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Abstract: The accumulation of durable nanoparticles (NPs) in macrophages following systemic 

administration is well described. The ultimate biological impact of this accumulation on mac-

rophage function, however, is not fully understood. In this study, nontoxic doses of two durable 

NPs, SiO
2
 and Au, at particle sizes of ~10 nm and 300 nm were used to evaluate the effect of 

bioaccumulation on macrophage function in vitro using RAW 264.7 mouse macrophage-like cells 

as a model system. Cell proliferation, cell cycle, cytokine production, surface marker activation, 

and phagocytosis responses were evaluated through a panel of assays using flow cytometry and 

confocal microscopy. The most dramatic change in RAW 264.7 cell function was a reduction in 

phagocytosis as monitored by the uptake of Escherichia coli. Cells exposed to both 10 nm Au 

NPs and 10 nm SiO
2
 NPs showed ~50% decrease in phagocytosis, while the larger NPs caused a 

less dramatic reduction. In addition to modifying phagocytosis profiles, 10 nm SiO
2
 NPs caused 

changes in proliferation, cell cycle, and cell morphology. Au NPs had no effect on cell cycle, 

cytokine production, or surface markers and caused interference in phagocytosis in the form of 

quenching when the assay was performed via flow cytometry. Confocal microscopy analysis 

was used to minimize this interference and demonstrated that both sizes of Au NPs decreased 

the phagocytosis of E. coli. Overall, our results demonstrate that Au and SiO
2
 NP uptake by 

macrophages can influence macrophage phagocytosis in vitro without altering surface markers 

and cytokine production in vitro. While the biological impact of these findings remains unclear, 

our results indicate that bioaccumulation of durable NPs within the macrophages may lead to 

a suppression of bacterial uptake and possibly impair bactericidal activity.

Keywords: bioaccumulation, phagocytosis, gold nanoparticles, silica nanoparticles, macrophage 

function

Introduction
The use of nanotechnology is continuing to expand within the pharmaceutical industry, 

where some drug products containing nanomaterials are already approved and marketed 

in the USA. In addition to the already marketed drugs, novel drug products containing 

nanomaterials are undergoing development at an increasing pace.1–5

Although the “first-generation” drug products containing nanomaterials typically 

were reformulations of poorly water-soluble drugs either as nanomilled crystals or via 

liposome formulations, new formulations may also contain specifically designed durable  

(ie, nondegradable) nanoparticles (NPs) used for delivery or imaging.1,6,7 Durable NPs 

do not immediately dissolve into their molecular entities upon administration (in direct 

contrast to drug nanocrystals), or degrade through normal biodegradation mechanisms 

within the body (eg, liposomes). Rather, these NPs remain in the intact particulate 

state during administration, distribution, and accumulation.
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Multiple in vivo studies have shown that durable NPs 

accumulate in organs of the mononuclear phagocytic system 

(MPS). In particular, macrophages such as Kupffer cells in 

the liver and marginal zone macrophages in the spleen show 

high particle accumulation, as would be expected for these 

cells.8 Liver and spleen macrophage localization seems to be 

independent of size, mode of administration, species tested, 

surface coating, NP core, single or multiple doses, or deliv-

ered drug.9–11 If the particles are not eliminated, then bioac-

cumulation and exposure may span years. Although standard 

toxicity testing will capture overt toxicity of this NP bioac-

cumulation, secondary effects (such as increased secondary 

infections and decreased ability for the body to respond to 

a challenge) may be overlooked or be acutely undetectable 

without challenge. Therefore, this study evaluated the impact 

on cellular function of durable NPs at nontoxic doses in an 

in vitro model.

While there is a large amount of data regarding NPs 

accumulation, distribution, metabolism, excretion, and toxic-

ity, there are few data regarding NPs impact on macrophage 

function. Macrophages, among other threat clearance duties, 

constitute the first line of defense against microorganism 

invasion. Macrophages recognize, phagocytose, and syn-

thesize mediators to fight infections and modulate immune 

responses. Once macrophages recognize a pathogen (eg, 

bacteria), they synthesize pro-inflammatory mediators and 

produce reactive oxygen and nitrogen intermediates required 

for bacterial killing. Macrophages have been used exten-

sively both in vitro and ex vivo in phagocytosis and bacterial 

killing assays.12–14 There have been some studies that have 

indicated that NPs may have immunomodulatory properties. 

Aluminum NPs have been shown to impair phagocytosis 

and alter immune responses in alveolar cocultures; inhaled 

carbon NPs have been implicated in decreased bacterial clear-

ance; mice that inhaled carbon nanotubes showed systemic 

suppression of immune function through activation of the 

cyclooxygenase pathway; systemic administration of durable 

carbon NPs (a fullerene derivative) led to enhanced tumor 

growth via immunosuppressive effects that were also seen 

with titanium dioxide NPs.15–19 The bio-persistence of NPs in 

macrophages of the MPS without accompanying macrophage 

functional studies raises questions regarding the effects of 

NPs-containing drugs.

In the standard battery of preclinical testing of drugs, 

immunotoxicity testing generally follows the ICH S8 Guid-

ance for Industry, which notes “if the compound and/or its 

metabolites are retained at high concentrations in cells of the 

immune system, additional immunotoxicity testing should 

be considered.”20 This consideration would be triggered for 

the majority of durable NPs. ICH S8 specifies that in these 

cases, additional testing should be completed; which tests 

would be most appropriate, however, is neither standard-

ized nor well defined.20 In an effort to delineate what types 

of testing would most benefit the understanding of durable 

NPs on macrophages, a series of functional assays were 

evaluated.

In order to evaluate the effect of NPs on macrophage 

function in vitro, RAW 264.7 cells were exposed to nontoxic 

doses of SiO
2
 NPs (~10 nm and 300 nm) or Au NPs (~10 nm 

and 300 nm) and their viability, proliferation, phagocytosis, 

cytokine production, and surface activation markers were eval-

uated. Results indicate that the phagocytosis of macrophages 

may be significantly impacted by pre-exposure to NPs.

Methods
Reagents
RAW 264.7 cells and Dulbecco’s Modified Eagle’s Medium 

culture media were purchased from American Type Culture 

Collection (ATCC); fetal bovine serum (FBS), penicillin/

streptomycin, phosphate-buffered saline (PBS), propidium 

iodide (PI), calcein AM, 4′,6-diamidino-2-phenylindole 

(DAPI), SYTO® Green, Fluorescein isothiocyanate (FITC)-

Escherichia coli, and the opsonization reagent were purchased 

from Invitrogen. SiO
2
 NPs (10 nm; Ludox, SM-30 colloidal 

silica, hydroxyl surface with Na+ stabilizing counterion) 

were purchased from Sigma Aldrich. Bacterial lipopolysac-

charide (LPS) was purchased from Sigma Aldrich, stored at 

-20°C, and reconstituted as per vendor recommendations. 

SiO
2
 NPs (300 nm, hydroxyl surface) were purchased from 

Polysciences and citrate-coated Au NPs (10 nm and 300 nm) 

from SPI Supplies. 7-Aminoactinomycin D (7AAD), APC 

BrdU kit, streptavidin-APC-Cy7 antibody, and the antibod-

ies against surface activator markers (CD80-PercP Cy5.5; 

CD86-Pe-Cy7) were purchased from BD Pharmingen. 

Tumor necrosis factor (TNF)-α, interleukin (IL)-6, and 

IL-10 enzyme-linked immunosorbent assay (ELISA) kit 

were purchased from eBioscience.

