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Abstract

Background: Applied nanomaterials in targeted drug delivery have received increased attention due to tangible
advantages, including enhanced cell adhesion and internalization, controlled targeted release, convenient detection
in the body, enhanced biodegradation, etc. Furthermore, conjugation of the biologically active ingredients with the
drug-containing nanocarriers (nanobioconjugates) has realized impressive opportunities in targeted therapy. Among
diverse nanostructures, halloysite nanotubes (NHTs) with a rolled multilayer structure offer great possibilities for drug
encapsulation and controlled release. The presence of a strong hydrogen bond network between the rolled HNT lay-
ers enables the controlled release of the encapsulated drug molecules through the modulation of hydrogen bonding
either in acidic conditions or at higher temperatures. The latter can be conveniently achieved through the photother-
mal effect via the incorporation of plasmonic nanoparticles.

Results: The developed nanotherapeutic integrated natural halloysite nanotubes (HNTs) as a carrier; gold nanoparti-
cles (AuNPs) for selective release; docetaxel (DTX) as a cytotoxic anticancer agent; human IgG1 sortilin 2D8-E3 mono-
clonal antibody (SORT) for selective targeting; and 3-chloropropyltrimethoxysilane as a linker for antibody attachment
that also enhances the hydrophobicity of DTX@HNT/Au-SORT and minimizes DTX leaching in body’s internal environ-
ment. HNTs efficiently store DTX at room temperature and release it at higher temperatures via disruption of interlayer
hydrogen bonding. The role of the physical expansion and disruption of the interlayer hydrogen bonding in HNTs

for the controlled DTX release has been studied by dynamic light scattering (DLS), electron microscopy (EM), and
differential scanning calorimetry (DSC) at different pH conditions. HNT interlayer bond disruption has been confirmed
to take place at a much lower temperature (44 °C) at low pH vs. 88 °C, at neutral pH thus enabling the effective drug
release by DTX@HNT/Au-SORT through plasmonic photothermal therapy (PPTT) by light interaction with localized
plasmon resonance (LSPR) of AuNPs incorporated into the HNT pores.
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Conclusions: Selective ovarian tumor targeting was accomplished, demonstrating practical efficiency of the
designed nanocomposite therapeutic, DTX@HNT/Au-SORT. The antitumor activity of DTX@HNT/Au-SORT (apoptosis
of 90+ 0.3%) was confirmed by in vitro experiments using a caov-4 (ATCC HTB76) cell line (sortilin expression >70%)
that was successfully targeted by the sortilin 2D8-E3 mAb, tagged on the DTX@HNT/Au.

Keywords: Antibody-drug conjugate, Therapeutic nanocomposite, Gold nanoparticles, Plasmonic photothermal
drug release, Targeted drug delivery, Ovarian tumor targeting

Introduction
Traditional cancer therapy relies upon the administra-
tion of cytotoxic chemical agents resulting in multiple
negative side effects of chemotherapy due to the suscep-
tibility of normal cells to this treatment [1, 2]. Current
strategies to minimize these side effects involve different
approaches for targeted drug delivery to specific tissues
[3-5], including magnetically driven transport of thera-
peutic agents [6-8], and/or incorporation of the specific
biomolecules, such as aptamers [9], peptide sequences
[10], and antibodies [11] onto the surface of the nanoscale
carriers for selective delivery of the anti-cancer medica-
tion [12, 13]. There are two main types of cancer cells to
target: (1) cancer stem cells (CSCs) that could develop
into different cell types [14], and (2) differentiated cancer
cells (DCCs) that have matured into a particular form of
cancer [15]. It is crucial to be able to treat CSCs in order
to eradicate the cancer cells at their origin to suppress
DCCs. CSC targeting has been actively explored in the
recent decade using conjugation of anti-cancer drugs to
specific antibodies [16, 17] and other biologically active
molecules, such as folic acid, peptides, etc. [18-20].
These biologically active molecules then become respon-
sible for binding with their receptors on the surface of
the targeted cells [21, 22]. The strong affinity of antibod-
ies to the corresponding antigens on the cell membrane
enables attachment and internalization through endo-
cytosis; as a consequence of the selectivity of the drug
delivery, the negative side effects of the administration of
the cytotoxic agents is greatly reduced [23]. In this work,
we selected a human IgG1 sortilin 2D8-E3 monoclonal
antibody (SORT) to target the caov-4 ovary tumor cells
due to its good expression (above 70%) by caov-4 cells.
In antibody-drug conjugates (ADCs), a cytotoxic agent
is attached using a linker [24]. Functionalizing nanopar-
ticles with biologically active receptors is an additional
strategy for selective tumor targeting with several suc-
cessful nanoscale drug delivery systems reported [25-28].
Among diverse heterogeneous nanoscale materials for
drug delivery [29, 30], HNTs have attracted significant
attention because of their natural tubular layered mor-
phology reminiscent of a rolled carpet, which is advanta-
geous for interlayer drug encapsulation [31]. This HNT
architecture is particularly suitable for drug delivery

