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Introduction 
Theoretical grounds for expecting a sharp increase in the toxicity of 

a substance in the form of nanoparticles (NPs) have been highlighted 
by many authors (see, e.g., [1-4]. It should be noted, however, that 
analysis of a great number of published data obtained in actual research 
supports the statement that “this common perception of greater 
nanoparticle toxicity is based on a limited number of studies”  [5],  
Moreover,  some of the studies do not support this perception (e.g., 
[6, 7]).

In our own experiments [8-11] with iron oxide Fe3O4 (magnetite) 
particles in nanoscale (10 and 50 nm) and microscale (1 μm) ranges, 
it was shown that, given equal mass doses, NPs really featured a 
considerably higher biological aggressiveness than micrometric 
particles (involving both acute cytotoxicity for pulmonary macrophages 
when instilled once intratracheally and subchronic toxicity on the 
organism level when injected repeatedly intraperitoneally). Within 
the nanometer range, however, the relationship between the diameter 
and the resorptive toxicity of NPs was found to be intricate and non-
unique, which might be attributed to differences in the toxicokinetics 
controlled by both physiological mechanisms and direct penetration 
of nanoparticles through biological barriers and by unequal solubility

In industrial conditions, and in environments where ambient air is 
contaminated with so-called ‘ultrafine aerosols’, health risks associated 
with NPs are  mainly due to their deposition on free surfaces of  the 
lower airways (or the ‘pulmonary region’ in aerosol biokinetics terms). 
The key mechanism underlying the self-clearance of the pulmonary 
region is the recruitment of cells which are capable of engulfing finest 

particles, thereby preventing their penetration into the pulmonary 
interstitium and promoting their elimination by mucociliary transport. 
The principal effector of this phagocytosis-mediated pulmonary 
clearance is represented by pulmonary alveolar macrophage (АМ), 
the auxiliary one being neutrophil leukocyte (NL). The recruitment of 
neutrophils in response to the damaging effect of dust on macrophages 
plays an important compensatory role. This recruitment is dependent 
on the amount of macrophage breakdown products, which amount is 
higher, the higher the damaging effect of particles on the macrophage 
(particle “cytotoxicity”) [12-15]. That is why the ratio of neutrophil to 
macrophage counts in the cell population of a bronchoalveolar lavage 
fluid (BALF) can serve  an indirect but quite reliable index to  the 
comparative cytotoxicity of different particles [12, 16-18]. 

It was not clear for some time whether these postulates, well 
established for particles in the micrometer range, apply to NPs as 
well. Some researchers maintained that NPs are poorly recognized by 
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Abstract
Optical microscopy (OM), semi-contact atomic force microscopy (sc-AFM), and transmission electron microscopy 

(TEM) were applied to examine cells in the broncho-alveolar lavage fluid (BALF) obtained from rats 24 hours after 
instillation of different metallic particles suspended in deionised  water or of water without any particles. In a comparative 
experiment with iron oxide Fe3O4 (magnetite) particles having a mean diameter of 10 nm, 50 nm or 1 μm, it was 
demonstrated that, given equal mass doses, nanoparticles (NPs) induce much more intensive recruitment of phagocytes 
with a much more significant shift toward neutrophil leukocytes (NL) count in the BALF cell population than micrometric 
particles do, this shift being an indirect but informative index of particle cytotoxicity for alveolar macrophages (AM).  
Judging by NL/AM ratio, this cytotoxicity diminishes in the sequence: 10 nm > 50 nm> 1 μm, while judging by OM 
counts of visible aggregated particles within AMs and NLs and by sc-AFM count of micro-invaginations on the surfaces 
of these cells, their avidity for  particles decreases in the same succession. The same dependence of cell recruitment 
and of phagocytic activity on NP cytotoxicity was found when the NP diameters were quite similar (ca. 3.5-4.0 nm) but 
the cytotoxicity of one metal (in our experiment, nanosilver) was higher than that of another (nanogold). TEM pictures 
of AMs from rats administered the 10 nm magnetite testify to the ability of AMs to actively engulf single NPs and  their 
small aggregates which then form larger conglomerates within fused phagosomes. Some of these large phagosomes 
lost their membrane, and so freed NPs came into close contact with the nuclear membrane and with mitochondrial 
membranes and cristae causing their marked damage.
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protective mechanisms in general and, specifically, that they induce 
weak attraction of alveolar macrophages, thus being ineffectively 
eliminated from the lungs [2, 4]. The results of our own experiments, 
however, contradicted that perception and permitted us to state that 
the widespread concept of the organism’s quasi-defenselessness against 
NPs should be re-evaluated.

