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The numerous biological applications of nanoparticles in general and nano-clays in particular are rooted
in understanding and harnessing their dynamic nano-bio interface. Among clays, the intrinsically-meso-
porous halloysite nanotubes (HNTs) have emerged in recent years as promising nanomaterials. The
diverse interactions of these nanotubes with living cells, encompassing electrostatic, van der Waals, and
ion exchange, along with cellular response, are crucial in determining the behaviour of HNTs in biological
systems. Thus, rational engineering of the nanotube properties allows for vast applications ranging from
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bacteria encapsulation for bioremediation, through algae flocculation for aquaculture, to intracellular
drug delivery. This review summarizes the many aspects of the nano-bio interface of HNTs with different
cell types (bacteria, algae and fungi, and mammalian cells), highlighting biocompatibility/bio-adverse pro-
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1. Introduction

The association of cells with solid particulate matter lies in the
interdisciplinary boundary between nanotechnology, material
science, and biology." An enlightening review by Fakhrullin
et al? describes various applications for these so-called
“cyborg” cells, such as yeast functionalized with gold nano-
particles for microelectronics;® fungi hyphae covered with
platinum nanoparticles for biochemical catalysis;* and magne-
tized mammalian cells for accurate tissue construction.® The
nano-bio interactions may be spontaneous and non-specific,
directed by a targeting probe or externally induced through
layer by layer coverage.”

Numerous emerging potential applications of clay particles,
which are abundant and considered as environmentally-
friendly,® rely on their intriguing nano-bio interface.”*° For
example, layered double hydroxides may serve as a platform
for microbial fuel cells, bioremediation, intracellular drug
delivery and antibacterial activity.""'* Similarly, attapulgite
(aka palygorskite), another nanoclay exhibiting a nanoporous
morphology, is already approved as an excipient, and is further
investigated for additional pharmaceutical applications.®*°

Halloysite (mostly regarded as halloysite nanotubes or
HNTs) is a natural mineral clay composed of alternating layers
of silica and alumina geologically rolled into mesoporous
tubular particles (Fig. 1) which exhibit considerable adsorption
and loading capabilities."® Following current advancement in
nanotechnology, the physiochemical properties of HNTs were
thoroughly described,'* unveiling the potential of this material
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perties, interaction mechanisms, and the latest cutting-edge technologies.

for vast applications, ranging from catalysis’® to
biomedicine.'®™® HNTs abundancy combined with their per-
ceived biocompatibility and the repertoire of available
functionalization routes have led to an increasing research
effort to utilize them for bio-scaffolding, drug delivery, and
antibacterial treatment,'”2° all of which are rooted in the
nano-bio interface. Nonetheless, to the best of our knowledge,
no single publication has yet summarized this particular
aspect, as done for other clay types."”

Herein, we aim to provide a thorough overview of both fun-
damental and applicative aspects of HNTs’ nano-bio interface,
as illustrated in Fig. 2. We start with a short background of
HNTs physiochemical properties, followed by a discussion on
the biocompatibility of HNTs and highlighting inconsistencies
within this wide definition. Next, the latest findings and appli-
cations regarding the interface of HNTs with bacteria, algae
and fungi, as well as mammalian cells are discussed in dedi-
cated chapters.

2. Noteworthy background literature

Before surging into the main topic of this review, we would
like to refer the readers to landmark reviews which lay the
background and present potential biomedical applications.
First is the comprehensive review by Joussein et al.,'* which
provides a thorough background on the geology of HNTs and
discusses their intriguing chemo-physical properties. Also,
several chapters in the book Nanosized Tubular Clay Minerals -
Halloysite and Imogolite®* give an excellent overview on
HNTs mineralogy,”** methods for characterization,**?®

safety considerations,”® modification strategies,””*® and

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Halloysite tubular morphology, nanostructure and chemistry:
pristine halloysite as seen by the naked eye (A); TEM image of halloysite
elongated nanotubes with characteristic length — the hollow lumen is
clearly observed between the darker tube walls; inset showing tube
cross-section (B); SEM image of halloysite nanotube edge depicting the
rolled layers which form the tube walls (C); high-resolution TEM image
of the alumina and silica lattice of dehydrated halloysite. Thickness of
one layer (dooy = 7 A) is indicated with white arrows (D); schematic illus-
tration for halloysite chemistry of 1: 1 aluminosilicate layers with interca-
lated water molecules (E). (A) and (E) reproduced from ref. 29. Copyright
2016, and ref. 42. Copyright 2018, respectively, with permission from
Elsevier, (B—D) reproduced with permission from ref. 35. Copyright 2011,
American Chemical Society.

applications.>*** Additional more recent reviews which high-
light the physical and chemical modification of HNTs for a
range of future applications are.'®?*?> Other noteworthy
reviews by leading research groups in the field focus on the
prominent biomedical avenues'®'?*>?¢ in general, and drug
delivery in particular.”*?”~*°

3. HNTs — overview

3.1. HNTs origin and properties

Omalius d’Halloy first described halloysite in 1826 as a clay
mineral of the kaolin group with higher water content. Almost
200 years later, we start to grasp the implications the minute
water presence on the nanostructure and potential biotechno-
logical applications of these clays."* Clay minerals are natural
materials comprised of layered tetrahedral silica oxide and

This journal is © The Royal Society of Chemistry 2020
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octahedral alumina oxide. As part of the kaolin group, the
ratio between alumina and silica layers in halloysite is 1:1 and
so it is identified as a 1:1 phyllosilicate. Halloysite also con-
tains intercalated monolayer of water molecules between every
two adjacent alumina-silica double layers; thus its general
formula approximates to Al,Si,O5(OH),-nH,0 (n = 4 for fully
hydrated form).>® Pure halloysite is found in several deposits
around the globe (USA, New Zealand, China, Canada, and
Turkey), and consumed in tons each year, mostly by the cer-
amics industry.’>*' The unique property of halloysite is its
tubular morphology (Fig. 1B, C and E), suggested to be the
result of platy kaolinite deformation accomplished by
hydration. Tube characteristic length is 600-900 nm with outer
diameter of about 50 nm and inner diameter of 15 nm (Fig. 1B
and C)."?%*? Due to its nanostructure, the material is fre-
quently referred to as halloysite nanotubes (HNTs). HNTs are
considered a mesoporous material with specific surface area of
50-60 m> g', and bulk density of 2.53 g cm™>.*> Being a
natural mineral, HNTs size, shape and impurities profile may
differ significantly according to their origin. Some HNTs are
spherical whereas other are extremely elongated and may
reach a length of a few microns."® The tube consists of 10-15
rolls of double layer with a maximum interlayer gap of 10 A for
fully hydrated HNTs and 7 A for dehydrated, see Fig. 1D and E.
HNTs exhibit a dual chemistry of negatively-charged silica on
the outer surface and positively-charged alumina on the inner
lumen surface. The overall characteristic (-potential (zeta-
potential) of HNTs is about —30 mV at pH 4-8. Consequently,
HNTs aqueous suspension is only stable for 2-3 hours before
agglomeration occurs,*® unless surfactants are applied. HNTs
possess some cation exchange capacity of 30-50 x 10> mol
kg™'. Calcination of HNTs at 460 °C will cause de-hydroxy-
lation with a loss of about 12 wt% though the tubular mor-
phology collapses only at 900 °C and above.*® In dispersions of
high concentrations (2-40 wt%),** HNTs behave like a liquid
crystal with a nematic phase.*?

