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g r a p h i c a l a b s t r a c t
� The length of thin silver nanowires
fully enclosed by macrophages
reached 100 mm, largely beyond
cellular size.

� The cytotoxicity and inflammatory of
long silver nanowires in macro-
phages are size-dependent.

� The long silver nanowires changed
macrophages into a M1/M2 mixed
status.
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Long silver nanowires (AgNWs, >5 mm) have shown promising applications in next generation bio-
materials. However, the toxicity of long AgNWs is not well characterized in terms of their size. In this
study, five AgNWs types, including SAgNW30 (length: 5e10 mm; diameter: 30 nm), MAgNW30 (length:
20e30 mm; diameter: 30 nm), LAgNW30 (length: ~100 mm; diameter: 30 nm), LAgNW50 (length:
~100 mm; diameter: 50 nm), and LAgNW100 (length: ~100 mm; diameter: 100 nm), were used to inves-
tigate the size-dependent phagocytosis and cytotoxicity in macrophage. It showed that SAgNW30,
MAgNW30, LAgNW30 can be fully phagocytosed by macrophages, but LAgNW50 and LAgNW100 frus-
trated the phagocytosis. It demonstrated that LAgNW30 can be internalized into macrophage in a curly
manner. The size-dependent cytotoxicity was observed in cell viability, apoptosis, mitochondrial damage,
phenotypic transition, and inflammatory response in AgNWs-treated macrophage. The AgNWs-induced
cytotoxicity was depended on their length and diameter, increased gradually in the order of
SAgNW30>MAgNW30 > LAgNW30 > LAgNW50> LAgNW100. The findings presented here will assist in
the evaluation of the size-dependent cytotoxicity mediated by long AgNWs.

© 2019 Elsevier Ltd. All rights reserved.
nvironmental Sciences, Chi-
1. Introduction

Silver nanowires (AgNWs) have potential applications in in-
dustrial and biomedical fields due to their unique optical,
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plasmonics, electrical and antibacterial properties in recent years
(Guan et al., 2018; Jones et al., 2018). Particularly, compared to
graphene, carbon tubes and some metallic nanowires, long AgNW
has shown the advantages of exceptionally low sheet resistance,
high transparency and plasticity for transparent flexible conducting
electrodes (Hu et al., 2010; Bai et al., 2017). AgNWs with small
diameter showed more excellent physiochemical properties,
including high transparency, conductivity, and mechanical flexi-
bility, than large ones (Jiu et al., 2014). These features enabled them
as advanced functional materials in numerous devices, such as
wearable biosensors (Ho et al., 2017), electrical compositors (Cui
et al., 2015), touch panels (Cho et al., 2017) and drug carriers
(Mandal et al., 2017). Recently, long AgNW has been considered as
components of surface coating materials in medical devices (Cui
and Liu, 2015; Kumar-Krishnan et al., 2016; Lei et al., 2017). How-
ever, numerous asbestos fiber-like nanowires have been validated
to be detrimental to biological bodies (Dodson et al., 2003; Boffetta
et al., 2014; Silva et al., 2014). The aerodynamic properties of
AgNWs provide the possibility of entrance to the alveoli in the deep
lung (Sturm and Hofmann, 2009; Chung et al., 2017). This will bring
potential risks to human beings in the process of manufacture, use
and disposal.

Phagocytic cells are the first cellular line of defense of the body,
engulfing pathogens and any foreign particulate substances, and
inducing immune responses. Long fibers are reported to induce
proinflammatory responses and pathogenity through their in-
teractions with macrophages both in vitro and in vivo (Murphy
et al., 2012). In recent years, AgNW has been reported to stimu-
late various immunological responses (Silva et al., 2014). Long
AgNWs (approximately 100 nm in diameter) were found to frus-
trate the phagocytosis of macrophages and induce inflammatory
response in vivo when the length was greater than 14 mm
(Schinwald and Donaldson, 2012). Due to their resistance to
macrophage-mediated clearance and degradation, the frustrated
phagocytosis of long fibers has been stated as an important factor in
inducing inflammatory responses and pathogenic effects in vivo
(Utembe et al., 2015). Macrophage is the primary phagocytic cells to
clear AgNWs reaching the deep lung (Chung et al., 2017). Thus, the
persistence and durability of long AgNWsmediated bymacrophage
clearance is crucial for their long-term toxicity and pathogenicity
in vivo.