NPs characterization
Size, particle stability, and zeta potential of NPs were per-

formed as previously described.21 Briefly, SiO
2
 NPs (10 nm) 

were sterilized by filtration (using a 0.1 µm Millex filter unit); 

Au NPs (10 nm) were concentrated and filtered as previously 

described;22 SiO
2
 NPs (300 nm) were used as provided by the 

vendor. Au NPs (300 nm) were concentrated by centrifuging 

at 500× g for 2 minutes and removing the supernatant liquid.  
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The weight concentration in grams per liter for each lot of 

NP solutions was determined by thermal gravimetric analysis 

(TGA). For transmission electron microscopy (TEM) analy-

sis, an aliquot of NPs was air dried on a holey carbon-coated 

copper grid (Quantifoil; Electon Mircroscopy Sciences, PA, 

USA) and analyzed on a JEOL 1400 TEM at 80 kV. At least 

five fields of view were imaged and between 25 and 63 NPs 

were measured for size analysis. Dynamic light scattering 

(DLS) and zeta potential of NPs were determined by diluting 

NPs in water or media at a final concentration of 0.5–40 g/L. 

Lack of endotoxin contamination was confirmed by limulus 

amebocyte lysate gel clot formation assay.

RAW 264.7 cell culture conditions
RAW 264.7 cells were purchased from American Type Cul-

ture Collection (ATCC® TIB-71™), propagated, and aliquots 

stored in liquid nitrogen. Cells were maintained as adherent 

cell cultures and passaged 3–25 times, after which a new 

frozen aliquot was used. Unless otherwise specified, NPs and 

LPS treatments were performed on RAW 264.7 cell cultures 

in cell suspensions. Cells were scraped off the culture flasks, 

counted, and plated in suspension at 105 cells/mL in 60 mm 

Petri plates containing Teflon® liners (Welch Fluorocarbon 

Inc). The cell density of 105 cells/mL was determined based 

on adherent cell culture conditions and titration studies. Cul-

ture plates were maintained at 37°C (5% CO
2
) with constant 

rotation (50 rpm). RAW 264.7 cells in suspension showed a 

heterogeneous population: some formed agglomerates, while 

others settled or were lightly attached to the Teflon liners. 

At the end of the culture time, cells were gently scraped off 

with a cell scraper and thoroughly resuspended to single cell 

suspension via pipetting.

Viability assays (PI and calcein AM)
RAW 264.7 cells exposed to increasing concentrations 

of NPs or LPS were harvested, washed, and stained with 

PI (0.05  μg/mL; 15  minutes, room temperature [RT]) or 

calcein AM (50 nM; 30 minutes, RT). NP concentrations 

ranged from 0.001  g/L to 1.0  g/L in cell culture media. 

Cells were thoroughly washed and analyzed on a FacsAria 

III using DIVA software. Viability is expressed as percent-

age of treated cells versus untreated cells. In order to detect 

possible interference of NPs with the assay, control cells 

were stained with PI or calcein AM in the presence of NPs 

simultaneously and the mean fluorescence intensity (MFI) 

arising from the macrophages co-incubated with dye and 

NPs was determined versus the stained, untreated control 

cells (ie, a spiked control). Acetaminophen was used as 

a positive control at a concentration of 25 mM. Experiments 

were repeated at least twice for an N=6.

Transmission electron microscopy
RAW 264.7 cells were grown in 12-well plates containing 

culture inserts (transwell inserts; 0.3×104  cells/insert) for 

2 days, after which cells were exposed to NPs (0.005 g/L or 

0.01 g/L) for 24 hours. Cells were washed with PBS, fixed 

overnight with 2% glutaraldehyde in 0.1 M cacodylate buf-

fer, and rinsed with 0.1 M cacodylate buffer for 24 hours. 

Inserts containing the adherent cells were sectioned into 

1  mm2 pieces, after which the sections were dehydrated 

with a graded alcohol series, embedded in epoxy resin, and 

processed as previously described by Keene et al.23 Thin sec-

tions (90 nm) were placed onto copper grids and examined 

unstained on a JEOL 1400 TEM. Elemental analysis via 

energy dispersive X-ray analysis (EDS) was conducted in 

scanning transmission electron mode with an Oxford Instru-

ments X-max detector.

Coulter counter measurements
RAW 264.7 cell number was determined using a BD Coulter 

counter (100 μm nozzle); cells with sizes between 6 μm and 

30 μm were counted to avoid counting cell debris, high-order 

NP aggregates, and cell clusters.

Cell cycle assay
RAW 264.7 cells exposed to NPs or LPS for variable 

times were washed, counted, and plated in fresh media at 

105 cells/mL. Cells were pulsed with BrdU (10 μM) for 

4 hours, after which cells were processed as recommended 

by the vendor. Briefly, cells were fixed, permeabilized, and 

stained with APC-conjugated anti-BrdU antibody. Cell 

cycle status was determined by analyzing BrdU signal 

versus 7AAD or SYTO® Green (for Au NPs-treated cells) 

staining using DIVA software. Cell cycle status is expressed 

as cell percentage. In order to detect possible interference 

of NPs with the assay, control cells were exposed to BrdU 

and NPs simultaneously and their MFI compared to control 

cells only exposed to BrdU (ie, a spiked control).

ELISAs for cytokine detection
RAW 264.7 cells exposed to SiO

2
 NPs were harvested and 

supernatants collected and kept at -80°C. Supernatants 

harvested from control and LPS-treated cells were assayed. 

ELISA for TNF-α, IL-6, and IL-10 was performed as rec-

ommended by the vendor (eBioscience). Briefly, plates were 

coated with TNF-α, IL-6, or IL-10 coating antibody, blocked, 
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and washed with washing buffer. Samples and standard curve 

samples were transferred to ELISA plates, incubated over-

night at 4°C, washed, and exposed to capture and detection 

antibodies at RT (1 hour each). Cytokine levels were detected 

using a TMB (3,3’,5,5’-Tetramethylbenzidine) substrate 

and the reaction was stopped with 2 N H
2
SO

4
. Plates were 

read on a plate reader (A450 nm). In each experiment, blank 

samples and standard controls (seven standard controls with 

concentration between 1,000 pg/mL and 15.62 pg/mL) were 

used to determine the level of cytokines. In order to detect 

possible NPs interference with the assay, blank samples and 

standard dilutions were “spiked” with NPs (0.005  g/L or 

0.01 g/L) and their absorbance measured.

Phagocytosis
RAW 264.7 cells exposed to NPs or LPS for variable times 

(between 3 hours and 48 hours) were washed, counted, and 

plated in fresh media at 105 cells/mL. FITC-E. coli biopar-

ticles (Invitrogen) were opsonized at 37°C for 1 hour with 

opsonizing agent (Invitrogen) as recommended by vendor. 

Opsonized bioparticles were added to cells at a 1:5 ratio 

(cell to bacteria). Bacteria–RAW 264.7 cell mixture was 

incubated at 37°C for 30  minutes with constant rotation 

(50 rpm). Cells were gently scraped off the tissue culture 

plate, washed twice with PBS, and resuspended in PBS 

+2% FBS containing 0.01% Trypan blue (to quench FITC- 

E. coli attached to cells). Cells were immediately analyzed 

on FacsAria III using DIVA software. Results are expressed 

as fold change in MFI versus untreated cells in order to 

compare results across treatment groups. In order to detect 

possible interference of NPs with the assay, control cells 

were exposed to FITC-E. coli in the presence of NPs and 

MFI of the macrophages was determined versus the MFI of 

cells only exposed to FITC-E. coli.

