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Abstract

Nanotechnology represents a new and enabling phatfbat promises to provide a range
of innovative technologies for biological applicats. ZnO nanoparticles of controlled

size were synthesized, and their cytotoxicity taisadifferent human immune cells

evaluated. A differential cytotoxic response betwéhuman immune cell subsets was
observed, with lymphocytes being the most resistnd monocytes being the most
susceptible to ZnO nanoparticle-induced toxicitysignificant differences were also

observed between previously activated memory lyroptes and naive lymphocytes,

indicating a relationship between cell-cycle paentnd nanoparticle susceptibility.

Mechanisms of toxicity involve the generation adicBve oxygen species, with monocytes
displaying the highest levels, and the degree tftoyicity dependent on the extent of

nanoparticle interactions with cellular membranés inverse relationship between

nanoparticle size and cytotoxicity, as well as meamticle size and reactive oxygen species
production was observed. In addition, ZnO nandgles induce the production of the

proinflammatory cytokines, IFN; TNF-o and IL-12, at concentrations below those
causing appreciable cell death. Collectively, thesailts underscore the need for careful
evaluation of ZnO nanoparticle effects across actspm of relevant cell types when

considering their use for potential new nanotechgplbased biological applications.
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Introduction

Nanotechnology permits the manipulation of matterttee nanometer scale which enables precision
engineering to control nanomaterial physiochempcaperties as well as their interactions with biidal
systems. It is the alterations in electrical, metgm structural, morphological, chemical, and ptgis
properties of nanomaterials, which are comparabk&ze to naturally occurring biomolecules, thakes
them particularly attractive for pioneering applioas in technological and biological applicatiqis4].
Nanomaterials comprised of ZnO have received censlile attention in recent years because of their
potential use in electronic and industrial applmag arising from their wide band-gap (3.36 eV)
semiconductor properties [3]. From a biologicalgperctive, nanoscale ZnO materials are already being
used in the cosmetic and sunscreen industry dubeio transparency and ability to reflect, scattargd
absorb UV radiation, and as food additives [5,BhO nanomaterials are also being considered foiruse
next-generation biological applications includingtimicrobial agents, drug-delivery, bioimaging pesb
and cancer treatment [7-10]. Although bulk (miesized) ZnO is generally recognized as a GRAS
substance by the FDA [5,6], many benign materials @xhibit appreciable cellular toxicity when reddc

to the nanoscale [11]. Recent toxicological stedising certain engineered nanoparticles (NPs) have
confirmed the potentially harmful effects due teitthigh surface area, unique physiochemical praser
and increased reactivity of the material’'s surflice12]. This has led to the termanotoxicology which
describes the relationship between nanoparticlesiphliemical properties, and toxicological effects o
living cells and biological systems.

In this regard, several recent reports have dematastthe toxicity of metal-oxide NPs to both pngksic

and eukaryotic cellular systems [7,7,10,13-16],lavlthe bulk micron-sized materials remain non-toxic
The majority of eukaryotic studies specific to Zi@Ps, however, have relied heavily on the use of
immortalized cells lines, which are recognized igpthy altered sensitivities to foreign materidieinicals
due to alterations in metabolic processes and nggjoetic instabilities. To date, only limited skalhave
evaluated the toxicity of ZnO NPs on normal primhgman cells and their potential immunomodulatory
effects. Even more challenging is the fact thatdy#etoxic response is very different between tglles
and nanomaterial systems, making it difficult tvelep predictive models without detailed and systtn
investigations. Recent reports demonstrate that RiR3 display differential toxicity towards primary
human cells depending upon their proliferation ptéd, with normal T lymphocytes that are stimuthte
divide by signaling through the T cell receptorpiliying significantly greater toxicity than quieste
nonproliferating cells of identical lineage [13\When these studies were extended to immortalized T
leukemic and lymphoma cells using identical ZnO N&seven greater sensitivity to NP-induced toyicit
was observed (~33-fold) [13]. Thus, susceptibilayNP-induced cytotoxicity appears to be relatethe
proliferative capacity of the cell, and may alsodifected by other physiologically relevant paraenst
including cell-NP electrostatic interactions anchdarent differences in cellular endocytic/phagocytic
processes that facilitate NP uptake. These varnigtin cytotoxic response indicate that a moreiléetand
carefully controlled evaluation of ZnO NP effects multiple types of normal human cells is needed to
better understand the biological consequences ofekifbsure. In addition, it is increasingly being
recognized that toxicity depends on nanomateriaraxtteristics including size, shape, and electiiosta
charge, as well as materials composition [7,108]7,1n this study, the evaluation of size-contdllZnO
NPs and their resulting toxicity on different cetlsmprising the human immune system is explored. In
addition, mechanisms underlying the differentiali¢dy response are investigated, as well as effeft
ZnO NPs to induce pro-inflammatory cytokine expi@ss

Experimental

Preparation and Characterization of ZnO Nanopa#gk&l

ZnO NPs utilized in all experiments were synthesizediethylene glycol (DEG) via forced hydrolysif
zinc acetate [14]. In brief, zinc acetate was digsbin DEG, and then nanopure water was addedrunde
magnetic stirring. Subsequently, the system wasedeat 160 °C under reflux for 90 min. After coglin
the resulting product was removed from DEG via GRmation, and washed with ethanol several times
before drying for 24 hours at 50°C, resulting ipaavder sample. The sample crystal phase, crystaitie,
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and morphology were characterized via x-ray dificat (XRD) and transmission electron microscopy
(TEM) as previously described [13,14]. The NPs wdren weighed and reconstituted in phosphate
buffered saline (PBS) solution to the desired stwkcentration. After reconstitution, NPs were sated

for 10 minutes and immediately vortexed prior tditidn to cell cultures.