The discoveries in the past studies suggested that the size plays
an important role in the cellular uptake and toxicity of many
nanoparticles (Donaldson et al., 2011; Song et al., 2012). However,
little is known about the length and diameter effect of long AgNWs
on their phagocytosis and cytotoxicity in macrophage. Herein, this
study aimed to investigate whether the length and diameter of
AgNWs affect their phagocytosis and cytotoxicity on macrophage.
Here five long AgNWs with length range from 5 to 100 mm and
diameter ranged from 30 to 100 nm were used, and a series of
cytotoxicity, including cell viability, apoptosis, mitochondrial
damage, phenotypic differentiation, and inflammatory response
was investigated.

2. Method and materials

2.1. Preparation and characterization of AgNWs

SAgNW30 (length: 5e10 mm; diameter: 30 nm), MAgNW30
(length: 20e30 mm; diameter: 30 nm), LAgNW30 ((length:
~100 mm; diameter: 30 nm), LAgNW50 (length: ~100 mm; diameter:
50 nm), and LAgNW100 (length: ~100 mm; diameter: 100 nm) were
purchased from Nanjing XFNANO Materials Tech Co., Ltd. (China).
The suspension of the five-type AgNWs was deposited onto a holey
carbon support film on a copper grid, and then their morphology
was observed with a Hitachi H-7500 transmission electron micro-
scopy (TEM, Japan). Meanwhile, the zeta potential of the five-type
AgNWs in ultrapure water and culture medium was detected by
Zetasizer (Malvern, UK).
2.2. Cell culture

The mouse macrophage cell lines J774A.1 and RAW 267.4 were
purchased from the Cell Bank of Basic Medical Science (Beijing,
China). The cells were maintained in Dulbecco's Modified Eagle's
medium (DMEM) supplemented with 10% heat-inactivated FBS,
4mM glutamine, 4500mg/L glucose, and 0.1% penicillin and
streptomycin (Gibco, USA) at 37 �C with 5% CO2.
2.3. Cell viability

The Cell Titer 96 AQueous One Solution Cell Proliferation Assay
(Promega, USA) was used to measure cellular proliferation. Briefly,
approximately 1� 104 cells (per well) were plated onto 96 well
plates (Corning, USA). After exposure to the indicated dose of
AgNWs for 24 h at 37 �C, formazan absorbance was measured at
495 nm. Themean absorbance of the non-exposed cells was used as
the reference value for calculating 100% cellular viability.
2.4. Cellular apoptosis

The level of cellular apoptosis was measured using an Annexin
V-FITC Apoptosis Detection kit (Sigma-Aldrich, USA). In brief,
J774A.1 cells were plated onto 6 well plates (Corning, USA) over-
night and then exposed to 10 mg/mL AgNWs for 24 h. After expo-
sure, the cells were harvested by trypsinization and stained with
Annexin V-FITC/PI. The intensity of Annexin V-FITC/PI fluorescence
was acquired by using flow cytometer (BD LSRII, USA).
2.5. Mitochondrial membrane potential

Mitochondrial membrane potential was detected by a micro-
plate reader using JC-1 (Sigma-aldrich, USA). JC-1 are cationic dyes
that exhibit potential-dependent accumulation in mitochondria,
indicated by a fluorescence emission shift from green to red due to
the formation of red fluorescent aggregates from green monomers.
Consequently, mitochondrial depolarization is indicated by a
decrease in the red/green ratio. About 1� 104 cells (per well) were
plated onto 96 well white plates (Corning, USA). After exposure to
the indicated dose of AgNWs for 24 h at 37 �C, cells were incubated
with JC-1 (5 mM in HBSS) for 20min, and then washed twice and
immersed in HBSS. The intensity of red/green fluorescence in the
staining cells was monitored by a microplate reader (Thermo Sci-
entific, USA).
2.6. The detection of acidic vacuoles

Acidic vacuoles were detected by acridine orange (Molecular
Probes, USA) according to the manufacturer's protocol. In brief,
J774A.1 cells were grown into four-chamber slides (Corning) over-
night and treated with 10 mg/mL AgNWs for 24 h. Then, the cells
werewashed with PBS buffer (pH 7.4), and the growthmediumwas
replacedwith 10 mg/mL acridine orange in PBS buffer and incubated
at 37 �C for 15min. Finally, the cells were washed twice and the
fluorescence of J774A.1 cells was observed by using confocal mi-
croscopy (Leica, German).
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2.7. The detection of Agþ released from long AgNWs into culture
medium and macrophage cells