Many of those results have already been published [8-11]. In this 
paper, we would like to sum up and reconsider them, together with 
some additional data pertaining to two questions we deem important 
within the framework of the problem of “pulmonary phagocytic 
response to nanoparticles”. These questions are as follows:

First, while we knew then that the above response depends on NP 
size for one and the same chemical substance, it seemed logical to expect 
but still had to be proved that, given the same particle size it should 
significantly depend on the chemical nature of a substance, specifically, 
on nano-metal type. To elucidate this point, we decided to compare 
responses to intratracheally instilled NPs of gold and silver. Because 
the marked bactericidal activity of nanogold (NG) and nanosilver 
(NS) renders them usable in partly overlapping fields of practice, 
comparative assessment of their hazard is not only of theoretical but 
also of special practical importance. In the literature, there are data 
obtained on different experimental models suggesting that NG is far 
less toxic as compared with NS (e.g. [19-26]), but there have been no 
studies involving a comparative assessment of the phagocytic response 
to their deposition in lungs. 

Second, the data obtained with optical and semi-contact atomic 
force microscopy should be re-evaluated (and some conclusions 
based on them re-considered) by comparing them  with the results 
of transmission electronic microscopy (TEM) aimed at visualizing 
(a) the intracellular distribution of NPs, and (b) their impact on cell 
ultra-structure.  To date, there are not so many published TEM studies 
carried out by other researchers pursuing the same goals. As a rule, 
these are in vitro studies in which different stable cell line cultures were 
used. 

Thus, Li et al [4] have compared the effect produced on  stable 
cell lines of mice macrophages (RAW 264.7) and human cells of the 
bronchial epithelium (BEAS-2B) by  three fractions of ambient air 
particles collected in Los Angeles: “coarse” particles with diameters 
ranging  2.5-10 μm, “fine” plus “ultrafine” particles (<2.5 μm) and 
“ultrafine” particles (<0.15 μm, i.e. <150 nm1). The oxidative stress 
caused by these particles increased in the order of their listing. TEM 
showed that although particles of all three types were detectable within 
macrophages, “coarse” ones were found only in phagolysosomes, 
while “fine” and, in particular, “ultrafine” particles were found in 
mitochondria as well, causing marked damage to the latter. It was 
demonstrated that the uptake of 12.2±1.3 nm gold particles by mouse 
osteoblastic cells (MC3T3-E1) depended on NP concentration [27]. 
The authors interpreted their TEM pictures as showing that, when the 
concentration was high, NP agglomerates were first formed on the outer 
cell membrane and then were engulfed in the process of endocytosis, 
while at low concentrations primary single NPs were internalized by 
diffusion. 

Despite doubtless advantages of such in vitro experiments (first of 
all, standardized target cells and controlled exposure conditions), one 
cannot disregard two obvious disadvantages of them. First, the natural 

microenvironment in which the particle-cell interaction develops in 
vivo and which cannot be completely imitated in vitro may be one of 
the factors influencing both the kinetics of NP agglomeration outside 
the cells and the mechanisms of their penetration into cells. Second, 
although some general mechanisms of this penetration, common to all 
kinds of cell, may  well exist, cells  for which the engulfment of live 
and inanimate particles is one of the most important specific functions 
may deal with the same NPs in a somewhat different way. Both 
considerations are of special importance when we discuss the role of 
the phagocytic response as a mechanism of pulmonary NP clearance. 
That is why we believe the results of our TEM study performed on 
macrophages in rat BALF after a single intratracheal instillation of 
magnetite NPs may be of interest to readers.

Materials and Methods
We synthesized three samples of chemically identical magnetite 

(Fe3O4) particles of identical magnetisation but of two different nano-
sizes (10 and 50 nm) and one micro-size (1 µm, i.e. 1000 nm). In order 
to obtain NPs with given dimensions we used synthesis in “nano-
reactors” / micelles. Strict dosing of iron salts makes it possible to 
vary NP size and obtain NPs with a sufficiently narrow particle size 
distribution.