Isolation of Peripheral Blood Mononuclear Cells

For isolation of PBMC (peripheral blood mononucleatls) and immune cell subsets, written informed
consent was obtained from all blood donors. Thévéisity Institutional Review Board approved this
study. PBMC were obtained via Ficoll-Hypaque (Hpgtque-1077, Sigma, St Louis, MO) gradient
centrifugation using heparinized phlebotomy samfil$. After removal of the leukocyte layer, celiere
washed three times with Hank’s buffer (Sigma, $tik, MO) and resuspended at a final concentratfon
1 x 10 cells/ml in RPMI-1640 (Sigma) containing 10% fetalvine serum (FBS) and cultured af & and
5% CQ.

Isolation and Culture of Primary CDIMMonocytes and CO4T cells

PBMC were obtained by Ficoll-Hypaque density cémfyation as described above, and CDgélls
isolated from the mixed cell suspension. Negatiwmunomagnetic selection was performed according to
the manufacturer’s protocol using a cocktail ofilaodies directed against CD2, CD3, CD16, CD19, CD20
CD56, CD66b, CD123, and glycophorin A (StemCell Aremogies, Vancouver, BC). For optimal cell
recovery, PBMC were first blocked with anti-humab32 (F¢ RII) blocker reagent before labeling with
the antibody cocktail. Purified CD14nonocytes populations were typically of >92% puaind >97%
viable as assessed by flow cytometry and cultunedRMI/10% FBS at 5 x faells/ml in 96-well plates

at 37 C and 5% CQ

CD4" T cells were purified from PBMC using negative immomagnetic selection per manufacturer’'s
instructions and a cocktail of antibodies direcgdinst CD8, CD14, CD16, CD19, CD56, and glycophori
A surface markers (StemCell Technologies). Unktbdl cells were collected (typically >97% puritydan
> 95% viable as assessed by flow cytometry) andgeqently cultured in RPMI/10% FBS at a final
concentration of 1 x fazells/ml.

Flow Cytometry

Methods of immunofluorescent staining and flow cyédric analysis were performed as previously
described [19] using a 4-color Epics XL flow cytamre(Beckman Coulter, Miami, FL). Cells were staine
with fluorescently labeled antibodies (Beckman @l for 30 min at 4C, washed two times, and
immediately analyzed. Ten thousand events gateth@rparameter of size (forward scatter, or FS) and
granularity (side scatter, or SSC) were analyzed, expression of the percentage of positively 8igin
cells and the mean fluorescence intensity (MFl)edeined by comparisons to isotype controls.
Appropriate concentrations of each antibody werterd@ined by titration for optimal staining prior to
experimental use. In PBMC cultures, individual agfles weredistinguished from one anothbased on
differential antibody staining and on FS and SS@pprties. T cells were defined as CD3B helper cells
defined as CD3CD4"; naive T cells defined as CHBD45RA; memory T cells defined as
CD3",CD45RO; B cells defined as CD18D3; NK cells defined as CD5€D16',CD3, and monocytes
defined as CD14CD3. To prevent indiscriminate antibody staining afmocytes via Fc receptors, 1AD

of heat-inactivated human AB serum was added terxgntal samples immediately prior to staining.

Cell Viability Assays

Cell viability following NP treatment was assesagxing two different assays. In the first assayi, ce
subsets were identified using fluorescently labedatibodies, and viability was determined by stagni
with 50 pg/ml of propidium iodide (PI) to monitor losses in cellembrane integrity. Fluorescent
CountBright counting beads (Invitrogen, Carlsbad) @ere added to samples to enable determinatibns o
absolute cell numbers, and flow cytometry was useelvaluate changes in Pl staining and to quanéfy
death. NPs were excluded from the analysis basebsence of fluorescence signal and light FS &@ S
characteristics.
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The second viability assay employed the fluorogeedox indicator dye, Alamar Blue. This dye beceme
fluorescent upon reduction by mitochondrial enzyimemetabolically active cells. Cell populationsree
seeded into 96-well plates at 5 x>T@lls/ml, treated with ZnO NP for 18h, and @0of Alamar Blue
added to cultures for an additional 6h. Changefluorescence were evaluated spectrophotometrically
using excitation/emission at 530/590 nm.

ROS Detection

To assay for NP-induced reactive oxygen speciesS)Rfdoduction, cells were first obtained from whole
blood treated with an ammonium chloride lysing solu (1.5 M NH,CI, 0.1 M NaHCQ, 0.01 EDTA) to
lyse red blood cells, and centrifuged for 10 mid°& to remove erythrocytic debris. The white blootlsce
were then resuspended in phenol red-free RPMIfimahconcentration of 1 x facells/ml, and incubated
with ZnO NPs for 6h to 20h. Cells were subsequelatided with 5uM of the oxidation-sensitive dye,
2',7’-dichlorofluorescein diacetate (DCFH-DA, Insggen, Carlsbad, CA) for 20 min. Production of the
oxidation product was evaluated using flow cytomets previously described [20]. White blood cell
populations (i.e., CD3T cells and CD14CD3 monocytes) present in the samples were simultahgou
evaluated based on FS and SSC gating and staiiiingppropriate fluorescently labeled antibodiés a
positive control for ROS production, control cellere loaded with DCFH-DA dye and activated with
PMA (25 ng/mL) for 1h. For studies described iguwe 7, ROS production was evaluated in PBMC
treated with different-sized ZnO NPs using a fleoent microplate reader as previously describe@f31
Experimental methodology, including the use of tI€FH-DA dye to indicate ROS generation, was
identical as described above.