3.2. Toxicity and biocompatibility

3.2.1 Pristine HNTs. Almost any publication, in which new
applications of biological relevance for HNTs are presented,
states that the HNTs are natural, abundant, low-cost, and bio-
compatible. While there is no doubt regarding the former
three adjectives, HNTs biocompatibility is still under debate.™

Due to the morphological resemblance of HNTs to the well-
studied carbon nanotubes (CNTs), it is inevitable to compare
the toxicity of these two nanotubes families.

Table 1 compares the main properties and elicited toxicity
thresholds for HNTs and multiwalled CNTs (MWCNTs). We
focus on MWCNTs (and not single-walled CNTs) due to the simi-
larity in their characteristic dimensions, aspect ratio and specific
surface area values to those of HNTSs, as shown in Table 1. Yet,
as the composition of these two families of nanomaterials is
different, aluminosilicate vs. pure carbon, they exhibit intrinsi-
cally different surface chemistries and charge. The toxicity
thresholds, presented in the table, are categorized by the organ-
ism type and are hierarchically organized, from murine models

Nanoscale, 2020, 12, 23444-23460 | 23445
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Fig. 2 A scheme of the nano-bio interface of HNTs and cells along with the relevant mechanisms and interactions. Natural aluminosilicate halloy-
site nanotubes possess a mesoporous diameter and submicronic to microns length. A direct contact between biological cells and particles is first
established through physical attraction. Electrostatic charge differences between cell wall and HNTs (pristine or modified) or hydrophobic inter-
actions between hydrophobized HNTs and cell membrane will eventually draw clay and cell to a vicinity at which Van der Waals forces apply. In
some cases, HNTs may even serve as a chemoattractant and promote bacteria proliferation at their proximity. HNTs effect on the viability of the cells
or their proliferation is still under debate, as accumulated findings range between high degree of biocompatibility to cell damage, induced by reac-
tive oxygen species (ROS) generated by HNTs siloxane groups, high aluminum content originating from HNTs alumina or mechanical cell injury
inflicted by the rigid nanotubes. Once in direct contact, cells interact with HNTs in a variety of aspects: algae cells co-aggregated with HNTs will
tend to flocculate; whereas, bacteria could secrete a biopolymeric matrix and incorporate the clay nanotubes into their biofilm structure.
Mammalian cells show a high degree of HNTs uptake through their membrane, whether via active endocytosis of HNTs aggregates or penetration of
the high-aspect ratio nanotubes into the soft phospholipid bilayer of the cell. Inside the cell, the HNTSs are transported by the actin and microtubules

network towards the nucleus where the non-biodegradable clay particles are usually assigned for exocytosis.

and mammalian cells, through non-mammalian models to bac-
teria. While HNTs are perceived as “more safe” than CNTs>*® and
numerous papers describe them as “safe”,'”>%*
from the table, and current studies, that such a conclusion is
premature. We believe that this conception originates from the
limited available data on HNTs; whereas, CNTs toxicity has been
studied for more than two decades. As such, data with clinical
relevance, in vivo administration,”””*® long-term exposure,**™*
and importantly the underlying mechanisms®” are already avail-
able. As toxicity studies vary in their conditions and type, Table 1
provides only rough values for HNTs and MWCNTSs. For the
latter, the readers are encouraged to refer to the cited literature.
In the next section, we provide an up-to-date detailed summary
on HNTs toxicity and highlight the aforementioned complexity
of the subject.

it is evident

23446 | Nanoscale, 2020, 12, 23444-23460

From a regulatory point of view, although kaolin clay min-
erals are affirmed as generally recognized as safe (GRAS) for
indirect food contact by the United States Food and Drug
Administration (FDA), halloysite as a nanomaterial is not yet
approved for any sort of intake.”® Indeed, work is underway to
regularize HNTs for future applications.””

Assessment of human exposure is limited to studies related
to occupational inhalation scenarios, as HNTs are elongated
nanoparticles and non-biodegradable they may pose a risk in a
solid aerosol form. Koivisto et al.’® have recently studied HNTs
related occupational inhalation hazard by analysing images of
particles from air sampled adjacent to HNTs pouring area
(100 g at a rate of 0.5 kg min~" for ten times). Although only
few particles possessed a dangerous aspect ratio of >3, as a
precaution, the conclusion is to avoid exposure to HNTs dust.

This journal is © The Royal Society of Chemistry 2020
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Table 1 A comparison between HNTs and MWCNTSs: main characteristic properties, including dimensions, chemical composition, surface chem-
istry and charge, as well as toxicity threshold values. The latter are organized in a hierarchal manner, starting from murine models through mamma-
lian cell cultures and common non-mammalian model organisms to bacteria

Feature HNTs MWCNTs
Properties Description A natural clay mineral comprises of 1:1 aluminosilicate A synthesized allotrope of carbon comprising of
double layer rolled into a tube with a maximum graphene sheets rolled at various chiral
interlayer gap of 7-10 A (ref. 13) configurations into tubes which could be single or
multi-walled with interlayer gap of 3.4 A (ref. 53)
Dimensions
Length 600-900 nm 15000 nm
Diameter Outer: 50 nm Inner: 15 nm (ref. 13, 20 and 42) 5-100 nm (ref. 57)

1502256
50-60 m®g ™" (ref. 22)

Aspect ratio
Specific surface

15-3000°7°8
100 m* g~ (ref. 58)

Pure carbon

Carbon atoms at sp* hybridization®”*®

—15--40 mV (ref. 58 and 60)

area

Chemistry

Composition Al,Si,05(0H)4-nH,0 (n = 4 for fully hydrated form)*?

Surface Siloxane groups with some exposed OH groups on tube

chemistry edges, external surface defects (silanol and aluminol),
and on lumen surface (aluminol)?*>?*>7>°

Physical

Zeta potential —30 mV (ref. 43)

Hydrophobicity ~ Hydrophilic; contact angle <10°(ref. 22)

Toxicity In vivo (murine models)

Pulmonary
dose level of up to 125 pg (ref. 62)

Oral 5 mg per kg body weight per day for 30 days
(Total: 150 mg per kg body weight)®***

Intravenous 10 mg per kg body weight per week (3 weeks)
No significant effect on mouse body weight®”

In vitro® 75-1000 pg mL™"

Environmental

Zebrafish 25 mg mL™" (ref. 67)

Nematode >50 mg mL™" (ref. 68 and 69)

Protozoa 0.6-10 mg mL ™" (ref. 70)

Bacteria” 0.1-2.5 mg mL™" (ref. 74-77)

Hydrophobic;®” contact angle >156° (ref. 61)

Intratracheal instillation — HNTs elicit lighter inflammatory response in comparison to MWCNTs at the same

200 mg per kg body weight per day for 10 days
(Total: 2000 mg per kg body weight)®®

0.5 mg per kg body weight per week (4 weeks)

No significant effect on mouse body weight®’

40-20 000 pg mL~' MWCNTs>"?

(7.5-100 pg mL™" for SWCNTs™")

100-200 mg mL™" (ref. 71 and 72)
100 mg mL " (ref. 73)

1 mg mL™" (ref. 72)

0.01-100 mg mL™" (ref. 58 and 77)

“HNTSs: See Table 2 for more details regarding the studied cells types; MWCNTs: bronchial epithelial cells (BEAS2B), human T lymphocytes;
SWCNTs: mesothelioma cell line MSTO-211H, human embryo kidney (HEK 293), human epithelial-like HeLa cells. > HNTs: See Fig. 3 for details
regarding the types of studied bacteria; MWCNTs: Salmonella typhimurium, E. coli, Bacillus subtilis.