The synthesis was conducted by the following reaction:

FeCl2 + 2FeCl3 + 8NH4OH → Fe(OH)2*2Fe(OH)3 + 8NH4Cl

To obtain 10 nm NPs, chloride solutions were mixed, then sodium 
dioctyl sulfosuccinate (SDS) as a surface-active agent (SAA) as well as 
n-butanol and n-octane were added in the following ratios: 

Composition, %% by weight Microemulsion 1 Microemulsion 2
aqueous phase, 34 FeCl2 x 4H2O + FeCl3 x 6H2O NH4OH
organic phase, 44 n-octane n-octane
SAA, 12 SDS SDS
Solvent for SAA, 10 n-butanol n-butanol

The mixture was heated to a temperature of 60ºС on a water bath 
with intensive stirring. Particles were settled by slow, “drop-by-drop” 
addition of microemulsion 2 to microemulsion 1. The reaction lasted 
4 hours at the temperature of 60ºС. The particles thus obtained were 
deposited by centrifugation at 8000 rpm and roasted at a temperature 
of 600ºС. The 50 nm particles were obtained by the same process using 
cetyl trimethyl ammonium bromide (STAB) as SAA.

The NP size and phase distribution was checked by electronic 
microscopy [FEI MORGAGNI 286 (D) (US) and Philips CM 300 
(Netherland) electronic microscopes]. In both cases the dominant 
particle size by diameter really falls within the nominal value, i.e. 10 nm 
or 50 nm, with the particle size distribution in a narrow range around 
this value. Note, in particular, that in the nominally 10 nm material 
there were only 8.9 % of 50 nm or larger particles, and in the nominally 
50 nm material only 4.4 % of particles under 20 nm in diameter. The 
magnetic properties of the nanoparticles were confirmed by the Faraday 
balance method, and the magnetization amounted to 82 emu/g.

Magnetite microparticles were obtained by mechanically grinding 
for 2 minutes the agglomerates obtained by storing 50 nm NPs for 30 
days. Then the 1 μm class of particles was separated with the help of a 
set of sieves. Particle size was checked by optical microscopy. The phase 
distribution of the microparticles was checked by x-ray phase analysis 
(a «Dron-2.0” diffractometer, Cu Kα radiation), and the magnetization 
by the Faraday Balance method.

1“There is no strict dividing line between nanoparticles and non-nanoparticles. The 
size at which materials display properties different to bulk materials is material-
dependent and can certainly be claimed for materials larger in size than 100 nm” 
[3].
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The method for preparing suspensions (sols) of magnetite particles 
for toxicological experiments was designed based on the results of 
research into the kinetics of aggregate formation in micrometric and 
nanometric particle suspensions in distilled water and in normal saline. 
This research was carried out by the method of dynamic light scattering 
on a Brookhaven ZetaPlus universal analyzer of suspensions. It was 
established that nano-sols of Fe3O4 are not stable, and the kinetics of 
the process of aggregation of a disperse phase depends strongly on the 
dispersion medium. Water-based sols proved more stable, and for 3-5 
min after stopping their exposure on a VCX-750 ultrasonic processor 
(Sonics and Materials, Inc., US) the nanoparticle aggregation process 
in them was less dynamic than in sols on the basis of normal saline. 

The surface of iron oxide particles was not covered with any polymer 
or other chemical. Thus. in order to minimise the aggregation inherent 
in suspensions of many NPs, magnetic ones in particular, we (a) 
suspended them in de-ionised water and (b) elaborated a technique 
of intratracheal instillation of ultrasonically dispersed suspensions to 
rats. The procedure for drawing the suspension into a syringe and its 
injection into trachea under visual control fell within a time interval 
(28 s after the ultrasonication, on average) characterised by minimal 
aggregation of nanoparticles. The aggregation kinetics had been 
preliminarily studied by the method of dynamic light scattering on a 
Brookhaven ZetaPlus (USA) universal suspension analyser. 

Very stable aqueous suspensions of gold and silver NPs were 
produced with the help of laser ablation of these metals in water. In the 
nano-gold (NG) suspension, 99.8% of NPs had a diameter of 3.9±1.8 
nm; in the nano-silver (NS) ones, 99.9% and 3.4±1.8 nm, respectively.