To determine the role of ROS in NP-induced celltdepurified primary CDAT cells and monocytes were
seeded in a 96-well plate at 5 x°Xd&lls/ml and pre-treated with 5 mM of the ROSvermyer, N-acetyl
cysteine (NAC, Sigma), for 4-6h. Cultures were thezated with various concentrations of ZnO NP for
24h and viability was determined using the AlaméueBcytotoxicity assay and a fluorescent microplate
reader.

Cytokine Analysis
To investigate the effect of ZnO NPs on cytokineduction, an ELISA (enzyme linked immunosorbent

assay) was used. For determination of -fFldnd TNFa production, freshly isolated PBMC were
cultured at 1 x 10cells/mL, and treated with varying concentratioh8-nm ZnO NPs (0.05 mM, 0.1 mM
and 0.2 mM) for 38h. For determination of IL-1Zé¢s, PBMC cultures were either left untreated or

pretreated with 1000 U/mL of IF\ (Peprotech, Rocky Hill, NJ), to prime for the protian of this
cytokine, and then cultured with ZnO NPs for 24ifter NP treatment, cell-free supernatants were
harvested via successive 10-min centrifugation80@,rpm, 7,000pm and 13,000 rpm) and storedl -
80°C until analysis. ELISA was performed by the UMABit@kine Core Laboratory (Baltimore, MD),
with all samples analyzed in triplicate.

Statistical Analyses

All data was analyzed using SAS, Inc. software YCBIC). Data for figures 3, 4, and 6 was analyzeidg
repeated measures of variance vatst hoccomparisons to allow within-subject variation te $eparated
from between-subject variation. Data for figures75and 8 was analyzed using a two-way analysis of
variance (ANOVA). In all cases, significance lesrelere defined as p < 0.05.

Results and Discussion

Synthesis and Size Control of ZnO Nanoparticles

To evaluate the relationship between NP size amotaxic properties on various types of immune gells
ZnO NPs (4-20 nm) were synthesized by modifying tilgdrolysis molar ratio of water to zinc acetate.
Transmission electron microscopy (TEM) measuremsintsvn in Figure 1a-d demonstrate that the use of
hydrolysis ratios (water:zinc acetate) of 2.4, 2.2, and 24.4 yields NPs with average diametkdsto

8, 13, and 20 nm, respectively. The 4 nm NP prodingethis synthesis method are of roughly spheiical
morphology while NPs> 8 nm acquire a rod-shaped morphology. The corratipg particle-size
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histogram (Figure 1le) shows that all of the ZnO [gas have a narrow size distribution. The x-ray
diffraction (XRD) patterns shown in Figure 2 indiedhat all of the ZnO samples are well-indexethi®
pure wurtzite crystallite phase of ZnO, demonstiatihat the sample is comprised of ZnO nanocrystals
Furthermore, the average crystallite sizes estidnasing the peak widths (full width at half maximuaf

the XRD patterns agree well with TEM results fottbeize and shape, where the average aspect fatio o
NPs > 8nm increases up to 2 (Figure 2 inset).

T and B Lymphocytes are More Resistant to NP Tigx@mmpared to Monocytes and NK Cells

Previous studies from our laboratory have deterchitet rapidly dividing cancerous T cells are more
susceptible to ZnO NP toxicity than normal quiescéncells [13]. These finding were extended to
determine whether NP toxicity might also vary bedwelifferent types of normal cells comprising the
human immune system including T cells, B cellsurdtkiller (NK) cells, and monocytes. For these
studies, freshly isolated peripheral blood monosaictell (PBMC) preparations were used, sincefahe
desired cell types for study are present in theesanfture allowing for a well-controlled and unifioNP
exposure. Following 24h NP treatment, the varioei types were identified by staining with antibesli
specific for T, B, NK or monocyte surface markeasid NP-induced cytotoxicity was assessed using
propidium iodide (PI), which is a red fluorescenickear stain that selectively enters cells withrufised
plasma membranes. As shown in Figure 3A, differerineNP-induced cytotoxicity were apparent with
lymphocytes (CD3 T cells, CD4 T cells, and B cells) displaying the most resistan All of these
lymphocyte populations displayed similarsg@alues (~ 5.0 mM), with no significant differencbserved
between them at any NP concentration evaluatéa.contrast, NK cells were substantially more seévesi

to NP-induced cytotoxicity, with an kgof ~1.0 mM. Statistically significant differencegere detected
between NK cells and B and T lymphocytes at 1- 5 MRIconcentrations (e.g., p 7003 at 1 mM, p =
0.0002 at 2.5 mM, p =.002 at 5 mM, and p = 0.05; NK cells vs. CDBcells at 10 mM NP). Most
striking is the increased NP-induced cytotoxicityserved in monocytes, with >50% of the monocytes
killed at the lowest NP concentration tested (0M)m Statistically significant differences were ebged
between monocytes and NK cells (0.5 mM and 1 mM; p.0002 and p = 0.0008, respectively), and
monocytes compared to T and B lymphocytes (p<0.0800thoth cell types at both concentrations tested)

