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ABSTRACT: Halloysite nanotubes (HNTs) are naturally occur-
ring tubular clay particles which have emerged in recent years as a
promising nanomaterial for numerous applications. Specifically,
HNTs’ large pore volume and high specific surface area in
combination with their biocompatibility make them ideal nano-
carriers for bioactive compounds. This research aims to design and
synthesize functionalized HNTs, which could selectively bind to
target bacterial cells in suspension. Such a system can allow us to
treat target cells within a challenging heterogeneous population,
such as contaminated ecosystems or gut flora. HNTs functional-
ization is achieved by immobilizing specific antibodies onto the
nanotube surface. The synthetic route is realized by the following
subsequent steps: acidic etching of the HNTs, silanization of
reactive surface hydroxyls, conjugation of protein A, and oriented immobilization of the antibody. HNT functionalization is studied
by a set of analytical techniques including attenuated total reflectance Fourier-transform infrared spectroscopy, zeta potential
measurements, thermal gravimetric analysis, scanning and transmission electron microscopy, as well as fluorescence microscopy. The
selective binding of the functionalized HNTs to their target bacteria is observed upon incubation with live homogenous and
heterogeneous cultures using fluorescence microscopy and high-throughput flow cytometry. Plate count and live/dead staining
experiments demonstrate the biocompatibility of the antibody-HNT hybrid with its target bacteria. The suggested HNT-based smart
carrier constitutes a generic platform for targeted delivery that could be selectively tailored against any microorganism by facile
antibody adjustment.
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1. INTRODUCTION

In the mid of the persistent pursuit for novel nanomaterials with
biomedical applications, Halloysite nanotubes (HNTs) have
gained much interest in recent years.1 These natural and
abundant clay mineral particles comprise an alumina and silica
double layer geologically rolled into 600−900 nm long tubes
with outer and inner diameters of roughly 50 and 15 nm,
respectively.2,3 HNTs’ substantial specific area (50−60 m2 g−1)4

and biocompatibility5−9 have been extensively exploited for
numerous biological applications10−13 including antimicrobial
activity,14,15 drug delivery2,16−18 tissue engineering,12,19 and
imaging.20 Targeted delivery was demonstrated in suspension
against tumor cells using folate,21,22 biotin,23 or enzymatically
degradable dextrin capping.24,25 The immobilization of more
specific capture probes, such as antibodies, onto HNTs was
exclusively practiced onto surfaces decorated with HNTs for the
capture of circulating tumor cells and targeted delivery of
anticancer drugs.26,27

Previous research concerning interactions of HNTs with
microorganisms has solely relied on non-specific adsorption or
whole cell encapsulation without any attempt to endow HNTs

with targeting capabilities.7,28,29 Earliest work by Barr M. dates
back to 1957 demonstrating limited bacterial adsorption onto
HNTs (2 mg mL−1) during 30 min of incubation at pH 6.8.30

Later on, HNTs were shown to promote microalgae
flocculation31 and spontaneously cover yeast cells in water
after modification with magnetite.32 The unique ability of HNTs
(pristine and hydrophobized) to form oil−water Pickering
emulsions was also harnessed for marine bioremediation by
physically attracting and stimulating the viability of hydro-
carbonoclastic bacteria.33,34

Hence, we aim to investigate the unexplored utilization of
antibody-functionalized HNTs for specific targeting of live
bacterial cells. In the research presented herein, superior
targeting of bacteria is realized by modifying HNTs with
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antibodies properly oriented onto covalently bound protein A
(PA).35 To enhance HNT surface reactivity, acidic etching is
performed to enlarge nanotube specific surface area and expose
additional reactive hydroxyl groups.36−38 The latter is amino-
silanized39 and subsequently carboxylated to yield a hydrophilic
surface,40 which readily forms amide bonds with PA amine
groups via carbodiimide coupling using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysulfosuccini-
mide (EDC/sulfo-NHS)27 (see more details in the Supporting
Information). Finally, oriented immobilization of the antibody
Fc-region to the PA-modified surface ensures proper antibody
configuration, which is crucial for its binding efficacy.35,41−43

Successful modification and functionalization of the HNTs
are investigated by attenuated total reflectance Fourier-trans-
form infrared (ATR-FTIR) spectroscopy, zeta potential
measurements, thermal gravimetric analysis (TGA), and
fluorescence immuno-labeling. The targeting capacity of the
antibody-functionalized HNTs is studied by fluorescence
microscopy and high-throughput flow cytometry analysis. The
latter provides a quantitative tool for investigating the binding
between the bacteria and the clay particles based on advanced
image analysis of up to 3000 micrographs of real-time flowing
objects per sample. Moreover, plate count and live/dead cell
staining analysis are employed to study the biocompatibility of
the developed hybrid.
The proposed multifunctional system has various potential

applications from environmental bioremediation to gastro-
enteritis treatment, where the manipulation of a specific
bacterial strain is required among a heterogeneous population.
In addition, localized and specific antibacterial activity is
beneficial in the struggle against multi-drug-resistant strains.44,45

We believe that this work will open the door to novel HNT-
based smart nanocarriers that are inexpensive, biocompatible,
ecofriendly, and potentially adjustable against any micro-
organism of choice for selective manipulation.

