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Abstract

Zinc oxide nanoparticles (nZnO) are one of the most highly produced nanomaterials and are used 

in numerous applications including cosmetics and sunscreens despite reports demonstrating their 

cytotoxicity. Dissolution is viewed as one of the main sources of nanoparticle (NP) toxicity, 

however dissolution studies can be time-intensive to perform and complicated by issues such as 

particle separation from solution. Our work attempts to overcome some of these challenges by 

utilizing new methods using UV/vis and fluorescence spectroscopy to quantitatively assess nZnO 

dissolution in various biologically relevant solutions. All biological buffers tested induce rapid 

dissolution of nZnO. These buffers, including HEPES, MOPS, and PIPES, are commonly used in 

cell culture media, cellular imaging solutions and to maintain physiological pH. Additional studies 

using X-ray diffraction, FT-IR, X-ray photoelectron spectroscopy, ICP-MS and TEM were 

performed to understand how the inclusion of these non-essential media components impacts the 

behavior of nZnO in RPMI media. From these assessments, we demonstrate that HEPES causes 

increased dissolution kinetics, boosts the conversion of nZnO into zinc phosphate/carbonate and, 

interestingly, alters the structural morphology of the complex precipitates formed with nZnO in 

cell culture conditions. Cell viability experiments demonstrated that the inclusion of these buffers 

significantly decreases the viability of Jurkat leukemic cells when challenged with nZnO. This 

work demonstrates that biologically relevant buffering systems dramatically impact the dynamics 

of nZnO including dissolution kinetics, morphology, complex precipitate formation, and toxicity 

profiles.
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INTRODUCTION

Nanomaterials have generated much attention over the last decade due to the emergence of 

novel properties generally not apparent in their bulk micron-sized counterparts. These novel 

properties have led to applications in electronics, optics, antimicrobial materials and 

coatings.1–3 Specifically, ZnO nanoparticles (nZnO) are highly produced and extensively 

used in commercial products such as electronics, cosmetics and sunscreens.4–7 However, 

when prepared at the nanoscale size, numerous recent reports demonstrate high cytotoxicity 

from nZnO in various cell lines and model organisms.8–12 The large production volume of 

nZnO, coupled with an incomplete understanding of what physicochemical properties 

contribute to their toxicity, poses a concern to the environment and public health.13

The mechanism of toxicity is heavily debated, with multiple factors contributing to the 

source of cytotoxicity. These mechanisms are generally thought to depend on 

physicochemical properties such as size, dissolution kinetics and retained surface species.
14–17 With such variability in nZnO properties, numerous mechanisms have been suggested 

including membrane disruption, generation of reactive oxygen species (ROS) and particle 

dissolution.18–20 Most researchers recognize the complex nature of deciphering the exact 

source of cytotoxicity as multiple mechanisms occur concurrently and vary between cell 

lines.21–24

Dissolution is considered a significant contributor to the cytotoxicity of nZnO and has been 

the focus of numerous studies.25–27 The dissolution properties appear to be influenced by 

the size, shape, defects and synthesis procedure.28, 29 This has established the need to 

present detailed physicochemical characterizations of nZnO so that researchers can decipher 

findings and make meaningful conclusions. Studies have shown how biologically relevant 

species interact and affect the dissolution properties of nZnO which has further confounded 

the interpretations of complex dissolution studies.26, 27, 30 Through these studies, it has been 

understood that particle dissolution is affected by pH, ionic strength, adsorption of 

complexing ligands, phosphate ion concentration and interactions with carbonates in the 

media.28–32 These findings highlight the fact that the complexity of toxicity assessments 
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stem from more than the physicochemical properties of nZnO and requires an understanding 

of how media components alter their toxicity.

Dissolution studies on particle systems are often carried out by inductively coupled plasma 

mass spectrometry (ICP-MS), inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) and atomic absorption spectroscopy (AAS), which are a few of the standards for 

quantitative analysis. However, the quantification of nanoparticle (NP) dissolution presents 

difficulties including the physical separation of NPs from the dissolved ionic species, 

insoluble precipitant formation, and achieving an equilibrium phase along with time and cost 

factors.25, 26, 33, 34 In this work, we attempt to overcome some of these challenges and 

present simple methods using UV/vis absorbance spectra and spectrofluorometric 

monitoring to measure real-time dissolution kinetics of nZnO supported by ICP-MS and 

microscopy techniques. Taking the dissolution results into consideration, studies on cell 

viability were performed to determine how common buffering systems affect dissolution 

kinetics that impacts the structural transformation and cytotoxicity of nZnO. To our 

knowledge, no reports exists that address particle dissolution induced by these buffering 

solutions and the resulting effects that impact NP toxicity.