The level of Agþ released from AgNWs into culture medium and
macrophage cells during exposure time was detected by induc-
tively coupled plasma-tandemmass spectrometry (ICP-MS, Agilent
8800, CA, USA) as previously described method (Yu et al., 2013).
Briefly, the suspension of five-type AgNWs at 10 mg/mL in culture
medium solution was placed into cell incubator at 0 h and 24 h.
Then, the Agþ in the culture mediumwas isolated by using Amicon
centrifugal ultrafilter units at 14000 rpm for 30min. After exposure
to long AgNWs, J774A.1 cells were collected, and equally divided
into two parts. One was used for the extraction of cellular Agþ

through ultrafiltration centrifugation of cell lysates. The other was
used for the extraction of total Ag in macrophage cells. All the
samples were digested bymicrowave-assisted digestion (CEMMars
5, Xpress, Matthews, NC, USA), diluted by ultrapure water and
analyzed by using ICP-MS.

2.8. Phenotype assay

Macrophage cells were seeded into 6-well plates and cultured
overnight. The culture medium was exposed to new medium
containing 5 mg/mL AgNWs. After 24 h exposure, the cells were
washed twice with PBS, collected and suspended in 100 mL PBS.
Then, the suspension was incubated with the antibody of FITC-
CD206, FITC-CD14, PE-CD11b, PE-TLR4, FITC-MHCII (Biolegend,
USA) at 37 �C for 30min. The cells were washed, collected and
suspended in 500 mL PBS. The fluorescent intensity of the cells was
measured by using a flow cytometer (BD LSRII).

2.9. Cytokine assay

Macrophage cells were incubated with fresh medium alone or
containing lipopolysaccharides (LPS) at 10 ng/mL, AgNWs at 5 mg/
mL, a mixed solution of IL-4, IL-10, and IL-13 (each of 10 ng/mL,
named as ILs) respectively. After 24 h incubation, the cells were
collected and lysed using RIPA lysis buffer (Invitrogen) with pro-
tease inhibitor cocktail (Invitrogen). The lysate was centrifuged at
14000 g for 10min at 4 �C. The protein concentration in the su-
pernatants was quantified using a BCA protein assay kit (Pierce
Biotechnology). 40 cytokines of macrophage cells were analyzed by
using Proteome Profiler Mouse Cytokine Array Kit (R&D system)
Fig. 1. TEM images of fi
according to the manufacturer's protocol. Array membranes were
analyzed by ChemiDoc Imaging Systems (Bio-rad, USA).

2.10. Statistical analysis

Data are expressed as the mean± SD of at least 3 independent
experiments. The differences between controls and the treatment
groups were calculated by one-way analysis of variance (ANOVA)
and posttests were analyzed using Student's t-test to evaluate
significant levels of p< 0.01. Image J, Graph Pad Prism, Microsoft
Excel and Origin 8 software were used.

3. Results

3.1. Dispersion and characterization of long AgNWs

The dispersion of AgNWs was firstly investigated using TEM. As
shown in Fig. 1, for all types of AgNWs, individual silver wires were
well distinguishable and appeared as bundles. Moreover, it was
shown that MAgNW30, LAgNW30, and LAgNW50 were more
flexible than SAgNW30 and LAgNW100. The surface charge of five-
type AgNWs is a little negative in water and close to zero in culture
medium by Zetaseizer (Table S1). Moreover, the highest level of Agþ

released from the five-type AgNWs (10 mg/mL) into culturemedium
during 24 h incubation was about 0.35 mg/mL by the detection of
ICP-MS (Fig. S1). This is less than 4% in comparison with the total
AgNWs level, suggesting that AgNWs almost kept stable during
24 h exposure.

3.2. Phagocytosis of different AgNWs by macrophages

After exposure to AgNWs, the bright-field images of macro-
phage J774A.1 was taken. As shown in Fig. 2a, individual wire of
SAgNW30, MAgNW30, and LAgNW30 was fully phagocytosed by
macrophage after 24 h treatments. However, frustrated phagocy-
tosis of silver wires was observed in LAgNW50 and LAgNW100-
treated macrophages. LAgNW30 can be internalized into macro-
phage in a curly manner, suggesting that the different status during
phagocytosis of macrophage for ultra-long AgNWs (LAgNW30,
LAgNW50, and LAgNW100) was attributed to their different flexi-
bility. The dissolution of SAgNW30, MAgNW30 and LAgNW30 was
observed in macrophages after 48 h treatments, indicating a short-
term bio-persistence of AgNWs with small diameters. More part of
ve AgNWs types.