2. MATERIALS AND METHODS
2.1. Chemicals and Materials. HNTs were supplied by Natural-

Nano (USA) and dried at 150 °C for 3 h prior to use. Concentrated
sulfuric acid, aminopropyltriethoxysilane (APTES), succinic anhydride,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxy-
sulfosuccinimide sodium salt (sulfo-NHS), and ethanolamine were
obtained from Sigma-Aldrich Chemicals (Israel). Solvents including
toluene and dimethylformamide (DMF) were purchased from BioLab
(Israel), and ethanol absolute was purchased from Gadot Group
(Israel). All buffer solutions were prepared with Milli-Q water (18.2
MΩ cm) and filtered through a 0.22 μm membrane prior to use.
Phosphate buffer saline (PBS) pH 7.2 0.1 M contained 50 mM
disodium hydrogen phosphate (Spectrum Chemicals, USA), 17 mM
sodium dihydrogen phosphate (Merck, Germany), and 68 mM sodium
chloride (BioLab). 2-(N-morpholino)ethanesulfonic acid (MES)
buffer pH 6.0 50 mM contained 27 mM MES and 23 mM MES
sodium salt; both were purchased from Sigma-Aldrich Chemicals.
Protein A (PA) from Staphylococcus aureus was obtained from Sigma-
Aldrich Chemicals, and anti Escherichia coli antibody from rabbit origin
was obtained fromVirostat (USA). Fluorescein isothiocyanate (FITC)-
tagged anti-rabbit immunoglobulin G (IgG) and FITC-tagged anti-
mouse IgG were purchased from Jackson ImmunoResearch Labo-
ratories (USA). Bovine Serum Albumin (BSA) was obtained from MP
Biomedicals (USA). E. coli (K-12) was generously supplied by Prof.
Sima Yaron (Technion) and cultured in Luria broth (LB) medium [10
g L−1 Bacto tryptone (BD, USA), 5 g L−1 Bacto yeast extract (BD) and 5
g L−1 sodium chloride]. Fluorescently labeled [green fluorescent
protein (GFP)/Ampicillin resistant (Amp)] E. coli (K-12) was also
generously supplied by Prof. Sima Yaron and cultured in LB medium
with 100 μg mL−1 ampicillin (Sigma-Aldrich Chemicals). LB plates for

culturing were prepared from LB medium with the addition of 15 g L−1

Bacto agar (BD). A LIVE/DEAD BacLight Bacterial Viability Kit for
microscopy and quantitative assays was purchased from invitrogen by
Thermo Fisher Scientific (USA). For E. coli cells expressing a red
fluorescent protein (RFP), a plasmid encoding an RFP gene under a
strong constitutive promoter was elected from the iGEM 2019
Distribution Kit (Biobrick BBa_J04450, gift of the Technion 2019
iGEM team). Molecular biology grade water was obtained from BioLab
and E. coli One Shot TOP10 chemically competent cells purchased
from Invitrogen (USA, catalog number C404003). Magnesium
chloride (MgCl2) was obtained from Merck (Germany), and
magnesium sulfate (MgSO4) was obtained from Alfa Aesar (Germany).
D-glucose and chloramphenicol (CM) were purchased from Sigma-
Aldrich Chemicals. Fluorescently labeled (GFP/streptomycin-resistant
(Str)) Listeria innocua (L. innocua) was also generously supplied by
Prof. Sima Yaron (Technion) and cultured in brain and heart infusion
(BH)medium [37 g L−1 Bacto Brain Heart Infusion (BD)] with 100 μg
mL−1 streptomycin sulfate (Sigma-Aldrich). BH plates for culturing
were prepared from BH medium with the addition of 15 g L−1 Bacto
agar and 100 μg mL−1 streptomycin sulfate.

2.2. Acidic Etching. 25 g of HNTs was mixed with 166 mL of
deionized water and suspended in a round bottom flask. To ensure
lumen contact with the solution, the suspension was evacuated for 20
min several times until no bubbling was observed. Then, 34 mL of
concentrated sulfuric acid was added to the suspension, and themixture
was reacted under stirring at 105−110 °C for 16 h. Finally, 400 mL of
water was added, and the mixture was filtered and washed again in
water. The obtained etched HNTs (E-HNTs) were dried at 120 °C for
2 h.46

2.3. Silanization and Carboxylation of HNTs. Silanization with
APTES was realized according to a well-established procedure by Yuan
et al.39 E-HNTs were ground to a fine powder using an agatemortar and
ultrasonically suspended in dry toluene (24 mgmL−1) for 2 h. 25 mL of
suspension was mixed with 2 mL of APTES, added dropwise, and
refluxed overnight using a calcium sulfate drying tube at 120 °C under
stirring. The suspension was centrifuged at a centrifugation force of
3260×g for 10 min, and the collected silanized HNTs were washed six
times with toluene and once with ethanol absolute. Then, the HNTs
were dried overnight in a vacuum oven at 60 °C. Subsequent
carboxylation was realized using a published method.40,47 Briefly, 100
mg of silanized HNTs was ultrasonically suspended in 10 mL of DMF
and reacted with 0.1 M succinic anhydride in DMF for 24 h at room
temperature (RT). Particles were washed twice with DMF and once
with ethanol absolute. Finally, the obtained particles were dried
overnight in a vacuum oven at 50 °C.