Confocal microscopy
Intracellular uptake of FITC-E. coli bioparticles was confirmed 

by confocal microscopy. Following phagocytosis, RAW 264.7 

cells were washed in PBS twice, resuspended in PBS +5% 

FBS, and 0.2×105 cells were cytospun on glass slides. Mount-

ing media containing DAPI was added and the cells covered 

with cover slips. Cells were analyzed on Olympus using 

FV100 software (Olympus). DAPI was detected in channel 

1 (excitation: 405  nm/emission: 461  nm; photomultiplier 

tube (PMT): 620 V); FITC in channel 2 (excitation: 488 nm/

emission 519 nm; PMT: 567 V); and light field was acquired 

in channel 3 (excitation 515 nm/emission 0 nm; PMT: 190 V).  

A series of zeta images were acquired using progressive 

slices of 0.1 μm.

Post-image analysis was performed using ImageJ to deter-

mine the percentage of cells that were able to phagocytose 

the bacteria. Five images were captured per slide and all cells 

in the field of view were analyzed (~400 cells/image). For 

these experiments, the confocal aperture was increased, and 

z stacks were not performed. To determine the percentage of 

cells that phagocytosed bioparticles, an overlay of the FITC 

channel (E. coli) and the whole cell was created in ImageJ. 

Cells exhibiting colocalization of the DAPI and FITC chan-

nels (indicates cells that phagocytosed bacteria) were counted 

using the “point” tool and the “region of interest” manager 

in ImageJ, and divided by the total number of cells in the 

image. In order to detect possible interference of NPs with 

the microscopy assay, control cells were co-incubated with 

the E. coli and NPs.

Surface markers
Treated or control RAW 264.7 cells were harvested, 

washed in PBS, and stained with antibodies against CD80 

(0.4  μg/106  cells), CD86 (0.4  μg/106  cells), and CD40 

(0.4 μg/106 cells) for 20 minutes at RT (antibody concentra-

tion was chosen based on a titration experiment). Follow-

ing the cell washes, the streptavidin-conjugated APC-Cy7 

secondary antibody was added to the cells (0.2 μg/106 cells) 

for 15 minutes at RT. Cells were washed and analyzed on 

FacsAria III using DIVA software. The concentration of 

antibodies used for surface staining was determined based 

on titration experiments using LPS-treated RAW 264.7 cells. 

Unstained, single-color controls and Fluorescence Minus 

One were used as compensation controls and controls, 

respectively. In order to detect possible interference of NPs 

with the assay, control cells were stained with antibodies 

against surface markers in the presence of NPs and the MFI 

arising from the treated macrophages was determined versus 

the control cells.

Animals
All experimental procedures were approved by the White Oak 

Institutional Animal Care and Use Committee and carried 

out in the White Oak Animal Facility of the US Food and 

Drug Administration (FDA) (Silver Spring, MD, USA) in 

accordance with the Guide for the Care and Use of Laboratory 

Animals.24 Female Balb/C mice were 8–10 weeks old and 

housed in groups under standard environmental conditions 

with free access to water and rodent chow.
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Bone marrow-derived primary 
macrophage phagocytosis
Balb/C mice between 8 weeks and 10 weeks of age were 

used to harvest primary cells from bone marrow. Naïve 

mice were euthanized via exsanguination under isoflurane. 

Posterior legs were harvested; fur and some of the muscle 

tissues were removed after which legs were transferred 

into 50 mL tubes and kept on ice. Muscle and cartilage 

were scraped off the femur using a sterile blade. Femurs 

were cut open at both ends with sterile scissors and cul-

ture media containing FBS and penicillin/streptomycin 

was flushed through the femur using an insulin syringe 

into a well of six-well plate. The procedure was repeated 

from the other end of the femur. Plates were kept on 

ice packs. The cell suspensions were then mixed thor-

oughly and passed through a filter into a 50 mL conical 

flask. Cells were centrifuged the pellet resuspended in 

1  mL culture media (containing 5  ng/mL macrophage 

colony-stimulating factor) and transferred into three 

wells of a 24-well plate containing sterile cover slips. 

Starting cell density was between 2×106 cells/2 cm2 and 

10×106 cells/2 cm2. Media was changed on days 1, 3, and 

5 and adherent cells were washed which facilitated sus-

pension cell removal. On day 7, adherent cells staining 

CD11b+ were ~80%–90% confluent. Cell density was 

between 400,000 cells/0.1 cm2 and 900,000 cells/0.1 cm2 

as determined by counting the cells on the cover slips. 

Eight days after culture, cells were dosed with 10 nm SiO
2
 

(0.005 g/L and 0.01 g/L) and LPS (50 ng/mL). A set of 

cells was also left untreated for the media control. Cells 

were incubated for 24 hours followed by transfer to new 

dishes. Cover slips were washed with pre-warmed media 

and cells were exposed to FITC-E. coli at 1:5 ratio (one 

cell to five bioparticles). Cells were mounted on glass 

slides with Vectashield and immediately examined using 

the confocal procedure outlined above. When cell density 

was sufficient, cells were also analyzed by flow cytometry 

using the procedure outlined earlier.

Table 1 Summary of NPs characterization in water

NP TEM (d.nm) Z-Ave (d.nm) Intensity mean (d.nm) Zeta potential 
(mV)

Concentration 
(g/L)Peak 1 Peak 2

SiO2 NPs 10 nm 9±1 17.345±2.12 13.28±3.89 68.27±5.5 -26.96±1.17 395–440
Au NPs 10 nm 4.7±0.5 12.26±0.03 13.78±0.08 – -57.50±2.40 4.9–5.8
SiO2 NPs 300 nm 280±13 283.6±7.6 312.7±14.5 – -73.8±1.17 98.4
Au NPs 300 nm 270±28 230.8±2.2 260.1±3.3 – -45.96±1.17 25.2–34.6

Abbreviations: NP, nanoparticle; TEM, transmission electron microscopy; Z-Ave, Z-average.

Statistical analyses
Statistical analyses were performed using two-way analysis 

of variance followed by Bonferroni’s multiple comparison 

tests.

Results
NPs characterization
NPs were characterized for their size, size distribution, 

morphology, physical stability in culture media, zeta 

potential, and endotoxin burden. A summary of NP char-

acteristics is provided in Table 1. Representative TEM 

images and DLS histograms may be found in Figure S1. 

NPs had primarily round morphologies, although Au NPs 

(300 nm) also exhibited triangular, hexagonal, and other 

morphologies. SiO
2
 NPs (10 nm) had small agglomerates 

that were visible in both TEM and DLS analysis. SiO
2
 

NPs (10 nm) formed small agglomerates as shown by the 

intensity-weighted DLS analysis (Table 1; Figure S1A). 

Zeta potentials were between -74 mV (SiO
2
 NPs, 300 nm) 

and -30 mV (SiO
2
 NPs, 10 nm). NPs were opsonized by 

serum proteins and agglomerated over time when exposed 

to cell culture media.21,22 All NPs tested below the detection 

limit for endotoxin (0.25 EU/mL) for the concentrations 

used in this study.

NPs are cytotoxic at high concentration 
(.0.1 g/L)
RAW 264.7 cells were cultured in suspension and exposed 

to increasing concentrations of the various NPs for 

24 hours and 48 hours. Cell viability was determined by 

PI and calcein AM staining coupled with flow cytometry 

assays; PI penetrates the membrane of dead cells, whereas 

calcein AM fluoresces green in live cells. As shown in 

Figure 1, viability is similar in PI and calcein AM data. 

For the NPs used in the current study, concentrations 

between 0.001 g/L and 0.01 g/L are not toxic for RAW 

264.7 cells. For functional studies, NPs at concentrations 

of 0.005 g/L and 0.01 g/L (and 0.1 g/L for Au NP 300 nm) 
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were used, since these concentrations did not show a 

significant decrease in cell viability at 48 hours. In order 

to compare different dosimetry metrics, Table 2 presents 

the dosimetry of the NPs for the mass concentration, NP 

number concentration, total surface area, total volume, and 

molar concentration.