Fig. 2. The macrophage phagocytosis of AgNWs. (a) Cellular morphology and phagocytosis of AgNWs were observed by phase contrast microscopy. J774A.1 macrophages were
treated with 10 mg/mL AgNWs for 24 h (above) and 48 h (below). Black arrows indicate AgNWs location. (b) Representative images of acidic vacuoles in macrophages. J774A.1
macrophages were treated with 10 mg/mL AgNWs for 24 h and stained by Acridine Orange. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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LAgNW50 was enclosed and bent into macrophage because it was
more flexible than LAgNW100. Moreover, the smaller one of five-
type AgNWs was more easily internalized into macrophage cells
(Fig. S2) and released higher level of intracellular Agþ (Fig. S3).
Previous studies have found that the AgNWs internalized into
macrophages and epithelial cells could dissolve in the acidic vesi-
cles and transform into Ag2S (Chen et al., 2013; Theodorou et al.,
2017). As shown in Fig. 2b, a lot of giant acidic vacuoles were
formed in the AgNWs-treated macrophages, particularly in
SAgNW30, MAgNW50 and LAgNW30 group. The formation of
acidic vacuoles will accelerate the dissolution of AgNWs in
macrophage. LAgNW50 and LAgNW100 still frustrated phagocy-
tosis after 48 h treatments, indicating that they have more long-
term biopersistence than thin ones in macrophages.
Fig. 3. AgNW-induced cytotoxicity to macrophages. (a) Viability of macrophages after 24 h
macrophages after 24 h exposure to AgNWs evaluated by JC-1 staining. The data represent
3.3. AgNW-induced cytotoxicity in macrophage

After incubating J744A.1 macrophage with AgNWs for 24 h, the
cell viability was determined using Cell Proliferation Assay. As
shown in Fig. 3a, only SAgNW30 induced significant increase in cell
viability at a concentration of 10 mg/mL. All AgNWs induced sig-
nificant increase in cell viability at an exposure dose of 50 mg/mL.
The ratio of red to green fluorescence of JC-1 was used to indicate
the change of mitochondria potential with and without AgNWs
treatments. At a concentration of 20 mg/mL, all AgNWs induced
significant increase in mitochondrial membrane potential, indi-
cating that AgNWs could induce mitochondrial damage (Fig. 3b).
The method of Annexin V-FITC and PI double staining was used to
investigate AgNW-induced cell apoptosis. As shown in Fig. 4, the
apoptosis rate significant increased when macrophages were
exposed to each AgNWs at 20 mg/mL exposure concentration for
exposure to AgNWs evaluated by MTS assay. (b) Mitochondrial membrane potential of
the mean of three separate experiments. * means p < 0.05.



Fig. 4. Apoptosis of macrophages after 24 h exposure to 10 mg/mL AgNWs using Flow Cytometer.
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24 h, and SAgNW30 had the highest apoptosis rate of 16.05%. The
AgNWs-induced cytotoxicity was depended on their length and
diameter, increased gradually in the order of
SAgNW30>MAgNW30> LAgNW30> LAgNW50> LAgNW100.
3.4. Effects of different AgNWs on macrophage phenotypes