In the vast majority of biological applications, HNTs are dis-
persed in aqueous media and are not used in their pure solid
form.

Table 1 summarizes the toxicity threshold values reported
for various HNTs administration routes in murine models.
Oral administration of a high dosage of HNTs (50 mg per kg
body weight daily for 30 days) was found to be toxic and the
mice suffered from pulmonary fibrosis, possibly caused by the
accumulation of aluminium in their lungs.®® Yet, no adverse
effects were observed at a lower dosage of 5 mg per kg body
weight. These results are further confirmed in a recent study
of the same group, showing normal mice weight gain at a
lower oral dose of 5 mg kg™' body for 30 days; whereas, a
higher dose (50 mg kg™') incited a reversible inflammation of
the small intestine.®* Although the intravenous administration
of non-biodegradable substances is usually ruled out, Wu et al.
reported that the tail intravenous injection of short HNTSs
(<200 nm) to mice (5 mg per kg body weight twice a week for 3
weeks) had no significant effect on the mice body weight after
21 days.®

This journal is © The Royal Society of Chemistry 2020

The cytotoxicity of HNTs towards cancer and human cells
was thoroughly studied, see Table 2, revealing intracellular
accumulation and a concentration dependent effect. Yet,
HNTs concentration in these studies was limited to <1000 pg
mL™', and at 1000 pg mL™' a clear cytotoxic effect was
observed.®® Moreover, we should highlight that as HNTs are a
natural resource, their characteristics (namely, dimensions
and impurities) are highly origin-dependent and thus, any tox-
icity study should be coupled with a thorough physiochemical
characterization.

HNTs toxicity was also studied in few non-mammalian
animal models, including Caenorhabditis elegans (C.
elegans),*®® Paramecium caudatum,”® and zebrafish (Danio
Rerio).®” For the latter, high concentrations (25 mg mL™") were
not found to exert adverse effects on embryos and even pro-
moted their hatchability. In adult zebrafish, the ingested
HNTs accumulated in the gastrointestinal tract and were then
gradually excreted. A similar work investigated the effect of
HNTs on the nematode C. elegans, concentrations of up to
1 mg mL™" were found safe and microscopy studies revealed

Nanoscale, 2020, 12, 23444-23460 | 23447
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Table 2 Cytotoxicity of HNTs towards cancer and human cells

Time
Cell type frame Toxicity threshold Ref.
A549 (human lung epithelial cancer cell line) 24 h No toxic effect up to 100 pg mL™" 81
HUVECS (umbilical vein endothelial cells) and MCF-7 72 h No significant apoptosis up to 200 pg mL ™" 67
(human breast adenocarcinoma)
HeLa (human cervical carcinoma) and MCF-7 cell line 24-72h  No toxic effect up to 75 ug mL™" 82
Caco-2/HT29-MTX (intestinal cell co-culture cells) 6h No cytotoxic effect up to 100 ug mL™" 83

Proteomics suggests processes of cell growth and cell injury

HepG2 (hepatocellular carcinoma), HCT116 (colorectal carcinoma 24-72h  Cytostatic at 500 pg mL™" 84
cells) Cytotoxic at 1000 pg mL ™"
Human peripheral blood lymphocytes 24-72h  Cytogenetic toxicity at only 1000 ug mL ™" by blocking the 84

that the HNTs passed through the gastrointestinal track of
C. elegans without harming its viability or fertility.®®®°
Paramecium caudatum, freshwater protozoa, was incubated
with varying HNTs concentrations (0.6-10 mg mL™" for 1 and
24 h) and no toxicity was observed. It was shown that the cells
ingested the nanotubes through their oral grove into intracellu-
lar food vacuoles.”®

In microorganisms, HNTs were mainly studied in the context
of biocidal activity. Theoretically, HNTs do not meet the
common clay properties to exhibit bactericidal effects;®>%®
namely, the ability to sustain metal ions in solution (Fe**, AI’")
and sufficient interlayer cation exchange capacities. Literature
in the field reveals a wide variety of possible effects of HNTs on
bacteria, as summarized in Fig. 3, and reported effects range
from bacteriostatic to proliferative (and may be even contradict-
ing). The latter was shown by Panchal et al. who have used
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HNTs to stabilize crude oil emulsions in sea water and demon-
strated the compatibility of 5-10 mg mL™" HNTs with the oil-
degrading bacteria Alcanivorax borkumensis (A. borkumensis).®”
Conversely, Abhinayaa et al.”* determined the minimum inhibi-
tory concentration (MIC) of pristine HNTs for phytopathogenic
bacteria (e.g., Agrobacterium tumifaciens and Xanthomonas
oryzae) to be ~2.5 mg mL™" in a viability assay employing
Resazurin dye. Lower concentrations of HNTs (>0.6 mg mL ™)
inhibited to some extent bacteria growth rate and damaged cell
membrane integrity, and this behaviour was ascribed to the
effect of siloxane groups (on HNTs surface) in combination with
the generation of reactive oxygen species (ROS). Choi et al. have
found that HNTs are in fact slightly toxic towards Escherichia
coli (E. coli) BL21(DE3) at a concentration range of 0.01 to
1.0 mg mL "7 After 8 h of incubation in the presence of
1.0 mg mL™", E. coli viability decreased to 85%. Metabolic

Oil degrading bacteria

Proliferation

1.0 13-2.5 5-10

MIC

(Resazurin reduction)
Phytopathogenic

bacteria
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Fig. 3 HNTSs bio-adverse or proliferative effect on bacteria. The investigation of HNTs biocompatibility towards bacteria is still ongoing as results

suggest a mixed (and even contradicting) effect ranging from proliferative
assay type (indicated in parentheses).
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to bacteriostatic, depending on HNTs concentration, bacteria type, and
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activity, plasmid replication and protein expression were even
more drastically hindered at lower HNTs concentrations and the
authors also ascribed this behaviour to ROS generation. On the
other hand, when tested for antibacterial activity in a Petri dish,
pristine HNTs did not demonstrate any inhibitory capabilities
for E. coli or Staphylococcus aureus (S. aureus).”® Taylor et al.
have studied HNTs toxic and mutagenic effect on E. coli and
Salmonella typhimurium as a function of air and light exposure.
The results showed that HNTs were not mutagenic to the bac-
teria but were slightly toxic as a result of light-dependent oxi-
dative stress.”” Thus, HNTs compatibility with bacterial cells is
still under debate as a singular toxicity study has to be per-
formed for each defined situation in terms of bacteria type,
environmental conditions and assay type. We should highlight
that as HNTs are not soluble and exhibit pronounced intrinsic
optical density (OD), assay type and conditions should be care-
fully chosen and adjusted.

While interactions of bacteria and HNTs are widely studied,
we found only two papers by Konnova et al.®®% addressing the
interactions of yeast (Saccharomyces cerevisiae) and HNTs. The
yeast cells were found to maintain their viability and fertility at
HNTs concentration of up to 2.5 mg mL™".