Internalization of NPs in RAW 264.7 cells
As this study was interested in determining macrophage func-

tion after NP accumulation, studies were conducted to verify 

NP incorporation into the cells. Figure 2 shows internalization 

of the NPs into cells after NP administration and was obtained 

via TEM/STEM/EDS and confocal microscopy analysis. 
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Figure 1 Raw 264.7 cell viability after pretreatment with increasing concentrations of NPs.
Notes: (A) Cell viability compared to control as measured by PI. (B) Cell viability as compared to control as measured by calcein AM. Graphs show average and SEM 
(N=6). *P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test comparing treated cells to control cells. APAP 
concentration was equal to 25 mM.
Abbreviations: NPs, nanoparticles; PI, propidium iodide; SEM, standard error of the mean; ANOVA, analysis of variance; APAP, acetaminophen; calcein AM, acetomethoxy 
derivate of calcein; h, hours; ND, not determined.

Table 2 Summary of NP dosimetry

Description SiO2 NP (10 nm) Au NP (10 nm) SiO2 NP (300 nm) Au NP (300 nm)

Concentration used 0.005 g/L 0.01 g/L 0.005 g/L 0.01 g/L 0.005 g/L 0.01 g/L 0.01 g/L 0.1 g/L
Total number of NPs 1.19×1016 2.39×1016 4.9×1014 9.9×1014 1.34×1011 2.68×1011 6.33×1010 6.33×1011

Total surface area (nm2) 1.83×1018 3.67×1018 1.55×1017 3.1×1017 3.77×1016 7.57×1016 1.24×1016 1.24×1017

Total volume (nm3) 2.14×1018 4.29×1018 2.59×1017 5.18×1017 1.88×1018 3.78×1018 5.18×1017 5.18×1018

NP concentration (nM) 19.84 39.69 821.9 1,643.8 0.000221 0.000443 0.000105204 0.001052038

Abbreviation: NP, nanoparticle.
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NPs localized inside the cells as single NPs (indicated by the 

narrow arrows) or agglomerates (indicated by bold arrows). 

Particle composition was confirmed by EDS in either “map-

ping” or “point and shoot” mode. In some cases, 10 nm SiO
2
 

NPs were found in high densities within the cells allowing 

for elemental mapping of Si and O, showing a high density 

of these elements compared to the surrounding area, and the 

absence of the cellular matrix (carbon signal). EDS spectra 

for all of the NPs showed the presence of the NPs (via Si or 

Au signals) as well as a host of other elements, which could 

SiO2 NP (10 nm)

Si O

1 µm 1 µm 1 µm

0
Full scale 1,340 cts cursor: 0.000 keV

2 4 6 8 10 12 14 16 18 20

C

SiO2 NP (300 nm)
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Au NP (10 nm)

A

B

C

D

500 nm

2 µm

1,000 nm

C

O
Cu Cu

Cu

Au

Au
Au Au

Os
Os

Os

Fe
Fe

Fe

Sum spectrum

0 1 2 3 4 5 6 7 8 9
Full scale 438 cts cursor: 0.042 (3,123 cts) keV

O

Cu
Cu

Cu

Cu
AI Si

P

P

Fe

Fe Fe Fe

Spectrum 1

50 µm

Figure 2 Detection of macrophage incorporation of NPs.
Notes: For A, B, and C, the narrow arrow points out individual NPs within the TEM image. (A) SiO2 NPs (10 nm) with corresponding mapping of elemental Si, O, and C, 
indicating the presence of the SiO2 NPs. Scale bar =500 nm. NP agglomerates indicated by bold arrow. (B) Au NPs (10 nm) with corresponding EDS spectrum showing the 
presence of Au. Scale bar =2,000 nm. (C) SiO2 NPs (300 nm) with corresponding EDS spectrum showing the presence of Si. Scale bar =1,000 nm. Note that the TEM images 
are prepared without traditional post-staining. (D) Au NPs (300 nm) with NP incorporation indicated by confocal microscopy for an entire cell monolayer. White arrow 
indicates Au NPs within the cell. Corresponding 3D reconstruction indicates NP incorporation within the cell monolayer (brightness/contrast adjusted 60/50, respectively). 
Scale bar =50 µm. Blue is DAPI-stained nuclei, while red color is reflectance from Au NPs.
Abbreviations: NPs, nanoparticles; EDS, energy dispersive X-ray analysis; TEM, transmission electron microscopy; DAPI, 4′,6-diamidino-2-phenylindole.
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be attributed to the fixing of the tissues (eg, Os, P) or the grid 

and instrument composition (eg, Fe, Cu). Note that the TEM 

images were taken with no post-staining performed on the tis-

sue samples (eg, no staining with uranyl acetate or lead citrate). 

Although these stains do enhance the contrast in the tissues, 

making the subcellular structure more visible, the stains were 

not used in order to reduce background EDS signals. Despite 

the lack of contrast stains, subcellular features are still distin-

guishable in the images (eg, the mitochondria in 2C).

The 10 nm NPs were easily found throughout the cells, 

whereas the 300 nm NPs, with ~105 less NPs (Table 2), were 

far less obvious. In an effort to confirm cellular incorporation, 

zeta stack analysis using confocal microscopy was used to dem-

onstrate incorporation of these larger NPs. Figure 2D shows a 

representative confocal image midway through a cell monolayer 

preexposed to 300 nm Au NPs as well as the 3D reconstruction 

and cross section of the complete z stack. The cell layer may be 

monitored through the nuclear staining (blue), while the NPs 

are monitored through scattering signal (red). By evaluating 

the 3D reconstruction cross section of the cell monolayer, a 

more complete picture of the NP dosing is obtained. The Au 

NPs may be seen adhered to the bottom of the cover slip (due 

to sedimentation of the NPs over time) as well as dispersed 

throughout the cell layer, indicating NP incorporation.

NPs cause decreased proliferation  
in RAW 264.7 cells
Cell number was determined by Coulter counter at different 

time points as shown in Figure 3A–D. Except for Au NPs 

(300  nm; Figure 3D), all cells showed a decrease in cell 

number at 48 hours. NP-treated cells showed approximately 

twofold decrease in total cell number over time compared to 
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Figure 3 RAW 264.7 cells were exposed to NPs for variable time points and the cell number and cell cycle were determined by Coulter counter measurements and flow 
cytometry, respectively.
Notes: There is a significant decrease at 48 hours in cells treated with (A) 10 nm SiO2 NPs, (B) 10 nm Au NPs, and (C) 300 nm SiO2 NPs. (D) Au NPs (300 nm)-treated 
cells do not show changes in cell number. LPS was used as a positive control and LPS treatments caused a decrease in cell number. Cell cycle analysis of NPs-treated 
RAW 264.7 cells was performed on FacsAria III using DIVA software. Significant differences in cell cycle status were detected only in SiO2 NPs (10 nm)-treated cells after  
(E) 24 hours and (F) 48 hours. Graphs (A–F) show mean values with SEM (N=7–12). *P,0.05 is considered statistically significant as determined by two-way ANOVA 
followed by Bonferroni post-test comparing treated cells to control.
Abbreviations: NPs, nanoparticles; LPS, lipopolysaccharide; SEM, standard error of the mean; ANOVA, analysis of variance.
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control cells. LPS-treated cells showed only a slight increase 

in total cell number. Since the decrease in cell number is not 

due to overt cytotoxicity (Figure 1), the cell cycle status of 

NPs-treated RAW 264.7 cells was analyzed. Treated and 

control cells were exposed to NPs for 24 hours and 48 hours 

after which their cell cycles were analyzed by flow cytom-

etry. Figure 3E and F shows that SiO
2
 NPs (10 nm)-treated 

RAW 264.7 cells have a significant increase in G0/G1 (only 

at 24  hours) and a decrease in S phase (at 24  hours and 

48 hours). Cells treated with 0.01 g/L SiO
2
 NPs (10 nm) show 

an increase in apoptotic cells indicating that although there 

was no decrease in cell viability (Figure 1), a subpopulation 

of cells (between 12% and 15%) underwent apoptosis both 

at 24 hours and 48 hours. The decrease in cell number in 

LPS-treated cells is due to an increase in apoptotic cells and a 

decrease in cells in S phase. Representative dot plot analysis 

of the cell cycle may be found in Figure S2. The cell cycle for 

RAW 264.7 cells exposed to either Au NPs 10 nm or SiO
2
 

NPs 300 nm also showed a decrease in cell number. The cell 

cycle profile of these pretreated cells generally followed the 

profile generated by the 10 nm SiO
2
 NPs-treated RAW 264.7 

cells (only the cells treated with 10 nm Au NPs did not show 

a decrease in the S phase), although these changes were not 

statically significant (Figure S2).