EXPERIMENTAL PROCEDURES

nZnO synthesis and characterization

ZnO NP samples were produced using the forced hydrolysis method as previously reported.
35 Briefly, zinc acetate was added to diethylene glycol (DEG) and the solution brought to 

80° C. Nanopure water was added and the solution was heated to 150° C and held for 90 

minutes. Upon cooling to room temperature, the NPs were collected by centrifuging at 

41,410 × g, subsequently washed with ethanol and the pellet dried overnight at 60° C. ZnO 

NPs where characterized using X-ray diffraction (XRD), transmission electron microscopy 

(TEM), dynamic light scattering (DLS), X-ray photoelectron spectroscopy (XPS), and 

Fourier transformed infrared spectroscopy (FT-IR). XRD spectra were collected using a 

Rigaku Miniflex 600 X-ray diffractometer and the crystal phase, lattice parameters and 

average crystalline size determined using Rigaku PDXL software version 1.8.0.3. NP size 

distributions were obtained using randomly selected particles in images obtained from a 

JEOL JEM-2100 HR analytical transmission electron microscope. DLS and zeta potential 

measurements were performed in nanopure water at a concentration of 1 mg/mL using a 

Malvern Zetasizer NanoZS.

Real-time kinetics of nZnO dissolution

Real-time dissolution kinetics measurements were performed using DLS, UV/vis 

spectrometry, fluorescence spectroscopy and confirmed using inductively coupled plasma 

mass spectrometry (ICP-MS). For comparison and consistency, all NP stock solutions were 

made by suspending nZnO at a concentration of 2.035 mg/mL, vortex mixing and sonicating 

the solution for 10 minutes. An aliquot of 40 µL was added to 1.92 mL of nanopure water 

for a final concentration of 40.7 µg/mL (~0.5mM). All buffers used were prepared at a 0.5 M 

concentration (except PBS, made at 20×, and sodium bicarbonate, made at 75 mg/mL) and 

pH adjusted to 7.4. For each interaction study, 40 µL of each stock buffer (100 uL 20× PBS) 
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was added to the NP solution (2mL total solution for a 2% overall change in NP 

concentration) to monitor NP dissolution kinetics. The Malvern Zetasizer NanoZS was used 

to qualitatively assess NP dissolution kinetics in size mode by acquiring 2 runs with 5 

second run durations, totaling 180 runs with a 10 seconds pause in-between.

Fluorescence spectra were collected at room temperature using a FluoroMax-4 

spectrofluorometer with 4.5 mL disposable cuvettes with a working range of 285 nm to 750 

nm. Fluorescence spectra were collected with multiple excitation wavelengths (310–340 

nm), however 310 nm was chosen to eliminate the Raman peak, associated with water, that 

would convolute with the nZnO emission spectra when using higher wavelengths for 

excitation (see supporting information, Figure S1). Monitoring the emission peak at 368 nm 

yielded a linear correlation between fluorescence and concentration of nZnO (see supporting 

information, Figure S3). For kinetics measurements, the kinetics mode was used with 

310nm/368nm ex/em with 2 nm slit width and 0.5 sec integration times. Using the linear 

correlation, counts per second (CPS) were converted to concentration of nZnO in solution.

Absorbance spectra were obtained at room temperature using a CARY 5000 

spectrophotometer using 4.5 mL disposable cuvettes with a working wavelength range of 

285 to 750 nm. Initially, full absorbance spectra were collected from 290 nm to 550 nm. A 

linear correlation between absorbance and concentration was also achieved and dissolution 

kinetics was obtained by monitoring absorbance at 368 nm in kinetics mode for consistency 

(see supporting information, Figure S2).

For ICP-MS studies, solutions were made by the same procedure but incubated in Ultracel-4 

3k centrifugal filter units (Millipore) for 20 minutes. Solutions were then centrifuged at 

4,000 × g for 10 minutes to remove any NPs and precipitates. A 0.5 mL aliquot was 

transferred to 24.5 mL 2% high purity nitric acid solution and analyzed by the 

ThermoElectron X-series II quadrupole ICP-MS for determination of total free zinc ions in 

solution.

Effects of HEPES on the behavior of nZnO in biological media

To assess the role that HEPES plays on the dissolution properties and fate of nZnO in 

biological media, RPMI 1640 (see American Type Tissue Collection (ATTC) website for 

formulation) with and without 10 mM HEPES was used in these studies. To determine the 

amount of free zinc ions in solution, ICP-MS was employed to analyze the amount of free 

zinc in the media at various time points. For this study, 150 µL of 4.07 mg/mL ZnO NPs was 

added to 15 mL (40.7 µg/mL overall NP concentration) of RPMI 1640 (with and without 10 

mM HEPES) in tissue culture flasks. The flasks were then moved into a cell culture 

incubator at 37° C and 5% CO2 atmosphere. Two mL aliquots were taken out at various time 

points and transferred to Ultracel-3K centrifugal filter units and centrifuged for 10 minutes 

at 4,000 × g. Additional preparation for ICP-MS studies were performed as described above.

nZnO and free zinc have been shown to form precipitates in media containing sodium 

bicarbonate and phosphates. In order to determine how HEPES in the media influences the 

transformation of nZnO, XRD, XPS, and FT-IR were utilized to characterize NP/precipitate 

formation in the media. For basic control reactions, 50 mM ZnCl2 was mixed in solution 
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containing sodium bicarbonate or PBS to form precipitant and was collected via 

centrifugation at 41,410 × g and subsequently analyzed by FT-IR (see supporting 

information, Figure S9). For media/nZnO studies, 10 mL of 4.07 mg/mL ZnO NP stock was 

added to 0.5 L of RPMI 1640 with and without 10 mM HEPES. The solution was shaken 

and incubated at room temperature. At various time points, the solution was centrifuged at 