To summarize, the origin of HNTs toxicity stems from the
combination of their nanoscale diameter, high aspect ratio,
and chemical composition. Yet, the role of each of these pro-
perties is contextual and depends on the target organism,
tissue and cell type. Examples for such include bacterial mem-
brane damage induced by siloxane generated ROS;”>”” oxi-
dative stress exhibited by C. elegans;*® toxic levels of alu-
minium accumulated in organs of mouse fed with HNTs;*
mammalian cell injury®® inflicted by the high aspect ratio
HNTs penetrating the cell phospholipid bilayer;*®'"* and pul-
monary inflammation induced by the inhalation of HNTs aero-
sols ascribed to the fiber paradigm.®®

3.2.2 Modified HNTs. As pristine HNTs have limited bio-
logical applicability, in many cases, HNTs are either modified
or used as a component in hybrids and nanocomposites.
Thus, any physical or chemical modification of the natural clay
is likely to change its excreted toxicity. To that end, residual
reagents participating in the modification process or loaded
payloads may leak over time into the environment. Yet, owing
to HNTs tubular shape, the leakage rate of any toxic com-
pound should be relatively slow, minimizing the environ-
mental risk in comparison to other clay materials.®

In this section, we will discuss the effect of different modifi-
cations on HNTSs toxicity. We only focus on the main modifi-
cation routes; namely, acidic etching, surfactant and polymer
adsorption, silanization, as well as decoration with nanoparticles.

Acidic etching of HNTs is beneficial for increasing their
specific surface area and porosity, but it is found to alleviate
pulmonary inflammation in mice compared with pristine
HNTs. In vitro cytotoxicity, however, is not affected by the
etching procedure.®?

Surfactant adsorption is one of the most common ways to
enhance HNTs dispersion stability in aqueous medium and
increase their active surface area. In terms of toxicity, HNTs

This journal is © The Royal Society of Chemistry 2020
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modified with adsorbed stearyldimethylbenzylammonium
chloride, were included in the diet of rats®® and piglets®® for
potential protection against the mycotoxin zearalenone
through its adsorption inside the animal gastrointestinal
track. In both cases, the modified-HNTs feed did not impair
the animal vitality as well as its fertility. HNTs surface coating
with poly(ethylene glycol) (PEG) and proteins was shown to
improve their biocompatibility. PEG-grafted HNTs were shown
to be uptaken by HeLa (human cervical carcinoma) and
HepG2 (hepatocellular carcinoma) cells®* and were less cyto-
toxic than pristine HNTs (with thresholds of 500 pg mL™" and
100 pg mL™', respectively). Bovine serum albumin (BSA)
coating of HNTs also increased HNTs biocompatibility towards
E. coli (up to 0.05 mg mL~" for 8 h of incubation).”® A different
strategy to enhance HNTs biocompatibility is by their incorpor-
ation within polymer matrices.”® For example, HNTs/chitosan
nanocomposites were shown to exhibit a similar extent of bio-
compatibility as neat chitosan towards fibroblasts (NIH3T3,
mouse).”*

Another prevalent approach for hydrophobization or acti-
vation of HNTs surface is through its organosilanization.
HNTs  hydrophobized  with  octadecyltrimethoxylsilane
(ODTMS) promoted the proliferation of the hydrocarbonoclas-
tic bacteria A. borkumensis.”” Regarding mammalian cells,
Rozhina et al. showed the uptake of ODTMS-modified HNTs
(up to 250 pg mL™') by human lung carcinoma alveolar epi-
thelial A549 cells without inducing membrane damage or
affecting cell viability.”> Sinchez-Fernandez et al. have studied
the cytotoxicity of HNTs treated with two hydrophobic organo-
silanes: trimethoxy(propyl)silane, and triethoxy(octyl)silane
towards C6 glioma cells.”® The results showed that at concen-
tration in which pristine HNTs were biocompatible (500 pg
mL™"), the silanized clays exhibited higher cytotoxicity, indu-
cing cell death by apoptosis after 24 h. A rather different con-
clusion was drawn by the work of Vergaro et al.,** where the
cytotoxicity of 3-aminopropyltriethoxysilane (APTES)-modified
HNTs towards cancer cell lines (MCF-7 and HeLa) was found
to be similar to that of pristine HNTs for up to 75 pug mL™".
This discrepancy could be attributed to chemical differences
between the tested organosilanes or to the cytotoxicity assay
(apoptotic assessment vs. cell metabolism measurement).
Similarly, Choi et al. showed that APTES-modified HNTs
(0.01-1.0 mg mL ") were cytotoxic towards E. coli at least to the
same extent as pristine HNTs.””

Abhinayaa et al. assessed the effect of HNTs decoration
with iron oxide nanoparticles (used mainly to magnetize the
nanotubes) on its cytotoxicity and compared it with that of free
iron oxide nanoparticles and pristine HNTs.”” The researchers
showed that the HNTs/Fe;O, hybrids, at concentrations of
0.5-2.5 mg mL ™", suppressed the inherent toxicity of the Fe;0,
nanoparticles towards E. coli and Bacillus subtilis (B. subtilis)
for a duration of 2-6 hours. Moreover, both Fe;O, nano-
particles and HNTs/Fe;O, hybrids were found to be biocompa-
tible with Vero monkey kidney epithelia cells, but the latter
were cytotoxic for human lung epithelial cancer cell line
(A549).
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In conclusion, HNTs toxicity is profoundly dependent on
their chemical modification and thus their toxicological and
environmental impact should be thoroughly addressed under
relevant conditions. Therefore, caution is advised when
relying on the general statement that HNTs are “safe” or
“biocompatible”.

4. Bacteria-HNTs interactions

4.1. Principles of bacteria-clay interactions

Soil bacteria have been evolving alongside clay minerals for
millions of years while developing mechanisms to exploit clays
for their benefit. However, the environmental impact of modi-
fied clays on these indigenous populations is still unravelling.
In addition, still, little is known about the interactions
between non-soil bacteria and clays.®"?

There are many biochemical possibilities for a bacterial cell
to interact with the clay surface, and these may vary depending
on clay type, bacteria type, medium properties, and flow
conditions."?

Bacterial cell wall - whether Gram-positive or negative - has
a negative charge; thus, electrostatic attraction between bac-
teria and positively-charged clays (natural or modified) under
the appropriate pH conditions and ionic strength is
expected.'” Hydrophobic surfaces, characterizing non-oxidized
clays, may promote the adhesion of hydrophobic cells, regard-
less of electrostatic repulsion, as was shown for hydrophobized
montmorillonite and E. coli.®® Under flow, exists a delicate
balance between mixing currents conferring suspension stabi-
lity and excessive shear forces that may detach bacteria and
clay or even put bacteria into stress, alternating their mor-
phology and metabolism.”’

From an environmental point of view, soil bacteria, have
evolved to alter clay minerals altogether through reduction of
trace elements incorporated in these materials (mostly Fe(iu)),
changing layer charge or cation exchange capacity (CEC), and
even dissolving part of the crystal lattice.” Co-aggregation of
bacteria and clay may also occur through biofilm formation
and flocculation. Clay platelets (such as kaolinite and mon-
tmorillonite) may adhere to cell wall, and the strong polysac-
charide biofilm matrix secreted by the bacteria could penetrate
the surrounding clay pores altering clay physical properties.”
Pseudomonas syringae incubated with smectite in a minimal
aqueous medium (containing the minimal amount of nutri-
ents required for bacteria growth) has shown to incorporate
clay particles into biofilm within 3 h, as suggested by
microscopy and X-ray studies.'®”'®' Huang et al'®® further
studied the forces between clay and bacteria within a biofilm
using atomic force microscopy (AFM), which minimizes
sample preparation artefacts. They revealed that bacteria
adhesion to kaolinite was more profound onto the edge sur-
faces rather than the basal surfaces of clay, probably due to
electrostatic attraction. In addition, the same study showed
that bacteria formed more biofilm on minerals within
minimal media than within enriched media.
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Some works suggest that these bacteria-clay interactions are
beneficial for the bacteria as was evidenced by their survival
through dust storms traveling long distances upon clay par-
ticles that also protected them from dehydration and UV
damage.'”® Nonetheless, more recent research emphasizes the
antimicrobial effect of clays exerted via a variety of mecha-
nisms, including positive surface charge, decoration with anti-
bacterial metal oxides (e.g., zinc, silver and iron oxides), or a
payload of antibacterial compounds.'? Yet, pristine clays that
exhibit antibacterial properties mostly contain reduced metals
(Fe**, AI*) and are capable to expend to allow cation
adsorption;*>#® whereas, HNTs do not meet these criteria.