SiO2 NPs (10 nm)-treated RAW 264.7 
cells show increased TNF-α production
In order to detect the cytokine production in RAW 264.7 mac-

rophages, cells were first exposed to media or LPS (50 ng/mL 

or 500 ng/mL) for variable time points (3–72 hours). Super-

natants harvested from control and LPS-treated cells were 

assayed for TNF-α, IL-6, and IL-10. The cytokine production 

profile of NPs-treated cells was determined and an increase in 

TNF-α levels was detected only in RAW 264.7 cells exposed 

to 0.01 g/L SiO
2
 NPs (10 nm). However, since this concentra-

tion also determines a significant increase in apoptotic cells 

(Figure 3E and F), it is possible that the increase in TNF-α 

level is due to cell death rather than NPs exposure. A 1.12-

fold and a 1.21-fold decrease (12.5%–17.6%) were detected 

in SiO
2
 NPs (10 nm)-spiked standards in the TNF-α ELISA, 

indicating the possibility for false negatives with this assay 

(Figure 4A). Despite the possible suppression of signal, 
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Figure 4 RAW 264.7 cells were exposed to NPs for variable time points, and supernatants harvested and used for ELISAs.
Notes: (A) SiO2 NPs (10 nm) had a quenching effect on TNF-α. There is an increase in TNF-α production in RAW 264.7 cells exposed to 0.01 g/L SiO2 NPs. Results are 
represented as (B) pg/mL and (C) ng/cell number. Graphs show average and SEM (N=6–11). *P,0.05 is considered statistically significant as determined by two-way ANOVA 
followed by Bonferroni post-test comparing treated cells to control.
Abbreviations: NPs, nanoparticles; ELISA, enzyme-linked immunosorbent assay; TNF, tumor necrosis factor; SEM, standard error of the mean; ANOVA, analysis of 
variance; LPS, lipopolysaccharide.
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SiO
2
 NPs (10 nm) caused a significant increase in TNF-α at 

both concentrations (Figure 4B). Since SiO
2
 NP treatments 

resulted in decreased cell number (Figure 3), TNF-α levels 

were normalized to cell number (as determined via Coulter 

counter). Figure 4B shows that there is a significant increase 

in TNF-α level in RAW 264.7 cells treated with SiO
2
 NPs 

(0.01 g/L) at 24 hours, after which the level decreases. When 

TNF-α levels are expressed as ng/cell, there is no significant 

increase in the cells treated with 0.005 g/L SiO
2
 NPs.

There was no change in TNF-α, IL-6, or IL-10 levels in 

RAW 264.7 cells treated with Au NPs (10 nm and 300 nm) 

and SiO
2
 NPs (300 nm) or in IL-6 and IL-10 levels in SiO

2
 

NPs (10 nm)-treated cells. There was no interference detected 

in SiO
2
 NPs (10  nm and 300  nm)- and Au NPs (10  nm 

and 300 nm)-spiked standards for IL-6 and IL-10 ELISA 

(Figures S3–S5).

RAW 264.7 cells treated with NPs did 
not show a change in activation markers
NP-treated cells were also assayed for surface activation 

markers (CD80, CD86, and CD40). The maximum fold 

of induction in the activation markers in RAW 264.7 cells 

exposed to SiO
2
 NPs (10 nm and 300 nm) and Au NPs (10 nm 

and 300 nm) was ~2.8-fold increase seen with the SiO
2
 NPs 

(10 nm) at 48 hours (Figure S6). The other NPs did not show 

any difference from the controls (data not shown).

RAW 264.7 cells treated with SiO2 NPs 
(10 nm), Au NPs (10 nm), and Au NPs 
(300 nm) show decreased phagocytosis
In order to test whether or not NPs have an effect on 

phagocytosis, RAW 264.7 cells were treated with NPs for 

variable times, after which cells were exposed to opsonized 

FITC-E. coli. LPS (50 ng/mL or 500 ng/mL) was used as 

positive control. Figure 5 shows the change in E. coli incor-

poration after preexposure to NPs as compared to control 

cells exposed to only growth media. E. coli incorporation 

is monitored by changes in MFI. For aid in visualizing, the 

LPS control was not included. LPS-treated cells showed 

either increase or no change in E. coli incorporation over 

the control cells.

SiO
2
 NPs (10 nm)- and Au NPs (10 nm)-treated RAW 

264.7 cells show decreased phagocytosis starting at cells 

exposed to NPs for 6 hours. However, evaluation of Au NPs-

spiked controls (Figure 5F) showed that Au NPs interfere 

with phagocytosis assays. SiO
2
 NPs (300 nm) have little to 

no effect on phagocytosis. SiO
2
 NPs did not interfere with 

phagocytosis as determined by spiked controls (Figure 5E).

In order to confirm that the bacteria were actually inter-

nalized into the macrophages (as opposed to association 

with the outer cellular membrane), a series of zeta sections 

(0.1 μm) were obtained. Figure 6A shows that in SiO
2
 NPs 

(10 nm)-treated cells, FITC-E. coli are localized inside the 

cells, around the nucleus. Visual inspection shows that SiO
2
 

NPs-treated cells show less FITC-E. coli incorporation 

compared to control and LPS-treated cells. The white arrow 

shows unincorporated FITC-E. coli bioparticles.

Confocal microscopy was further used to evaluate the 

phagocytosis of FITC-E. coli in the presence of Au NPs, 

which showed minimal interference with this technique 

(Figure 6B).

Figure 6A–D shows representative confocal images 

for cells exposed to first 10  nm SiO
2
 or 300  nm Au NP 

for 24  hours, followed by E. coli exposure. Cell nuclei 

are colored blue, while E. coli are green. Au NPs may be 

observed via reflective scattering and are colored red. For 

both particles, a visual examination reveals less E. coli 

uptake in the pretreated cells than the media or LPS controls. 

These results could then be analyzed via ImageJ to provide 

semiquantitative measurements of E. coli internalization. 

Figure 6C shows the results of a phagocytosis assay after 

24-hours preexposure to 10 nm Au NP. There is a reduction 

of E. coli incorporation in the cells. Figure 6B shows the 

spiked controls for the confocal method, indicating little to 

no interference using this method.

Bone marrow-derived primary 
macrophage phagocytosis
There was an overall significant loss of the primary cells 

due to manipulations and sample handling. Bone marrow 

cells were isolated on three separate occasions. Cells were in 

sufficient quantities for flow analysis in two of three experi-

ments. Both flow cytometry analysis and confocal analysis 

indicated a reduction in E. coli uptake when cells were first 

preincubated with 10 nm SiO
2
. Figure S7A and B shows a 

representative confocal analysis with ImageJ and the corre-

sponding semiquantitative results. Cell outlines and nuclei 

are indicated by gray, while the E. coli is indicated by black. 