2.4. Functionalization of HNTs with Antibody. Prior to use, the
carboxylated HNTs were washed three times with MES buffer 50 mM
pH 6.0 and subsequently ultrasonically suspended in MES buffer to a
concentration of 20 mg mL−1. The suspension was reacted with 200
mM EDC and 200 mM sulfo-NHS for 30 min at RT under vigorous
shaking. The highly hydrophilic48 and reactive sulfo-NHS modified E-
HNTs were rapidly washed with cold MES buffer and ultrasonically
suspended (using a Vibra-Cell ultrasonic probe equipped with a
microtip, Sonics & Materials Inc. USA). The suspended HNTs (4 mg
mL−1) were conjugated with 0.8 mgmL−1 PA under shaking (700 rpm)
for 2 h at RT and then overnight at 4 °C. The resulting PA-conjugated
HNTs (PAConj-HNTs) were washed withMES buffer and subsequently
blocked with 100 mM ethanolamine in MES buffer. Next, the particles
were washed with PBS buffer (0.1 M pH 7.2) and re-suspended in PBS
to a concentration of 5 mg mL−1. Antibody-oriented immobilization35

was realized by incubating the resulting PAConj-HNTs with an anti-E.
coli antibody (500 μg mL−1) under shaking for 2 h at RT and then
overnight at 4 °C. The antibody-functionalized HNTs (Ab-PAConj-
HNTs) were washed three times with PBS and immediately tested for
activity. A negative control for sulfo-NHS activation was prepared by
reacting the neat E-HNTs with EDC/sulfo-NHS under the same
conditions. As a control for PAConj-HNTs, PA was adsorbed onto the
carboxylated HNTs (PAAd-HNTs) by incubation with the protein
under the same conditions. Subsequently, the resulting particles were
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reacted with the antibody solution as performed for Ab-PAConj-E-
HNTs.
2.5. Zeta Potential Measurements. Prior to measurements, all

particles were thoroughly suspended and diluted to a concentration of
0.1 mg mL−1 in double-distilled water or PBS 0.1 M pH 7.2.
Measurements were carried out at 25 °C using a Malvern Zetasizer
Nano ZSP instrument (UK), and the Zetasizer software was used for
data analysis by the Smoluchowski model for particles with dimensions
that are considerably larger than their Debye length.
2.6. Infrared Spectroscopy. The chemical modification of the

HNTs was studied by ATR-FTIR spectroscopy using a Thermo 6700
FT-IR instrument (USA) equipped with a Smart iTR diamond ATR
device. For semi quantitative representation, all spectra were
normalized to the highest peak around 1000−1030 cm−1 attributed
to Si−O bonds38,39 which should not be affected by the chemical
modifications involved in this work.
2.7. Thermal Gravimetric Analysis. TGA was carried out using a

TGA Q5000 instrument (TA Instruments, USA). The heating was
performed at a rate of 20 °C min−1 up to 600 °C in dynamic high-
resolution mode (sensitivity number: 1, resolution: 4). Results were
analyzed by Universal Analysis 200 version 4.5A build 4.5.0.5 software.
2.8. Fluorescence Immuno-Labeling. Particle suspensions were

washed with PBS three times and blocked with BSA (600 μg mL−1) for
60 min at RT to minimize non-specific adsorption. Then, particles were
incubated with 15 μg mL−1

fluorescently tagged anti-rabbit or anti-
mouse IgG for 50 min and washed three times with PBS. Subsequently,
the samples were observed under a fluorescence microscope (ZEISS
Axio Scope A1, Germany) equipped with a ZEISS (Germany) Axiocom
MRc camera. A constant exposure time of 300 ms was used for all
measurements.
2.9. E. coli-Expressing RFP. Fluorescently labeled (RFP/

chloramphenicol-resistant (CH)) E. coli was prepared using the
BBa_J04450 plasmid encoding an RFP gene for constitutive expression.
The plasmid was resuspended by pipetting 10 μL of molecular biology
grade water into the designated well of the iGEMkit. After∼5min, 2 μL
of the resuspended plasmid was transformed into 100 μL of E. coliOne
Shot TOP10 chemically competent cells suspension containing
approximately 5 × 108 cells. Transformation was performed using a
standard heat shock protocol including the following incubations: 0.5 h
on ice, 45 s in 42 °C wet bath, 2 min on ice, and 1 h recovery at 37 °C
with 250 rpm shaking in 1 mL-rich LB medium (10 g L−1 Bacto
tryptone, 5 g L−1 yeast extract, 10 g L−1 NaCl) supplemented with 10
mM MgCl2, 10 mM MgSO4, and 20 mM glucose. After recovery, cells
were pelleted by pulsed centrifugation (∼1 min at up to 10 krpm), and
approximately 900 μL of the supernatant was discarded. The cell pellet
was resuspended in the remaining ∼100 μL of rich LB and plated on
LB-Agar plates (LB recipe as described above, with additional 15 g agar
per 1 L LB) containing 12.5 μg mL−1 CM. After overnight incubation at
37 °C, single pink colonies were selected and grown overnight in LB
with 12.5 μg mL−1 CM at 37 °C and 250 rpm shaking.
2.10. Bacteria Preparation.GFP/Amp E. coli (K-12), RFP/CH E.

coli, and non-fluorescent E. coli (K-12) were cultured from a single
colony overnight in LB medium (with 100 μg mL−1 ampicillin, 12.5 μg
mL−1 CM or without any antibiotics, respectively). 2 mL of bacteria
suspension was diluted into 18 mL of PBS and centrifuged at 3260×g
for 10 min. The pellet was suspended in PBS to reach an optical density
at 600 nm (OD600nm) of 0.75 corresponding to 6 × 108 cell mL−1 (or
OD600nm = 1.5 corresponding to 1.2 × 109 cell mL−1 for heterogeneous
culture experiment). GFP/Str L. innocua was cultured from a single
colony overnight in BH medium with 100 μg mL−1 streptomycin and
diluted to 1.2 × 109 cell mL−1 as described above.
2.11. Binding Assay. Antibody-functionalized HNTs were

suspended in PBS and mixed with the bacterial suspension to a final
mixture of 2 mg particles mL−1 and 1 × 108 cell mL−1 (of each
bacterium). Control samples included a bacterial mixture with pristine
HNTs, carboxylated E-HNTs, and neat bacteria suspension (no
HNTs). Mixtures of bacteria and particles were gently shaken at 200
rpm for 2 h at RT in the dark to maintain optimal fluorescence and
avoid potential light induced cytotoxicity of HNTs.49 Subsequently,
samples were analyzed under a fluorescence microscope and by a high-

throughput imaging flow cytometer ImageStreamX Mark II (Amnis)
instrument (US).