41,410 × g for 10 minutes. The pellet was washed with nanopure water and dried overnight 

at 60°C. For analysis, a Rigaku Miniflex 600 X-ray Diffractometer was used to obtain the 

XRD pattern of the powdered sample and images were obtained with a JEOL JEM-2100 HR 

analytical transmission electron microscope. XPS spectra were collected using a Physical 

Electronics Versaprobe system with a monochromated Al Kα X-ray source. The beam 

diameter was approximately 100 µm with 25 watts of power. For general survey scans, a 

pass energy of 117.5 eV was used and for higher resolution core level scans, a pass energy 

of 23.65 eV was utilized. Deconvolution of peaks was carried out using OriginPro 2017. FT-

IR pellets were produced by grinding 1.5 mg of nZnO/precipitants with 2.000 g of KBr and 

pressed with 8 tons of pressure for 4 minutes. FT-IR spectra were collected using a Bruker 

Tensor 27 spectrometer. Deconvolution of the FT-IR peaks was performed using OPUS 

7.0.129.

Cell culture and viability studies

To assess the effect that HEPES has on the cytotoxicity profiles of nZnO, the Jurkat T cell 

line was used as a model system. Cells were cultured in RPMI 1640 containing 10 mM 

HEPES and supplemented with 10% FBS (fetal bovine serum), 1% penicillin/streptomycin, 

and 2 mM L-glutamine per ATCC (American Type Culture Collection, Rockville, MD) 

recommendation. Cells were maintained in log phase and seeded at a concentration of 5×105 

cells/mL in a 96-well plate for viability assays. A fresh stock solution of nZnO was prepared 

for each viability experiment by sonicating nZnO in autoclaved DI water at a concentration 

of 4.07 mg/mL for 10 minutes. RPMI 1640 without HEPES was then added to the stock 

solution (to avoid vehicle effects) to bring the final concentration to 2.035 mg/mL and 

subsequently sonicated for an additional 10 minutes. During the sonication step cells were 

concurrently plated and then treated with the nZnO stock solution immediately after 

sonication. Cells were then cultured for 24 hours at 37° C and 5% CO2. For the Alamar Blue 

metabolic assay, Alamar Blue (10% (v/v) was added 20 hours after treatment with NPs and 

incubated for an additional 4 hours at 37° C and 5% CO2. The fluorescence intensity was 

determined at 24 hours by a Biotek Synergy MX plate reader using excitation/emission at 

530/590 nm. Flow cytometry was also employed to verify experimental results. After the 24 

hour treatment period, cells were washed with PBS (phosphate buffered saline) and 

resuspended in FACS buffer (PBS/15% FBS/0.02% NaN3) and stained with a FITC labeled 

anti-HLA ABC antibody (BD Biosciences, San Jose, CA). Cells were subsequently washed 

and 0.4 µg/mL propidium iodide (PI) was added to stain and detect non-viable cells using a 

BD FACS Caliber flow cytometer.

Confocal microscopy

Confocal microscopy was utilized in reflection mode to image the dissolution of nZnO. 

Briefly, 81.4 µg/mL solutions of nZnO in nanopure water were placed on Wilco well glass 

bottom dishes and allowed to dry overnight. Nanopure water was added prior to imaging as a 
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control to ensure the disappearance of NPs was due to dissolution from HEPES and not from 

solubility/dissolution in water. Confocal images were acquired in reflectance mode as a Z-

stack/time series utilizing the α-Plan-FLUAR 100×/NA 1.45/ oil objective, an Argon (514 

nm) laser as excitation source and a BP505-550 emission filter. Specifically, images with a 

frame size of 69.1 µm × 69.1 µm (0.14 µm pixel size) were acquired every 9.576 seconds for 

30 minutes. To account for optical drift and ensure collecting the optical plane of interest, 

three 0.2 µm overlapping slices over a Z-range of 0.4 µm were collected. Image processing 

was performed with ZEN 2009 imaging software (Carl Zeiss, Inc., Thornwood, NY).

Statistical analysis

The data for Figure 9 were analyzed with a linear mixed model, with fixed effects of 

presence or absence of HEPES buffer, concentration, and their interaction. The date of the 

experiment was modeled as a random effect using compound symmetry for the correlation 

among outcomes run on the same date. Viability at each concentration was compared 

between HEPES and no HEPES, and comparisons were adjusted using the Bonferroni step-

up correction to control family-wise type 1 error rate at 5%.36

RESULTS

ZnO nanoparticle synthesis and characterization

nZnO was synthesized by a wet chemical method using the forced hydrolysis of zinc acetate 

solubilized in DEG.35 X-ray powder diffraction spectra showed the expected hexagonal 

wurzite crystal structure with an average crystal size of 9.0 ± 2.3 nm. The lattice parameters 

obtained from analysis were a=3.253 and c=5.215 and no other crystal phases were detected. 

