Han rats.
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Methods

Synthesis of uncoated ZnO and silica-coated ZnO nanoparticles

The synthesis of these NPs was reported previously (Sotiriou et al., 2014). In brief, uncoated 

and silica-coated ZnO particles were synthesized by flame spray pyrolysis (FSP) of zinc 

naphthenate (Sigma-Aldrich, St. Louis, MO, USA) dissolved in ethanol (Sigma-Aldrich) at a 

precursor molarity of 0.5 M. The precursor solution was fed through a stainless steel 

capillary at 5 ml/min, dispersed by 5 L/min O2 (purity >99%, pressure drop at nozzle tip: 

pdrop = 2 bar) (Air Gas, Berwyn, PA, USA) and combusted. A premixed methane-oxygen 

(1.5 L/min, 3.2 L/min) supporting flame was used to ignite the spray. Oxygen sheath gas 

was used at 40 L/min. Core particles were coated in flight by the swirl-injection of 

hexamethyldisiloxane (HMDSO) (Sigma Aldrich, St. Louis, MO, USA) through a torus ring 

with 16 jets at an injection height of 200 mm above the FSP burner. A total gas flow of 16 L/

min, consisting of N2 carrying HMDSO vapor and pure N2, was injected through the torus 

ring jets. HMDSO vapor was obtained by bubbling N2 gas through liquid HMDSO (500 ml) 

maintained at constant temperature using a temperature-controlled water bath.

Characterization of uncoated ZnO and silica-coated ZnO nanoparticles

The synthesis and characterization of these NPs were reported previously (Konduru et al., 

2014, Sotiriou et al., 2014). Their morphology was examined by transmission electron 

microscopy (TEM). Uncoated and silica-coated ZnO NPs were dispersed in ethanol at a 

concentration of 1 mg/ml in 50 ml polyethylene conical tubes and sonicated at 246 J/ml 

(Branson Sonifier S-450A, Swedesboro, NJ, USA). The samples were deposited onto lacey 

carbon TEM grids. All grids were imaged with a JEOL 2100 (JEOL USA, Inc., Peabody, 

MA, USA). The primary particle size was determined by X-ray diffraction (XRD). XRD 

patterns for uncoated ZnO and silica-coated ZnO NPs were obtained using a Scintag 

XDS2000 powder diffractometer (Cu Kα, λ = 0.154 nm, 40 kV, 40 mA, stepsize = 0.02°). 

One hundred milligrams of each sample was placed onto the diffractometer stage and 

analyzed from a range of 2θ = 20–70°. Major diffraction peaks were identified using the 

Inorganic Crystal Structure Database (ICSD) for wurtzite (ZnO) crystals. The crystal size 

was determined by applying the Debye-Scherrer Shape Equation to the Gaussian fit of the 

major diffraction peak. The specific surface area was obtained using the Brunauer-Emmet-

Teller (BET) method. The samples were degassed in N2 for at least 1 hour at 150°C before 

obtaining five-point N2 adsorption at 77 K (Micrometrics Tristar 3000, Norcross, GA, USA).

Neutron activation of nanoparticles

Both coated and uncoated ZnO nanoparticles were neutron-activated at the Massachusetts 

Institute of Technology (MIT) Nuclear Reactor Laboratory (Cambridge, MA, USA). 

Samples were irradiated with a thermal neutron flux of 5 × 1013 n/cm2s for 120 hours. The 

resulting 65Zn radioisotope has a half-life of 244.3 days and a primary gamma energy peak 

of 1115 keV. The specific activities for 65Zn were 41.7 ± 7.2 kBq/mg for uncoated 65ZnO 

and 37.7 ± 5.0 kBq/mg for silica-coated 65ZnO NPs.
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Preparation and characterization of uncoated ZnO and silica-coated ZnO nanoparticle 
suspensions

Uncoated and silica-coated ZnO NPs were dispersed using a protocol previously described 

(Cohen et al., 2013, Gass et al., 2013). The NPs were dispersed in deionized water at a 

concentration of 1 mg/ml and then sonicated at 242 J/ml sonication energy (20 min/ml at 0.2 

watt power output). Deionized water (DI) was chosen to minimize the formation of reactive 

oxygen species and surface alterations on the nanoparticles due to components of 

physiological saline or other dispersant solutions. Samples were thoroughly mixed by 

vortexing immediately prior to injection. Dispersions of NPs were analyzed for 

hydrodynamic diameter (dH), polydispersity index (PdI), and zeta potential (ζ) by dynamic 

light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, 

UK).