Fluorescence Microscopy. 0.6 μL of sample was gently mounted on
clean silicon wafer and encircled with 25 μL of immersion oil. A
coverslip (18 × 18 mm) was slowly laid on the drop minimizing shear
stress. Samples were observed using a ZEISS Axio Scope A1 instrument.

High-Throughput Flow Cytometry. Immediately, after 2 h of gentle
shaking, 25 μL of sample was drawn into the flow cytometer instrument,
and the flow rate was automatically adjusted. Images were taken using
the ×60 objective for bright field and green fluorescence channels.
Every sample was prepared and run thrice analyzing the data using the
IDEAS software (US). Raw images were gated for pixel intensity
(focused images) and green fluorescence; at least 3000 gated images
were collected for each experiment. “Bound” bacteria were
distinguished based on the ratio between the bright field object area
to bright field object perimeter. The “bound” population region on the
plain of object area versus object perimeter was set manually based on
the automatically suggested location. For further validation, the
identified “bound” bacteria were visually inspected. The content of
the “bound” bacteria was defined as the number of bound bacterial
images divided by the total number of green fluorescence images.

2.12. Scanning Electron Microscopy. Mixtures of antibody-
functionalized HNTs were fixed in glutaraldehyde solution (2.0% in
PBS) overnight at 4 °C. Samples were subsequently washed in PBS and
dehydrated by a series of ethanol in water solutions of 10, 25, 50, and
75% v/v (30 min incubation in each solution). Finally, the sample
suspension in ethanol was mounted on a clean piece of silicon wafer and
air-dried. A Carl Zeiss Ultra Plus (Germany) high-resolution scanning
electronmicroscope was used at an accelerating voltage of 1.3 keV and a
working distance of 3 mm.

2.13. Transmission Electron Microscopy and Energy-Dis-
persive X-ray Spectroscopy. Pristine and E-HNTs were mounted
on a carbon type-B grid and imaged using an FEI Tecnai G2 T20 S-
Twin transmission electron microscope coupled with an energy-
dispersive X-ray (EDX) detector at an accelerating voltage of 200 keV.
EDX results were processed using TIA (TEM Imaging & Analysis)
software version 4.12, FEI Company, OR, USA.

2.14. X-rayDiffraction.X-ray diffractograms were collected using a
Rigaku X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan) in the
2Θ range of 5°−90° at a rate of 2° per minute. The power of the Cu Kα
radiation source was set to 40 kV, and the current was 30 mA.

2.15. Plate Count. Suspensions of GFP/Amp E. coli with/without
particles (antibody-functionalized HNTs and carboxylated HNTs)
were prepared as described for the binding assays (2 mg particles mL−1

and 1 × 108 cell mL−1). After 2 h of gentle shaking, each sample was
diluted with PBS by the decimal series: ×10−5, ×10−6, and ×10−7. 100
μL of each dilution was seeded on an LB agar plate, and colonies were
counted after an overnight incubation at 37 °C. Each sample was
prepared thrice, and each dilution was seeded twice.

2.16. Live/Dead Cell Staining. The biocompatibility of
synthesized conjugates was also assessed according to their
membrane-disruptive effect. A LIVE/DEADBacLight bacterial viability
kit was used to stain all bacteria cells with SYTO 9 (green fluorescence),
whereas only the damaged membrane bacteria were stained with
propidium iodide (red fluorescence). Suspensions of non-fluorescent E.
coli with/without particles (antibody-functionalized HNTs and
carboxylated HNTs) were prepared as described for the affinity assay
(2 mg particles mL−1 and 1 × 108 cell mL−1). Immediately after 2 h of
gentle shaking, samples were vortexed and incubated with 10 μM of
SYTO 9 and 60 μM of propidium iodide at RT in the dark for 15 min.
Then, samples were vortexed again, and 5 μL of each stained sample
was trapped between a clean silicon wafer and an 18× 18mm coverslip.
Six images were taken for each sample using a fluorescence microscope
equipped with ×20 dry objective. A constant exposure time of 600 ms
was used for all measurements. Images were analyzed with ImageJ
software. An additional sampling and staining step was performed after
an overnight interval of gentle shaking.
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3. RESULTS AND DISCUSSION