TEM images in Figure 1 show large aggregates with a size range of 50–600 nm made up of 

small individual ZnO crystals of an average size of 9.8 ± 1.7 nm, which is consistent with 

XRD analysis (see supporting information, Figure S8). The high-resolution TEM (HRTEM) 

image (Figure 1C) demonstrates that the crystal lattice terminates at the boundary of the 

crystals, indicating no coatings or amorphous phases are present on the surface. Dynamic 

light scattering and electrophoretic measurements performed in nanopure water revealed an 

average hydrodynamic size of 345 ± 13.6 nm and zeta potential of +35.7 mV. Additional 

characterization information from FTIR spectra, X-ray photoelectron spectroscopy (XPS) 

and dissolution kinetics are discussed in subsequent sections.

Real-time dissolution kinetics

Certain media components have been shown to interact with NPs, influencing their 

interactions with cells due to protein corona formation, development of insoluble 

precipitants, and altering dissolution equilibriums.29, 32, 37 Utilizing the newly proposed 

methods, numerous media components were screened to assess their effect on the 

dissolution properties of nZnO. Media components tested, such as glucose and various salts, 

had little effect on the dissolution properties in the time scale evaluated, but did affect 

particle aggregation and sedimentation profiles as seen in previous reports (see supporting 

information, Figure S4).28, 38 Interestingly, it was found that 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), a common component in biological media, induces 

rapid dissolution of nZnO observed by UV/vis spectroscopy, fluorescence spectroscopy and 

Eixenberger et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



verified by ICP-MS (Figure 2). With this finding, multiple biologically relevant buffers 

developed by Good et al. were tested.39 Many of these buffers have been used in studies of 

nZnO in cell culture experiments, cellular imaging and to maintain physiological pH.
25, 27, 29, 35

The real-time dissolution kinetics of 40.7 µg/mL nZnO (highest concentration possible for 

linear correlation; see supplementary Fig S3) are shown in Figure 2 and demonstrate that all 

the buffers tested (pH = 7.4) induced rapid dissolution with various kinetics profiles. The 

dissolution kinetics for both absorbance and fluorescence monitoring techniques are very 

consistent as seen in Figure 2, and all experiments were performed in triplicate to ensure 

reproducibility (supporting information, Figure S6).

In order to assess the accuracy and reliability of converting the absorbance and fluorescence 

spectra to nZnO concentration, ICP-MS was utilized. The same reactions were completed in 

Ultracel-4 3k centrifugal filter units (pore size 0.1 nm) and centrifuged at 4000 × g to 

separate the remaining NPs from the free zinc ions. The data points were plotted over the 

kinetics profiles which confirmed the results obtained from the new methods, utilizing 

absorbance and fluorescence spectra (Figure 2).

At least 72.5% dissolution of 0.5 mM nZnO (40.7 µg/mL) was achieved from each of the 

buffers (10 mM; pH=7.4±0.05) within 20 minutes (Table 1). The kinetics profiles highlight 

the ability of these methods to monitor rapid real-time dissolution kinetics that is lost in 

other quantitative assessments such as ICP-MS. Additionally, these methods eliminate the 

need to separate the particles from the solution, reducing time and cost factors. The ability to 

rapidly screen how biologically and environmental relevant species impact the dissolution of 

nZnO will facilitate characterization and toxicity assessments.

Dynamic light scattering (DLS) was subsequently employed to qualitatively assess and 

confirm the dissolution of nZnO by monitoring the derived counts per second (CPS) while 

taking measurements in size mode. As seen in Figure 3, the number of CPS drastically 

reduced upon the addition of Good’s buffers, while the number of CPS in PBS was 

maintained. In the solution containing Tricine, the system stopped collecting measurements 

due to insufficient signal, qualitatively confirming complete dissolution.

Confocal microscopy was utilized to visualize the dissolution of nZnO induced by the 

presence HEPES. No fluorescent tags were used and the images generated are due to 

reflection from the NP aggregates on the bottom of the well. The apparent size of the nZnO 

aggregates is consistent with TEM and DLS hydrodynamic size measurements. As seen in 

Figure 4, little to no change is detected in the integrity of the NPs in water over the ~15 

minute (1000 sec) time course. However, a striking reduction in size, intensity and sharpness 

of the NP was seen upon the addition of HEPES (Figure 4; panel d–f). The vast majority of 

NPs disappeared from the images within 250 second following the addition of HEPES (see 

supporting information for time-lapsed video).
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Morphological changes of ZnO NPs

It is important to note that the previous experiments were performed in simple solutions 

without salts and additional buffers such as PBS. The dynamics of nZnO in media is 

complex and competing events such as protein corona formation, NP agglomeration/

sedimentation and achieving dissolution equilibrium all impact the toxicity profiles of nZnO. 

Additionally, reports have demonstrated microstructural transformation of nZnO due to 

phosphate ions and have shown that free zinc ions react in media to form various zinc 

carbonate and phosphate precipitants.29, 31, 40 The complex nature of cellular media affects 

the dissolution kinetics of nZnO and the results from the screening of numerous biological 

components prompted investigation into how inclusion of HEPES could potentially alter the 

dynamics of nZnO in cellular media.