The topography of fibrous materials could influence the transi-
tion of macrophages phenotype, which further cope with these
foreign substances effectively or induce pathological changes
in vivo (Zhang et al., 2017). Classically activated macrophages (M1
macrophages) and alternatively activated macrophages (M2 mac-
rophages) represent two phenotypes of macrophages: the former
type enhances the defence of the host, and regulate antitumour
immune responses, while the latter has an anti-inflammatory
function and promote wound healing (Mosser and Edwards,
2008). Here five kinds of marker on cell surface, including CD14,
TLR4, CD11b, CD206, and MHCII, were used to determine the
macrophage phenotypes using a flow cytometer (Fig. 5 and Fig. S4).
On the surface of macrophages, CD14 can recognize invading sub-
stance and present them to the complex of TLR4, which are helpful
for their phagocytosis. It was shown that AgNWs significantly
upregulated the CD14 and TLR4 level in the order of
SAgNW30>MAgNW30> LAgNW30> LAgNW50> LAgNW100.
These results suggested that AgNWs are recognized by CD14 and
then phagocytosed by TLR4-mediated endocytosis pathway. CD11b
is also a pattern recognition receptor, capable of recognizing and
binding to many molecules found on the surface of invading bac-
teria or foreign cells. As the size of AgNWs decreases, the number of
CD11b on cell surfaces increased, confirming that the phagocytosis
of macrophages was intensively initiated by the thin AgNWs. In the
phagocytosis, foreign substances or antigens are processed into
peptides in the cell and delivered to the surface of the cell with
major histocompatible complex class II (MHCII), facilitating antigen
presentation. Except LAgNW100, other AgNW types upregulated
the level of MHCII, suggesting macrophages were activated intoM1.
Similarly, CD206, one marker of M2 phenotype, increased signifi-
cantly after AgNWs treatments. These results indicated that the
length and diameter play important roles in AgNWs-induced
phenotypic differentiation of macrophage.
3.5. AgNWs induced a different profile of proinflammatory
cytokines

Cytokines play important roles in the modulation of inflam-
matory response, thus we evaluated 40 kinds of pro-inflammatory
cytokines to determine whether the size of AgNWs has impact on
their immune response in macrophage. LPS was used to stimulate
macrophages into a classical activation status, and a mixed solution
of IL4, IL10, and IL13 (ILs) was taken as the alternative activation
stimulus (Mehra et al., 2014). As shown in Fig. 6 and Fig. S5, most of
the proinflammatory cytokines were significantly upregulated in
LPS-treated macrophages, but no changes of proinflammatory cy-
tokines were observed in ILs-treated macrophages. In comparison
to ILs, some proinflammatory cytokines, such as IL-1ra, IL-12p70,
IL-23, JE, MIP-1a, and MIP-1b, were slightly increased in SAgNW30,
MAgNW30, and LAgNW30-treated macrophages. However,
LAgNW50 and LAgNW100 treatments upregulated the expression
level of I-309, IL-6, IL-10 and MCP-5 in macrophages.
4. Discussion

The pathogenicity of long fibers was closely related to the length
and diameter, which determined their macrophage-mediated
clearance and biopersistence in biological system (Donaldson,
2009). Poland et al. (2008), showed that shorter carbon nano-
tubes had less toxicity than longer ones because of their higher
efficient macrophage clearance. Long nickel nanowires (>20 mm)
showed a strong ability to elicit inflammation in the mouse peri-
toneal model, whereas inflammation or fibrosis was not observed
with short (<5 mm) nanowires (Poland et al., 2012). Schinwald and
Donaldson (2012) demonstrated that long AgNWs fibers (>14 mm)
could frustrate phagocytosis in vitro, and inflammation in the
pleural spacewas induced by intrapleural injection of AgNWs fibers
(�5 mm). A recent in vivo study also confirmed that long AgNWs (at
least 10 mm) were more resistant to macrophage clearance and
could induce more intensive inflammatory response than short
ones (Silva et al., 2014). In this study, both the length and the
diameter were considered in comparing the phagocytosis and
cytotoxicity of AgNWs in macrophage. With short length,
SAgNW30 andMAgNW30 fully entered macrophage by the process
of phagocytosis. For the ultra-long AgNWs, all LAgNW30 could be
internalized inside macrophage, but LAgNW50 and LAgNW100



Fig. 5. Relative Fluorescent Intensity (RFI) of CD14, CD11b, CD206, MHCII and TLR4 on AgNWs-treated macrophages to control respectively. Macrophage cells were treated with
10 mg/mL AgNWs for 24 h and stained by using fluorescent conjugate-antibody. The fluorescent intensity was collected by using flow cytometer. * means p< 0.01. The data represent
the mean of three individual experiments.
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frustrated the phagocytosis of macrophages. The length of
LAgNW30, LAgNW50 and LAgNW100 is largely beyond the
threshold length of frustrated phagocytosis (>14 mm) reported in
previous studies (Schinwald and Donaldson, 2012). The difference
in phagocytosis is due to that LAgNW30 has higher flexibility than
that of LAgNW50 and LAgNW100 because of its small diameter.
This result indicates that threshold of frustrated phagocytosis for
macrophage is determined by not only length but also diameters.