3.1. Functionalization of HNTs with Oriented Anti E.
coli Antibody. The synthetic route for immobilizing the
antibody onto the HNTs is schematically outlined in Figure 1a.
The first step includes acid etching of pristine HNTs to
selectively dissolve the alumina layer leaving only a porous rolled
silica layer which is also rough and perforated.46 The benefits of
the etching process include an increase in specific surface area
(by 4−5 folds, according to Brunauer−Emmett−Teller theory
as previously reported46), lumen volume, overall porosity, and
the number of surface reactive hydroxyl groups.36−38,46 Indeed,
ATR-FTIR spectroscopy (Figure 1b) shows that the sharp peaks
at 3693 and 3619 cm−1, which are characteristic of the aluminol
groups on the pristine tube inner and interlayer surfaces,
respectively,50 have diminished upon etching.
Figure 2 presents the nanostructure and the main character-

istics of the E-HNTs in comparison to pristine HNTs. Scanning
electronmicroscopy (SEM) images (see Figure 2a, upper panel)

of the E-HNTs show that they exhibit a porous rodlike
morphology (as indicated by the arrows in the micrographs
which mark the pore opening), and their surface has roughened.
Transmission electron microscopy (TEM) images (Figure 2a,
lower panel) reveal that following etching the rather smooth
surface of the pristine nanotubes becomes rough and granulated,
while the elongated morphology of the particles is maintained.
X-ray measurements (Figure 2b) display the characteristic peaks
of pristine HNTs,53 whereas an amorphous halo is observed for
the E-HNTs. These results suggest that the small granules
observed by TEM are mostly amorphous silica and are in
excellent agreement with previous report.50 Figure 2c displays
TGA thermograms of pristine and E-HNTs up to 600 °C. The
weight loss observed up to 110 °C is ascribed to the loss of
adsorbed water39,54 and is more pronounced for the E-HNTs,
indicative of a higher surface area (note that both samples were
stored under similar conditions). The second weight loss around
457 °C, which is ascribed to aluminol dihydroxylation,39,55

Figure 1. Synthetic steps followed for the oriented immobilization of the antibody onto the HNTs. (a) Schematic illustration of the synthesis
procedure. (b) ATR-FTIR spectra of the HNTs following each of the synthetic steps (the spectra of the respective controls are included in Figure S1a,
Supporting Information); all spectra are normalized to the inert highest peak. Right panel presents zoom-in spectra at a wavenumber range of 1800−
1300 cm−1. Black trace for pristine HNTs, gray trace for E-HNTs, red trace for silanized HNTs (NH2), green trace for carboxylated HNTs (COOH),
blue trace for sulfo-NHS-activated HNTs (sulfo-NHS), purple trace for PA-conjugated HNTs (PA), and orange trace for the antibody-immobilized
HNTs (Ab-PA). (c) Zeta potential measurements of the HNTs following the different synthetic steps. **p < 0.01, one-tail t-test. Zeta potential values
of the respective controls are included in Figure S1b, Supporting Information. (d) TGA measurements and the respective organic increment between
each pair of successive steps (color scheme similar to all other results in this figure). The respective controls and derivative thermograms are included in
Figure S2, Supporting Information. Figure 1a was created with graphics reproduced from ref 2. Copyright (2016) Wiley,51 Copyright (2010) Klein,
Bjorkman https://creativecommons.org/licenses/by/4.0/, and52 Copyright (2013) Elsevier.
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diminishes following etching and indicates that the majority of
the alumina is removed. This is further supported by EDX-TEM
measurements of the E-HNTs (Figure S3, Supporting
Information) showing a low ratio of Al to Si (0.03) compared
to the characteristic value of pristine HNTs (≥1).4,46 Thus, we
can conclude that the etching process results in a high degree of
conversion,50 namely, considerable alumina elimination and
destruction of the layered lattice structure, while a porous
rodlike structure is obtained.
After etching, the next step in the synthetic route is the amino-

silanization of the E-HNTs using APTES,39 as outlined in Figure
1a. The amine residues on the silanized HNTs are converted by
succinic anhydride in DMF to a hydrophilic carboxylic surface,40

after which a two-step EDC/sulfo-NHS reaction is performed to
activate the surface for the subsequent PA conjugation.27,54

Finally, the antibody is immobilized onto the protein to allow its
proper orientation, where the Fab fragments are free to interact
with their target.35

Figure 1b presents the ATR-FTIR spectra of the HNTs
following each of the synthetic steps. Following silanization, the
HNTs exhibit typical peaks at 1567, 1488, and 1387 cm−1

corresponding to amine deformation (scissoring)38 and CH2
deformation vibration (scissoring and wagging, respectively39).
The subsequent reaction with succinic anhydride yields peaks at
1636, 1557, and 1402 cm−1 which are ascribed to the carbonyl of
an amide bond (amide I and amide II) and stretching vibration
of a carboxyl residue, respectively.56,57 Successful covalent sulfo-
NHS activation of the HNTs is confirmed by the characteristic
peaks of cyclic imides detected at 1789 and 1739 cm−1.56,57

When the EDC/sulfo-NHS reaction is carried out on E-HNTs

(no silanization and carboxylation), these two peaks are not
observed, ruling out physical adsorption of the reactants on the
HNTs’ surface (light blue trace in Figure S1a, Supporting
Information). Succinimide-related peaks diminish after the
conjugation of PA and amide I and amide II becomes more
distinct for the antibody-immobilized HNTs via conjugated PA
(referred to as Ab-PAConj-HNTs). The amide peaks, attributed
to the protein moieties on the HNTs, are significantly more
distinct for PA conjugates (both PAConj-HNTs and Ab-PAConj-
HNTs) in comparison to the respective controls, where PA was
adsorbed on the particle surface (see the right panel of Figure
S1a, Supporting Information for clarity). Hence, these results
confirm the successful immobilization of the antibody via the
conjugated PA.
The silanization and carboxylation reactions are further

monitored by zeta potential measurements17 in water, and the
results are summarized in Figure 1c. Both the neat and the E-
HNTs exhibit a characteristic negative value of ∼−28 mV,58

while, following silanization, the modified HNTs are charac-
terized by a positive zeta potential value of +25 ± 3 mV
(attributed to the positively charged amino residues59).
Subsequent carboxylation results in the inversion of the charge
back to a negative value of −25 ± 2 mV.40 The same trend was
observed for zeta potential measured in PBS (0.1 M pH 7.2) for
E-HNTs before and after amino-salinization and carboxylation
(see Table S2, Supporting Information). PA, whether
conjugated (−34 ± 1 mV) or adsorbed (−38 ± 2 mV, see
Figure S1b, Supporting Information), contributes similarly to
the negative zeta potential value, possibly due to its negative
charge in water (pI = 5.160). The antibody immobilization onto

