
Chemico-Biological Interactions 197 (2012) 47–57
Contents lists available at SciVerse ScienceDirect

Chemico-Biological Interactions

journal homepage: www.elsevier .com/locate /chembioint
Mini-review

Transport routes of metalloids into and out of the cell: A review
of the current knowledge

Ronen Zangi a,b,⇑, Montserrat Filella c,d

a Department of Organic Chemistry I, University of the Basque Country UPV/EHU, Avenida de Tolosa 72, 20018 San Sebastian, Spain
b IKERBASQUE, Basque Foundation for Science, 48011 Bilbao, Spain
c Institute F.-A. Forel, University of Geneva, Route de Suisse 10, CH-1290 Versoix, Switzerland
d SCHEMA, Rue Principale 92, L-6990 Rameldange, Luxembourg
a r t i c l e i n f o

Article history:
Received 21 October 2011
Received in revised form 27 January 2012
Accepted 14 February 2012
Available online 25 February 2012

Keywords:
Influx and efflux
Passive and active transport
Channel proteins
Endocytosis
Nano-particles
0009-2797/$ - see front matter � 2012 Elsevier Irelan
doi:10.1016/j.cbi.2012.02.001

⇑ Corresponding author at: Department of Organic
943018112.

E-mail address: r.zangi@ikerbasque.org (R. Zangi).
a b s t r a c t

Except for their extra- and intra-cellular interfaces, cell membranes are hydrophobic and inhibit the
transport of hydrophilic molecules. Metalloids in aqueous solutions form chemical species with oxygen
and hydroxyl groups and, therefore, exist as hydrophilic neutral polar solutes or as hydrophilic anions.
This characteristic of metalloids introduces a large barrier for their passage through the cell membrane
via unaided diffusion. The necessity for an uptake mechanism for metalloids arises from the requirement
of these species for the maintenance of life, such as the need of boron for plant cells. Conversely, the
transport of these species out of the cell is necessary because some metalloids are toxic, such as arsenic
and antimony, and their entrance into the cell is undesirable. The undesired uptake of these toxic species
is possible via pathways designed for the uptake of other structurally and chemically similar essential
compounds. Therefore, the extrusion of arsenic and antimony out of the cell is an example of a detoxifi-
cation mechanism. As a consequence of the hydrophobic character of the cell membrane in all living sys-
tems, the main route for the uptake and efflux of metalloids is facilitated by transmembrane proteins,
driven either by concentration gradients or by energy-fueled pumps. However, metalloids forming or
embedded in nano-sized particles escape the need to cross the cell membrane because these particles
can be taken into the cell by endocytosis. Here, we review the uptake and efflux pathways of boron, sil-
icon, arsenic, and antimony through the cell membranes of different organisms and the protein channels
involved in these processes. In particular, passive diffusion via aquaglyceroporins, active transport via
primary and secondary ion pumps, extrusion into vacuoles of metalloid-thiol conjugates via ATP-binding
cassette, the efflux of methylated metalloids, and endocytosis are summarized.

� 2012 Elsevier Ireland Ltd. All rights reserved.
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Metalloids are elements that are neither metals nor nonmetals.
This group is composed of boron, silicon, germanium, arsenic, anti-
mony, and tellurium, which form a diagonal line in the periodic ta-
ble of the elements. The biochemical processes of different
organisms have evolved to take advantage of some of these metal-
loids, but other metalloids can interfere with and disrupt these
processes. For example, boron and silicon are essential, or at least
beneficial, for plants, whereas arsenic and antimony are toxic. The
abundance of these metalloids in the environments of living organ-
isms is changing due to both geochemical and anthropogenic pro-
cesses. Consequently, an increase in the availability of metalloids
that can harm essential cellular processes can account for life-
threatening situations, such as in the case of arsenic. The simplest
adaptation in the organism would be to control the transport of
these metalloids into (uptake or influx) and out of (efflux) the cell.
Because different metalloids have different known impacts on liv-
ing systems and on humans in particular, the extent of the research
aimed at elucidating the biological aspects of these metalloids var-
ies significantly. Moreover, the recent exponential growth of nano-
technology applications has added a new field investigating the
participation of engineered nanoparticles in biological processes.
In this review, we summarize the current knowledge about the
influx and efflux mechanisms of boron, silicon, arsenic, and
antimony.
1. Biological activity of metalloids

The four metalloids that are the focus of this review have very
different distributions and biological activities. Boron is widely dis-
tributed (5–100 mg/kg) in the earth’s crust. At a neutral pH, it ex-
ists primarily as boric acid, B(OH)3, and in a much smaller amount
as the conjugated base, the borate anion BðOHÞ�4 (pKa = 9.2). For all
plants, boron is an essential element, but the requirement for bor-
on varies greatly from plant to plant. Boron is involved in the struc-
ture and function of the cell walls, membrane function, and
metabolic activities, and it is critical for high yields of quality crops
[1,2]. Boron deficiencies result in many anatomical, biochemical
and physiological changes in plants. However, the biochemical ac-
tion of boron is not clear. Boron’s essentiality is thought to derive
from its ability to form diester bridges between cis-hydroxyl-con-
taining molecules and, thereby, act as a ‘molecular linker’ [3]. This
ability, for example, is required in the cross-linking of the polysac-
charide rhamnogalacturonan, which is a crucial component of the
plant cell wall. In addition, there is evidence that boron is nutri-
tionally important for animals and humans; however, it was con-
sidered only ‘probably essential’ until now. Boron has been
observed to affect mammalian life processes via metabolism or
the utilization of numerous substances, including other minerals
such as calcium and magnesium, as well as, sugar and hormone
molecules [4,5]. Boron’s mode of action is not known; however,
it is hypothesized to play a role in the function of the plasma mem-
brane [2,5].