Flow cytometry also indicated a reduction in E. coli incorpo-

ration. The results, however, were not statistically significant  

for either method.

Discussion
In the current study, a panel of functional assays was 

employed to determine if nontoxic concentrations of dif-

ferent durable NPs (gold and silica) and sizes (~10 nm and 
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Figure 5 RAW 264.7 cells were exposed to NPs for variable time points after which phagocytosis was performed using opsonized FITC-Escherichia coli bioparticles.
Notes: There is a decrease in phagocytosis in RAW 264.7 cells treated with (A) 10 nm SiO2 NPs, (B) 10 nm Au NPs, and (D) 300 nm Au NPs. (C) Although there is a 
slight decrease in phagocytosis in RAW 264.7 cells treated with 300 nm SiO2 NPs, the decrease is only significant for the 0.005 g/L dose at the 48-hour time point. (E) SiO2 
NPs (300 nm) do not interfere with the phagocytosis assay. (F) Au NPs (10 nm and 300 nm) interfered with FITC-E. coli bioparticles phagocytosis assay on flow cytometer.  
Au NP (0.01 g/L)-spiked controls showed approximately twofold decrease in MFI values versus control cells. Graphs (A–E) show fold change in MFI versus controls (N=6, 
two independent experiments). *P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test (note that two-way 
ANOVA significance was also identified without post hoc testing).
Abbreviations: NPs, nanoparticles; MFI, mean fluorescence intensity; ANOVA, analysis of variance; LPS, lipopolysaccharide; vs, versus; h, hours.

300 nm) have an effect on macrophage functions in vitro. 

Table 3 presents a summary of the functional assays and 

results. Gold and silica NPs are both relevant durable NPs 

to investigate as they have been proposed for use as drug 

delivery vehicles, imaging agents, and even active pharma-

ceutical ingredients.25–27

As appropriate characterization has been repeatedly 

shown to be critical prior to toxicology evaluations, all NPs 
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were first characterized through a battery of tests (Table 1).28,29 

Particle size and zeta potential were characterized in both 

water and relevant testing conditions (ie, cell culture media, 

Table S1).21,22 Note that both Z-average (Z-Ave) and intensity-

weighted average are complicated by the presence of serum 

proteins in the media. With the exception of the SiO
2
 NPs 

(10 nm), all NPs were initially dispersed as individual NPs.

It has been previously demonstrated that simple weight 

concentrations may not provide a complete picture of NP 

dosimetry. Therefore, it is important to take into consid-

eration the number, volume, and area used in studies.30 

These parameters were calculated and are shown in Table 2. 

Although the same weight concentration (g/L) was used for 

all NPs, due to the differences in size, the NP number and 

A Intracellular localization of FITC-Escherichia coli in SiO2 NP (10 nm)-treated cells

B
NPs do not interfere with confocal phagocytosis

analysis

D Intracellular localization of FITC-Escherichia coli in Au NP (300 nm)-treated cells
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Figure 6 Confocal evaluation of FITC-E. coli bioparticle internalization.
Notes: (A) RAW 264.7 cells pretreated with SiO2 NPs (10 nm). Brightness/contrast adjusted 60/50, respectively. Blue is DAPI-stained nuclei and green is FITC-E. coli.  
(B) Confocal analysis minimizes Au NP quenching effects observed with flow cytometry and (C) allows for semiquantitative analysis of phagocytosis. (D) RAW cells 
pretreated with Au NPs (300 nm). Brightness/contrast adjusted 60/50, respectively. Blue is DAPI-stained nuclei, green is FITC-E. coli, and red is reflection from Au NPs.
Abbreviations: NPs, nanoparticles; DAPI, 4′,6-diamidino-2-phenylindole; LPS, lipopolysaccharide.
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surface area are significantly different among NPs with the 

same core. Furthermore, due to density differences between 

gold and silica, NP number, surface area, and volume are also 

different between SiO
2
 NPs and Au NPs. These differences 

may partially account for some of the differences observed 

in functional studies (discussed in more detail below).

Prior to initiating the functional assays, the nontoxic dos-

ing level needed to be established. While all of the studied 

NPs have been shown to be cytotoxic at higher doses, for the 

purposes of this study, toxic doses would not be useful for 

multiple reasons. First, NPs used for therapeutic purposes 

would not be expected to demonstrate overt toxicity, and so 

these higher doses would not be appropriately representative 

of the intended use. Second, if the cell is acutely damaged, 

many of the functional assays could produce results due to 

the active dying of the cell, as opposed to the direct impact 

of the NP internalization. A murine cell line was chosen as 

the macrophage model in order to more accurately bridge 

the in vitro studies to future in vivo studies. In addition, a 

suspended culture was utilized for the majority of experi-

ments for several reasons: 1) The suspended state tends to 

reduce NP assay interference.21 2) In adherent cell cultures, 

the exact number of cells is not known at the initiation of the 

experiment. By utilizing cell suspensions, the amount of cells 

used in the assay may be fixed, thus more tightly controlling 

the ratio of cells/NP. It is well known that LPS is a potent 

inducer of pro-inflammatory cytokines31 and, therefore, it has 

been extensively used as a positive control in in vitro studies 

involving macrophages.32–34 In the current study, therefore, 

LPS-treated cells were used as a positive control.

For all but the 300 nm Au NP, cytotoxic effects were 

monitored by PI incorporation and calcein green started 

emerging after a 0.01 g/L NP dose (Figure 1). This dose was 

therefore chosen as the dose immediately below the threshold 

of toxicity. A second lower dose was also tested to determine 

if functional changes were observed even further below the 

threshold toxicity. Au NP (300 nm) began showing toxicity 

above 0.1 g/L and so this was used as the high dose, with 

0.01 g/L used as the lower dose to allow for weight-based 

concentration comparisons across the different particles.

With the exception of the increase in TNF-α for SiO
2
 

(10 nm)-treated cells, there was no increase in cytokine levels 

in any of NPs-treated cells. The current cytokine results are in 

agreement with some of the published nanotoxicity communi-

cations. Zhang et al showed that RAW 264.7 cells exposed to 

Au NPs (60 nm; NIST standard reference materials) showed 

no increase in production of TNF-α or IL-6.35 Kusaka et al 

studied the impact of size on amorphous silica NP-induced 
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inflammation for murine macrophages.36 In their study, they 

noted that the smaller NPs (30–1,000 nm) induced a greater 

inflammatory response than the larger NPs. Our study also 

shows a similar result, with only the 10 nm silica NP showing 

any difference in cytokine production. A second study evalu-

ated 50 nm and 250 nm gold NPs in vivo to determine the 

effect of size on pulmonary inflammation. Both sizes of NPs 

induced only mild inflammation, with no significant different 

in response due to the size of the NPs.37 Our results for the Au 

NPs are also consistent with this study (no significant inflam-

matory response with either size Au NP). Lack of cytokine 

production in culture supernatants, however, does not exclude 

increase in the expression of these genes. For example, Lee 

et al showed that RAW 264.7 cell exposure to Au NPs and 

silica-coated Au nanorods resulted in a significant increase 

in several cytokine mRNA expressions.38

NP-treated cells were also assayed for surface activation 

markers (CD80, CD86, and CD40), and showed no significant 

change after NP treatment. It has been reported that polypyr-

role monodisperse NP-treated J774.A1 cells increased the 

expression of CD80, CD86, and CD40.39 Our assays, how-

ever, were performed using RAW 264.7 cells, which might 

behave differently compared to primary macrophages.