Animals

The protocols used in this study were approved by the Harvard Medical Area Animal Care 

and Use Committee. Nine-week-old male Wistar Han rats were purchased from Charles 

River Laboratories (Wilmington, MA, USA). Rats were housed in pairs in polysulfone cages 

and allowed to acclimate for 1 week before the studies were initiated. Rats were maintained 

on a 12-hour light/dark cycle. Food and water were provided ad libitum.

Pharmacokinetics of IV-injected neutron-activated uncoated 65ZnO and silica-coated 65ZnO 
nanoparticles

A total of thirty-four rats (mean wt., 286 ± 20 g) were used in this study. They were 

randomly assigned to uncoated 65ZnO (n=17) or silica-coated 65ZnO (n=17) NP groups. The 

first experiment was performed to determine the influence of amorphous silica coating on 

the vascular clearance kinetics of 65Zn over a period of 120 minutes. Twelve rats per NP 

group were IV-injected via the penile vein with either NP suspension (1 mg/ml) immediately 

after sonication (1 mg/kg dose) as described above. Blood samples (0.25 – 0.35 ml) were 

collected via the tail vein at 1, 2, 5, 10, 20, 30 and 120 minutes post-injection. Blood 

samples were immediately placed in EDTA-coated collection tubes. All samples were 

centrifuged to separate plasma and blood cells. The packed red blood cells were washed in 

normal saline twice to remove any residual plasma and loosely associated 65Zn from the 

RBCs. Separate plasma and RBC samples were placed in pre-weighed tubes for gamma 

counting. Sample weights were recorded. At 30 minutes and 2 hours post-injection, 7 and 5 

rats were euthanized, respectively. Each rat was anesthetized and exsanguinated from the 

abdominal aorta. The lungs, brain, heart, spleen, kidneys, gastrointestinal tract, liver, and 

testes, and samples of skeletal muscle, bone marrow, skin, and femoral bone were collected 

and placed in pre-weighed tubes. Sample weights were recorded and radioactivity (1000–

1225 KeV) measured in a WIZARD gamma counter (PerkinElmer, Inc., Waltham, MA, 

USA). Disintegrations per minute were calculated from the counts per minute and the 

counter efficiency. All radioactivity data were adjusted for physical decay over the entire 

observation period. Data were expressed as kBq/g and as a percentage of the administered 

dose retained in each organ. Total radioactivity in organs and tissues not measured in their 

entirety was computed using the following estimates of tissue percentage of total body 
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weight: skeletal muscle, 40%; bone marrow, 3.2%; peripheral blood, 7%; skin, 19%; and 

bone, 6% (Brown et al., 1997, Schoeffner et al., 1999).

The remaining 10 rats were also IV-injected with the same NPs as described above (n=5 rats/

NP). This was performed to determine the influence of amorphous silica coating on ZnO 

NPs on clearance of 65Zn over a period of 7 days. Immediately after injection of NP 

suspension, each rat was placed in a metabolism cage. Twenty-four-hour fecal and urine 

samples were collected during the first 24 hours, and then at 2–3 and 6–7 days. At 7 days, 

rats were anesthetized and blood collected from the abdominal aorta. Sample collection and 

analyses were performed as described above. Fecal and urine samples were also analyzed 

for 65Zn activities. Cumulative fecal and urine excretion kinetics were derived from these 

data.