Silicon is the second most abundant element, after oxygen, in
the earth’s crust. In aqueous solution, silicon exists in the form of
silicic acid, Si(OH)4. Except in lower plants, such as diatoms, silicon
is not considered an essential element due, in part, to insufficient
data on its metabolism. However, silicon is found in higher plants
and animals and is considered beneficial for both. In plants, the ex-
tent of silicon accumulation differs among different species. Rice,
one of the highest silicon-accumulating plants, can have a silicon
content that is higher than the levels of essential nutrients, such
as phosphate, nitrogen, and potassium [6]. Silicon is known to en-
hance the resistance of plants to pests, diseases, and other stresses
[7,8]. For example, a mutant rice plant, Oryza sativa, which is miss-
ing the silicon transporter Lsi1 and is, therefore, defective in
Si(OH)4 uptake, suffers from reduced grain yield and an increased
susceptibility to pests and diseases [9]. At high concentrations
Si(OH)4 can polymerize to form poly-silicic acid, a structural com-
ponent that functions in the defense against biotic and abiotic
stresses [10]. Silicon is also beneficial for animals. For example,
in humans, silicic acid is important for the development of bones
and is present in nearly all connective tissues, suggesting an
important function in structure, stability and elasticity. More spe-
cifically, the oral intake of silicone was reported to have a signifi-
cant positive effect on the skin surface and skin mechanical
properties and on the brittleness of hair and nails [11,12].

Arsenic is widely distributed in the earth’s crust and exists in
four oxidation states: +5, +3, 0, and �3. However, the most abun-
dant of these states are the pentavalent and the trivalent forms.
In aqueous solutions, the pentavalent form occurs in the anion
arsenate, H2AsO�4 . Arsenic lies directly below phosphorus in the
periodic table, and, from structural and chemical points of view,
arsenate is very similar to phosphate. The latter species plays sev-
eral essential roles in the cell; it is a component of nucleic acids
and lipids, regulates processes via phosphorylation of proteins,
and transports energy within the cell via ATP. Because of its phys-
ico-chemical similarity to phosphate, arsenate, when available in-
side the cell, can compete with and substitute for phosphate in
many reactions. This ability of arsenate raises questions about
whether this substitution is harmful for the cell. If only partial sub-
stitution is possible, then the incorporation of arsenic instead of
phosphorus is harmful. For example, if arsenic is incorporated in
a reaction that is an early step (upstream) in a certain pathway
but cannot function as phosphorus in a downstream reaction, then
this pathway is disrupted. Previous research has demonstrated
that the main toxicity of arsenate is due to its inhibition of the en-
ergy-linked reduction of NADþ, mitochondrial respiration (citric
acid cycle) and ATP synthesis. However, under normal environ-
mental conditions, the intracellular levels of phosphate are suffi-
ciently high that arsenate does not directly cause arsenic toxicity.

Given adequate modifications in the biochemistry of the cell,
the possibility for arsenate to completely substitute for phospho-
rus to perform the vital processes of the cell has been questioned.
Recent results suggest that the GFAJ-1 bacterium isolated from
Mono Lake in eastern California is able to substitute arsenic for
phosphorus to sustain its growth [13]. However, several scientists
have commented that these results were misinterpreted [14]. The
major concern is that arsenic esters are hydrolyzed rapidly and
spontaneously in aqueous solutions; therefore, the stability of
DNA, RNA, and sugar arsenates in aqueous environments would
be too low to support life [15,16]. However, this life with arsenic
instead of phosphorus is not possible for all other organisms, and
in fact, when arsenic enters the cell, the pentavalent arsenate is re-
duced to the trivalent form.

Trivalent arsenic, or arsenite, which exists in aqueous solutions
primarily as AsðOHÞ3 (the conjugate base is AsðOHÞ�4 with a pKa of
9.4), is more harmful than the pentavalent form and is responsible
for the element’s toxic effects. Its toxicity is primarily due to its
propensity to form strong, nearly covalent bonds with closely
spaced thiolates (cysteine residues) and imidazolium nitrogens
(histidine), both of which are essential for the structure and func-
tion of proteins. As a consequence, the active sites of enzymes and
receptors that contain cysteine residues can be inhibited, and the
formation of disulfide bonds, needed to maintain a protein’s ter-
tiary structure, can be prevented. Many studies have shown that
As(III) interacts with several important proteins. These proteins in-
clude cytoskeleton protein filaments (actin and tubulin), DNA re-
pair proteins (PARP-1 and XPA), regulators of gene transcription
(glucocorticoid receptor) and nicotinic receptors [17–21]. The
binding of arsenic to these proteins likely involves the inactivation
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of the proteins. For example, the binding of arsenic to tubulin
prevents the tubulin’s GTP-induced polymerization and lead to
morphological transformation and some cytogenetic effects [19].
Another important consequence of the entry of As(III) into cells is
the alterations in the methylation patterns of cellular DNA (both
hypomethylation and hypermethylation were observed), which
are normally observed in cancer cells [22,23]. In fact, chronic expo-
sure to arsenic causes cancer of the liver, lung, skin, kidney and blad-
der [24]. For more than a decade, arsenic has been ranked as the most
hazardous substance (http://www.atsdr.cdc.gov/cercla/97list.
html). It also causes cardiovascular disease, peripheral neuropa-
thies, and diabetes mellitus. Conversely, the binding of arsenic to
proteins involved in intracellular signal transduction pathways re-
sults in the ability to use arsenic as a drug against cancer; for exam-
ple, arsenic trioxide (Trisenox) is an effective chemotherapeutic
agent for the treatment of acute promyelocytic leukemia [25].

Antimony is a trace element and typical concentrations in
unpolluted systems are less than 1 lg/l [26,27]. Similar to arsenic,
it can exist in four oxidation states, +5, +3, 0, and �3, with the pen-
tavalent and the trivalent being the most abundant forms. Little is
known about the biochemical effects of antimony; however, the
working assumption is that its mode of action is similar to that
of arsenic. It should be noted that this similarity in chemical prop-
erties has been assumed for many years without a rigorous study.
In aqueous solutions, the trivalent form, antimonite, Sb(OH)3, is
isoelectronic to its arsenic counterpart, but the abundance of the
conjugated anion, SbðOHÞ�4 , is smaller due to a higher acid dissoci-
ation constant (pKa = 11.7). Despite the resemblance of trivalent
antimony to trivalent arsenic, the pentavalent state of antimony
in aqueous solutions is very different from the arsenate anion. In
fact, the most abundant pentavalent form, antimonate, SbðOHÞ�6
is a six-coordinated species [28]. Experimental and clinical trials
with compounds containing antimony have demonstrated that
the trivalent state is more toxic than the pentavalent state [29].
The primary effects of chronic exposure to antimony in humans
are respiratory problems, lung damage, cardiovascular effects, gas-
trointestinal disorders, and adverse reproductive outcomes [30].
Similar to that of arsenic, the harmful effect of antimony on living
systems can also be exploited in its use as a drug. Pentavalent anti-
mony is a first-line treatment for leishmaniasis; however, to create
the active form of the drug, the pentavalent antimony must first be
reduced to the trivalent state.