4.2. Adsorption

The research regarding the extent and mechanisms of bacteria
adhesion to pristine HNTs is rather scarce;'* yet, modified
HNTs were harnessed to interact with bacteria for two main
biotechnological purposes: oil spill bioremediation and exert-
ing antimicrobial activity - all are elaborated in the next
paragraphs.

One of the earliest works on bacteria adhesion to HNTs was
conducted by Barr, already in 1957, in an attempt to utilize
HNTs as an ingredient of intestinal adsorbent preparation to
treat intestinal infections.'®® The study was simple, letting
aqueous suspensions of bacteria (at various concentrations
10°-10° CFU mL™") and clay (2 mg mL™") to mix at pH 6.8 +
0.1 for 30 min and stand for 3 h, while the clay settled to the
bottom of the tube. Bacterial load reduction was defined as
the difference between plate counts for the supernatant and a
control sample that did not contain any clay. The study
included four known gastrointestinal pathogens: S. aureus,
Proteus vulgaris, Salmonella enteritidis, and Shigella dysenteriae.
Halloysite proved to be rather inferior in adsorbing the bac-
teria with maximal reduction of bacterial load of only 12% for
S. aureus; whereas, other clay types exhibited up to 95%
reduction. The author postulated that the bacteria did not
actually adhere to the clay but were rather swept down by the
settling particles. In another work, negatively-charged E. coli
were coated with HNTs by the layer-by-layer technique, employ-
ing layers of polycationic poly(allylamine hydrochloride)
(PAH), HNTs, PAH, and a final layer of anionic sodium poly
(styrenesulfonate) (PSS).®

4.3. Proliferation

Meanwhile, another more promising approach for utilizing bac-
teria-HNTs interactions emerged when Panchal et al.®” showed
that HNTs attract and stimulate the viability of the hydrocarbo-
noclastic bacteria A. borkumensis. In combination with the
HNTs ability to form stable oil in water Pickering emulsion, it
was demonstrated that 0.5-1 wt% of HNTs successfully emulsi-
fied 1:30 oil/sea water mixtures and enhanced the proliferation
of oil-degrading bacteria on the droplet surface, as shown in
Fig. 4A and B. Moreover, hydrophobized HNTs (achieved via
silanization) showed even better emulsification capabilities
without the need of toxic surfactants. These findings were later
developed into active films of polyvinyl alcohol/alginate in
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Fig. 4 Hydrophobized HNTs enhance the stability of Pickering emul-
sions and promote bacteria proliferation. (A and B) Micrographs of dro-
plets of crude oil emulsion stabilized by ODTMS-modified HNTs inocu-
lated with the oil-degrading bacteria A. borkumensis after 1 and 3 days,
respectively. Black arrows indicate freely dispersed bacteria cells and red
arrows mark proliferating cells attached to HNTs on droplet surface. (C—
E) Micrographs of aqueous bacteria culture droplets in air stabilized by
ODTMS-modified HNTs, as imaged by: dark-field microscopy (C) and
confocal microscopy (D—E) of green stained A. borkumensis culture (D);
and green stained E. coli culture with red-stained HNTs (E). (A and B)
reproduced from ref. 87. Copyright 2018, with permission from Elsevier.
(C—E) reproduced with permission from ref. 106. Copyright 2019,
American Chemical Society.

which HNTs and oil-degrading bacteria were incorporated.'®*
Another strategy to improve the oil emulsifying capability of
HNTs and bacteria proliferation involved the functionalization
of clay with an amphiphilic polypeptide.'®

The same Pickering emulsion stabilization principle was
also harnessed by Panchal et al. to stabilize droplets of
aqueous bacterial cultures in air by a layer of hydrophobized
HNTs, as depicted in Fig. 4C-E.'°® Moreover, these liquid
‘marbles’ were further strengthened via biofilm formation on
inner droplet wall and promoted bacteria survival for up to 4
days at ambient air.

4.4. Antibacterial activity

The most studied application of HNTs with regard to bacteria
is by no doubt the antibacterial activity of modified HNTs.""”
Antimicrobial compounds are either adsorbed or grafted onto
the HNTs outer surface — or alternatively - loaded into the
tube lumen by mere sonication and vacuuming. The loaded
HNTs are advantageous as they stabilize the antibacterial com-

This journal is © The Royal Society of Chemistry 2020
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pound and enable its sustained release. HNTs for antibacterial
applications can be categorized as: (i) free modified HNTs
in a particulate system, (ii) component of a polymeric
nanocomposite.

Numerous antibacterial compounds were loaded into the
HNTs, such as antibiotics,'*®*™*** disinfectants,"**''* essential
oils,"****® and antimicrobial peptides.’** For example, loading
of the disinfectant chlorhexidine gluconate resulted in a sus-
tained release rate, three times slower than the free com-
pound."" Such preparations can be administered as pastes and
ointments, or even directly sprayed onto surfaces as an aqueous
suspension (3-5 wt% HNTs)."”” In another work, lower concen-
trations of salicylic acid were required to exert antibacterial
effect against Pseudomonas fluorescens in the presence of HNTs
than for the neat salicylic acid, possibly due to some synergism
between the acid and HNTs."®" A unique selective antibacterial
activity was demonstrated by Fakhrullina et al'**> who fed
C. elegans nematodes with dextrin end-capped HNTs loaded
with curcumin. They showed that the loaded HNTs can eradi-
cate Serratia marcescens (S. marcescens), a nematode pathogen,
within the nematode gut while maintaining the viability of
E. coli. This selective activity was also demonstrated in biofilms,
where the curcumin-loaded HNTs exhibited a more disruptive
effect on S. marcescens biofilms, see Fig. 5.