Protein corona analysis of uncoated ZnO and silica-coated ZnO nanoparticles

Nanoparticles (1 mg/mL) were incubated in 4 mL rat plasma for 30 min at 37°C and then 

centrifuged for 10 min at 14,500 × g. The resulting pellet was washed in DI water three 

times. After the final washing step, the NP pellet with its ‘hard corona’ was suspended in 20 

μL of DI water to which 10 μL of 4× Laemmli sample buffer was added. The sample was 

vortexed, and heated to 95°C for 7 min. After cooling to room temperature, 6 μL of mixed 

solution (57 μL Laemmli and 3 μL β mercaptoethanol (βME) was added to 18 μL of the 

sample. The samples were then loaded onto a gel and proteins were visualized by 1D SDS-

PAGE in combination with Coomassie staining. Gel bands were excised and subjected to a 

modified in-gel trypsin digestion procedure (Shevchenko et al., 1996). Peptides were later 

extracted and then dried in a speed-vac (~1 hr). The samples were stored at 4°C until 

analysis. On the day of analysis the samples were reconstituted in 5 – 10 μL of HPLC 

solvent A (2.5% acetonitrile, 0.1% formic acid). A gradient was formed and peptides were 

eluted with increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid) 

(Peng and Gygi, 2001). Eluted peptides were subjected to electrospray ionization and then 

analyzed in an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA, USA). Peptides were detected, isolated, and fragmented to produce 

a tandem mass spectrum of specific fragment ions for each peptide. Peptide sequences (and 

protein identities) were determined by matching protein databases with their acquired 

fragmentation pattern using Sequest software (ThermoFisher, San Jose, CA, USA) (Eng et 

al., 1994).

Statistical analyses

All tissue 65Zn distribution data were analyzed using multivariate analysis of variance 

(MANOVA) followed by Bonferroni (Dunn) post hoc tests using SAS Statistical Analysis 

software (SAS Institute, Cary, NC, USA). Plasma clearance half-lives were calculated with a 

two-phase estimation by a biexponential model using R Program v. 3.1.0 (Jaki and 

Wolfsegger, 2011) (The R Foundation for Statistical Computing, Vienna, Austria)
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Results

Synthesis and characterization of uncoated ZnO and silica-coated ZnO NPs

As described earlier, uncoated and silica-coated ZnO NPs were synthesized using a flame 

spray pyrolysis technique (Demokritou et al., 2010, Sotiriou et al., 2014). The detailed 

physicochemical and morphological characterization of these NPs was reported earlier 

(Sotiriou et al., 2014, Gass et al., 2013). Briefly, the ZnO primary NPs had a rod-like shape 

with an aspect ratio of 2:1 to 8:1 (Figure 1). Flame-made nanoparticles typically exhibit a 

lognormal size distribution with geometric standard deviation σg = 1.45. To create the silica-

coated ZnO nanorods, a nanothin (~ 4.6 ± 2.5 nm) amorphous silica layer encapsulated the 

ZnO core in flight, using an SiO2 coating reactor (Gass et al., 2013) (Fig. 1B). The 

amorphous nature of the silica coating was verified by XRD and electron microscopy 

analyses. The physicochemical characterizations of the NPs are summarized in Table 1. The 

average crystal size of uncoated and silica-coated NPs were 29 and 28 nm, respectively. 

Their specific surface areas (SSA) were 41 m2/g (uncoated) and 55 m2/g (silica-coated). The 

lower density of silica compared to ZnO contributes to the higher SSA of the silica-coated 

ZnO than uncoated NPs.

The extent of the silica coating was assessed by X-ray photoelectron spectroscopy and 

photocatalytic experiments as described previously (Sotiriou et al., 2014). These data 

showed that less than 5% of ZnO NPs were uncoated, as some of the freshly formed core 

ZnO NPs may escape the coating process (Buesser and Pratsinis, 2011, Sotiriou et al., 2014).

After sonication at 242 J/ml, the NP suspensions had hydrodynamic diameters of 322 ± 1 

nm (uncoated) and 460 ± 7 nm (silica-coated). Their zeta potential values were 30 ± 0.7 mV 

(uncoated) and −15.4 ± 1.3 mV (silica-coated). The zeta potentials were shown to differ over 

the pH range of 2.5–8.0 (Sotiriou et al., 2014), which includes the pH of blood and 

phagolysosomal compartments. After incubation in rat plasma and the formation of the 

protein corona, the hydrodynamic diameters of both ZnO NP types were significantly 

increased and the surface charge of uncoated ZnO was altered from positive to negative zeta 

potential (Table 1).