2. Routes of transport of metalloids through the cell membrane

Transport is essential for maintaining life. This is because it is
responsible for the uptake of vital substances from the environment
and for the extrusion of unneeded and toxic compounds produced
inside the cell. However, the mechanisms facilitating the uptake of
vital elements can sometimes allow the undesired influx of toxic
substances. In this case, another transport mechanism should oper-
ate to extrude the toxins out of the cell. At the molecular level, the
cell membrane is primarily hydrophobic, inhibiting the transport
of hydrophilic molecules. Although, small uncharged hydrophilic
molecules, such as water, can diffuse directly through the lipid bi-
layer [31,32], larger hydrophilic molecules, such as sugars, cannot.
The latter species require the use of specific transmembrane pro-
teins to form a channel with an adequate hydrophilic environment
to allow the molecules to cross from one side of the cell to the other.

As mentioned above, boron, silicon, arsenic, and antimony are
metalloids that, in their most stable aqueous state, exist as multi-
valent poly-hydroxylated species. These compounds are hydro-
philic and intermediate in size between the small molecules that
can cross the cell membrane and the large molecules that require
a channel protein for permeation. It is, therefore, not surprising
that the route by which these metalloids enter the cell has been
a subject of debate in the literature. Initially, it was thought that
metalloids enter the cell only by passive unaided diffusion; how-
ever, there is now a wealth of evidence indicating that special inte-
gral membrane proteins facilitate the uptake/efflux of metalloids
into/from the cell. The transport through these channels can be dri-
ven either by the difference in the concentration of the solute,
where the direction of the diffusion is from high to low concentra-
tion (facilitated diffusion), or by energy-fueled pumps that can ac-
tively transport the solute against the concentration gradient. In
the case of active transporters, energy in the form of ATP can be
consumed directly by the transporter (primary active transporter)
or by another ion-pumping protein, which transports Na+ or H+,
that creates a difference in the electrochemical potential on both
sides of the cell membrane. This difference in the electrochemical
potential of sodium ions or protons is the driving force for the
transport. Therefore, this type of transporters is known as second-
ary-active, and they normally transport ions. A way to distinguish
between passive and active transport is to measure the transport
activity as a function of solute concentration. A linear relationship
indicates that the transport is passive (which can be accomplished
either with or without channels). Alternatively, a curve that dis-
plays saturation indicates that the transport consumed energy
(ATP) and is therefore active (which is accomplished by solute
pumps). The latter behavior is reminiscent of the Michaelis Menten
kinetics characteristic of enzymes.

Channels relevant to the passive transport of metalloids are
aquaporins and aquaglyceroporins. These channels belong to the
major intrinsic protein (MIP) superfamily of channel proteins
found in all domains of life. Aquaporins selectively conduct water
molecules, whereas aquaglyceroporins also transport other small
uncharged molecules such as glycerol, carbon dioxide, ammonia
and urea. However, almost all MIPs completely exclude the pas-
sage of ions and thereby preserve the electrochemical potential
across the cell membrane. Both aquaporins and aquaglyceroporins
are bi-directional channels that operate through passive diffusion.
The direction of the transport is governed by the concentration
gradient across the membrane. If the concentration of the solute
inside the cell is too high and causes damage, the channel can facil-
itate the extrusion of the compound out of the cell if the extracel-
lular concentration is lower. The overall structures of aquaporins
and aquaglyceroporins are conserved [33–35]. Within the mem-
brane, MIPs form tetramers, but each monomer constitutes a chan-
nel and is composed of six membrane-spanning helices. The
selectivity of allowing or preventing the passage of a certain solute
occurs at the channel’s narrowest region, which permits only the
single-file passage of molecules, that is, the molecules are trans-
ported one at a time. The polarity of the amino acids in this filter
is believed to determine the selectivity. For example, in aquaglyc-
eroporins, hydrophobic amino acids stabilize the hydrophobic
backbone of glycerol, whereas polar amino acid residues hydrogen
bond to the hydroxyl groups of glycerol [33,36]. The poly-hydrox-
ylated forms of various metalloids are physically (in terms of size)
and chemically (polarity and ability to form hydrogen bonds) sim-
ilar to glycerol [37,38], rationalizing their ability to pass through
certain MIPs [30,39].

The transport routes of boron, silicon, arsenic, and antimony
into and out of the cell are reviewed below in details. Table 1 sum-
marizes the transporters involved, and if known, the chemical spe-
cies that is actually transported is indicated.

2.1. Transport of boron

If unaided passive diffusion of any of the metalloids occurs, then
it is most likely to be observed for the smallest metalloid, which is
boron. The uncharged boric acid is not only the most stable form of
boron but also the state by which boron is transported into and out
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Table 1
Summary of the different passive and active transporters of metalloids for permeation into (influx) and out (efflux) of the cell, and when known the species that is actually
transported.

Transporter name Direction Metalloid transporteda

Passive transport

MIP: ZmPIP1, AtNIP5;1, HvPIP1;3, HvPIP1;4, NIP5;1, NIP6;1 Influx Boron: B(OH)3

MIP: Lsi1, HvLsi1, ZmNIP2-1, ZmNIP2-2, ZmNIP2-3 Influx Silicon: Si(OH)4

Arsenic: AsðOHÞ3, for Lsi1 also MMA(V), DMA(V)

MIP: Fps1, GlpF, AQP1 Influx Arsenic: AsðOHÞ3
Antimony: Sb(OH)3

MIP: NIP7;1 Influx Arsenic: AsðOHÞ3
Glucose transporter: GLUT1 Influx Arsenic: AsðOHÞ3, MMA(III)
MIP: AQP7, AQP9

MIP: AqpS, NIP2;1, NIP5;1, NIP6;1, NIP3;2 Influx & Efflux Arsenic: AsðOHÞ3
Active transport

unidentified Efflux Boron: BðOHÞ�4
SIT (sodium-coupled) Influx Silicon: likely in anionic form

Lsi2 Efflux Silicon: likely in anionic form
Arsenic: AsðOHÞ�4

Phosphate transporters: Influx Arsenic: H2AsO�4
-sodium-coupled: PiT-1, PiT2
-proton-coupled: Pho84, Pho87

Acr3p (proton-coupled) Efflux Arsenic: assumed AsðOHÞ3
Antimony(III)