All particles compared were administered to outbred laboratory 
female rats once intratracheally at a dose of 2 mg (for magnetite) or 
0.2 mg (for NG and NS)2 per a rat (of ca. 200 g mass) in 1 ml of sterile 
deionised water because agglomeration in a suspension in normal saline 
had been found to occur too quickly. Animals in control groups were 
administered water without particles by the same routes. Experiments 
on magnetite particles of different dimensions were run in parallel as 
well as experiments in which we compared the effects of NG and NS 
particles.

In a special experiment with magnetite particles, 24 hours after 
intratracheal instillation of the suspensions under study or of water, the 
lungs were taken out without bronchoalveolar lavage and homogenized. 
The decomposition of the homogenized tissue of rats was performed by 
wet incineration using concentrated sulfuric acid and 30% hydrogen 
peroxide with heating on Digesdahl Digestion Apparatus Model 23130-
20-21 (Hach Company, US) and subsequent evaporation of excessive 
peroxide and dilution of the solution with tridistilled water. The iron 
content of the resulting solution was measured by the photometric 
method described  for analysis of waters [28] and adapted by us for 
the analysis of animal tissues in this study (the adequacy of adaptation 
was confirmed by the results of analysis of a standard sample of bovine 
liver). The method allows one to determine 0.05 to 4 mg of iron  in 
1 dm3 of solution. The measurements were performed in 5 aliquot 
samples of the solution from each rat. 

As well as performing optical microscopy of sedimented cells 
following the centrifuging of the bronchoalveolar lavage fluid 
(BALF), we examined the topography of the BALF cell surfaces under 
nanometric spatial resolution by the method of semi-contact atomic 
force microscopy (sc-AFM) with the help of a scanning probe nano-
laboratory NTEGRA Therma (Russia) using NSG01 probes with a tip 
height of 10-15 µm and a tip curvature radius of 10-15 nm. 

In a separate experiment, transmission electron microscopy 
(TEM) was used to study intracellular localisations of magnetite NPs 
in АМs of the BALF and damage to these cells at ultra structural 
level that may be attributed to the adverse effect of NPs. Based on the 
findings of the above studies, we selected AMs exposed to 10 nm NPs 
for examination under electron microscopy as particles that are more 
actively phagocytised than the others and, at the same time, are more 
cytotoxic to АМ. 

Bronchoalveolar lavage was carried out 24 hours after the instillation 
of particles. A cannula connected to a Luer’s syringe containing 10 ml of 
normal saline was inserted into the surgically prepared trachea of a rat 
under hexenal anaesthesia. The fluid entered the lungs slowly under the 
gravity of the piston, with the animal and syringe positioned vertically. 

Particle dia. 
Number of cells, mln.

NL/AM ratio
total Alveolar macrophages (АМ) Neutrophil leucocytes (NL)

Control for water 2.53±0.36 2.06±0.29 0.30±0.05 0.15±0.03 
10 nm 18.57±3.20*ϒ 2.72±0.54 14.99±2.57*ϒ 6.23±0.62*ϒ

50 nm 26.37±5.12*ϒ 5.05±0.93*●ϒ 20.65±4.37*ϒ 4.42± 0.57*●ϒ

1 μm 4.06±0.44*● 1.81±0.24 1.93±0,28*● 1.32±0.27*●

«*» – designates values that are statistically significantly different from control value; «●» – same from the value for «10 nm» group; ϒ - same from «1 μm» (Р<0.05 by 
Student’s t-test)

Table 1: Count of BALF cells 24 hours after intratracheal instillation of suspensions of magnetite particles (2 mg/ml) of various sizes to rats (X±s.e.).

*designates values that are statistically significantly different from control value; 
+ same from the value for the group of rats administered 10-nm particles (P<0.01 by Student’s t-test)

Table 2: Iron content of rat lung tissue 24 hours after intratracheal instillation of 2 mg of magnetite particles of various sizes or distilled water (X±s.e.)