Because adherent monocytes appear considerablysmsceptible to NP-induced cytotoxicity compared to
other immune cell subsets, additional experimergsevperformed using purified monocytes and lower
concentrations of NP, to more accurately deterrttieel G, value. In these experiments, monocytes were
treated with varying concentrations of ZnO NPs, siadbility was evaluated using the fluorogenic nedo
Alamar Blue cytotoxicity assay. In agreement witbnocyte data obtained from PBMC cultures, ag IC
of ~0.30 mM was observed (Figure 3B). The Alamar Bly®toxicity assay was also used to confirm the
ICso using purified CD4 T cells, and a similar I§ value of~5.4 was observed (data not shown). As
previously reported by our lab [13,14,23], contedperiments using bulk micron-sized ZnO powder
showed no appreciable toxicity effect at any of ¢bacentrations tested (e.g., viability with bulk@ 96

+ 3% at 1 mM, 93 + 3% at 10 mM), demonstratihgt toxicity is limited to nanoscale ZnO. #&adldition,

no appreciable toxicity was observed using NP-fsg@ernatants (e.g., 98% viability with NP-free
supernatant equivalent to 1-10 mM), indicating tihat toxicity is likely not due to dissolved Zn ®from

NP preparations.

Although these results indicate that monocytes ewmesiderably more susceptible to NP-induced
cytotoxicity than other immune cell types testedisiimportant to note that these differences may b
related to distinctions in cell-culture conditio®hile T cells, B cells and NK cells grow as susgen
cultures, cultured monocytes grow as an adheremotager. These differences in growth charactesstic
may act to increase the effective ZnO NP concedatrah adherent cultures. It is also plausible theet
inherently greater capacity of adherent monocybephiagocytose foreign materials, including NPs, may
underlie their greater sensitivity, and the inhémytolytic activity of NK cells against foreign fegens
and altered self-cells may contribute to their tgeaensitivity compared to lymphocyte populatiofs.
address these possibilities, future experimentsliitvg 3-dimensional cell culture systems and those
evaluating the extent to which phagocytic/endocytiechanisms contribute to cell-type differences are
needed. Nevertheless, given the variable susclixibiof different immune cell types to ZnO NP, i
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seems clear that careful analysisimfvitro cellular systems, followed by appropriatevivo studies, is
necessary to provide thorough and possibly predicscreening data regarding the relative toxicitgd a
immunomodulatory effects of ZnO NP.

Memory and Naive T cells Differ in Cytotoxic Resggoto ZnO NP

Our previous findings that ZnO NP toxicity is degent on the cell activation status, with quiesdenglls
being more resistant to ZnO NP-induced cytotoxithign identical cells activated to divide via stlation
through the T cell receptor [13], led us to evaduahether “memory” T cells display greater sengitito
ZnO NPs than “naive” T cells. During an immunepsse, the activation of T cells to a specific genti
found on a pathogen results in a cascade of idlwaesignaling events, and to the differentiatmmaive

T cells into memory cells. Once memory cells hiorened, they can become activated to proliferatehmu
more readily upon subsequent exposure to the atfigintigen [24]. This occurs because memory Tscell
require lower activation signals/thresholds to ifechte which is due, at least in part, to altera in
intracellular calcium mobilization and calcium-dedent signaling processes [25,26].

To assess potential susceptibilities of naive aathary T cell populations to ZnO NPs in a well-coitad
environment, PBMC (which contained both naive armory T cells) were treated with 8-nm ZnO NPs
for 22-24 h, with the viability assessed by Pl uptausing flow cytometry. Naive CD3T cells
(CD45RA,CD3") were identified based on the expression of the&f&HA surface marker, while memory
T cells (CD45R0,CD3") were identified based on expression of the disisting CD45RO surface
marker [26,27]. Cytotoxic responses were then @ragbto bulk cultures of CD3JT cells containing both
naive and memory cells from the same blood donerstiown in Figure 4, memory T cells displayed
significantly greater sensitivity to NP toxicityath either naive T cells or bulk cultures of CO3 cells (p

= 0.0044 and p = 0.0244) at 10 mM ZnO NP concénotra Naive T cells appeared more resistant than
CD3" T cells, although statistically significant diféerces were not observed (p = 0.08). These results
demonstrate that even subsets of T cells show nesse differences in cytotoxic response to ZnO NP,
which appears related to their activation threstamid/or proliferation potential.

ZnO NP Induce ROS Production in Monocytes and TsCel

Reactive oxygen species (ROS) are produced by a&elfsart of normal metabolic processes. Howenwer, i
situations where ROS production exceeds the calfisoxidant capability, cell death can occur by
interfering with normal physiological processes at modification of cellular biomolecules [28].
Recently, several types of nanomaterials includjuogntum dots and metal-oxide NPs have been shown to
induce intracellular generation of ROS [13,15,1§,28though only limited studies have evaluated the
ability of ZnO NPs to induce ROS in normal/non-smmed human cells. To investigate oxidative stres
as a mechanism of ZnO NP-induced cellular toximitpormal immune cell populations, studies compared
ROS production between primary monocytes and B.ceBased on the differing sensitivities of these