ArsB (proton-coupled) Efflux Arsenic(III)
Antimony(III)

ABC transporters: Ycf1p, MRP2/cMOAT, PGPA, 190 kDa MRP Efflux via extrusion into vacuoles Arsenic(III)-thiol complex
Antimony(III)-thiol complex

a MMA(V): mono-methylated As(V); DMA(V): di-methylated As(V); MMA(III): mono-methylated As(III).
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of the cell. Therefore, it is a good candidate to have the proper sol-
ubility to cross the cell membrane without the aid of facilitators.
Indeed, the passive diffusion of boron in different plants has been
observed [40,41]. Nevertheless, active transport has also been pro-
posed in other studies [42,43]. The passive transport of boron is re-
ported to occur both with and without the aid of solute channel
facilitators [44]. Few aquaporins and aquaglyceroporins have been
demonstrated the ability to facilitate the uptake of boron in Xeno-
pus oocytes [45–47] and in yeast [38]. The channels expressed in
the oocytes were ZmPIP1 from maize and AtNIP5;1 from the flow-
ering plant Arabidopsis. The channels expressed in yeast were
HvPIP1;3 and HvPIP1;4 from barley roots. It appears that the ex-
tent of boron uptake by facilitated diffusion via these transporters
account for approximately 25–50% of the total boron uptake. The
NIP5;1 and NIP6;1 channels were also shown to facilitate the per-
meation of boric acid in Arabidopsis [48]. As for the active transport,
no specific solute pumps have been identified. Such an energy-con-
suming mechanism is assumed to be utilized under deficiency con-
ditions because the uptake can still be performed, albeit at lower
extracellular concentrations. It should be mentioned that in addi-
tion to facilitated uptake of metalloids into the cell, the efflux
out of the cell is also facilitated by protein channels. This facilitated
efflux has been demonstrated to provide plants with tolerance
against high concentrations of boron, which can be toxic [49].
The efflux is found to be an active transport, where boron is
transported in the form of BðOHÞ�4 . Note that although the
concentration of the anion is small compared to that of B(OH)3,
its continuous disappearance in the intracellular medium can
consume a large quantity of the neutral species because the
equilibrium reaction between the two species will be shifted to
produce more anions.
2.2. Transport of silicon

All living organisms are able to take up silicon, and similar to
boron, silicon is taken up in its uncharged hydroxylated form,
Si(OH)4 [50]. The gene responsible for silicon uptake in rice is
low silicon rice 1 (Lsi1) and encodes a plasma membrane protein
that belongs to the Nodulin26-like intrinsic proteins (NIP) subfam-
ily of aquaporins [9]. This protein channel, which was also ob-
served in barley [51], does not transport glycerol to any
significant extent. The gene is constitutively expressed, but its
expression level is regulated by the extracellular concentration of
silicon. A homologous protein, HvLsi1, that belong to the same sub-
group of aquaporins was also found to facilitate the influx of silicic
acid in barley [51], and three other homologues were also found in
maize (ZmNIP2-1, ZmNIP2-2 and ZmNIP2-3), suggesting that they
are also involved in silicon uptake. The location of Lsi1 expression
is mainly in the roots, and there is a need for the silicon accumu-
lated in these cells to be transported to cells in other locations.
In addition to channels that allow influx, this intercellular trans-
port also requires a mechanism that will permit the efflux of sili-
con. As mentioned above, aquaporins are mostly bidirectional for
water transport; however, measurements demonstrated that Lsi1
does not transport silicon out of the cell. This finding is in contrast
to other NIP aquaporins that are bidirectional for arsenic [52]. An-
other gene, low silicon rice 2 (Lsi2), encodes for another plasma
membrane protein that is responsible for silicon efflux [53]. Lsi2
is also constitutively expressed in the roots but has no similarity
to Lsi1 and does not facilitate any uptake of silicon. In fact, there
are some indications suggesting that Lsi2 is a putative anion trans-
porter and is energetically driven by a proton gradient. Thus,
whereas the influx of silicon into the cell is accomplished passively
via diffusion, the efflux is an active process.

In contrast to the passive influx and active efflux examples
mentioned above, marine diatoms are able to take up silicon, via



Table 2
Reported nanosilica mammalian cellular uptake mechanisms.

Silica forma Size (nm) Zeta-potentialb

(mV)
Cellsc Mechanismd Methode Refs.

FITC-MSN �110 – hMCSs, 3T3-L1 Clathrin-mediated endocytosis Inhibitors (sucrose,
phenylarsine oxide, filipin)

[126]

MSN: MCM-41 type,
functionalized:

150 (pore
£ � 2.4)

HeLa Endocytosis: Inhibitors (sucrose, folic
acid, genistein)

[127]

– FITC �34.73
– FITC: clathrin-pitted mechanism
mediated by folic acid receptors

– AP �4.68 – FAP: clathrin-pitted mechanism non-
mediated by folic acid receptors– GP �3.25
– AP and GP: caveolar-mediated
mechanism

– GEGP +0.57

– GEGP: (unknown)
– FAP +12.81

(pH 7.4)

RITC-MSN, surface modified
with variable amounts of
positively charged TMAC

108
110
111
115

+19.0
+14.6
+7.90
�4.90
(pH 7.35)

hMCSs, 3T3-L1 hMSCs:

Inhibitors (phenylarsine
oxide, filipin, cytochalasin
D, nocodazole)

[128]– low surface charge: clathrin and actin-
dependent endocytosis

– above a charge threshold: new
unrevealed charge-dependent
mechanism
3T3-L1:
- clathrin-dependent mechanism, charge
independent

FITC-iron oxide/silica core-
shell particles

50
(core: 10)

– hMSCs Clathrin-coated pit endocytosis and actin
microfilaments involved

Inhibitors (phenylarsine
oxide, cytochalasin D,
filipin, nocodazole)

[129]

Aminated amorphous
particles

92, 462 +20
(pH 7.4)

C10 Particles propelled along microvilli-like
structures into cells

Identification of individual
particles by DIC (500 nm)
or TIRF (100) microscopy

[130]

MSN, surfactant (CTAB)
extracted or calcinated

190, 420,
1220

Negative (in
figure), increase
with size

MDA-MB-468,
COS-7

Endocytosis; size dependent Located in lysosomes
(confocal microscopy)

[131]