Groups of rats that were administered suspensions of particles with diameters:
10 nm 50 nm 1 μm Controls (water)
Iron content (mg/kg raw tissue)
200 ± 9* 257 ± 8*+ 258 ± 15*+ 141 ± 5+

Difference between group administered magnetite and controls
59 ± 10 116 ± 9+ 117 ± 16+ -

2Our studies on magnetite particles have been completed when we began to experiment with NG and NS, so first of all we tried to use the same dosage, but a pilot 
experiment demonstrated that 2.0mg of NS caused too strong an inflammatory response. That is why comparative assessment of responses to NS and NG was carried 
out at ten times lower doses.
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«*» – designates values that are statistically significantly different from control value; «●» – same from the value for the group of rats administered nano-Ag (Р<0.05 by 
Student’s t-test)

Table 3: Count of BALF cells 24 hours after intratracheal instillation of suspensions of gold or silver nanoparticles (0.2 mg/ml) to rats (X±s.e.).

Metal instilled
Number of cells, mln.

NL/AM ratio
Total Alveolar macrophages (АМ) Neutrophil leucocytes (NL)

Control for water 0.99±0.17 0.06±0.01 0.93±0.17 0.05±0.01
Nano-Ag 2.78±0,58* 2.13±0.52* 0.64±0.07 3.17±0.49*
Nano-Au 2.37±0.49* 1.45±0.22* 0.93±0.14 1.67±0.20*●

● designates statistically significant difference from the «10 nm» group; ϒ – same from the «1 μm» group (Р<0,001 by t-test allowing for standard error of complex means 
whereby data for each rat are considered as a sample consisting of n cells)

Table 4: Percentage distribution of phagocytising cells with various degrees of particle burden 24 hours after intratracheal instillation of suspensions of magnetite particle 
(2 mg/ml) of various sizes to rats (X±s.e.).

Alveolar macrophages (АМ) Neutrophil leucocytes (NL)
% AM with 0 – 20 particles % AM with >20 particles % NL with 0 – 20 particles % NL with >20 particles
after administration of 10 nm particles.
9.38±0.25%ϒ 90.62±0.35%ϒ 42.66±0.28%ϒ 57.34±0.38%ϒ

after administration of 50 nm particles.
19.09±0.21%●ϒ 80.91±0.21%●ϒ 72.55±0.18%●ϒ 27.45±0.19%●ϒ

after administration of 1 μm particles.
64.00±0.16%● 36.00±0.16%● 97.75±0.08%● 2.25±0.08%●

Then the rat and the syringe were turned 180º, and the fluid flowed 
back into the syringe. The extracted BALF was poured into siliconized 
refrigerated tubes. An aliquot sample of the BALF was drawn into a 
WBC count pipette together with 3% acetic acid and methylene blue. 
Cell count was performed in a standard hemocytometer (the so-called 
Goryayev’s Chamber). For cytological examination and semi-contact 
atomic force microscopy (sc-AFM), the BALF was centrifuged for 4 
minutes at 1000 rpm, and then the fluid was decanted.  For optical 
microscopy we prepared smears of the sediment on 2 microscope slides. 
After air drying, the smears were fixed with methyl alcohol and stained 
with azure eosin. The smears were microscoped with immersion at 
a magnification of х1000. The differential count for determining the 
percentage of alveolar macrophages (АМ), neutrophil leucocytes (NL) 
and other cells was conducted up to a total number of 100 counted 
cells. Allowing for the number of cells in the BALF, these percentages 
were recalculated in terms of absolute AM and NL counts considered 
hereinafter (see Results and Discussion).

For the sc-AFM, a 3 μl aliquot of the centrifuged suspension of cells 
obtained by bronchoalveolar lavage was precipitated on a fresh chip 
of mica. After 60 seconds, excessive liquid was removed with a paper 
filter, and the sample was dried up by blowing with clean dry air or 
nitrogen for 30 sec. It should be noted that the drying of the BALF 
on a mica surface results in the formation of salt microcrystals, for 
removing which the sample was washed twice. For washing, the sample 
was kept for 60 sec on the surface of a drop of deionized water (with 
the working side down), and then the fluid was removed with the help 
of a paper filter again. After a repeat washing the sample was dried up 
finally by blowing with clean dry air or nitrogen for 30 sec.