Proliferation, cytokine production, and phagocytosis 

were differently impacted by NPs and the cell response was 

independent of core and size. However, it is important to 

keep in mind that although the weight concentration used for 

NPs was the same (eg, 0.01 g/L), NP number is dramatically 

different depending on the NP size and density (Table 2).  

For example, when using the weight concentration, NP num-

ber, total volume, and the total surface area of 10 nm SiO
2
 

NPs and 300 nm SiO
2
 NPs were ~100-fold higher versus Au 

NPs 10 nm and Au NPs 300 nm. This difference is due to 

the lower density of the SiO
2
 NPs compared to the Au NPs, 

resulting in more SiO
2
 NPs needed in order to obtain the same 

weight concentration as the Au NPs (which, in turn, leads 

to more surface area and total volume). Such an increase in 

volume and surface area may, in part, explain differences 

observed for the functional studies, with the greater surface 

area allowing for more cellular interactions and more NP 

volume “filling up” the cells. Internally between materials, 

the size alone will impact total number of NPs, etc. As an 

example, the total number of NPs for SiO
2
 NPs at 0.01 g/L 

is 2.4×1016, whereas same weight concentration of 300 nm 

SiO
2
 NPs has 105 less NPs. Therefore, the NP/cell ratio will 

be different and consequently the effect of SiO
2
 NPs (300 nm) 

on macrophage function could be “milder.” In order to obtain 

1016 NPs, cells need to be exposed to ~500 g/L SiO
2
 NPs 

(300 nm), a concentration that is toxic for RAW 264.7 cells. 

These reasons could indicate why 10 nm SiO
2
 produced the 

most robust response in the assays of all the NPs tested, as 

they had the greater particle number and total surface area 

of all the NPs tested.

The major finding of the current study is that SiO
2
 NPs 

(10 nm)-, Au NPs (10 nm)-, and Au NPs (300 nm)-treated 

RAW 264.7 cells show decrease in E. coli bioparticle 

phagocytosis. As with the other functional assays, 10 nm 

SiO
2
 showed the most robust response, with reduction in 

phagocytosis observed after 6-hour incubation with NPs 

and decreasing with exposures up to 48 hours. Both sizes 

of Au NPs indicate a reduction in phagocytosis starting 

at 3-hour preexposure to NPs. For the 10 nm Au NPs, the  

E. coli incorporation roughly decreases until 48  hours, 

where there is an increase in E. coli incorporation. This rise 

in phagocytosis (as well as the leveling out of the effect for 

10 nm SiO
2
) may be partially explained by the proliferation 

of the RAW 264.7 cells over the time course of the experi-

ment. By 48 hours, cells have gone through roughly three 

doubling times, while the NP concentration within the media 

has been steadily decreasing due to cellular incorporation 

and sedimentation effects. Therefore, cells have less NPs 

per cell than at the peak of phagocytosis effects (seen at 

24 hours). The Au NP data are more varied than the SiO
2
 

NPs, possibly due to the effects of the Au NP interference, 

which most strongly emerges as quenching as indicated 

in Figure 5F. It should be noted that these spiked controls 

(as well as the spiked controls for the other assay) were 

performed using the highest possible NP exposure (the full  

0.01 g/L dose). As such, they indicate a worst-case scenario. 

In practice, the full NP dose will not be available for 

interaction with the assay materials, either through cel-

lular internalization or through the multiple washing steps 

that occur prior to the assay initiation. However, the assay 

interference results cannot be discounted and complicate 

assay interpretation.

Due to the significant interaction of the Au NPs with 

the E. coli fluorescent tag, confocal microscopy was used 

to 1) confirm NP and E. coli macrophage internalization 

and 2) confirm the decrease in phagocytosis observed with 

flow cytometry. Due to the nature of the confocal measure-

ments, only semiquantitative results are possible. However, 

the method is able to overcome the quenching interference 

observed with the flow cytometry method and also provides 

data using a small quantity of cells (~400 cells needed per 

group). Such considerations proved critical in evaluating the 

effects of Au NPs.
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In order to help bridge the gap from in vitro results to  

in vivo relevance, several ex vivo experiments were con-

ducted with isolated primary bone marrow cells and the 

10 nm SiO
2
 NPs (which produced the most robust effect in 

vitro). There was a significant loss of cells during the course 

of the experiment due to sample handling (during plating, 

counting, suspension, etc). This low cell number may account 

for the lack of significance in the phagocytosis experiments, 

especially in terms of the confocal analysis. Other possi-

bilities include the mixed cell population from derived bone 

marrow cells as well as increased differential response when 

using primary cells from multiple animals. In addition, there 

may be a lack of correlation from the immortalized cell line 

to a more relevant system. Current studies are underway with 

animal models to further probe the effects of the reduction 

in pathogen phagocytosis observed in cell models to help 

gauge clinical relevance.

Shvedova et al showed that exposure of alveolar mac-

rophages to carbon nanotubes decreased Listeria monocyto-

genes phagocytosis by macrophages in vitro.16 Decrease in 

phagocytosed bacteria can lead to decreased bacterial clear-

ance during infections. Indeed, in a pharyngeal aspiration 

model, mice exposed to carbon nanotubes showed decrease 

in lung bacterial clearance of L. monocytogenes (Gram-

positive bacteria). Alternatively, mice exposed to Cu NPs by 

inhalation or instillation exhibited a significant decrease in 

the pulmonary bacterial clearance of Klebsiella pneumoniae 

(Gram-negative bacteria).40 The above-mentioned studies 

were conducted using a single dose of NPs in pulmonary 

models. One clinical study evaluating the effect of an iron 

sucrose formulation demonstrated that polymorphonuclear 

leukocytes isolated from patients treated with the NP formu-

lation showed less bacterial killing of E. coli ex vivo than 

patients administered a placebo, although the results were 

not significant and only occurred immediately after admin-

istration of the parenteral iron compound.41 The impact of 

systemic administration of NPs as well as repeat dosing of 

NPs is not yet known.

The decrease in phagocytosis for nontoxic doses of 

NPs is of significant interest for durable NPs. Decreased 

macrophage phagocytosis has been linked to the produc-

tion or worsening of several disease states.42–45 With the 

sequestration of the NPs within the MPS, exposure to 

durable NPs within the macrophages may last a long time, 

and potentially span the lifetime of a patient. Such exposure 

becomes even more important in the treatment of chronic 

diseases, where therapies are administered repeatedly to 

the affected population, or the patient population is already 

immunocompromised (eg, cancer patients). Since there is no 

overt toxicity in terms of cytokine production or activation 

markers, these data may indicate that the suppression effect 

is due to a clearance/sequestration mechanism of the NPs as 

opposed to a traditional functional toxicity mechanism.

In addition, such a mechanism may be core and drug 

independent.46 Indeed Qu et al reported a decrease in the 

ability of macrophages to phagocytose red blood cells after 

preexposure to quantum dots in vitro.47 Ultrafine TiO
2
, Ag, 

ZnO, and carbon black have also been shown to reduce 

phagocytosis after NP instillation and ex vivo phagocy-

tosis analysis.48,49 It should be noted that all of the above-

mentioned studies also exhibited additional overt toxicity 

signals, such as inflammation in addition to the reduced 

phagocytosis. The current study demonstrates phagocytosis 

reduction even at doses that do not indicate other toxicity 

signals. A similar study by Kodali et al has examined the 

effect of pre-dosing bone marrow-derived macrophages with 

silica or superparamagnetic iron oxide NPs at nontoxic dos-

es.50 Results indicated phagocytosis suppression for a wide 

range of bacteria with macrophages pretreated with the iron 

oxide NP. The diversity of NPs producing similar immuno-

suppressive effects may indicate that this effect is class (ie, 

durable NP) dependent, with the macrophages exhausting 

their capabilities to uptake any particle, NP, or bioparticle 

when preexposed to durable NPs. In an in vivo setting, the 

body has a deep reserve of phagocytic cells, with the ability 

to produce more upon demand. It is unclear if or how many 

particles would be needed to saturate the macrophages under 

in vivo conditions to see a similar effect.