Gd-FITC-MSN 120 – hMSCs Clathrin-coated pit endocytosis and actin
microfilaments involved

Inhibitors (phenylarsine
oxide, cytochalasin D,
filipin, wortmannin,
nocodazole)

[132]

Aminated amorphous
particles

462 +20
(pH 7.4)

C10 Syndecan-1 mediates particle coupling
with actin filaments across the membrane
and internalization via macropinocytosis

Flow-cytometry and
enzyme treatments, TIRF,
FCM

[133]

FITC-AMS MS6: 378
(pore £

3.43),
AMS8:
2400

– HMDM Energy-dependent internalization;
endocytosis and phagocytosis implicated;
impossible to clarify whether clathrin- or
caveolae-mediated endocytosis involved

Reduced uptake at low T
incubation, inhibitors
(cytochalasin D and a
‘‘cocktail of endocytosis
inhibitors’’)

[134]

Amorphous particles, dyed
(fluorescent
dansylamide)

150–200 �23
(pH not given)

Rat microglia Phagocytosis; concentration dependent: FCM [135]
– lower concentrations, dispersed in
cytoplasm
– higher concentrations, in phagocytic
vacuoles

Core-shell silica particles
encapsulating fluo dye
with hydroxyl,
aminopropyl, PEGylated
surface modifications

200–300 –OH: �40,
–NH2: +11.3,
�PEG: +4.29

UMB-SCC-745 PEG: no intake TEM [136]
Others:
– single particles: membrane
invaginations resembling clathrin-coated
pits
– clusters: membrane ruffling (probably
macropinocytosis)

Amorphous particles, FITC or
RITC doped, sorption of
serum proteins possible

60, 178,
369, 592

Negative in
DMEM medium,
decreased in
DMEM/10% FBS
medium

HepG2 Clathrin-dependent endocytosis Reduced uptake at low T
incubation, inhibitors
(NaN3, sucrose,
amandatine-HCl)

[125]

Amorphous particles,
fluorescent (red-F)-
labeled

70, 300,
1000

– HaCaT – 70 nm: actin-mediated endocytosis,
such as macropinocytosis;

Cytochalasin D-treatment
reduced 70 nm-mediated
ROS generation and DNA
damage

[137]

– >70 nm: markedly reduced response

(continued on next page)
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Table 2 (continued)

Silica forma Size (nm) Zeta-potentialb

(mV)
Cellsc Mechanismd Methode Refs.

Amorphous (precipitated,
anionic) particles, dyed
(Alexa 546 and 488) but
low covering, serum-free
medium

100 -Parent: �38.2;
-546: �42.3;
-488: �37.0

RAW 264.7
HEK-293 with
introduced
SR-A expression

– Clathrin-dependent endocytosis, SR-A
mediated

Co-localization with SR-A
and transferrin (FCM) and
inhibition by K depletion

[138]

– Agglomerated >500 nm, poorly
co-localised with the receptor

a AMS: anionic templated mesoporous solid; AP: 3-aminopropyl; FAP: N-folate-3-aminopropyl; CTAB: cetyltrimethyl ammonium bromide; FITC: fluorescein isothiocya-
nate; GEGP: 3-[N-(2-guanidinoethyl)guanidino]propyl; GP: guanidinopropyl; MSN: mesoporous silica nanoparticle; RITC: rhodamine B isothiocyanate; TMAC: trimeth-
oxysilylpropyl-N,N,N-trimethylammonium chloride.

b DMEM: Dulbecco’s modified Eagle’s medium; FBS: fetal bovine serum.
c 3T3-L1: mouse embryonic cells; C10: alveloar type II epithelial cell line; COS-7: African green monkey kidney cells; HaCaT: human keratinocyte cell line; HEK-203:

human cells; HeLa: human cervical cancer cells; HepG2: human liver cancer cells; HMDM: primary human monocyte-derived macrophages; hMSCs: human esenchymal stem
cells from bone marrow; MDA-MB-468: human breast cancer cells; RAW 264.7: murine macrophage cell line; UMB-SCC-745: human head and neck squamous carcinoma cell
line.

d SR-A: scavenging receptor A.
e DIC: time-lapse differential interference contrast; FCM: fluorescence confocal microscopy; ROS: reactive oxygen species; SR-A: scavenging receptor A; TEM: transmission

electron microscopy; TIRF: time-lapse total internal reflection fluorescence laser microscope.
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silicon transporters known as SITs, by an active mechanism [54].
These algae use silica as a material to build their cell wall. How-
ever, in contrast to Lsi1, the Si channel in these algae is active
and requires sodium ions [55]. Furthermore, the SIT pump has no
resemblance to Lsi2, despite the fact that both are energy-depen-
dent silicon transporters.

2.3. Uptake and reduction of pentavalent arsenic and antimony

Because the dominant species of pentavalent arsenic in aqueous
solution, H2AsO�4 , is isoelectronic and similar in volume to phos-
phate, H2PO�4 , phosphate transporters can potentially allow the
passage of arsenate. This situation is probably true in most organ-
isms including humans [56]. For example, in the prokaryote
Escherichia coli, the phosphate transporters PiT-1 and PiT-2 have
been shown to facilitate arsenate uptake [57,58]. Both channels
are secondary-active, sodium-coupled transporters. In the eukary-
otic yeast Saccharomyces cerevisiae, arsenate was shown to enter
the cell through two phosphate transporters, Pho84 and Pho87
[59,60]. The former protein is known to catalyze this uptake by a
proton-coupled mechanism under acidic conditions. Other evi-
dence of arsenate uptake through phosphate transporters in plants
is provided by Bienert and Jahn [61]. In each of these cases, the
transport that occurs is an influx into the cell, and the deletion of
the genes encoding for the phosphate transporters provided the
organism with resistance against high extracellular concentrations
of arsenate. Nevertheless, this transport is not how biology evolved
to cope with arsenic toxicity.