For performing TEM, BALF was centrifuged for 30 min at 3000 
rpm. The cell sediment was fixed in 2.5 % solution of glutaraldehyde 
with subsequent additional fixing in 1 % solution of osmium tetroxide 
for 2 hours, then it was washed in 0.2М phosphate buffer and passed 
through alcohols of increasing concentration and through acetone for 
dehydration. Then the sample was placed for 24 hours in a mixture of 
araldite and acetone at a ratio of 1:1, following which it was polymerized 
in araldite at 37оC for 1 day and then at 50-60oC for 2-3 days. Ultra 
thin sections were obtained on a Leica EM UC6 ultra-microtome, 
contrasted with lead citrate and examined on a Morgagni 268 electron 
microscope.

All experiments were carried out on outbred white female rats 
with the initial body weight of 150 to 220 g. All rats were housed in 
conventional conditions, breathed unfiltered air, and were fed standard 
balanced food. The experiments were planned and implemented in 
accordance with the “International guiding principles for biomedical 
research involving animals” developed by the Council for International 
Organizations of Medical Sciences (1985).

Results and Discussion
As can be seen from Table 1, the instillation of iron oxide (magnetite) 

NPs of both sizes caused a much more intensive increase in the overall 
cell count of the 24 hours BALF than the instillation of microparticles. 
However, the response to 10-nm particles was somewhat weaker than 
that to 50-nm ones. The latter was, probably, due to more effective 
earlier clearance of the lungs from the finest particles, by virtue of 
their presumably higher solubility (due to the highest specific surface 
of the smallest NPs) and, as will be shown below, actually more avid 
phagocytosis. Indeed, as it is demonstrated by Table 2, the above-the-
background (above the control level) iron content 24 hours after an 
injection of 10 nm magnetite particles was half the content in response 
to 50 nm and 1 µm particles (in the absence of any difference between 
the latter two).

Judging by the increase in the NL/AM ratio, the cytotoxicity of 
10 nm nanoparticles is a little higher than that of 50 nm NPs, both 
fractions of the nanometer range being considerably more cytotoxic 
than the micrometer particles of the same substance (Table 1). 

Active recruitment of both types of pulmonary phagocytes, again 
with a predominance of NLs (and thus with a significant increase in 
the NL/AM ratio) was demonstrated also 24 hours after intratracheal 
instillation of gold and silver nano-suspensions (Table 3).  

Thus, given comparable NP dimensions, the cytotoxicity of 
particles and the phagocytic response to their pulmonary deposition 
depend significantly on the chemical nature of a metal. Specifically, we 
demonstrated that, judging by the NL/AM ratio, NS is more cytotoxic 
as compared with NG.  It corresponds with the general impression 
created by a review of the results of many a published study [19-26] 
according to which the toxicity of NS for different target cells and on 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 1: Typical cell surface topography measured by semi-contact AFM, for various groups of samples: (a),  (b)   controls; (c), (d) after instillation of 10 nm 
magnetite; (e), (f) 50 nm magnetite; (g), (h) 1 μm magnetite.
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. (a) b)

Figure 2: Average number (а) and average surface concentration (b) of micro-pits of all transverse dimensions detected on the surfaces of cells of each group (х±Sх) 
(ref – values from the control group).

. 

(a) (b)

Figure 3: Average number (a) and average concentration (b) of micro-pits with a transverse dimension of >1 μm detected on the surface of cells of each group (х±Sх). 
(ref – values from the control group).

the organism level is rather high while that of NG is only moderate to 
negligible.

We counted particles observable inside the phagocytising cells by 
means of immersion optical microscopy with a magnification of х1000 
(Table 4) in the experiment with iron oxide (magnetite) particles only. It 
revealed that macrophages and neutrophils loaded with fewer particles 
constituted a 1.7-2.0 times smaller percentage of the total number of 
corresponding cells in the BALF from the lungs injected with 10 nm 
particles in comparison with those administered 50 nm ones, and 2.3-
6.8 times smaller as compared with those administered 1 μm ones. On 
the contrary, the percentage of cells more heavily loaded with visible 
particles diminished in the sequence: 10 nm – 50 nm – 1 μm.