XAPMD+SINH

SLNH

S. marcescens

XAPIMDHSINH

Fig. 5 Selective antibiofilm activity of curcumin-loaded HNTs. Atomic
force micrographs of (a) E. coli and (b) S. marcescens which were incu-
bated for 72 h with different concentrations of HNTs (pristine or
loaded). Selective antibiofilm effect of the curcumin load is demon-
strated as S. marcescens biofilm is more profoundly interrupted by the
loaded HNTs at all studied concentrations when compared to E. coli
biofilms. Pristine HNTs exert minor antibiofilm effect on E. coli, but
promote biofilm formation by S. marcescens. HNTs + Curc/DX refers to
curcumin loaded HNTs end-capped with dextrin, scale bar = 4 pm.
Reproduced with permission from ref. 122. Copyright 2019, American
Chemical Society.
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Abhinayaa et al.”* have investigated the efficacy of surfac-
tant-modified HNTs (0.3 and 0.6 mg mL™') in protection
against phytopathogenic bacteria (Agrobacterium tumifaciens,
Xanthomonas oryzae, and Ralstonia solanacearum) by measur-
ing the respective MIC values, growth rate, cell membrane
integrity, ROS production, and biofilm formation. Their main
finding was that cetyltrimethylammonium bromide (CTAB)-
modified HNTs were the most potent in killing the bacteria,
due to their positive zeta potential, small size and narrow size
distribution, as well as their hydrophobicity. CTAB-modified
HNTs were also studied against the Gram-positive bacteria
Bacillus subtilis, exerting stronger antibacterial and antibiofilm
activity than pristine HNTs and sodium dodecyl sulphate-
modified HNTs.'*®> HNTs decorated with metal oxide nano-
particles, such as zinc oxide, silver oxide or photocatalytic tita-
nium oxide have been shown to exert antibacterial activity, as
the HNTs surface provides numerous sites for the particles
anchoring and formation.'®”

Loaded HNTs can be incorporated into various polymeric
matrices, providing a mean to protect the active compound
during polymer processing and allowing for a sustained release
of the active cargo.”>'?” The loaded HNTs are introduced either
during the polymerization process,"** or dispersed within a
polymer melt'****® or solution.'’®'** The resulting polymer/
HNTSs nanocomposites can be used in many formats, including
active films,"*®*° electrospun substrates,'*>'*® membranes,'**
dental coatings,'””"**° and bone cement.'**3°

In some cases, the addition of HNTs into the matrix not
only slows down the release rate of the antimicrobial com-
pound, but also improves the physical properties of the result-
ing nanocomposites. For example, HNTs enhanced the tensile
strength of antibacterial nanocomposites composed of anti-
biotics-loaded HNTs incorporated into a gelatin elastomer.™*
The utilization of such antibacterial nanocomposites is not
limited to biomedical or environmental applications; active
food packaging could extend food shelf life by releasing vola-
tile antimicrobial agents into the package headspace."*® Our
group has developed antimicrobial nanocomposites in which
HNTs loaded with essential oils are dispersed in polymer
matrices, as illustrated in Fig. 6A and B, such as low-density
polyethylene''”*** or polyamides.'® The HNTs enhance the
thermal stability of the volatile essential oils under the harsh
processing conditions of the polymer (up to 250 °C and high
shear mixing), and allow for a sustained release of the oils into
the package headspace, while the plastic films quality was not
compromised.

5. Algae/fungi-HNTs interactions

5.1. Adsorption

Owing to micro-eukaryotes nature, their interactions with
HNTSs may differ from that of bacteria and HNTs.

Back in the 20™ century, HNTs were found to be an inferior
flocculant for fungi spores, compared to other clay types. This
behaviour was ascribed to electrical repulsion between the nega-
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Essential oil

Loaded HNTS

Halloysite
nanotubes
Antimicrobial
> polymer/HNTs-Essential oil
M-at:i;( nanocomposite
polymer

(iii)
LDPEAIINTs/carvacrol)

\ (i)
v LDPE/carvacrol §

Fig. 6 Antimicrobial polymer/HNTs nanocomposites which are com-
prised of essential oil-loaded HNTs. (A) Schematic illustration of the
preparation route of the nanocomposites. The HNTs are first loaded
with essential oils (such as carvacrol) and then melt compounded with
low density polyethylene (LDPE) and processed into films by extrusion.
(B) High-resolution scanning transmission electron microscopy images
of the resulting nanocomposite film (crossed-sectioned under cryogenic
conditions), depicting the fine dispersion of the loaded HNTs within the
polymeric matrix. Reproduced from ref. 117. (C) Images of preservative-
free bread slices after inoculation with Penicillium and 11 days of storage
(i) with no package, (ii) packed in LDPE/carvacrol film (no HNTSs), (iii)
packed in LDPE/carvacrol-loaded HNTs film. Red circles mark fungal
growth. Reproduced from ref. 119.

tively-charged HNTs and the fungal spores.'*’ Nonetheless, Ahn
et al."** recently succeeded in doping the fungal mycelium of
Aspergillus  fumigatus and Ganoderma lucidum with pristine
HNTs by simply dipping the mycelia in a HNTs suspension.
The authors related the strong affinity between the HNTs and
the fungal mycelia to electrostatic forces or dipole-dipole inter-
actions between HNTs siloxane surface and the fungal
mycelium, in addition to the mechanical incorporation of the
nanotubes inside the mycelia network. This system was studied
for environmental bioremediation applications.

Konnova et al. have shown that the formation of the so-
called “cyborg” yeast cells is possible by the mere mixture of
the cells together with HNTs decorated with magnetic Fe;0,
nanoparticles in water.®® Electrostatic forces were suggested as
a possible source for the attraction between the positively-
charged magnetite-decorated HNTs and negatively-charged
yeast cells. The cells have been shown to retain their viability
in the presence of the decorated HNTs and were also magne-
tized to allow their facile collection via magnetic field. As a
future application for their discovery, the authors suggested
exploiting the tubular morphology of HNTs and use the clay

This journal is © The Royal Society of Chemistry 2020
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coating as a carrier for bioactive payloads such as enzymes,
nutrients or antibiotics that may assist the “cyborg” cells to
survive extreme conditions. The same group also demon-
strated the assembly of a shell of HNTs around yeast cells,
using a layer-by-layer technique, while retaining their viability
for one generation.®’

For aquaculture, Tan et al.'*® have demonstrated the advan-
tage of APTES-modified HNTs as an effective flocculent for the
microalgae Scenedesmus dimorphus, optimizing their harvest
within 2 min at pH 3.0 and HNTSs to biomass ratio of 1:1, as
shown in Fig. 7. The modified HNTs did not hinder lipid extrac-
tion from the harvested microalgae and did not contaminate
their extracts. The rapid flocculation was suggested to be the
result of electrostatic attraction between the positively-charged
amine modified HNTs and the negatively-charged microalgae.

5.2. Antifungal activity

Similar to bacteria, HNTs were also employed for controlled
release of antifungal compounds such as clotrimazole'*® for
treatment of candidiasis or quaternary ammonium com-
pounds"®” and iodopropynyl butylcarbamate (IPBC) against
mould and stain fungi growth,"*® as well as various essential
oils and their components for inhibiting food-spoilage
fungi."'*'"®'®  For  clotrimazole, its loading into
B-cyclodextrin-modified HNTs has resulted in an almost zero
order release profile for over 5 hours which allowed to over-
come the drug poor bioavailability."*® In the case of IPBC'*®
and essential oils,"'*""®'* their loading in pristine or modi-
fied HNTs was shown to significantly prolong the release of
the active compound and retain its efficient antifungal activity
even in complex food matrices, as depicted in Fig. 6C.