Upon its entry into the cell, arsenate is reduced to the trivalent
arsenite. Four families of arsenate reductases have been identified
to date [62]. Two families, represented by ArsC from S. aureus plas-
mid pI258 and Acr2p from S. cerevisiae, are structurally related to
two different tyrosine phosphate phosphatases and exhibit low
phosphatase activities [63–65]. The sources of the reducing agents
are thiol-based molecules: the redox protein thioredoxin for pI258
ArsC and glutathione/glutaredoxin for Acr2p. The third family is
represented by ArsC from E. coli plasmid R773, an enzyme with
no structural elements in common with phosphatases [66]. In this
case, the source of the electron donor is glutathione or glutaredox-
in. The crystal structures of pI258 ArsC [67] and R773 ArsC [68]
contributed to the current understanding of the mechanisms of
the reactions. A fourth family of arsenate reductase was discovered
in Chrysiogenes arsenatis [69]. In this case, the enzyme, Arr, has no
similarities to phosphatases, but it is still distinct from R773 ArsC
as implied by the fact that it uses acetate as the source of the elec-
tron donor molecule. The reduction of arsenate to arsenite has also
been observed in mammals [70]; however, no enzyme has been
identified yet.

As mentioned above, trivalent arsenic is more toxic than the
pentavalent state. This finding raises questions concerning why a
cell would develop mechanisms to reduce arsenate to arsenite,
thus, increasing the toxicity of the element inside the cell. Rosen
[71] argues that this reduction is because the cell, in the course
of evolution, was forced to first develop channels to extrude triva-
lent arsenite. The reason for this efflux is that the primordial atmo-
sphere was not oxidizing, and therefore, most arsenic was in the
form of As(III). Only when the atmosphere became oxidizing did
arsenic in the form of arsenate appear. However, instead of devel-
oping a new route of transport for arsenate efflux, it was easier to
convert phosphate reductases to arsenate reductases and allow the
resulting product, arsenite, to exit the cell through existing
channels.

In contrast to arsenate, the entrance route of pentavalent anti-
mony, or antimonate, into the cells has not yet been identified.
The uptake mechanism may be different from that of arsenate
because the stable form of antimonate in aqueous solutions,
SbðOHÞ�6 , is not isoelectronic with arsenate/phosphate. Nevertheless,
once antimonate is inside the cell, it is also reduced to the trivalent
state, antimonite. The only antimonate reductase known to date is
LmACR2 from Leishmania major. This enzyme also reduces arsenate
and phosphate [72,73], unlike the arsenate reductases that are
selective to As(V) and do not reduce Sb(V). The three-dimensional
structure of LmACR2 was obtained by X-ray crystallography [62],
and it displays sequence and functional similarity with the arse-
nate reductase Acr2p. Accordingly, LmACR2 uses glutathione as
the reducing agent [74]. Although the enzyme reduces Sb(V) faster
than As(V) or phosphate, its physiological function is actually pro-
posed to be the dephosphorylation of phosphotyrosine residues
[73]. The process of reducing antimonate to antimonite is very
important because, as is the case for arsenic, the trivalent form of
antimony is the active and the more toxic state. Thus, because
the pentavalent state of antimony is used in drugs for the treat-
ment of leishmaniasis, it first has to be reduced to the trivalent
state to be effective [75,76]. Furthermore, antimonite appears to
be the state in which antimony is extruded from the cell.

2.4. Uptake and efflux of trivalent arsenic and antimony

The transport of arsenite and antimonite into and out of the cell
can be conducted passively or actively. The channels facilitating
the passive routes belong to the NIP subgroup of aquaglyceropo-
rins [77]. The glycerol channel Fps1 from the yeast S. cerevisiae
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[78] and GlpF from the bacteria E. coli [79] were demonstrated to
mediate the uptake of As(III) and Sb(III) into the cell. In the latter
case, the deletion of the encoding gene accounted for a 90% reduc-
tion in arsenite uptake [80]. In plants, arsenite uptake was demon-
strated to involve the NIP7;1 from Arabidopsis [81]. Another
aquaglyceroporin that transports AsðOHÞ3 is the human AQP9. This
transport has been demonstrated when the channel was expressed
in X. laevis oocytes [82]. Furthermore, it has been shown that AQP9
overexpression in leukemic cells sensitizes the cells to As(III) [83–
85]. The increased sensitivity was due to higher rates of arsenite
uptake. AQP7 also transports As(III) but to a much lesser extent
than AQP9 does. Additionally, AQP1 can facilitate transport of
antimonite and arsenite in several Leishmania species [86–88].
There are 13 known types of human aquaporins in mammals.
AQP9 has the broadest specificity and is able to transport water,
glycerol, urea, carbamides, polyols, purines, and other compounds;
thus, it is not surprising that it is the most efficient aquaporin
channel for the uptake of metalloids. To explore the selectivity of
AQP9 to transport glycerol vs. arsenic trioxide, the role of specific
residues in the permeability of both molecules was examined by
site-directed mutagenesis [89]. The mutations performed had the
same effect on the uptake of glycerol as on the uptake of arsenite,
which demonstrates that the transport of the latter species is a re-
sult of its physico-chemical similarity to glycerol [37].

Although MIPs are bidirectional, in most of these studies the
aquaglyceroporin channels were observed to preferentially facili-
tate uptake over efflux of arsenite and antimonite. However, Yang
et al. [90] found that the aquaglyceroporin AqpS from S. meliloti
plays an important role in arsenic detoxification by facilitating
the efflux of arsenite out of the cell. Other examples of bidirec-
tional arsenic channels were also found within the NIP subgroup
of aquaglyceroporins in plants. In particular, NIP5;1 and NIP6:1
from A. thaliana and L. japonicus and NIP2;1 and NIP3;2 from O.
sativa were shown to transport arsenite into and out of the cell
[52]. Some of these NIP channels are also known to transport the
essential/beneficial metalloids boron and silicon, and it is tempting
to speculate that these channels were evolved for the uptake of
these metalloids. Nevertheless, no selectivity in the uptake of these
metalloids relative to As(III) was detected [52]. Furthermore, the
characteristics of arsenite transport in rice grains were found to
be very similar to those of silicic acid transport. In particular, the
Lsi1 transporter, which is also an NIP aquaglyceroporin, has been
shown to mediate the uptake of arsenite from the external med-
ium, whereas the Lsi2 transporter has been shown to mediate
the efflux of arsenite, allowing intercellular transport [91]. Another
type of channel involved in the uptake of arsenite is GLUT1 which
is a glucose transporter that also functions via facilitated diffusion
[92].