Effects of amorphous silica coating on 65ZnO nanoparticle vascular clearance kinetics

Figure 2A shows the plasma 65Zn levels as % of injected dose over 120 minutes. Silica-

coated 65ZnO NPs were more rapidly cleared from the plasma. The plasma clearance of both 

NPs was biphasic, with a rapid initial phase during the first 5 minutes (t1/2: silica-

coated 65ZnO = < 1 min; 65ZnO = 1.9 min) and a slower terminal phase (t1/2: silica-

coated 65ZnO = 2.5; 65ZnO = 38 min). Figure 2B shows the RBC-associated 65Zn levels 

over time. The amount of 65Zn in the plasma represents the amount of circulating material as 

yet uncleared from the circulation while the RBC-associated fraction of 65Zn is either ions 

or NPs bound to or incorporated in the RBC. Silica-coated 65ZnO NPs, cleared faster from 

the circulation, were immediately taken up in the liver, presumably by Kupffer cells, and 

their 65Zn was also initially seen within RBCs as shown in Figure 2B. From 2 hours to 7 

days (not shown), the RBC-associated 65Zn from uncoated NPs increased to higher levels 

than those from coated 65ZnO NPs.
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Effects of amorphous silica coating on tissue distributions of 65Zn from ZnO nanoparticles

Figure 3 shows the tissue distribution of 65Zn as % of injected 65Zn dose at 30 min, 2 hours 

and 7 days post-injection. Figure 4 shows data for the liver, bone, skeletal muscle, skin and 

plasma. At all three time points, silica coating generally reduced 65Zn retention in all organs 

except the liver, where 65Zn levels from coated NPs were much higher especially at 30 min 

and 2 hours (Figure 4A). The silica coating also increased 65Zn retention in the lungs but 

only at 30 minutes post-injection. By day 7, liver and plasma 65Zn were significantly 

reduced in both NP groups (Figure 4A, 4E). Therefore, although the initial liver uptake was 

higher, 65Zn from silica-coated NPs was cleared relatively faster than from uncoated 

NPs. 65Zn from uncoated NPs accumulated in bone and skeletal muscle over time, 

while 65Zn from silica-coated NPs accumulated in bone and skin (Figure 4B, 4C, 4D). The 

overall body 65Zn clearance in both NP groups was similar (Figure 4F). We estimated the 

amounts of retained Zn in each tissue based on the measured 65Zn/g and specific activity 

of 65Zn. Table 2 shows the zinc concentration in each tissue at 30 min, 2 hours and 7 days 

post-injection. The data shows that in almost all tissues except the liver, the silica coating 

caused significant reductions in zinc retention. Urinary excretion of 65Zn was much lower 

than fecal excretion. Urinary and fecal excretion of 65Zn did not differ between uncoated 

and silica-coated 65ZnO NPs (Figure 5).

Protein corona analysis of uncoated ZnO and silica-coated ZnO nanoparticles

Figure 6 shows the SDS-PAGE gel electrophoresis of eluted proteins from the washed ZnO 

NPs after a 30 min incubation in rat plasma at 37°C. Representative SDS gel and protein 

quantification are shown in Figure 6A and 6B, respectively. Plasma protein adsorption, 

particularly albumin, transferrin, A1 inhibitor 3, α-2-hs-glycoprotein, α-1 antitrypsin, and 

apoprotein E was higher in the corona of silica-coated (139 μg/mg NPs) than uncoated ZnO 

NPs (80 μg/mg NPs).

Discussion

Developing strategies to alter the surface of NPs without changing their core properties is an 

active area of research. Coating NPs with amorphous silica is a possible strategy to enhance 

their colloidal stability and biocompatibility for a variety of medical applications (Alwi et 

al., 2012, Jana et al., 2007). Surface characteristics of NPs, such as chemical and molecular 

structure, influence their pharmacokinetic behavior (Buzea et al., 2007, Sund et al., 2011). 