cell populations, two different concentrations ai@ NPs were used (i.e., 1 mM and 5 mM). ROS
generation was evaluated using the cell permeathjley DCFH-DA, which is oxidatively modified into a
highly fluorescent derivative by ROS including sipéde anion and hydrogen peroxide. Studies were
performed using mixed PBMC cultures to allow forentical NP-treatment conditions, and cell
identification was determined by staining with ftascently labeled antibodies directed towards tBba& C
and CD14 surface markers. Flow cytometry was timad to simultaneously identify monocytes and T
cells, as well as their corresponding level of R@®&luction at both early and extended exposurestie
shown in Table 1, there was a modest amount of pO&uced in monocytes treated with 1 mM NP (19%
ROS producing cells) as early as 6h post ZnO NP&x@, yet no detectable ROS was observed in § cell
at the corresponding NP concentration and timetpélowever, at 20h of treatment, appreciable ROS
production was observable in T cells (~38% ROS peody cells at 5 mM ZnO NP), yet no residual cell-
associated ROS signal was observed in monocytasa$y complete cell death was noted. These gesult
indicate that ZnO NPs are capable of inducing @galar ROS in both celtypes, although ROS
production in monocytes occurs considerably eatlian for T cells, which may mechanistically ungerl
their greater sensitivity to ZnO NPs.

ROS Quenchers Rescue Primary Monocytes and T f@etisZnO NP Induced Cytotoxicity
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Experiments were then performed to determine thisalaole of NP-induced ROS as a major mechanism
of toxicity. Purified human CDI4monocytes and CD4T cells were pre-treated with N-acetyl cysteine
(NAC), a well-known ROS quenching agent [30], pti@ZnO NP exposure. Following 24h of ZnO NP
treatment, cell viability was assessed using tremdr Blue cytotoxicity assay. Figure 5 reveals$ thaaM
NAC significantly protects both monocytes and CD4cells against cell death (p = 0.0001 and p #4810
respectively), and implicates ROS formation as gnmaechanism of ZnO NP-induced toxicity in primary
immune cells.

ZnO NP Preferentially Associate with Monocytes Carag to Lymphocytes

Experiments were performed to gain insights in® ttechanisms underlying the greater susceptilafity
monocytes to NP-induced cytotoxicity, by evaluatihg extent to which NPs preferentially associaite w
these cells. FITC-encapsulated ZnO NPs (FITC-Zri)Nvere prepared as previously described by our
group [23], and their fluorescence properties wesed to monitor the extent to which they physicalhg
stably associate with cells. Freshly isolated PBME€re treated with 5 mM FITC-ZnO NP, or left
untreated, and multi-color flow cytometry was usedsimultaneous identify monocytes and lymphocyte
populations present in the PBMC culture, as wethesrelative increase in the FITC-NP signal. Asven

in Table 2, all immune-cell types evaluated showestrong association with NPs, with 78-98% of cells
displaying at least some level of positive FITCoflescence compared to control cells cultured in the
absence of NPs. However, a 9.3-13.7 - fold irsweia the number of NP associating with any given
monocyte compared to individual T or B lymphocyteas observed, as indicated by changes in mean
fluorescence intensity (MFI) values. These resd#monstrate that ZnO NPs preferentially associdte w
monocytes (MFI: 131.2), compared to lymphocyte syiyations (MFI: 9.84 for CD3T cells, MFI: 14.1

for CD4' T cells and MFI: 9.61 for B cells). The greatef Bssociation with monocytes may arise through
either extracellular membrane-NP interactions tragellular NP uptake, as we have previously regubrt
the ability of these same FITC-encapsulated NRAstotracellularly localized in the human Jurkatdll

line using confocal microscopy [23].

Effect of ZnO NP Size on Cytotoxicity and ROS Rection

To evaluate the relationship between ZnO NP sizkigntoxic potential, three different sizes of ZhNPs
(4nm, 13nm, and 20nm) were concurrently evaluatsidguprimary human CD4T cells as a model
system. Experiments shown in Figure 6A were peréatrasing a NP concentration of 5 mM, given the
observed IG, value for T cells observed above. These expetisngamonstrate that significantly greater
cytotoxicity was observed with 4-nm NPs (80.@%92.0%), compared to either 13-nm or 20-nm sized NPs
(p=0.04 and p=0.01, respectively). In additionngigantly more cytotoxicity (p=0.05) was observmxt

13 nm NPs (70.1% 8.0%), compared to 20-nm NPs (44.896.8%). To further verify that cytotoxicity
increases with decreasing NP size, experiments werformed over a range of NP concentrations. As
shown in Figure 6B, significantly greater toxicityas observed using 4-nm NPs compared to 20-nm NP at
all concentrations tested (p = 0.03 at 1 mM, pG9o01 at 5 mM and p = 0.01 at 10 mM NP concentration
In this paper, we have focused on the size-depeedeytotoxicity of NPs. However, as shown in thseit

to Figure 2, the aspect ratio of NPs increases swiith. Therefore, the role of shape morphologyNén
cytotoxic response will be the subject of futureeistigations.

To further evaluate the mechanism of nanotoxictydies were performed to investigate the relakigns
between size dependence and ZnO NP-induced RO$&giimad using PBMC cell cultures. Following a 3h
treatment with different-sized ZnO NPs (4-nm, 13-ana 20-nm), a size-dependent induction of ROS was
observed at both NP concentrations, with 4-nm siX&$ consistently inducing higher levels of ROS
compared to 13-nm or 20-nm sized NPs (Figure ®)5 AM NP concentrations, significantly higher lksve

of ROS were observed for 4-nm and 13-nm NPs cordpre0-nm NPs~4-fold relative increase (p =
0.005) and-3-fold increase (p = 0.01), respectively). Simifad0 mM NP treatment resulted in significant
differences in ROS production between all sizeblBfwith a 3.2-fold greater induction of ROS obsdrve
between 4-nm and 20-nm NPs (p= 0.001), and a 1d9riorease observed between 13-nm and 20-nm NPs
(p = 0.0021). This findings indicate that the gatien of ROS is dependent on NP size.
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The increased nanotoxicity with decreasing NP sizag be due in part to, the larger surface areamelu
ratio of smaller NPs which provides them with aagee area to associate with cellular membranes and
proteins, as well as greater surface reactivityaddition, ZnO particles prepared in a nonaqueoedium
may have oxygen deficient/zinc rich surface chemeist[10] that exhibit strong electrostatic intdias

with the negatively charged cell membrane [31,3%th smaller particles predicted to have a greater
positive surface charge to volume ratio. Thus, greditial cell membrane-NP association would be
expected for smaller NP, leading to potentiallyagee intracellular uptake.