in two aspects: (1) large interior volumes are available
both inside the tubes and between the layers, and (2)
drug release can be selectively triggered, e.g. by heating
or changing pH [31, 32]. In many pharmaceutical prod-
ucts, enteric coating is commonly employed for control-
ling the release process of the target molecules [33, 34];
this can be accomplished with HNTs as their multilay-
ered structure enables extended or sustained release of
the incorporated drug molecules [35-38]. For instance,
to overcome the acidic degradation of rabeprazole in the
stomach, HNTs have been used for sustained release and
to enhance bioavailability by Yurtdas and Yazan [39]. Bio-
functionalization of HNTs has resulted in a new class of
nano-carriers that can be used for the controlled delivery
of drug molecules to treat tumors. HNTs have long-term
stability and are non-toxic, making them a promising
material for biological applications [40]. Multilayered
tubular nanostructures provide a large interior space that
can be used for drug encapsulation [39, 40]. Also, tubu-
lar cross sections at the ends are reported to enhance
cell penetration and cellular uptake [41, 42]. Accumula-
tion of the tubular-shaped nanostructures causes less
steric hindrance at the end of tubes, and as a result, their
cellular uptake is higher compared to spherical nano-
structures [42]. In particular, F-actin protein structures
interact strongly with rod- or tubular-shaped particles.
These interactions are responsible for the formation of
coherent arrangements of actin filaments and rod-like
nanostructures inside the cells greatly enhancing the
penetration of tumors [43]. In another important study,
the efficiency of single-wall carbon nanotubes has been
tested with the living samples, and it was found that the
nanotube accumulation in tumors is among the highest
that can be achieved with nanomaterials [44]. In fact, it
has been reported that the tubular shape enables a poly-
valency effect, enhances tumor binding affinity, and may
also facilitate leaking of nanotubes out of blood micro-
vessels to reach tumor cells through vascular and intersti-
tial barriers [44].

The surface chemistry of HNTs features multiple alu-
minol and silanol groups that can serve as sites for the
covalent attachment of different chemical moieties.
These HNT hydroxyl groups can also facilitate hydrogen
bonding with biomolecules [45]. Previously, it has been
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reported that ca. 92% of HNT-encapsulated anticancer
drug camptothecin can be released in acidic conditions
(pH=5.0) while at neutral pH values, the drug is retained
in HNTs enabling selective delivery and release [46]. At
low temperatures, silica and alumina networks inside
the HNTs are tightly linked together by hydrogen bond-
ing, which enables the encapsulation of drug molecules
between the layers. Upon heating, hydrogen bonding
between the layers is disrupted so that the rolled layers
of HNTs are expanded, and the drug molecules become
released [47]. Another useful feature of HNTs is that they
can be well dispersed as individual particles and remain
stable for months in this colloidal form and are therefore
beneficial for drug storage [48]. The mesoporous outer
surface of HNTs (pores/cavities of 2 to 50 nm) is also
amenable to the incorporation of other nanoscale materi-
als such as metal and metal oxide nanoparticles [49, 50].
This incorporation presents an opportunity for the drug
release, e.g. by disruption of HNT interlayer hydrogen
bonding and embedding plasmonic AuNPs to absorb
light and to trigger heating via Plasmonic PhotoThermal
Therapy (PPTT) [51]. Finally, HNTs are advantageous for
biomedical applications owing to their biocompatibil-
ity and nontoxicity that have been confirmed by toxicity
assays with different human cell lines (e.g., epithelial ade-
nocarcinoma cells and dermal fibroblasts) [48—52].