ICP-MS was used to quantify the amount of free zinc in the media to determine any 

differences in dissolution kinetics from the inclusion of HEPES. nZnO was added to RPMI 

1640 (with and without 10 mM HEPES) in culture flasks and placed in a cell culture 

incubator to mimic viability assay conditions. As seen in Figure 5, the media containing 

HEPES showed consistently higher levels of free zinc up to the 24 hour time point. 

However, at 24 hours the levels were not appreciably different. This suggests a more rapid 

initial dissolution of the NPs in the presence of HEPES that eventually reaches the same 

equilibrium regardless of media composition. Since the inclusion of HEPES in RPMI media 

increases the dissolution rate of nZnO, investigations into how HEPES alters the structural 

transformation of nZnO were performed.

X-ray diffraction (XRD) was employed to assess changes in the nZnO crystalline size and to 

determine if crystalline phases of zinc phosphate or zinc carbonate appear in the spectra. In 

media with and without HEPES, only the hexagonal wurzite crystalline phase of ZnO was 

detected over the 24 hour time course (see supporting information, Figure S8). However, any 

amorphous species formed in solution would not display a well-defined Bragg peak but 

broadening of the ZnO peaks were observed. During the 24 hour treatment, the apparent 

average crystalline size from XRD slowly reduced from ~9.3 nm to ~ 7.5 nm in both 

situations, but no apparent differences were noted between the samples from XRD analysis.

We have previously demonstrated that nZnO with very similar properties such as crystal 

size, lattice parameters and band gap have significant differences in their hydrodynamic size, 

zeta potential and cytotoxicity due to differences in their surface chemistry.17 FT-IR was 

utilized to investigate how the surface chemistry changed and determine which species 

formed. The FT-IR spectra of as-prepared nZnO showed the characteristic Zn-O vibrational 

modes at 478 cm−1 (Figure 6).17, 41 However, during the 24 hour time course, the Zn-O peak 

shifts down to 455 cm−1, likely due to changes in the surface structure influencing the Zn-O 

bonds in the NPs. The two peaks at 1411 cm−1 and 1597 cm−1 are attributed to surface 

bound carboxylate groups retained from the zinc acetate precursor or the DEG solvent.17 

The intensity of these peaks was reduced upon addition to RPMI 1640 media and new 

functional groups appeared in the spectra as early as the 2 hour time point.

The emergence of the strong peak at 1050 cm−1 is attributed to a convolution of the PO4
3− 

symmetric and antisymmetric stretching modes.42, 43 The shoulder appearing at 550 cm−1 is 
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a convolution of the Zn-O stretch and a bending mode of PO4
3−.44 The shoulder appearing 

at 630 cm−1 is associated with the bending mode of PO4
3− and increased in intensity over 

the 24 hours,44, 45 The peak centered at 1535 cm−1 is due to C=O stretching, indicating 

carbonates and/or amide II formation derived from interactions with carbonate or proteins in 

the media.46–50 Up to the 24 hour time point, nZnO shows a continual increase in peak 

intensity in the phosphate and carbonate/amide II regions. However, when comparing the 

two samples at 24 hours (Figure 7), the ratio between the area of the phosphate peaks (1050 

cm−1) and the area of the Zn-O modes (420,445, and 485 cm−1) is higher in the media 

containing HEPES (4.13 vs 2.75), indicating increased dissolution and conversion to zinc 

phosphate.51–55 Over the 24 hours, the O-H broad region peak increased and shifted from 

3425 cm−1 to 3338 cm−1, likely due to both the O-H region and increasing concentration of 

the N-H stretching regions from amide A and B bands.49, 50 The additional peak at 1650 cm
−1 is due to the presence of either crystalline water or more likely, the amide I mode from 

bound serum proteins.42, 43, 50, 56 These results indicate the species formed are a complex 

mixture of nZnO, retained proteins from fetal bovine serum (FBS) in the media and 

insoluble precipitate formation that is likely an amorphous mixture of zinc phosphate and 

carbonate species

X-ray photoelectron spectroscopy (XPS) was utilized to quantify atomic concentrations of 

each element present, as well as verify FT-IR results. Looking at the survey spectra of nZnO/

precipitants collected at 24 hours (Figure 8a), the atomic concentrations reveal that a major 

contribution to the amorphous species is an organic matrix likely from fetal bovine serum 

(FBS) proteins in the media. Additionally, looking at the ratio between the total phosphate 

and zinc gives atomic ratios at 2.0 (10 mM HEPES media) vs 1.65 (HEPES free media) 

which is very similar to results obtained from FTIR, indicating increased phosphate 

formations in media containing 10 mM HEPES. High resolution core level scans of the 

Zn2p3/2 region demonstrate a single peak at 1021.8 eV in the as-prepared nZnO sample 

(Figure 8b). Once introduced to media, new zinc species become apparent, with a new peak 

observed with a chemical shift of +2.0 eV from the Zn-O peak (Figure 8c) indicating Zn-

PO4
3− bond formation (see Figure S10). These results confirm complex formations of nZnO, 

proteins and insoluble phosphate/carbonate precipitants.