Short AgNWs have recently been reported to be more toxic than
longer AgNWs (Toybou et al., 2019). The similar results were ob-
tained in this study. The kinetics of Agþ release from Ag nano-
materials were strongly pH-dependent (Leo et al., 2013). In a
lysosome acidic environment, Ag nanomaterials were found to be
less stable, leading to more Agþ released (Setyawati et al., 2014;
Jimeno-Romero et al., 2017). The cytotoxicity of AgNPs is closely
linked to the chemical transformation of Ag nanoparticles (AgNPs)
from elemental silver (Ag0) to Ag ions, AgeOe, and AgeSe species
(Wang et al., 2015). The release of Agþ from AgNPs has a two-sided
role in AgNPs toxicity: the increasing level of Agþ inside cells will
enhance toxicity (Gliga et al., 2014; Manshian et al., 2017), and the
next sulphidation of Agþ will reduce toxicity (Devi et al., 2015;
Veronesi et al., 2015; Miclaus et al., 2016). It was observed that Agþ

was dissolved from the surface of AgNWs within lysosome-like
vesicles (Chen et al., 2013; Chung et al., 2017). Furthermore, intra-
cellular Agþ availability from the dissolution of AgNWs was vali-
dated to dictate their toxicological effects on macrophage cells
(Theodorou et al., 2017). In this study, massive formation of acidic
vacuoles and Agþ releasing were observed in AgNW-treated mac-
rophages, indicating the cytotoxicity of AgNWs probably result
from the release of Agþ in these acidic vacuoles. Here SAgNW30,
MAgNW30 and LAgNW30 showed more cytotoxicity than
LAgNW50 and LAgNW100, because the small size AgNWs induced
more giant acidic vacuoles and released higher level of Agþ. On the
other hand, the dissolution of AgNWs will reduce their bio-
persistence, and the release of Agþ will enhance the formation of
non-toxic Ag2S. Thus, the long-term risk of AgNWs with different



Fig. 6. Relative proinflammatory cytokine expression in AgNW-treated macrophages. Macrophage cells were treated with 10 mg/mL AgNWs for 24 h. Forty kinds of proinflammatory
cytokines were measured using Cytokine Array Kit. The data represent the mean of two separate experiments.
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length and diameters should be carefully evaluated.
It is generally accepted that macrophages represent a spectrum

of activated phenotypes rather than independent stable sub-
populations, which are helpful for clearing pathogens and xeno-
biotics (Murray and Wynn, 2011). Macrophages can rapidly change
their phenotypes and functions to the stimulus of micro-
environmental signals. In this study, we demonstrated that mac-
rophages were activated into M1/M2 mixed status after AgNWs
treatments. Moreover, AgNWs treatments can increase the
secreting of some proinflammatory cytokines. The similar phe-
nomenon was also observed in oxidized multiwalled carbon
nanotube-treated macrophages (Meng et al., 2015). Here it showed
that macrophages could take active measures to cope with
SAgNW30, MAgNW30 and LAgNW30, through the transition of
phenotype and secretion of proinflammatory cytokines. The failure
of macrophages to recognize LAgNW50 and LAgNW100will make a
difference in the secretion of proinflammatory cytokines. Here the
low expression of CD14, TLR4, CD11b, CD206, and MHCII on
macrophage cells surface suggested that macrophages cannot
effectively cope with LAgNW50 and LAgNW100. The failure of
LAgNW50 and LAgNW100 frommacrophages clearance may be led
to potential risks to lung or other tissues. A large number of long
fibers, such as carbon nanotubes, nickel nanowires, and asbestos,
also showed the resistance to macrophages-mediated clearance,
which have been validated to induce mesothelioma in vivo
(Donaldson et al., 2010; Poland et al., 2012).
5. Conclusion

In this study, we demonstrated the size-dependent phagocy-
tosis and cytotoxicity of five AgNWs types in macrophage. It
showed that the threshold of frustrated phagocytosis of AgNWs
depended on not only length but also diameter. The size-dependent
cytotoxicity was observed in the order of
SAgNW30>MAgNW30> LAgNW30> LAgNW50> LAgNW100.
However, LAgNW50 and LAgNW100 showed a high resistance to
macrophages-mediated clearance, indicating a long-term bio-
persistence and potential risks. Our findings highlight the need for
further studies to assess the potential risks of long AgNWs before
starting to produce them in large amounts for their various
applications.
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