Figure 2. Characterization of E-HNTs. (a) Electron microscopy images of pristine HNTs (left) and E-HNTs (right) by HR-SEM (upper panel) and
TEM (bottom panel). (b) X-ray diffractograms of pristine and E-HNTs. Ccristobalite,53 Qquartz.53 (c) TGA of pristine and E-HNTs.
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conjugated PA is evidenced by a significant increase in zeta
potential to a value of−21.5± 0.4 mV (p < 0.01, one-tail t-test).
However, for the control sample, where the PA is only adsorbed
PA, this behavior is not observed and the zeta potential value
remains unchanged (−41 ± 1 mV, see Figure S1b, Supporting
Information). This behavior and the significant difference in the
zeta potential values may be attributed to a decreased affinity of
the antibody to the adsorbed PA, possibly due to its surface-
induced denaturation, as well as to lower surface coverage.
In order to further investigate the surface chemical

modifications, TGA is used to measure the organic moieties
on the HNTs following each of the synthetic steps, and the
thermograms are presented in Figure 1d. The first mass loss up
to 110 °C is ascribed to the loss of adsorbed water, and the
remaining mass at 110−600 °C is related to organic matter
decomposition39,54 (see Figure S2 for the corresponding
derivative curves and Table S1 for a summary of the different
weight loss events). The amino-silanized E-HNTs are
characterized by two weight loss events, one at 110−263 °C
and another at 265−600 °C, which are related to the loss of
hydrogen-bonded and covalently bonded APTES molecules,
respectively.39,61 The overall measured organic increment for
this step is ∼7 %wt, implying good surface coverage of amino
residues and possibly some oligomerization of APTES
molecules.43 Following carboxylation, the organic content is
increased by 1.5 %wt, signifying the reaction of the succinic
anhydride with some of the amine residues.47,54 For the protein
conjugates, the complexity of the respective thermograms is
better elucidated by their derivative (see Figure S2 and Table S1,
Supporting Information) at a temperature range typical for
protein degradation.62 Protein A conjugation and the sub-
sequent antibody immobilization result in an organic content
increase of 5± 3 and 5± 4 % wt, respectively. This is ascribed to
the successful binding of antibody onto the surface-conjugated
PA. On the other hand, for both controls (with and without
antibody) in which PA was only adsorbed onto the HNT surface
rather than conjugated, an insignificant increase in organic mass
was observed compared to the carboxylated HNTs (light purple
and light orange traces compared with the green trace in Figure
S2, Supporting Information). These results further support the
FTIR and zeta potential measurements, demonstrating the
successful immobilization of the antibody onto the E-HNTs.
The immobilization of the antibody (rabbit origin) is also

investigated by fluorescent labeling with secondary anti-rabbit or
mouse antibodies. Figure 3 presents fluorescence and bright
field microscopy images of the antibody-functionalized HNTs
following their incubation with fluorescent secondary antibod-
ies. Fluorescence is only observed upon incubation of the HNTs
with the anti-rabbit secondary antibody, while upon incubation
with anti-mouse antibody, no fluorescence is detected. This
confirms the successful immobilization of the antibody onto the
particle surface and its antigenic activity. Upon incubation of the
control carboxylated HNTs (not functionalized with PA and
antibody) with the different secondary antibodies, no
fluorescence is observed (see Figure S4, Supporting Informa-
tion), ruling out non-specific adsorption of the labeled
antibodies onto the HNTs.
3.2. Binding Assays. The binding of the antibody-

functionalized HNTs to their target bacteria is studied by
fluorescence microscopy and high-throughput flow cytometry
analysis. The HNTs (2 mg mL−1) were gently mixed with 1 ×
108 cell mL−1 of GFP-expressing E. coli (K-12) in PBS for 2 h,
and samples were observed under a fluorescence microscope.

Figure 4 depicts representative images of the suspensions,
showing the formation of dense aggregates of cells and particles.
These aggregates are not observed for the control carboxylated
E-HNTs and pristine HNTs (see Figure 4 middle and right
panels, respectively). Under higher magnification (Figure 4
lower panel), it is noticeable that the cells in the control samples
are individually dispersed, while cells incubated with the
functionalized HNTs tend to cluster at the proximity of the
particles. These findings support the affinity between target
bacteria and antibody-functionalized HNTs via antigenic
recognition.
Next, the specificity of the modified HNTs against their target