TEM was utilized to compare the structural transformation of nZnO in both media 

conditions and to evaluate the integrity of the crystal lattice, formation of particle aggregates 

as well as amorphous species. The high-resolution TEM image in Figure 1 demonstrates that 

the as-prepared nZnO crystal lattice terminates at the crystal boundary with no amorphous 

species or coating present. In contrast, amorphous species are seen when nZnO is exposed to 

cellular media with or without HEPES as early as the 2 hour time point (Figure 9). From our 

FT-IR and XPS studies, the amorphous species formed in both cases is a mixture of proteins, 

zinc phosphates and carbonates. Interestingly, the morphological formation of the 

amorphous species is radically different due to the exclusion of HEPES in RPMI media.

The samples incubated in media containing HEPES show rapid degradation of the spherical 

aggregates, making the particles appear more porous. Over the 24 hour period, particle 

integrity is lost (Figure 9) and pieces of aggregates are seen with amorphous material spread 

through-out. The high-resolution TEM images (see supporting information, Figure S11) 
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reveal individual ZnO crystals embedded within the amorphous material. Lower 

magnification TEM images (Figure 9; additional figures in supporting information S11) 

show pieces that have broken off from the aggregates and formation of precipitates retaining 

aggregates/pieces with irregular morphologies.

Even though FT-IR and XPS demonstrated similar species composition in both media 

conditions, the transformation of nZnO was very different when HEPES was omitted from 

the media. Similar structures were seen in both media compositions for individual nZnO 

aggregates but large fractions of the samples had very different morphologies. Interestingly, 

instead of the rapid degradation of the aggregates seen in the presence of HEPES, the 

absence of HEPES allows for the amorphous species to form a matrix/corona around the 

particles (Figure 9). With many of particles bound together, this feature impacts their 

dispersion stability and rapidly settle out of solution. The porosity of the particles increases 

over 24 hours, however, it appears to be less dramatic when HEPES is absent with more of 

the spherical nature of the aggregates retained. The high-resolution TEM images (see 

supporting information, Figure S11) demonstrate a higher density of nZnO nanocrystals in 

the aggregates, and the amorphous species coat the particles instead of being randomly 

distributed throughout the interior of the aggregates.

Taken together, these results demonstrate that HEPES affects the dissolution and structural 

morphology of nZnO in complex media conditions. Inclusion of HEPES or any of the 

Good’s buffers evaluated likely impacts particle characterization and toxicity results, and 

may therefore contribute to discrepancies in the literature regarding nZnO toxicity. With this 

is mind, we investigated how inclusion of HEPES in RPMI media impacts the cytotoxicity 

of nZnO.

Viability

The cytotoxic effects of nZnO on Jurkat leukemic cells have been reported by numerous 

groups and the source of toxicity attributed to both dissolution properties and reactive 

oxygen species (ROS) generation.20, 35, 57 ROS generation may be inherent to nZnO from 

surface layer defects such as oxygen vacancies and elevated ROS levels have been 

associated with increased cytotoxicity in leukemic cell lines.22 Direct interactions of nZnO 

with the mitochondrial membrane have also been shown to lead to increased ROS 

production.23 Additionally, ROS can also be generated due to significant release of zinc 

ions, inducing mitochondrial membrane leakage and subsequent increases in intracellular 

superoxide levels, or possibly as a by-product of the cell death process itself.20

Dissolution-related cytotoxicity has been attributed to high extracellular free zinc ion 

concentrations and rapid intracellular dissolution in low pH environments such as endocytic 

vesicle fusion with lysosomes.10 Inclusion of HEPES causes an increase in the dissolution 

rate of nZnO, alters the NP surface structure and morphology, all of which could influence 

dispersion stability, zinc ion homeostasis and ROS generation. With this in mind, 

investigations were performed to understand what influence the inclusion of HEPES has on 

the viability profile of Jurkat leukemic cells when challenged with nZnO.
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Cells were treated with nZnO for 24 hours and viability determined using both flow 

cytometry and the Alamar Blue assay. Zinc chloride was used as a control to assess the 

toxicity of free zinc in the media. The Alamar Blue assay assesses the viability of live cells 

based on their ability to metabolically convert resazurin into a fluorescent signal. Significant 

changes (p<0.001) in viability were observed due to the exclusion of HEPES from the media 

(Figure 10). This could be attributed to potentially three different characteristics: i) a more 

rapid release of free zinc ions into the media when HEPES is present, ii) differences in 

surface structure/chemistry affecting ROS production and iii) increased sedimentation of the 

NPs when bound together by the complex matrix when excluding HEPES. The toxicity 

profile of the zinc chloride control was similar in trend to cells treated with nZnO in RPMI/

HEPES media. This suggests that the initially higher free zinc concentration due to the 

inclusion of HEPES may be a significant contributor to the toxicity mechanism.