6. Mammalian cells-HNTs
interactions
6.1. Principles of cell-HNTs interactions

Some of the most noteworthy biomedical applications of HNTs
are based on their interaction with cells through which cells

23 di

using MHal flocculant

Fig. 7 Amine-modified HNTs induce rapid flocculation and sedimen-
tation of the microalgae Scenedesmus dimorphus. Light microscope
images of the freshwater microalgae with APTES-modified HNTs
(termed as MHal, right panel) and without HNTs (left panel). Positively
charged APTES-HNTSs co-aggregate with negatively charged microalgae
cells causing subsequent flocculation and sedimentation significantly
shortening the harvest process. Reproduced from ref. 135. Copyright
2019, with permission from Elsevier.
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can subsequently uptake the clay nanotubes or adhere to
them.*°

Generally, the interaction between cells and any type of
nanoparticles is affected by various forces such as van der
Waals and electrostatic forces.’*® Thus, particle, size, shape
and surface charge play a crucial role; particles that are
smaller, more elongated or more positively-charged can pene-
trate more easily through the negatively-charged cell
membrane."***! Nanoparticles in the range of 50-1000 nm
present several routes of cell entry: passive diffusion through
cell membrane, active non-receptor mediated phagocytosis or
receptor-mediated endocytosis. Elongated carbon nanotubes
(CNTs), for example, have been shown to be uptaken vig all
three routes.'** The same principles are relevant for clay nano-
particles in which the positively-charged lattice edges can
adhere to the cell negatively-charged membrane.'*’ Then, high
aspect-ratio clay nanoparticles, may penetrate the phospholi-
pid bilayer to accumulate in the membrane,*®"'* or access the
cell interior.'*?

As discussed in section 3.2, HNTs (modified or unmodified)
uptake by cells is common and mostly does not impede their
viability®” but may inhibit lysosomal activity.”® The uptake of
HNTs by HeLa and MCF-7 cells was demonstrated as a two-
step process, in which HNTs concentrate at cell perimeter, and
then accumulate in the cell.>*®* In human lung cancer cells
(A549), the internalization mechanism was described as a
receptor-mediated endocytosis (both caveolae- and clathrin-
dependent), as schematically illustrated in Fig. 8A.'**
Subsequently, HNTs were found to be intracellularly trans-
ported through actin filaments and microtubules accumulat-
ing at the proximity of the nucleus®”'** and finally sent to the
Golgi apparatus or into a lysosome. Fig. 8B and C depicts the
accumulation of HNTs within the cells as observed by different
microscopy techniques.

Human colon cancer cells (HT-29) that were exposed to
HNTs demonstrated dynamic kinetics of HNTs transfer which
consisted of the following stages: (i) HNTs accumulation in the
cell membrane through endocytosis (ii) HNTs depletion due to
escape from the lysosome and exocytosis, and (iii) steady intra-
cellular HNTs content balanced by endocytosis and
exocytosis. *®

The extent of HNTs internalization was size dependent, as
short HNTs (250 nm long) were found to show a higher
accumulation rate in the HT-29 cells in comparison to longer
HNTs."*® This was explained by the fact that shorter
HNTs exhibit more exposed tube edges that are
positively charged leading to enhanced attraction to the
negatively-charged cell membrane and higher endocytosis
internalization rates. Hydrophobic ODTMS-modified HNTs
also exhibited superior accumulation at the vicinity of A549
cell nuclei in comparison to pristine HNTs without impair-
ing cell viability.”” Positively-charged polycation-modified
HNTs were shown to aggregate more onto the cell membrane
of A549 cells than pristine HNTs; nonetheless, these modi-
fied HNTs exerted a cytotoxic affect and altered cell nuclei
morphology.'*”
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Fig. 8 HNTs uptake by mammalian cells. (A) A schematic illustration for HNTs routes of uptake and intracellular transport. After adsorption to cell
surface, HNTSs are first internalized through endocytosis. Then the membrane-encapsulated HNTS are transported slowly via actin filaments and sub-
sequently more rapidly on the microtubules towards the nucleus vicinity. There, the HNTs are assigned to a lysosome or to the Golgi apparatus. (B)
Dark field microscopy image of a human lung cancer cell (A549) with intracellularly accumulated HNTs. Cell nuclei are stained red with 4',6-di-
amidino-2-phenylindole dihydrochloride (DAPI). White arrows mark the internalized HNTs. (C) AFM image of an A549 cell with ODTMS-modified
HNTs aggregated on cell membrane (indicated by arrows on upper panel) and internalized ODTMS-modified HNTs (indicated by arrows on lower
panel). Young's modulus of HNTs, whether adsorbed on cell exterior or internalized, is higher than that of the cell, whereas only internalized HNTs
exhibit adhesion rates that are identical to that of surrounding cell membrane. (A) reproduced by permission from Springer, ref. 144. Copyright 2018;
(B) and (C) reproduced from ref. 147. Copyright 2019, and ref. 95. Copyright 2020, respectively, with permission from Elsevier.

6.2. Cell capture

One of the well-studied application of cells-HNTs interactions
is the adhesion of circulating tumour cells (CTC) onto HNTSs
coated surfaces. Hughes et al. have pioneered this field by
demonstrating the advantage of coating the inner surface of
polyurethane-based tubing with HNTs, which were modified
with the cell adhesion molecule P-selectin.'*® The coating was
shown to enhance the capture of circulating leukemic cells by
altering the flow behavior of the cells and specifically slowing
down their velocity on the roughened surface. Immobilization
of specific antibodies (for targeting cancer cells) on to the
HNTs'****° has further improved the specific capturing of this
system for up to 50% of the CTC in patient blood samples.
Nonspecific adhesion of leukocyte was minimized by treating
the HNTs with sodium dodecanoate, which increased the
negative charge of the HNTs."”" An alternative strategy to form
CTC-capturing coatings onto glass substrates employed eva-
porative self-assembly of sodium poly(styrenesulfonate) treated
HNTs from concentrated aqueous suspensions.'>> Subsequent
APTES treatment of the highly-ordered HNTs assembly was
used to stabilize the coating and enhance the attraction of
CTC. Immobilization of biotinylated specific antibody onto
these HNTs-based coatings, as schematically illustrated in
Fig. 9, has resulted in an improved capture yield of MCF-7
(human breast adenocarcinoma) cells to 92% within 3 hours
of incubation.">>*>*

6.3. Bioscaffolds and tissue engineering

Such oriented self-assembled coatings of HNTs on glass>>*3°

or polylactic acid (PLA)">” were also shown to passively affect
the orientation of mesenchymal stem cells and to promote
their differentiation. Cell contact guidance is enhanced by the
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Fig. 9 Illustration of a multifunctional coating of HNTs on the inner
surface of microtubes for specific capture of circulating tumor cells
(MCF-7, human breast adenocarcinoma) in real blood samples. The
HNTSs increase the active surface for cell capture and serve as an ancho-
rage for specific anti-EpCAM antibody via biotin—streptavidin inter-
actions. RBC = red blood cells, WBC = white blood cells. Reproduced
from ref. 154. Copyright 2018, with permission from Elsevier.

self-assembled HNTs substrate which mimics both micro- and
nanoscopic features of the biological tissue at the critical
dimensions. The former is crucial for cell spatial organization
through F-actin alignment; whereas, the latter provides the
roughness needed to induce cell differentiation.'>®

As for 3D scaffolds, HNTs are stiff and tough, making them
ideal for hard-tissue engineering or as fillers for other biopoly-
mers."® Poly(methyl methacrylate) (PMMA) bone cement was
prepared with HNTs loaded with bone growth-promoting
drugs and antibiotics which maintained high tensile strength

This journal is © The Royal Society of Chemistry 2020
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and even promoted polymerization of bone cement through
integration between acrylate and alumina in the HNTs. HNTs
siloxane surface chemistry and elongated morphology
enhanced the adhesion force between bone and bone
cement."*>'®® Huang et al. have incorporated HNTSs into
gelatin methacrylate hydrogel to evaluate its potential in pro-
moting bone regeneration. In vitro, human dental pulp stem
cells (hDPSCs) incubated with the hydrogel showed enhanced
expression of osteogenesis related genes, and subsequently,
better bone regeneration rates were observed in vivo for calvar-
ial defects of rats.'*° The same principles were implemented
for HNTs-based dentist resins. HNTs, which acted both as the
resin bulk and as a nanocarrier for antibiotics also sustained
the release of barium sulphate (radiopaque agent).'**™*%* In
other examples the incorporation of HNTs into bioscaffolds
made of chitosan, agarose and gelatin enhanced scaffold
strength, and adhesion to cells. In vivo studies in rats showed
neoangiogenesis at the scaffold proximity without any inflam-
matory reactions.'®'®® HNTs were also used to supplement
scaffolds based on alginate,'®® gellan gum'®” and polycaprolac-
tone,'®® where silicate ions from HNTs were postulated to
stimulate osteoblasts into collagen secretion.