The passive diffusion of arsenite and antimonite through the
cell membrane is not the only transport route that exists. Primary-
and secondary-active transporters have also been discovered. An
example of the latter transporter is the route of arsenic detoxifica-
tion discovered in the yeast S. cerevisiae. This mechanism, which is
conserved from bacteria to plants, has been shown to involve a
cluster of three genes: ACR1, ACR2, and ACR3 [60,64,93,94]. ACR1
is a regulatory gene whose inactivation results in sensitivity to
arsenate and arsenite. The protein encoded by ACR2, Acr2p, is
the arsenic reductase mentioned above. The product of this reduc-
tase, As(III), is then extruded out of the cell by Acr3p, a plasma
membrane protein encoded by ACR3. For a long time, the energy
requirements and kinetics of the efflux of As(III) by Acr3p were
not known. However, it was demonstrated recently that this efflux
is coupled to the electrochemical potential gradient of protons gen-
erated by the plasma membrane H+-ATPase [95]. The species that
is actually transported is believed to be the neutral hydroxylated
arsenite, AsðOHÞ3. The fact that these three genes are under the
control of a single regulatory promoter suggests that the Acr3p
evolved specifically to extrude arsenite out of the cell. In addition
to arsenite, the transport of antimonite via Acr3p has also been
demonstrated [95].

Another example of an energy-consuming transporter, which is
found in bacteria and archaea but absent in eukaryotes, is repre-
sented by the ArsB carrier protein [66,96,97]. This integral
membrane protein has been shown to catalyze the efflux of arse-
nite and antimonite and, therefore, provide resistance against the
toxic effects of these species. ArsB forms a complex with the cata-
lytic subunit ArsA and displays ATP-dependent activity. The efflux
of As(III) and Sb(III) is then coupled to an electrochemical gradient
via proton exchange [80].

It has also been observed that resistance to arsenic and anti-
mony can be obtained through the ATP-binding cassette (ABC)
transporters [98]. These membrane proteins transport a wide
range of substrates, such as, ions, phospholipids, steroids, polysac-
charides, amino acids, peptides, and conjugated organic anions.
One member of the family in the yeast S. cerevisiae, Ycf1p, operates
against arsenite and antimonite toxicity by transporting these
species into vacuoles (intracellular organelles), which are then ex-
ported out of the cell [94]. Another example is the extrusion of ar-
senic from the liver into the bile via the MRP2/cMOAT transporter
[99]. These translocations via ABC transporters require the com-
plexation of the metalloid with a thiol-based molecule such as glu-
tathione. The species that is actually transported is the metalloid-
thiol adduct, predominantly in the form of arsenic triglutathione
and methylarsenic diglutathione [99,100].

Due to their toxicity, compounds of arsenic and antimony can
also serve as drugs. However, if a detoxification mechanism is
operational in the drug target cell (for example, the parasite), then
a resistance against the metalloid’s curing effect can be developed.
This is a general phenomenon that is not restricted to the use of
metalloids as drugs, and accordingly, these ABC transporters have
been named multidrug resistance proteins (MRP) [101]. Resistance
against arsenic and antimony has been observed in Leishmania
[100,102] due to the PGPA transporter and in human cancer cells
due to P-glycoprotein and a 190 kDa MRP transporter [103,104].
In both cases, the overexpression of these ABC transporters pro-
vided the resistance against the drug [102,105–107].

Similarly, the strong affinity between arsenite/antimonite and
sulfhydryl groups is exploited extensively by plants to neutralize
the harmful effects of these metalloids by forming complexes with
phytochelatins (PCs) [108]. PCs are thiolate peptides that are
synthesized non-translationally from the related tripeptide gluta-
thione by the phytochelatin synthase [109]. The metalloid-thiol
complexes are then transported for vacuolar sequestration
[110,111].

2.5. Transport of methylated arsenic

Although similar to glycerol, the hydroxylated metalloids do not
have the nonpolar methyl groups of glycerol and, thus, are proba-
bly less hydrophobic. Can the toxicological properties of the metal-
loid change upon increasing the hydrophobicity of the metalloid?
A group of enzymes belonging to the family of S-adeno-
sylmethyltransferases are known to catalyze the substitution of
the hydroxyl groups with methyl groups in arsenite and antimo-
nite. The biomethylation of arsenic has been widely observed in
some organisms including humans, and it plays an important role
in the detoxification of As(III) [112]. In contrast, the biomethylation
of antimony was discovered much later, and it appears that anti-
mony can be methylated much less rapidly and less extensively
than arsenic can [113]. In most cases, the methylation of antimony
is due to bacterial or fungal activity [114–116]. Different levels of
methylation have been observed, including mono-, di-, and tri-
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methylated metalloids. In fact, the tri-methylated species, which is
a non-toxic gas, is believed to be sufficiently hydrophobic to pass
through biological membranes without the need of special chan-
nels. Nevertheless, the mono-methylated metalloid accounts for a
large proportion of the total quantity of the metalloid in the cell.
In this case, the aid of a channel is needed. The mammalian aqua-
glyceroporins AQP7 and AQP9 and the glucose transporter GLUT1
have been shown to facilitated the uptake of mono-methylated
trivalent arsenite [92,117]. The rate of this transport was approxi-
mately three times faster for the methylated compound compared
to the unmethylated compound. In mammals, the methylation
occurs primarily in the liver, and the products are excreted into
the bile and urine. However, the efflux mechanism of the methyl-
ated species is not known. The methylation of arsenite in higher
plants has not yet been recorded. Notwithstanding, the gene
encoding the bacterial arsenite methyltransferase was integrated
in the Japonica rice genome and was able to express the corre-
sponding methyltransferase enzyme [118]. When exposed to triva-
lent or pentavalent arsenic, the transgenic rice produced both
mono-methylated and di-methylated arsenate that evolved volatile
arsenicals. It is interesting to note that the rice aquaporin Lsi1 was
observed to mediate the uptake of mono- and di-methylated pen-
tavalent arsenic in rice roots [119].

3. Routes of transport of nano-sized metalloids

The routes for the transport of metalloids into cells discussed in
previous sections concern the so-called ‘dissolved’ elements. In this
case, the only way the metalloids can enter the cell is via crossing
the cell membrane either with or without the aid of channels.
However, when these elements form or are embedded in nano-
sized particles, they can gain entry into the cell by the process of
endocytosis without passing through the cell membrane. In this
mechanism, the cell membrane can engulf the nano-sized particles
and invaginate them into the cell by forming an intracellular
vesicle.