In order to verify the experimental results, viability was also determined by the uptake of 

propidium iodide (PI) using flow cytometry. In contrast to the Alamar Blue assay, the uptake 

of PI labels late apoptotic/necrotic cells by intercalating between DNA base pairs when 

membrane integrity is lost, thus analysis is based upon the number of dead cells in the 

population. A significant difference (p<0.001 for 3 conc.; p< 0.05 for 1 conc.) in the 

viability of Jurkat cells was observed between the two media types (Figure 10). The zinc 

chloride control again had a similar toxicity profile when compared to the media containing 

HEPES, however, at higher concentrations the zinc chloride appears more toxic. Assuming 

dissolution is the key driver of toxicity, this is expected since the free zinc concentration 

doesn’t reach equilibrium in nZnO treated media until at least the 6 hour time point (Figure 

5) and nZnO crystals are still detectable after the 24 hour time course.

DISCUSSION

This paper demonstrates the ability to use simple, relatively fast and cost effective methods 

to quantitatively evaluate real-time dissolution kinetics of nZnO in aqueous solutions. These 

methods, using UV/vis or a spectrofluorometer, could potentially be adapted for use in more 

complex situations such as in waste water treatment studies or screenings in other 

biologically relevant solutions. This work also highlights that screening interactions in 

simple solutions can be expanded to more complex situations, leading to a better 

fundamental understanding of how nZnO behaves in model systems that may impact nZnO 

dissolution, structural transformation, dispersion and cytotoxicity profile.

The dissolution of nZnO is regarded as a significant source of cytotoxicity and a more 

complete understanding how non-essential media components such as Good’s buffers 

contribute to the dissolution kinetics may help in deciphering reports on nZnO toxicity. 

Good’s buffers are used extensively in biological studies to maintain physiological pH and 

have been reported to be used in characterizations studies such as in imaging buffers. The 

high level of dissolution induced by these buffers may impact results and evaluations at all 

levels of nZnO assessments and the impact of utilizing Good’s buffers as a buffering system 

needs to be considered prior to use.
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The structural and chemical transformation of nZnO has been shown to be influenced by the 

concentration of carbonates and phosphates in solution.29, 31 Here we demonstrate that 

excluding HEPES from the media significantly alters these transformations. From basic 

chemical assessments it appeared that there were modest changes in the dynamics of 

converting nZnO into zinc phosphate and zinc carbonate. However, the matrix formation that 

appeared in HEPES-free media suggests that even though chemically similar, structural 

changes can be dramatic. These structural changes potentially alter nZnO dispersion 

stability, causing significant changes in their sedimentation profiles. We have previously 

shown how dispersion stability can greatly impact the cytotoxic profile of nZnO.58 

Understanding the transformation of nZnO in in vitro model systems will help in further 

determinations on the toxicity of nZnO.

From these studies, we further demonstrated that the difference in the dissolution kinetics 

and transformation have significant impacts on nZnO toxicity profile in Jurkat leukemic 

cells. These studies highlight that the observed toxicity profile of nZnO stems from more 

than just the physicochemical properties of the NP. Nanoscale ZnO interactions with the 

environment can significantly alter their characteristics and conflicting reports on their 

toxicity mechanism could potentially be due to the media composition. For our future 

studies, we plan to investigate the use of phosphate free and HEPES free Dulbecco’s 

Modified Eagle Medium (DMEM) in place of RPMI 1640 media for toxicity assessments to 

avoid potential artifacts arising from the transformation of nZnO from phosphate and 

increased dissolution observed from Good’s buffers.

In conclusion, we have shown that a relatively simple, fast and cost effective method for 

screening the dissolution of nZnO can lead to a more thorough understanding of how nZnO 

behaves in complex conditions. These results also indicate the need for authors to ensure 

they list all details of the buffering systems used in published studies on nZnO due to the 

various media compositions required for various cell types and the wide use of Good’s 

buffers in characterization studies such as imaging solutions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Scale bar: 1 µm. Low magnification image shows large spherical aggregates of ZnO with 

a size range of 50–600 nm. (b) Scale bar: 50 nm. Higher magnification reveals aggregates 

are comprised of nZnO crystals with an average size of 9.8 ± 1.7 nm. (c) Scale bar: 10 nm. 

High-resolution TEM image demonstrates crystal lattice termination at the crystal boundary 

with no amorphous structures or coatings.
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Figure 2. 
(a)–(f) Real-time dissolution kinetics of 40.7 µg/mL(0.5 mM) nZnO from UV/vis 

spectroscopy and spectrofluorometric monitoring in various buffers developed by Good et 
al. Each buffer was prepared at a stock concentration of 500 mM and was adjusted to 

pH=7.4. ICP-MS data points are plotted on the kinetics profiles to demonstrate the reliability 

of converting spectra to quantitative concentration measurements. Measurements reveal that 

each of Good’s buffers tested (10 mM final concentration) induced rapid dissolution of 

nZnO within 20 minutes.
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Figure 3. 
A qualitative assessment of nZnO dissolution obtained from dynamic light scattering (DLS) 

monitored in size mode. All six Good’s buffers induce rapid dissolution of nZnO as 

demonstrated by the fast reduction in derived counts per second (CPS).
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Figure 4. 
Scale bar: 2 µm. A panel of nZnO confocal images obtained in reflection mode as a time 

series/z-stack. (a)–(c) DI water was added as a control to ensure any changes to the NPs 

wasn’t due to solubility in water. (d)– (f) HEPES addition. nZnO quickly undergoes 

dissolution within the 250 second time frame, demonstrating significant dissolution by 

HEPES.