Intrinsic properties of NPs including surface chemistry, charge and size influence the 

adsorption of proteins, lipids and other biomolecules in the blood leading to the formation of 

a particle corona. This in turn will affect the cellular uptake, localization, biodistribution, 

and host responses to NPs (Cedervall et al., 2007, Lynch et al., 2009, Monopoli et al., 2012). 

We found that the coating of ZnO NPs with amorphous silica altered the protein corona 

composition when incubated in rat plasma, increased their agglomerate sizes of both NPs, 

and altered the zeta potential of the uncoated ZnO from positive to negative. Our results also 

demonstrate that uncoated ZnO and silica-coated ZnO NPs were both cleared rapidly from 

the circulation within 120 minutes after IV-injection. However, silica-coated ZnO NPs were 

cleared from plasma much faster than uncoated ZnO NPs, and become more associated with 

RBCs. This implies that silica coating enhances NP interaction with RBCs. A previous study 

Konduru et al. Page 7

Nanotoxicology. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has shown that silanols and siloxane groups in amorphous silica interact with specific 

epitopes on the RBC membrane and cause hemolysis in vitro (Pavan et al., 2014). We did 

not observe hemolysis in vivo perhaps due to a rapid formation of the protein corona on NPs 

soon after injection or an absence of organics on silica surfaces that are seen during high-

temperature synthesis. Alternatively, the higher levels of 65Zn in the RBCs of silica-coated 

NP-injected rats may have resulted from the enhanced uptake of NPs by Kupffer cells and 

other macrophages, followed by Zn ion release and adsorption into the RBCs.

We propose that varying corona composition influences the differences in vascular kinetics 

between uncoated and silica-coated ZnO NPs. A previous study showed adsorption of 

numerous plasma and brain homogenate proteins with different sized and surface charged 

ZnO NPs (Shim et al., 2014). Similarly, it was reported that adsorbed proteins on gold 

nanoparticles decrease with increasing AuNP sizes after a 24-hour incubation in mouse 

serum in vitro (Schaffler et al., 2013). We found that binding of plasma proteins to ZnO 

surface was also altered by the silica coating. Notably, bound albumin, transferrin, A1 

inhibitor 3, α-2-hs-glycoprotein, α-1 antitrypsin, and apoprotein E were relatively higher in 

silica-coated ZnO. These proteins were similar to those described on gold nanoparticles 

(Schaffler et al., 2013).

A recent study showed that albumin-coated liposomes were taken up more efficiently than 

uncoated liposomes by murine macrophages (Vuarchey et al., 2011). However, it has been 

reported that conjugation of radiolabeled (198Au) gold nanoparticles with human serum 

albumin or apolipoprotein E prior to IV injection in mice significantly reduced liver 

retention of 15 nm but not of 80 nm NPs (Schaffler et al., 2014). In the present study, while 

the silica coating of ZnO NPs enhanced albumin adsorption, it led to an increased initial 

retention in the liver (65.7 vs. 29.1%) and spleen (1.2 vs. 0.7%) measured at 30 minutes. The 

role of the other adsorbed proteins in NP liver uptake is unknown. We also found that the 

clearance of 65Zn from silica-coated NPs was faster such that by day 7, the liver retention 

was similar (4% - uncoated; 4.6% - silica-coated). This may be due to the influence of silica 

coating on Kupffer cell processing and dissolution of ZnO. We hypothesized that silica 

coating would reduce the dissolution of ZnO NPs in the Kupffer cells and this in turn would 

contribute to a higher retention of Zn in the liver. But what we found was only a transient 

increase in liver retention of silica-coated ZnO NPs. Although the silica coating initially 

enhanced the liver uptake, by day 7, the retained 65Zn was not different from the uncoated 

ZnO NP group. This may be due to the fast dissolution of ZnO NPs within Kupffer cells. 

Regardless of difference in the initial uptake, the hepatic clearance of Zn from both uncoated 

and silica-coated NPs was similar. The rapid sequestration of coated ZnO NPs in the liver 

reduced the circulating NPs available for uptake by other organs (Figure 2). Thus, 65Zn 

concentrations in tissues other than the liver were significantly lower (Table 2).