Although many elements are naturally present in nano-sized
materials, the current boost in research into the behavior of such
materials in living systems is linked to the recent development of
nanotechnology. The nanosciences have grown exponentially over
the past decade as advances in synthesis techniques have made
manufacturing nano-materials increasingly straightforward and
accessible. Although there is no consensus on their definition, it
is generally accepted that nano-particles are engineered structures
that have at least one dimension of 100 nanometers or less and
that show novel size-dependent properties (i.e., differing from
those of bulk materials of the same composition).

Boron-, antimony- and, primarily, silicon-containing compounds
in the nano-size range are either produced and used commercially
or the subject of developments in current research. Boron-contain-
ing nanoparticles can be found in a wide variety of applications,
including special purpose alloys, lubricant additives, neutron-
detecting devices, nuclear reactor controls, oxygen scavengers,
pharmaceutical and medical industries, pyrotechnic flares, rocket-
propellant mixtures, semi-conductor dopant coatings and micro-
coatings for precision cutting tools, aerospace coatings, and plastics.
Antimony and its compounds are and have been used in a variety of
products. Major antimony compounds are antimony oxides, chlo-
rides and sulfides, and their main non-metal applications include
catalysis in the production of thermoplastics, in lubricants (e.g.,
brake pads), glass, ceramics, and as flame retardants. In most of
these applications, antimony compounds in the micron-size range
are used; nevertheless, nano-sized compounds are increasingly
being utilized because they present advantages, such as providing
low-tint polymers, better translucency or the possibility of produc-
ing flame-retardant fine denier fibers and monofilaments. However,
of the elements considered in this review, silica nanoparticles are
the most widely produced and used. Silica is the common name
for materials composed of silicon dioxide, and it occurs in crystalline
and amorphous forms. Silica also includes mesoporous materials
with well-defined and tunable pore sizes. According to the nano-
technology inventory of the Woodrow Wilson Project on Emerging
Nanotechnologies (www.nanotechproject.org), silica is the fourth
most used nanomaterial in commercial applications. Silica nanopar-
ticles are produced on an industrial scale as additives to cosmetics,
drugs, printer toners, varnishes and food. In addition, nanosilica is
being developed for a host of biomedical and biotechnological appli-
cations such as cancer therapy and drug delivery. The physico-
chemical properties and applications of the different types of silica
materials have been discussed recently [120,121].

Very few studies have been devoted to the toxicology of boron
and antimony nano-compounds, and virtually no studies have
followed their uptake by cells. In contrast, several in vitro studies
have been conducted to examine nano-silica particle toxicity and
uptake, primarily concerning mammalian cells including human
cancer cells. Nano-particle uptake is often followed by the coupling
of nano-particles to a fluorophore and the fluorescence tracking of
treated cells using fluorescence confocal microscopy (FCM). Alter-
natively, particles in cells can be detected with transmission elec-
tron microscopy (TEM). These techniques have made it possible to
observe amorphous silica nano-particle internalization and accu-
mulation in the cytoplasm and the nucleus [120,122].

As mentioned above, the main route by which cells absorb mac-
romolecules or nano-particles is endocytosis. This process includes
phagocytosis, a term usually used to describe the uptake of partic-
ulate materials larger than 0.5 lm; macropinocytosis; endocytosis
that is dependent on the coat proteins clathrin or caveolin; and
endocytosis that is independent of clathrin and/or caveolin. The
current knowledge on the subject and the methods used in this
field have recently been critically evaluated [123]. We summarize
in Table 2 the observed uptake mechanisms for nano-silica in the
different experimental setups used. Clathrin-mediated endocytosis
appears to be the most common mechanism reported to date.
However, this conclusion and its generalization should be taken
with caution because the mechanisms of cellular uptake depend
on parameters such as particle size (e.g., isolated nano-particles
and aggregates appear to use different internalization mecha-
nisms), surface charge, surface modification, dose, test media
(e.g., the presence or absence of proteins), exposure time or cell
type used as a model. In particular, some issues that need to be
considered when evaluating the results in Table 2 include the fol-
lowing: (i) the probable need to re-interpret the data in light of re-
cent studies [123]; (ii) the fact that most of the particles in Table 2
are not in the nano-size range, which means that, because size is a
key parameter in both total uptake [124] and uptake mechanisms,
the uptake pathways in Table 2 may not apply to ‘real’ nano-parti-
cles; and (iii) the importance of particle surface functionalization.
Although it is common practice in most study titles to mention
only the name of the inorganic particle (e.g., ‘silica’), this practice
is misleading; most of the nano-particles in Table 2 and in real life
applications are not ‘naked’ silica but are particles with modified
surfaces. Because most of the main properties of nano-particles
are strongly surface dependent (e.g., charge, aggregation, binding),
the observed behavior may, in some cases, be more dependent on
the type of functionalization than on the underlying material.

The fate of nanoparticles after mammalian cellular uptake has
been less studied. One possible fate is exocytosis, which was pos-
tulated for FITC-SiO2 nano-particles in HepG2 cells [125]. It was
observed that exocytosis was size dependent, with larger particles
being harder to exocytose.

http://www.nanotechproject.org
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4. Conclusions

From the evidence collected to date, it appears that only boron
compounds are able to pass through the cell membrane directly
without the aid of facilitators. Nevertheless, a substantial portion
of this metalloid uptake is performed by aquaglyceroporin-
facilitated diffusion. In contrast, the facilitated efflux of the corre-
sponding hydrated ions requires energy. Conceptually, similar
mechanisms of passive (facilitated by aquaglyceroporin) influx
and active efflux have been observed for silicon in rice. However,
the generalization of these schemes is hampered by the active up-
take route exhibited by marine diatoms. The uptake of toxic triva-
lent arsenic and antimony species is performed passively via
different MIPs that have evolved for the uptake of different com-
pounds. Extrusion is an active process, and the Acr3p transporter,
at least, has evolved for arsenite detoxification. Again, the general-
ization for passive influx and active efflux is prohibited due to
passive extrusion through the AqpS aquaglyceroporin. Further-
more, the affinity of As(III) and Sb(III) for sulfhydryl groups is
utilized for the formation of metalloid-thiol complexes that are
sequestered into vacuoles by ABC transporters. To augment the
efficiency of arsenite and antimonite for passive extrusion, these
compounds can be methylated to increase their hydrophobic char-
acter. In contrast to these routes of transport, the need to pass
through the cell membrane to enter the cell can be avoided if these
metalloids form or are incorporated into nano-sized particles. Dif-
ferent mechanisms of endocytosis in mammalian cells have been
reported for the case of silica.
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