Thus, the phagocytosis of 50 nm particles was less active while NPs 
of both sizes were engulfed by both macrophages and neutrophils much 
more avidly than micrometer ones. The particularly avid phagocytosis 
of 10 nm particles, along with the presumably higher solubility of the 
smallest NPs (due to their higher specific surface area), is the probable 
cause of their less substantial retention in the lungs as mentioned 
above. It is known that macrophage breakdown products stimulate 
both the attraction of АМs and, especially, of NLs and the phagocytic 
activity of macrophages in relation to 1 µm polystyrene test-particles 
[15].  This suggests an explanation for the direct relationship between 
the cytotoxicity of magnetite particles of different size and the avidity 
with which viable phagocytes engulf them.

Micro-pits discovered with the help of sc-AFM on the surface of 

BALF cells from rats administered iron oxide particles (Figure 1) are 
interpreted by us as marks left by plasma membrane invagination 
in the course of particle phagocytosis. The visual assessment of the 
dependence of the number and comparative diameters of these micro-
pits on particle size was confirmed by measurements of the above 
diameters and by statistical analysis of the results (Figures 2 and 3). 
Here again we can see that phagocytic avidity (as evidenced by the 
number of such invaginations per unit area of the cell surface) was 
maximal in response to 10 nm particles and minimal in response to 
1 µm ones. The lower micropits-per-cell count in the case of 10 nm 
particles as compared with 50 nm (but not with 1 µm!) ones may be 
explained by a more significant shift in the cell population toward NLs 
(Table 1), the latter having a smaller surface area than AMs. 

On the contrary, the number of large micro-pits (those > 1 μm) per 
unit area was greatest for 1 μm NPs and lowest for 10 nm ones (Figure 
3). It stands to reason that the transverse dimensions of micro-pits (if 
they are not simply holes in the cell membrane “perforated” by particles 
but do result from physiological invagination of this membrane) should 
be much larger compared with particle diameter, although correlating 
with the latter as it is well seen on the sc-AFM pictures (Figure 1 and 3). 
When NPs under comparative study have virtually one and the same 
average diameter, as is the case in our experiment with NPs of silver and 
gold, micro-pit dimensions prove to be independent of the chemical 
nature of NPs. Indeed, the average diameter of micro-pits was 87.5±3.5 
nm for NG and 80.1±1.8 nm for NS. This difference is not statistically 
significant, but it is to be reminded that mean NP diameters were much 
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Figure 4: Engulfment of 10 nm magnetite particles by an alveolar 
macrophage (phagosomes – arrows 1). TEM, magnification *140000.

Figure 5: 10 nm magnetite particles in  an alveolar macrophage gathered 
within endosomes (arrow 1). TEM, magnification *8900.

 

2 
1 

Figure 6: Contact of clustered 10 nm magnetite particles with membranes 
(arrow 1) and cristae (arrow 2) of an alveolar macrophage’s mitochondria. 
TEM, magnification *22 000.

smaller whilst again being somewhat greater for NG as compared with 
NS: 3.9 nm and 3.4 nm, respectively. As for the micro-pits count per 
unit area, it was 1.5 times higher for NS than for NG.  Thus we see again 
that more cytotoxic NPs are being engulfed more avidly.

Figure 4 shows the typical electron microscopy picture of an AM’s 
periphery in rats exposed to magnetite nanoparticles. Extracellular 
singlet NPs or preformed finest aggregates consisting of 2 or 3 primary 
NPs are located at a short distance from, or in direct contact with the 
plasma membrane. Where located within the cell, NPs are frequently 
found in the vacuoles separated from the cytoplasmic matrix by a 
membrane. These finest phagosomes are known to form as a result 
of separation of an invaginated area of the cell’s plasma membrane. 
It can be seen that one such phagosome is in close contact with the 
internal contour of the plasma membrane, from which, apparently, it 
has just got separated. Visible closely to it are NPs at the beginning 
of invagination. It should be qualified, however, that in many cases 
the boundaries of phagosomes are not clear, and so many  NPs visible 
within a cell could be distributed in cytoplasm in a free state.  Whether 
it is a result of their physical penetration (diffusion) through the cell 
membrane or that of their secondary liberation after the phagosome’s 
breakdown (see below) is a matter of conjecture and discussion.