bacteria is investigated in a challenging heterogeneous culture
containing 2 mg mL−1 HNTs, 1 × 108 cell mL−1 of RFP-
expressing E. coli, and 1 × 108 cell mL−1 of GFP-expressing L.
innocua. Representative images of the heterogeneous suspen-
sions after 2 h of gentle shaking are presented in Figure 5. As
observed in the homogenous culture (Figure 4), red E. coli cells
form dense aggregates only in the presence of the functionalized
HNTs (Figure 5, left panel) and not in the control samples
containing the carboxylated E-HNTs or pristine HNTs (Figure
5, middle and right panels, respectively). Higher magnifications
(middle and lower panels) reveal that the red E. coli cells and
functionalized HNTs are selectively co-aggregated, whereas
green L. innocua cells are excluded from the aggregates and
remain individually dispersed. It is noteworthy that pristine
(unmodified)HNTs are co-aggregated with the green L. innocua
(non-target bacteria) rather than the target bacteria (red E. coli),
as previously reported.30 The spontaneous interactions between
unmodified HNTs and bacteria are ascribed to a combination of
colloidal physical forces and biological factors, and as such they
are expected to be unpredictable and unstable.29 Thus, the
selective binding of the antibody-functionalized HNTs to the E.
coli, in contrast to the nonspecific bacteria−clay interactions
with pristine or carboxylated HNTs, confirms the activity of the
anti E. coli antibodies immobilized onto the nanoclay particles.
In order to quantitatively study the affinity between the

functionalized HNTs and the cells, we employ high-throughput
flow cytometry analysis. The particles and the bacterial
suspensions (prepared as previously described for homogenous
culture) are introduced into the instrument and are analyzed

Figure 3. Bright field and corresponding fluorescence micrographs of
antibody-functionalized HNTs following immuno-labeling with FITC-
anti-rabbit antibody (upper panel) and FITC-anti-mouse antibody
(lower panel).
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under flow conditions. Each particulate object is separately
photographed using ×60 objective for bright field and green
fluorescence channels. Analysis is performed on images with
green fluorescence that are well focused narrowing to at least
3000 gated images per experiment. Images of “bound” bacteria

are distinguishable from “free” bacteria based on the shape of the
bright field object, where the “free” (individually dispersed cells)
population is characterized by a distinct object area and object
perimeter values. On the other hand, the “bound” bacteria
population, in which the HNTs and the cells are co-aggregated,

Figure 4.Green fluorescence and bright fieldmicrographs for mixtures containing 1× 108 cell mL−1 of GFP-expressing E. coli (K-12) and 2mgmL−1 of
HNTs in PBS 0.1 M pH 7.2 after 2 h of gentle shaking at RT: Antibody-functionalized E-HNTs (left panel), carboxylated E-HNTs as control (no
antibody, middle panel), and pristine HNTs (right panel).

Figure 5.Green and red fluorescence micrographs of heterogeneous mixtures containing 1× 108 cell mL−1 of RFP-expressing E. coli (red), 1× 108 cell
mL−1 of GFP-expressing L. innocua (green), and 2 mg mL−1 of HNTs in PBS 0.1 M pH 7.2 after 2 h of gentle shaking at RT: Antibody-functionalized
carboxylated E-HNTs (left panel), carboxylated E-HNTs as control (no PA and antibody functionalization, middle panel), and pristine HNTs control
(right panel). (a) Green and red fluorescence overlay; (b) bright field with green and red fluorescence overlay; and (c) bright field with green and red
fluorescence overlay.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.0c01332
ACS Appl. Bio Mater. 2021, 4, 4094−4104

4100

https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01332?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.0c01332?rel=cite-as&ref=PDF&jav=VoR


exhibits a statistically different set of values (see Figure S5 for a
schematic illustration of the method concept and steps). Figure
6a presents a summary of the results of a characteristic single

experiment in which using the IDEAS software (Amnis) images
are plotted according to the object area versus the object
perimeter. The orange region in Figure 6a represents the
“bound” population and is set semi-automatically and kept
constant for all subsequent experiments. Representative images
(see the right panel of Figure 6a) depict the characteristic
populations of “bound” bacteria versus “free” bacteria. The
content of “bound” bacteria is calculated by dividing the number
of images within the orange region to the total number of
focused green fluorescence images (see Figure S6 for all
cytograms). These measurements and analyses are performed
for antibody-functionalized HNTs and bacteria suspensions as
well as for non-functionalized HNTs (carboxylated) and
bacteria mixtures. The results are summarized in Figure 6b
and are compared to values collected for neat E. coli suspensions
(no HNTs). The values in Figure 6b are normalized to the
content of “bound” bacteria for non-functionalized HNTs.
Suspensions of antibody-functionalized HNTs exhibit a

significantly higher (>2.5 fold, p < 0.05, one-tail t-test, n = 3)
content of “bound” bacteria in comparison to the control HNTs.
This trend corresponds well with the fluorescence microscopy
analysis (Figure 4) and clearly indicates the superior affinity of
the antibody-functionalized HNTs toward the E. coli cells. It
should be noted that possible false-positive contribution of free
E. coli cells to the calculated content of “bound” bacteria is
minimal (p < 0.01, one-tail t-test, n = 3) as shown by the values of
the E. coli suspensions (no HNTs), see Figure 6b.
HR-SEM images for suspensions of antibody-functionalized

HNTs and bacteria are presented in Figure 6c, revealing intact
cells that are attached to aggregates of porous rodlike particles,
with much similarity to the flow cytometry images. We conclude
that bacteria−particle interactions are indeed antibody medi-
ated since no elongated filaments of the polysaccharide biofilm
matrix is observed in HR-SEM images.63−66

3.3. Viability Studies.There is no clear consensus regarding
the cytotoxicity of pristine HNTs toward bacterial cells,49,67−69

and any chemical modification of these particles may alter their
behavior.70 Thus, we investigate the effect of the synthesized
antibody-functionalized HNTs on the viability of E. coli.
Mixtures of antibody-functionalized HNTs with bacteria are

prepared as described in the previous section, and the cell
viability is quantified by plate count and live/dead staining.
Figure 7 summarizes the results obtained by the two techniques
in comparison to the control HNTs (carboxylated) and neat E.
coli suspensions.
The viability of the antibody-functionalized HNTs (35 ±