Eixenberger et al. Page 20

Chem Res Toxicol. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
ICP-MS measurements on the amount of free zinc ions from nZnO present in RPMI 1640 

media with and without 10 mM HEPES over 24 hours.
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Figure 6. 
FTIR spectra of as-prepared nZnO and nZnO post incubation in RPMI 1640 with (right) and 

without (left) 10 mM HEPES over 24 hours. The as-prepared nZnO FTIR spectra show a 

strong peak at 478 cm−1 indicative of the Zn-O modes. Other functional groups found at 

1411 cm−1 and 1597 cm−1 are due to carboxylate groups retained from the zinc acetate 

precursor or DEG solvent. New functional groups appear upon incubation in cellular media 

and the peaks at 550, 630 and 1050 cm−1 are attributed to PO4
3− stretching and bending 

modes. The peaks near 1535 cm−1 are from C=O stretching and may be from either 

carbonate formation or from Amide II bonds from protein corona formation. The broad O-H 

region shifts from 3425 cm−1 to 3338 cm−1 due to convolution of the O-H ban and new N-H 

stretching groups.
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Figure 7. 
(a) FTIR spectra of nZnO incubated in RPMI 1640 with (blue) and without (red) 10 mM 

HEPES at the 24 hour time point. The peak at 455 cm−1 is attributed to Zn-O modes and the 

broad peak at 1050 cm−1 is a convolution of PO4
3− stretching modes. Qualitatively, the peak 

intensity in HEPES free media is stronger in the Zn-O modes and weaker in the phosphate 

stretching modes than the media containing HEPES. The deconvolution of the Zn-O modes 

in media containing HEPES (c) and without (b) at 24 hours was used to compare the 

samples. The area of the 1050 cm−1 phosphate peak was divided by the area of the three Zn-

O peaks (420,445, and 485 cm−1). A peak area ratio of 4.13 was obtained for nZnO 

incubated in media containing HEPES vs. a ratio of 2.75 in the media without HEPES. This 

demonstrates a faster conversion of nZnO to zinc phosphate in RPMI 1640 containing 10 

mM HEPES.

Eixenberger et al. Page 23

Chem Res Toxicol. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
XPS spectra of nZnO. (a) Survey scan of nZnO incubated in RPMI 1640 cellular media with 

and without 10 mM HEPES. Atomic concentrations of the various elements present are 

similar in both media types, however, the phosphorus to zinc ratio is different, with atomic 

concentration ratios of 2.0 (10 mM HEPES) and 1.65 (No HEPES). (b) The core level high 

resolution scan of the Zn2p3/2 region of as-prepared nZnO demonstrates a single peak with a 

binding energy of 1021.8 eV. (c) A high resolution core level scan of the Zn2p3/2 peak of 

nZnO incubated in cellular media for 6 hours reveals similar new zinc species present in 

both cases, apparent by the new peak appearing with a chemical shift of about 2 eV. XPS 

data verifies similar changes in media types, with a modest difference in the amount of ZnO 

conversion to new species.
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Figure 9. 
(a)– (f) Scale bars: 200 nm. (a)–(c) TEM images of nZnO in RPMI containing HEPES. Over 

24 hours, integrity of the particles is lost, with increasing porosity and portions of nZnO 

aggregates breaking off and amorphous material embedded in the particles (additional 

HRTEM images in supporting information). (d)– (f) TEM images of nZnO in RPMI 

excluding HEPES. Porosity is seen to increase over the 24 hours, however the proteins and 

amorphous zinc phosphate/carbonate form a matrix around the aggregates binding numerous 

particles together instead of embedding between the nZnO crystals in the aggregate.
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Figure 10. 
nZnO toxicity on Jurkat leukemic cells at 24 hours. (Left) Alamar Blue assay demonstrating 

a significant difference in the toxicity of nZnO in media containing HEPES vs no HEPES. 

(Right) Flow cytometry analysis confirms significant changes to the viability of Jurkat cells 

when challenged with nZnO. (** indicates p< 0.001; * indicates p< 0.05).
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Table 1

ICP-MS measurements of the dissolution of nZnO (40.7 µg/mL) in various solutions after 20 minutes. PBS 

and sodium bicarbonate appear to have a lower percentage of dissolved nZnO than in nanopure water. 

However, insoluble zinc phosphates and zinc carbonates are removed in the separation process, lowering the 

calculated dissolution percentage. All of Good’s buffers tested (pH= 7.4) induced 72.5% or more dissolution 

within the 20 minute time frame.

Buffer/Media Concentration nZnO Dissolution %

Nanopure Water - 4.8 ± 0.5

Phosphate Buffered Saline 1× 3.3 ± 0.3

Sodium Bicarbonate 1.5 mg/mL 1.4 ± 0.2

MOPS 10 mM 72.5 ± 0.2

TES 10 mM 72.8 ± 8.8

HEPES 10 mM 73.5 ± 6.4

BES 10 mM 82.4 ± 10.5

PIPES 10 mM 85.7 ± 1.5

Tricine 10 mM 99.6 ± 5.8
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