None of the sections revealed any pattern that would point to 
phagocytosis of preformed large conglomerates of micrometer size 
similar to that seen intracellularly under optical microscopy with 
х1000 magnification. At the same time, electron microscopy also 
reveals a considerable number of such conglomerates inside AM, being 
separated, in most cases, by a two-contour membrane, i.e. located 
inside a large endosome (phagosome) presumably resulting from a 
fusion of finer phagosomes (Figure 5).

In cases where no such separating membrane is visible around an 
NP conglomerate located in the cytoplasm, we most likely observe a 
secondary phenomenon associated with a breakdown of the endosomal 
membrane as a result of the damage caused to it by NPs. This damaging 
effect is more conspicuous where such free conglomerate of NPs is in 
contact with the membranes of other organelles (particularly often with 
those of mitochondria) or with the nucleus membrane as is shown in 
Figures 6 and 7. Within mitochondria, NPs are found on the membrane 
and cristae, sometimes filling the matrix up. In these cases, we can 
observe disturbance of the two-contour appearance of the membranes, 
breakdown of cristae and clarification of the mitochondrial matrix. 

 

1 

Figure 7:  Contact (arrow 1) of clustered 10 nm magnetite particles with the 
damaged nuclear membrane of an alveolar macrophage. TEM, magnification 
*22 000.
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Other researchers [4] have shown that unlike the «coarse fraction» 
of atmospheric dust, which is detected only within phagosomes in 
response to in vitro exposure of macrophage-like cells, ‘ultrafine 
fraction’ particles (up to 150 nm) are observed to be in contact with 
mitochondria, causing damage to them and related oxidative stress.

Notable in our experiment is the almost total absence of primary 
lysosomes, which are present in large numbers in the АМs of control 
animals. This is possibly due to the damaging effect of NPs on the Golgi 
apparatus responsible for the formation of lysosomes. We cannot rule 
out, however, that the disappearance of lysosomes can result from 
the fusion of these organelles with numerous phagosomes (i.e. the 
formation of phagolysosomes, or the so-called secondary lysosomes). 
Following the disruption of phagolysosomal membranes, the liberation 
of lysosomal hydrolases in the cytoplasm is likely to be an important 
additional mechanism of cell damage and destruction. Indeed, under 
electron microscopy we found quite a few completely destroyed АМs 
with NPs and their conglomerates escaping into the intercellular space. 
The role of such “self-digestion” of macrophages at exposure to silica 
microparticles was postulated a long time ago [29] and has found its 
way into the circle of classical ideas concerning the pathogenesis of 
silicosis [18]. 

Thus, the results of the TEM examination confirm that the АМ is 
quite capable of recognizing and phagocytising even the finest particles 
of the nanometric range. Here we do not deal with the mechanical 
penetration or, in any case, with just the mechanical penetration 
of such NPs through the plasma membrane but also with an active 
physiological process following the general pattern of phagocytosis of 
any solid particles. Moreover, there are sufficient grounds to believe 
that the formation of intracellular conglomerates of NPs is essentially 
linked not simply to their special predilection to physical aggregation 
characteristic of all NPs (magnetic ones especially) in liquid medium, 
but first of all to the same physiological process at the stage during 
which fine phagosomes fuse into larger ones inside which this 
predilection ultimately manifests itself. Finally, the findings provide 
evidence in favour of the hypothesis that, as well as in response to the 
effect of mineral microparticles, the primary cause of NP cytotoxicity 
for АМ is their membranolytic activity.

Conclusion
We believe that, taken as a whole, the experimental data summarized 

and discussed in this paper demonstrate that:

(a)	 In vivo uptake of metallic nanoparticles by specialized 
phagocytizing cells functioning on the free surface of the 
pulmonary region is due to a physiological process (endocytosis) 
rather than to penetration (diffusion) under physical forces.

(b)	 This process is supported by a defensive reaction consisting in 
the recruitment of large numbers of AMs and NLs onto the 
above free surface, the NL/AM ratio being higher, the smaller 
the NP size or the more toxic the nano-metal.

(c)	 Internalized NPs can markedly damage (up to death and 
destruction) the phagocytizing cell, presumably, through their 
membranolytic action.

In total, our data agree with the prevailing perception of the 
intrinsically high bio-aggressiveness of nanomaterials but make us 
believe that the no less widespread concept of the organism’s quasi-
defenselessness against NPs should be critically re-evaluated.
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