Following initial NP-cell electrostatic interactisnmechanisms of toxicity likely proceed via thenfiation

of highly reactive oxygen species, such as hydrogemoxide, hydroxyl radical, and superoxide anion
[2,16]. The ability of smaller-sized ZnO NPs to prate greater levels of ROS may occur because as ZnO
NP size decreases, so does the nanocrystal quatitigh results in increased interstitial zinc icersd
oxygen vacancies [33]. These crystal defects teaal large number of electron-hole pairs- (&) which

are typically activated by both UV and visible lighHowever, for nanoscale ZnO, large numbers of
valence band holes and/or conduction band elecamthought to be available to serve in redoxtieas
even in the absence of UV irradiation [17] . ThdeBocan split water molecules derived from the ZnO
suspension into Hand OH. The resulting electrons react with dissolved @tygnolecules to generate
superoxide radical anion$Q,), which in turn react with Hto generate (H®) radicals. These HO
molecules can then produce hydrogen peroxide an{bi®%) following a subsequent encounter with
electrons. Hydrogen peroxide anions can then re@btt hydrogen ions to produce hydrogen peroxide
(H20,) [7,34].

ZnO +hv— ZnO+é+h ; h +HO — ‘OH+H
€+0, >°0; ; 'O, +H' - HO, ; HO," + H + € » H,0,

All of the various ROS molecules produced in thishion can trigger redox-cycling cascades in thieae

on adjacent cell membranes. This can then leath@¢odepletion of endogenous cellular reserves of
antioxidants such that irreparable oxidative damaamurs to cellular biomolecules and eventuallyitss

in cell death.

ZnO NP Induce Pro-Inflammatory Cytokine Production in Primary Human Immune Cells

An important task of nanobiotechnology is to untierd the effect these nanomaterials have to malulat
expression of cytokines, which are soluble biolabjrotein messengers that regulate the immunersyst
Published studies have demonstrated the abilitgeofain nanomaterials to induce cytokine produgtion
although this appears heavily dependent on a vagiefactors, including material composition, sized
method of delivery [35,36]. Much remains to berteal, however, regarding the pro-inflammatory
potential of ZnO NPs. To address this gap in kndgde studies werperformed to evaluate the ability of
ZnO NPs to modulate IFM, TNF-a and IL-12 cytokine production in primary human inmeucells.
These particular cytokines were chosen because thpyesent critical pathways involved in the
inflammatory response and differentiation processesshly isolated PBMC were treated with varying
concentrations of 8-nm ZnO NPs for 38h, and celéfupernatants were used to quantitatkine levels
using an ELISA. For IL-12 production, cell samplesre first pre-treated with IFN-(1000 U/mL)before
addition of NPs to provide a priming signal for 12-[37]. Results demonstrate significant dose-déeen
increases in IFNy and TNFa at all NP concentrations tested (0.05 mM, 0.1 mi &2 mM) (Figure 8).
ZnO NPs had no effect on IL-12 production in unmthtontrol cultures, but pretreatment with low leve
IFN-y prior to NP exposure resulted in appreciable ansahtL-12 in a concentration-dependent manner.
The inability of ZnO NPs to induce IL-12 in restioglls was not altogether unexpected, as expresdion
this cytokine typically occurs in cells that hawestf received a priming signal, such as tFN which is
locally produced by other cells participating iretimmune response [37]. These results suggestathat
synergistic relationship between ZnO NPs and-{Fiay occur inin vivo settings employing ZnO NPs,
and demonstrate that ZnO NPs are capable of induatiteast some key components of inflammation.
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The ability of ZnO NPs to induce proinflammatorytakine expression in human primary immune cells is
consistent with the recognized relationship betwesidative stress and inflammation, which is pélstia
mediated by induction of the NEB transcription factor [38]. To date, only limitstudies have evaluated
the effects of ZnO NPs on cytokine production, amast of these studies have been conducted in non-
hematological cell types or in immortalized celhds which frequently display alterations in signal
transduction pathways, leading to unpredictablengba in protein expression. In one report, ZnO NPs
were shown to increase IL-8 and MCP-1 cytokine mR&ipression in human aortic endothelial cells,
although no information was provided regarding gnin corresponding protein levels [39]. In tvibes
studies conducted in immortalized rodent lung egtisth cells, alveolar macrophage cell lines anangry
aleveolar macrophages, ZnO NPs fail to induce -BN\# concentrations exceeding those used in thig/stud
[36,40]. In addition, no changes in other cytokireesd chemokines including IL-6, G-CSF, MIP-2,
CXCL10, and CCL2 were detected. The ability of ZN®s to induce high levels of TNkin our studies
may be due to differing responses observed betwe#npopulations studied (i.e., PBMC vs. alveolar
macrophages), or reflect the longer NP treatmepbsure period (i.e., 38h vs. 24h). Although, te iiest

of our knowledge, no published studies have dematest the ability of ZnO NPs to induce ThFor IL-6
production in purified primary cell cultures or faxicological evaluations, it is interesting to edhat
inhalation of ultrafine ZnO particles in occupatibsettings can increase the expression of thas&ings,
which is symptomatically recognized as metal fumeef in welders (e.g., fatigue, fever, chills, ngyas,
cough, and leukocytosis) [16].