15%), by plate count, is substantially lower than that of both
controls. Yet, the actual counted bacterial concentration for
antibody-functionalized HNTs (after 2 h of incubation) is 0.6±
0.2 × 108 cfu mL−1 which is comparable to the initial E. coli
concentration (1 × 108 cell/mL−1) in the mixture. During this 2
h incubation, the bacterial count for both controls increases to a
value of ∼2 × 108 cfu mL−1. Thus, these results suggest that the
antibody-functionalized HNTs exert a bacteriostatic effect on E.
coli. This is further supported by the results of the live/dead
staining. Figure 7b presents characteristic fluorescent images of
the stained cells, where the majority of the cells are stained in
green for all suspensions. Only few red-stained (dead) cells are
observed for both the antibody-functionalized and control
HNTs, similar to the neat E. coli suspensions. The viability
values by live/dead staining are expressed as the percentage of
green-stained bacteria from the total cells and are presented in
Figure 7a. Indeed, only a minor decrease in cell viability (to a
value of 90 ± 4%) is observed for the antibody-functionalized
HNTs after 2 h, and this trend is maintained following an
overnight incubation. Our results are consistent with previous
work,69 where viability values of∼85% were measured for E. coli
incubated with pristine HNTs (1.0 mg HNTs mL−1) for 8 h.
The authors attributed this inhibitory effect to light-dependent
oxidative stress,49 possibly inflicted by silica generated reactive
oxygen species.69 Furthermore, protein adsorbed onto HNTs
was found to increase their biocompatibility toward E. coli
compared with unmodified HNTs.69

We suggest that a possible explanation for the discrepancy
between plate count and live/dead viability values may be
accounted for hindered cell division due to the binding of the
bacteria to the antibody-functionalized HNTs.

4. CONCLUSIONS
This work constitutes the first demonstration of successful
selective targeting of live bacterial cells by suspended HNTs

Figure 6. High-throughput flow cytometry measurements and HR-
SEM images for mixtures of GFP/Amp E. coli (K-12, 1× 108 cell mL−1)
and antibody-functionalized HNTs (2 mg mL−1) in PBS 0.1 M pH 7.2
after 2 h of gentle shaking at RT: (a) Left panel: a plot of the gated
images for a typical single experiment positioned on the object area vs
object perimeter plain with a well-defined region of “bound” bacteria
(orange gate, all cytograms are provided in Figure S6, Supporting
Information). Right panel: Representative images of “bound” vs “free”
populations. (b) ImageStream quantification for content of bound
bacteria for mixtures of E. coli with antibody-functionalized HNTs and
with control HNTs (carboxylated). In addition, values for only E. coli
suspensions are presented for comparison. Note that the content of
“bound” bacteria is normalized to the HNT control. *p < 0.05, **p <
0.01, n = 3, one-tail t-test. (c) HR-SEM images of antibody-
functionalized HNTs and E. coli mixtures. Bacterial cells are false
colored in green for clarity.
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functionalized with an oriented antibody. Oriented immobiliza-
tion is realized through interaction of the antibody with PA
conjugated to carboxylated HNTs via a facile two-step EDC/
sulfo-NHS reaction. The modified HNTs exhibit superior
binding toward target bacteria (E. coli) in comparison to the
non-modified control, as quantitatively assessed by high-
throughput flow cytometry (ImageStream). Moreover, selective
binding of the target cells to the HNTs is demonstrated in a
heterogeneous culture containing E. coli and L. innocua. Bound
E. coli cells maintain 83% viability, even after overnight
incubation, suggesting the biocompatibility of these HNT
hybrids. The approach presented here is highly generic and can
be easily adapted to target other microorganisms. Thus, this
proof-of-concept work can be potentially employed for selective
manipulation and delivery of payloads to target cells utilizing the
advantageous characteristics of natural clay HNTs and their
unique interactions with biological cells.29
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isothiocyanate; GFP, green fluorescent protein; HNTs,
halloysite nanotubes; HR-SEM, high-resolution scanning
electron microscopy; LB, Luria broth; L. innocua, Listeria
innocua; MES, 2-(N-morpholino)ethanesulfonic acid; OD600,

Figure 7. Viability of E. coli (K-12, 1 × 108 cell mL−1) following a 2 h or
overnight incubation with/without antibody-functionalized HNTs and
control (carboxylated) HNTs (2mgmL−1), as measured by plate count
and live/dead cell staining. Incubation performed in PBS 0.1 M pH 7.2
under gentle shaking at RT. (a) Normalized viability results. Note that
for plate count, viability is normalized to neat E. coli suspension.
Viability values by live/dead staining are expressed as the percentage of
green-stained bacteria from the total cells after 2 h and overnight
incubation. (b) Representative fluorescent micrographs following live/
dead cell staining. Inset shows a higher magnification image for an
overlay of bright field with green and red fluorescence.
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optical density at 600 nm; PA, protein A; PAAd-HNTs,
carboxylated etched HNTs with adsorbed protein A; PAConj-
HNTs, protein A conjugated etched HNTs; PBS, phosphate
buffer saline; RFP, red fluorescent protein; RT, room temper-
ature; sulfo-NHS, N-hydroxysulfosuccinimide; TEM, trans-
mission electron microscopy; TGA, thermal gravimetric analysis
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