6.4. Targeted delivery

Apart from surface coating, HNTs could be tailored to target
cancer cells in suspension. Li et al** conjugated folic acid
onto f-cyclodextrin coated magnetized HNTs and used this
system to isolate and enrich SKOV3 (ovarian carcinoma cells),
HeLa and A549 cancer cells in buffer and whole blood. These
modified magnetic HNTs were found to selectively accumulate
in the membrane of cells expressing the alpha folate receptor
(a-FR) protein and allowed their magnetic capture, while
retaining the cells viability.

The internalization of HNTs by cells was extensively utilized
to develop various delivery systems for drugs (as reviewed by
Lazzara et al.'®®) and genes."”®"”® Targeted delivery systems
using HNTs, mostly for targeting cancer cells, have been exten-
sively demonstrated in vitro.'7 144143174776 Rew in vivo
studies have attempted to target cancer cells via systemic
administration.®>"”” "%  These advanced multifunctional
HNTs enhance the efficacy of loaded anticancer drugs at lower
doses and with lower systemic exposure. Hu et al.'’” loaded
doxorubicin in mercaptosilane-modified HNTs and end-
capped the nanotubes with a redox responsive p-cyclodextrin
functionalized with PEG-folate through adamantine-
B-cyclodextrin interactions, as illustrated in Fig. 10A. The folate
residue functions as a targeting moiety via recognition by
receptor-mediated endocytosis, and the S-S linkage of the
B-cyclodextrin end-cap, which is sensitive to the reducing intra-
cellular environment, serves for triggered release. These multi-
functional HNTs have demonstrated a 2-fold decrease in
tumour size in comparison to the free doxorubicin. A folate
recognition moiety was also used to functionalize short HNTs
(<200 nm in length'®") for targeted delivery of doxorubicin.®®
These HNTs were shown to be internalized by penetrating the
cell membrane, see Fig. 10B, as well as by endocytosis of larger

This journal is © The Royal Society of Chemistry 2020
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Intracellular delivery of doxorubicin by systemic administration
of folate-functionalized HNTs. (A) the synthetic route for functionali-
zation of doxorubicin (DOX)-loaded HNTs with folic acid (FA) using a

redox sensitive p-cyclodextrin (3-CD) end-cap. HNTs are first silanized
with (3-mercaptopropyl)trimethoxysilane and then loaded with DOX.

Fig. 10

Subsequently, loaded HNTs are end-capped with a thiolated
B-cyclodextrin to which an adamantine (Ad)-PEG-folate (FA) moiety is
attached via adamantine-p-cyclodextrin host—guest interactions.
Following tail injection, folate recognition by receptors on tumour cells
induce the internalization of the functionalized HNTs. Within the cell,
drug release is triggered via glutathione (GSH) mediated cleavage of S-S
bond between thiolated HNTs and thiolated end-caps. (B) TEM image
depicting the uptake of short functionalized HNTs by human breast
adenocarcinoma cells (MCF-7). Red arrow indicates direct membrane
penetration by a single HNT. Reproduced with permission from (A)
reproduced with permission from ref. 177. © |OP Publishing.
Reproduced with permission. All rights reserved; (B) Reproduced with
permission from ref. 65. Copyright 2018, American Chemical Society.

particle aggregates. Upon injection, the modified HNTs were
shown to exert a stronger anticancer activity than the free drug
with lower levels of cytotoxicity. Furthermore, current works
endeavour to equip the HNTs carriers with an advanced trig-
gering mechanism to control drug release by external
stimuli.'”'%°

A genetic therapy against bladder cancer using HNTs was
also demonstrated by Liu et al In this work, an effective
loading was achieved based on electrostatic attraction between

Nanoscale, 2020, 12, 23444-23460 | 23455
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negatively-charged small interfering RNA (siRNA) and posi-
tively charged HNTs lumen. The injected complexes of loaded
HNTs accumulated in the tumor silencing the receptor-inter-
acting protein kinase 4 (RIPK4) gene and subsequently inhibit-
ing tumour proliferation.'”?

7. Conclusions and future
perspective

Halloysite nanotubes have gained a profound interest as an
emerging multifunctional material for both environmental
and biomedical applications. Their unique tubular nano-
structure makes them especially appealing as multifunctional
platforms for cells of all types. Each of the properties of HNTs’
could be harnessed at the nano-bio interface for a desired
task: HNTs toughness plays an important role in strengthening
bio-scaffolds and bacterial biofilms, while its intrinsic porosity
enables the diffusive mass transfer that is vital for cell survival.
Their nano-scale hollow lumen is ideal for encapsulating bio-
active cargos and their controlled release near or inside a
target cell; while, the nanotube high aspect ratio promotes cell
membrane penetration. Additionally, HNTs considerable
surface area of dual alumina-silica chemistry enables various
selective modifications, including functionalization with tar-
geting probes for safer and more efficient drug delivery or
hydrophobization for enhanced oil spill bioremediation.

The increasing popularity of HNTs is also attributed to
their abundancy and low cost. As most clay minerals, pristine
HNTs are relatively inexpensive in comparison to synthetic
nanotubes (such as CNTs). Yet as the applicability of pristine
HNTs is limited for biological applications, HNTs are often
chemically modified which may significantly increase the cost.
Furthermore, HNTs are generally considered as “safe” or “non-
toxic”; but, this conclusion is premature. Caution should be
made as their toxicological assessment is still in its infancy
and should be further established. Moreover, as HNTs are
natural nanomaterials, their properties vary and are origin-
dependent, leading to possibly different toxicology profiles.

While, the interface of HNTs with viruses has not been well
explored yet, we believe that the COVID-19 pandemic will accel-
erate research in this frontier. HNTs’ nano-virus interface can
provide novel solutions utilizing the superior adsorption
capacity of HNTs. Several studies have reported the removal of
viruses by adsorption from dilute aqueous solutions by
different clays (montmorillonite,"®* layered double hydrox-
ides'' and kaolinite'®* - an approved pharmaceutical excipient
clay mineral of the same kaolin group as halloysite). Moreover,
a batch adsorption study from 1987 reported the superior per-
formance of halloysite over kaolinite and montmorillonite for
virus removal from water of poliovirus 2, reovirus 3, echovirus
7, coxsackievirusB 5, and echovirus 1.5

Thus, the intriguing nano-bio interface of HNTs enables to
design tailored solutions for numerous environmental, bio-
technological, and medical challenges, and may present a
safer, sustainable, and more affordable alternative for other

23456 | Nanoscale, 2020, 12, 23444-23460
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synthetic nanomaterials. Yet, future research has to fully eluci-
date the long-term impact of HNTs (pristine and modified) on
human health and ecology.
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