The ability of ZnO NPs to induce IL-12, IFN-and TNFe at NP concentrations below those causing
appreciable cytotoxicity indicates immunomodulataffects that may function to bias the immune
response towards Thl-mediated immunity. It is tlgoldne profile that directs the development and
differentiation of T helper cells into the two difent subsets, called type 1 (Th1) and type 2 (T4R}2].
Thl cells are recognized to play an essential iroleromoting innate and cell-mediated immunity, Mhi
Th2 cells promote antibody-based humoral respojddds Relevant to our findings, IL-12 and IFNslay
critical roles in Th1l development, and help setauperpetuating loop whereby more Thl development is
favored, Th2 development is suppressed, and threooytity activity of both NK cells and T cytotoxic
cells against cancerous cells, virally infectedsgar intracellular pathogens is enhanced [42husl our
findings indicate that careful titration of ZnO MRased therapeutic interventions may be successful i
elevating a group of cytokines important for eimit a Th1l-mediated immune response with effective a
cancer actions. These results, combined with oevipus observations demonstrating that immortelize
hematopoietic cancer cells are preferentially Hille33-fold) by ZnO NPs compared to normal cells of
identical lineage [13], suggest that ZnO NPs maxcfion via a two-fold mechanism to eliminate cancer
cells by direct and preferential cytotoxic actioand by enhancing the type of immunity most effectit
eliciting anin vivo anti-cancer response.

The ability of ZnO NPs to induce TNé-may also help promote Thl differentiation [41,43] well as
functioning as a regulator of acute inflammatiod][4Notably, this cytokine received its name basedts
potentin vitro andin vivo anti-tumor activity. However, high level and/orehic exposure to TNk-has
been shown to produce serious detrimental effentdhe host, including septic shock or symptoms
associatedvith autoimmune disease [44]. Our results demotessmnificant dose-dependent increases in
TNF-a over a somewhat narrow range of ZnO dhicentrations. The magnitude of TNRaduction,as
well as other pro-inflammatory cytokines, and tHewal-regional delivery to tumor sites or othesided
areas, will undoubtedly be important parametersnmbensidering ZnO NP for biomedical purposes to
achieve the desired therapeutic response withatitimj potential systemic damaging effects froregh
cytokines.

Conclusions

Results from these studies demonstrate that ZnOilNRge toxicity in a cell-type specific mannerttiga
dependent on the degree of NP-cellular membraneciasi®n, phagocytic ability, and inherent cellular
capacities for ROS production. Monocytic cellspthyed the greatest susceptibility and intracell @ ®S
production following NP exposure, followed by NKllse followed by lymphocytes, which displayed the
most resistance. Studies employing ROS quenchgpcate ROS formation as a major mechanism of
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ZnO NP-induced toxicity, and demonstrate that theegation of ROS and the cytotoxic profile occurai

NP size-dependent manner, with smaller NPs dispiayhe greatest effect. The variable responses of
immune cells described in this study underscorentfexl for carefuin vitro evaluation across a spectrum
of relevant cell types, followed by appropriatevivo studies to provide useful and potentially prediti
screening data regarding the relative toxicity @8eof metal-oxide NPs. These factors are alsaitapt
considerations for the potential incorporation ofQZ NPs into novel nanotechnology-based biological
applications.

Our results demonstrating that ZnO NPs can indoeekpression of immunoregulatory cytokines is also
relevant consideration for potential use in biorneapplications, as many current treatments fandmu
disease function by manipulating and controllinghponents of the immune response [45]. To the dfest
our knowledge, our results appear to be the fostidcument the ability of ZnO NPs to increase the
expression of IFNs TNF-a, and IL-12 in primary immune human cells, and & &bncentrations below
those causing appreciable cell death. These fisdswggest that ZnO NPs, when used at appropriate
concentrations, could directly enhance tumor célihlg through the production of TNE; and could also
facilitate effective anti-cancer actions by eliegfia cytokine profile crucial for directing the edspment

of Thl-mediated immunity. Th& vivo therapeutic window for ZnO NP to increase proimftaatory
cytokines indicates that parameters controlling 2% toxicity, such as particle size, concentratiamgl
biodistribution will need to be carefully contrallevhen considering metal-oxide NPs for use in lgjmal
applications, especially given the recognized i@tship of chronic inflammatory processes and
tumorigenesisFuture studies are needed to investigate the eftdcZnO NPs on additional cytokines and
inflammatory mediators, as well as mechanisms otBlRilar uptake and ROS formation.

Figure Legends

Figure 1. TEM images of ZnO nanoparticle samples made ugieghlydrolysis molar ratio (water:zinc
acetate) of 2.4 (panel a), 6.1 (panel b), 12.2dpbey and 24.4 (panel d). Panel (e) shows thezspaonding
size distribution of the samples shown in panet arq), panel b (8 nm), panel ¢ (13 nm) and pan@iod
nm). Panel (e) shows a histogram obtained from Tdakh demonstrating particle size distribution.