While the biological impact of these findings remains 

unclear, our results indicate that bioaccumulation of durable 

NPs within the macrophages may lead to a suppression of 

bacterial uptake. It should be noted that the work presented 

has not yet established that the observed decrease in phago-

cytosis is causally linked to impaired bactericidal activity. 

Animal studies are currently underway to assess the impact 

and relevance of the observed in vitro phagocytosis decrease. 

Results from this and current studies should help inform 

both regulators and drug sponsors on appropriate follow-up 

immunotoxicity testing when durable NPs accumulate in the 

macrophages of the MPS.
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Supplementary materials

Figure S1 NPs were analyzed by TEM and DLS in water.
Notes: (A) SiO2 NPs (10 nm); (B) SiO2 NPs (300 nm); (C) Au NP (10 nm); (D) Au NP (300 nm). Scale bars for TEM were 100 nm for the smaller NPs and 500 nm for the 
larger NPs. Arrows point out singlet NPs (solid arrow) or agglomeration (punctuated arrow) in TEM grids. DLS shows intensity-weighted particle distribution.
Abbreviations: NPs, nanoparticles; TEM, transmission electron microscopy; DLS, dynamic light scattering.
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Figure S2 RAW 264.7 cells were exposed to NPs for variable time points and the cell cycle was determined flow cytometry.
Notes: There is no significant change in the cell cycle parameters for either (A) 10 nm Au NPs or (B) 300 nm SiO2 NPs. Graphs show mean values with SEM (N=7–12). 
*P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test. (C) A representative dot-plot analysis of the cell cycle 
for cells treated with SiO2 NPs (10 nm).
Abbreviations: NPs, nanoparticles; SEM, standard error of the mean; ANOVA, analysis of variance; LPS, lipopolysaccharide; Ap, apoptosis; 7AAD, 7-Aminoactinomycin D.
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Figure S3 RAW 264.7 cells were exposed to NPs for variable times, supernatants harvested, and used for ELISAs.
Notes: TNF-α levels are represented as pg/mL. Standards and standards spiked with NPs are shown on the right, and show no statistical significance between the unspiked 
standards. (A) Au NPs (10 nm), (B) SiO2 NPs (300 nm), and (C) Au NPs (300 nm) did not have an effect on TNF-α production. Graphs show average and SEM (N=6). 
*P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test comparing treated cells to control.
Abbreviations: NPs, nanoparticles; ELISA, enzyme-linked immunosorbent assay; TNF, tumor necrosis factor; SEM, standard error of the mean; ANOVA, analysis of 
variance; OD, optical density; LPS, lipopolysaccharide.

TNF-α standard and Au NP-spiked
standard

0.5
Standard
Standard +0.01 g/L

0.4

0.3

0.2

0.1

0.0
0 1,000 2,000 3,000 4,000 5,000

Concentration (pg/mL)

O
D

 (A
45

0 
nm

)

Standard
Spiked standards

0

500

1,000

1,500

0 1,000 2,000 3,000 4,000 5,000

Concentration (pg/mL)

Concentration (pg/mL)

TN
F-

α 
(p

g/
m

L)

Standard
Spiked standards

0
0 500 1,000 1,500 2,000

500

1,000

1,500

2,000

TN
F-

α 
(p

g/
m

L)

A
Au NP (10 nm)

TN
F-

α 
(p

g/
m

L)
4,000 Control

0.005 g/L Au NP
0.01 g/L Au NP
LPS (50 ng/mL)3,000

2,000

1,000

0
24 hours 48 hours

B SiO2 NP (300 nm)

TN
F-

α 
(p

g/
m

L)

Control
0.005 g/L SiO2 NP 300 nm
0.01 g/L SiO2 NP 300 nm
LPS (50 ng/mL)

*

*

0

200

400

600

800

1,000

24 hours 48 hours

C
Au NP (300 nm)

Control
0.01 g/L Au NP
0.1 g/L Au NP
LPS (50 ng/mL)

TN
F-

α 
(p

g/
m

L)

0

250

500

750

1,000

24 hours 48 hours

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

203

Silica and gold nanoparticles decrease macrophage phagocytosis

Figure S4 RAW 264.7 cells were exposed to NPs for variable times, supernatants harvested, and used for ELISAs.
Notes: IL-6 levels are represented as pg/mL. (A) SiO2 NPs (10 nm), (B) Au NPs (10 nm), (C) SiO2 NPs (300 nm), and (D) Au NPs (300 nm) did not have an effect on IL-6 
production. (E) Evaluation between standards and standards spiked with SiO2 NPs (300 nm). (F) Evaluation between standards and standards spiked with Au NPs (10 nm). 
Graphs show average and SEM (N=6). *P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test comparing treated 
cells to control.
Abbreviations: NPs, nanoparticles; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; SEM, standard error of the mean; ANOVA, analysis of variance;  
LPS, lipopolysaccharide; OD, optical density; h, hours.
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Figure S5 RAW 264.7 cells were exposed to NPs for variable times, supernatants harvested, and used for ELISAs.
Notes: IL-10 levels are represented as pg/mL. (A) SiO2 NPs (10 nm), (B) Au NPs (10 nm), (C) SiO2 NPs (300 nm), and (D) Au NPs (300 nm) did not have an effect on IL-10 
production. (E) Evaluation between standards and standards spiked with SiO2 NPs (300 nm). (F) Evaluation between standards and standards spiked with Au NPs (10 nm). 
Graphs show average and SEM (N=6). *P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test comparing treated 
cells to control.
Abbreviations: NPs, nanoparticles; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; SEM, standard error of the mean; ANOVA, analysis of variance;  
LPS, lipopolysaccharide; OD, optical density; h, hours.
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Figure S6 RAW 264.7 cells were exposed to SiO2 NPs (10 nm) for variable times, and cells were harvested and stained for CD80, CD86, and CD40.
Notes: Cells were analyzed on FacsAria III using DIVA software. SiO2 NPs (10 nm) had little to no effect on the expression of CD80, CD86, and CD40. Graphs show average 
and SEM (N=6). *P,0.05 is considered statistically significant as determined by two-way ANOVA followed by Bonferroni post-test comparing treated cells to control.
Abbreviations: NPs, nanoparticles; SEM, standard error of the mean; ANOVA, analysis of variance; MFI, mean fluorescence intensity; LPS, lipopolysaccharide; h, hours.
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Figure S7 Evaluation of phagocytosis in bone marrow-derived primary macrophages.
Notes: (A) Representative confocal and overlay images showing cell outline, nuclei (gray), and E. coli incorporation (black). (B) Summary of confocal analysis represented in 
(A). (C) Corresponding flow cytometry analysis for same data set.
Abbreviations: NP, nanoparticle; LPS, lipopolysaccharide.
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Table S1 DLS data of NPs dispersed in cell culture media

NP Z-Ave (d.nm) Intensity mean (d.nm)

SiO2 NPs 10 nm 27.2 125.4
Au NPs 10 nm 146.1 233.1
SiO2 NPs 300 nm 14.3 154.2
Au NPs 300 nm 167.2 362.4
DMEM 12.4 21.4

Abbreviations: NP, nanoparticle; Z-Ave, Z-average; DMEM, Dulbecco’s Modified Eagle’s Medium; DLS, dynamic light scattering.
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