Conclusions

We conclude that coating 65ZnO NPs with a nanothin layer of amorphous silica alters the 

nanoparticle interaction with plasma proteins as well as their subsequent fate after 

intravenous injection. The silica coating elicits the formation of a denser protein corona, 

more rapid clearance from the circulation, and a higher uptake in the liver. Additionally, it 
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also reduced tissue retention of 65Zn in all other organs examined. Our data indicate that 

surface modifications of ZnO NPs, such as coating with amorphous silica, may alter their 

biokinetics, toxicity, and thus potential medical applications.
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Figure 1. 
Transmission electron micrograph of uncoated ZnO (A) and silica-coated ZnO (B) NPs. 

(Note: arrow points to the thin silica coating of approximately 5 nm in B). In both cases, the 

ZnO NPs have a rod-like shape with an aspect ratio of 2:1 to 8:1 (Sotiriou et al., 2014).
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Figure 2. 
Vascular kinetics of IV-injected uncoated 65ZnO and silica-coated 65ZnO nanoparticles A. 
Plasma kinetics of IV-injected uncoated 65ZnO and silica-coated 65ZnO nanoparticles. B. 
Interaction of IV-injected uncoated 65ZnO and silica-coated 65ZnO nanoparticles with 

circulating red blood cells. Data are mean ± SE, n=5–7 rats/group.
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Figure 3. 
Tissue distribution of uncoated 65Zn post-IV- injection of uncoated 65ZnO and silica-

coated 65ZnO nanoparticles. A. 30 minutes B. 2 hours. C. 7 days post-injection. The y-axes 

are in logarithmic scale. Data are mean ± SE, n=5–7 rats/group. * MANOVA, P < 0.05. 

Differences between uncoated and silica-coated 65ZnO were significant in all tissues except 

RBC and skeletal muscle at 30 minutes (A), TB LN and large intestine at 2 hours (B). 

Significant differences in the liver, plasma, lungs, bone marrow, skeletal muscle, RBC, heart 

and tracheobronchial lymph nodes were observed at 7 days (C).
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Figure 4. 
Selected organ retention of 65Zn over time. Liver (A), skeletal muscle (B), bone (C), and 

total body (D) retention of 65Zn over 7 days post-IV- injection of uncoated or silica-

coated 65ZnO nanoparticles. The x-axes are in logarithmic scale. Data are mean ± SE, n=5–7 

rats/group.
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Figure 5. 
Excretion of 65Zn post-injection of uncoated 65ZnO and silica-coated 65ZnO nanoparticles. 

A. Urinary excretion. B. Fecal excretion. Data are mean ± SE, n=5 rats/group. No 

differences in cumulative urine and fecal excretion between uncoated and silica-

coated 65ZnO nanoparticles were observed.
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Figure 6. 
Analysis of ZnO NP-bound rat plasma proteins by 1D gel electrophoresis (A) and Mass 

Spectrometry (B). The molecular weights (kDa) of reference proteins are shown in lane 

MW. (B) Twelve proteins identified by LC-MS and quantified based on densitometry of gel 

bands in A.
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Table 1

Physicochemical characterization of nanoparticles.

Uncoated ZnO Silica-coated ZnO Uncoated ZnO with corona Silica-coated ZnO with corona

SSA (m2/g)* 41.0 55.0 N.A. N.A.

Dxrd (nm)* 29.0 28.0 N.A. N.A.

DH (nm) 322 ± 1 460 ± 7 2039 ± 163 2119 ± 64

ζ(mv) 30.1 ± 0.7 −15.4 ± 1.3 −27.2 ± 2.0 −19.6 ± 2.8

SSA – specific surface area

Dxrd – primary particle size based on X-ray diffraction

DH – hydrodynamic diameter

ζ - zeta potential

N.A. – not applicable.

*
SSA and Dxrd measurement for uncoated and silica-coated ZnO NPs were previously reported (Sotiriou et al., 2014)
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