Figure 2. X-ray diffraction6-20 scans of powder samples of various sizes of Zn@particles recorded

in air at room temperature. The x-ray source wgasl Cu K with an effective wavelength= 1.5418 A.
The peak widths are inversely related to the chystaizes according to the Scherrer relation bding the
XRD patterns to demonstrate the change in paicke. The stick pattern from reference data fortxzite
ZnO is shown along the-axis (represented by the solid squares) and fotlgxes the experimental data.
The inset shows the relationship between averaggtatlite size ) and average aspect ratidR) of
several samples, prepared using the synthesis thetihployed in this work, as determined by XRD. AR
was calculated from the widths of the (100) and®j0ORD peaks, and excludes data for 4 nm samples du
to the amount of peak overlap.

Figure 3. Differential cytotoxic effects of ZnO NPs on humiammune cell subset#) PBMC were treated
with varying concentrations of 8-nm ZnO NPs for 24td viability of CD3 T cells, CD4 T cells, B cells,
NK cells, and monocytes present in same PBMC a#dtaletermined by monitoring PI uptake using flow
cytometry. Data from three independent experimentwesented with error bars depicting standardrerr
(s.e.). Asterisks denote statistically significgp0.05) differences between CD3 cells, B cells, NK
cells and monocytes at indicated NP concentraisndetermined using a repeated measures ANOR)A.
ZnO NP toxicity on purified human primary monocyteRurified human peripheral blood CD14
monocytes were treated with varying concentratiohgnO NPs (0.0625 -1 mM) and viability assessed
using the Alamar Blue cytotoxicity assay with erbars representing s.e., (h=4). Thgyl®as determined
using non-linear regression analysis.

Figure 4. Differential ZnO NP cytotoxicity between naive amgmory T cells. Human peripheral blood

PBMC were left untreated or treated with 10 mM ZNBs (8-nm) for 22-24h and viability determined by
monitoring PI uptake using flow cytometry. T cellsre defined as CD3naive T cells as
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CD3",CD45RA, and memory T cells as CQB8D45R0 . Data from three independent experiments is
presented and error bars depict s.e. Asterisksteestatistically significant differences (p<0.0%tlween
NP treatment groups using as a one-way repeatesumgEsaANOVA.

Figure 5. Quenching of ROS rescues T cells and monocytes #0O NP-induced cytotoxicity. Purified
peripheral blood CDI4monocytes ¥ 96%purity) and CD4T cells & 95% purity) were pretreated for 4-6
hr with 5 mM N-acetyl cysteine (NAC) or vehicle ¢mi and then subsequently cultured with 8-nm sized
ZnO NPs, or left untreated for 24 hr. Viability wassessed using the Alamar Blue cytotoxicity asady.
Purified monocytes treated with 0.125 mM ZnO NPS mM NAC, n=3.B) Isolated CDAT cells treated
with 5 mM ZnO NPst 5 mM NAC, n=3. Asterisks denote statisticallyrsfggant differences (p<0.05) as
analyzed using a 2-way ANOVA and error bars depiet

Figure 6. Effect of NP size on cytotoxicityA) Purified human CD4T cells (>97% purity) were left
untreated or incubated with different sizes (4,a8 20 nm) of ZnO NPat a final concentration of 5 mM.
Following culture for 22-24 hr, viability was deteined using Pl uptake and flow cytometry, n8).
Cytotoxicity studies in purified human CDZ cells were performed using varying concentrati¢h-10
mM) of 4-nm and 20-nm sized ZnO NPs, n=4. Ebars depict s.e. and asterisks indicate statiktical
significant differences (p<0.05) as determineddgpeated measures ANOVA.

Figure 7. Effects of NP size on ROS production in periphbltaod immune cells. Primary human PBMC
were treated with two different concentrations af¥NPs (5 mM and 10 mM) for 3h and ROS production
evaluated using a fluorescent microplate readeta fram a representative experiment is shown () = 3
with error bars depicting s.e. Data was analyzgdgua 2-way ANOVA and asterisks denote statistical
significance as defined by p<0.05.

Figure 8. ZnO NPs increase pro-inflammatory cytokine prodarctin primary human peripheral blood
cells. PBMC were left untreated or treated withyuag concentrations of 8-nm ZnO NPs, both alone or
with the addition of exogenous IFNEL1000 U/mL),for 38h. Cytokine production was ewd by ELISA
and data analyzed using a 2-way ANOVA. Error kdepicting s.e., n=3. Astericks denote statistically
significant differences as defined as p<0.05.

Table 1. Freshly isolated PBMC were treated with 1mM and & of 8-nm sized ZnO NPs and ROS
production measured using the oxidation sensiti@g-B-DA probe. Following NP treatment for 6h or
20h, cells were loaded with DCFH-DA and flow cytdmeused to simultaneously evaluate ROS
production and distinguish T cells and monocytesent in PBMC cultures by staining with fluorestent

labeled CD3 and CD14 antibodies. Values indicagepttrcentage of ROS producing cells.e., n=3.

Table 2. Freshly isolated PBMC were left untreated or exgdase5 mM FITC-encapsulated ZnO NPs for
15h. The cell mixture was then stained with fluceegly labeled CD3, CD4, CD19, CD14 antibodies to
identify subsets, washed to remoggcess antibody and unbound NPs, and the levelRPofadkociation
determined based on FITC fluorescent signal usmg €ytometry. Data was obtained by gating on 10,00
events, n=3.
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