Gold nanoparticles (AuNPs) feature several advantages
in cancer therapy: (1) plasmonic photothermal therapy
(PPTT) [53] (2) therapeutic enhancement of apoptosis
and metastasis of cancer cells [54, 55] and (3) monitoring
the targeted drug delivery process through the detection
of the AuNPs via computed tomography (CT) imag-
ing [56]. PPTT is accomplished through the exposure of
AuNPs to the visible or near-IR light at their localized
surface plasmon resonance (LSPR) wavelength that can
heat AuNPs via strong interactions of delocalized elec-
trons resulting in high absorption cross-sections [57].
LSPR of AuNPs is advantageously tunable via NP size
and morphology [58]. In this context, AuNPs can be suc-
cessfully used for the controlled release of the entrapped
drugs [59], including temperature-responsive polymer
gels [60-62].

Bringing together all the advantages of the individual
components discussed above, herein, we report DTX@
HNT/Au-SORT nanotherapeutic comprised of HNTs
with a conjugated monoclonal antibody (mAb) as a bio-
logically active moiety for targeted drug delivery and
small (10 nm) plasmonically active AuNPs incorpo-
rated into the pores of the HNTs. DTX was selected as
a cytotoxic anti-cancer agent, with a mouse IgG1 model
monoclonal antibody (sortilin 2D8-E3) that is encoded
by a human SORT1 (NT3) receptor used for modifica-
tion of the HNTs surfaces for DTX encapsulation and
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to target the caov-4 ovary cancerous cells (>70% expres-
sion). Strong binding of DTX to HNTs is confirmed by
DTX loading at a lower temperature, with low drug
leaching observed at 37 °C. The designed drug delivery
system was demonstrated to be capable of releasing the
encapsulated DTX controllably through the LSPR heat-
ing of AuNPs under light irradiation. AuNPs serve as hot
spots on the outer surface of HNTs that cause the rolled
structure of HNTs to expand and to release DTX with
the synergy observed at low pH common to tumor cells.
As a result, in vitro bioassay experiments performed
using 3T3 human normal (fibroblast) and caov-4 (ATCC
HTB76) human ovarian cancer cell lines demonstrated
high selectivity of DTX@HNT/Au-SORT in cell adhesion
and internalization with the notable cell killing potency
of ca. 90% at 50 pg/mL of DTX@HNT/Au-SORT under
irradiation with white LED light (7 W).

Experimental

Reagent and materials

All chemical and biological reagents and instrumenta-
tion used in this work are summarized in Tables 1 and 2,
respectively.

Synthesis

HNT pretreatment protocol

HNTs were first treated by ball-milling (Amin Asia Fana-
var Pars Co., Iran) [63] to mechanically grind and sepa-
rate HNTs. The ball mill uses two vertically installed
zirconia grinding bowls with zirconia balls of 0.1 mm
in diameter. In a typical grinding procedure, a batch of
HNTs (10.0 g) was placed into the mill bowl with 15
grinding balls and grinded using the frequency of 200 Hz
for 2 h, with a 5-min break every 15 min. The ground
HNT powder was separated from the zirconia balls via
ultrasonication (50 kHz, 200 W/L) in deionized water
at room temperature for 10 min. The quality of the mill-
ing step has been monitored by dynamic-light scattering
(DLS), as presented in Fig. 4 and discussion of these data
later in the text. Subsequently, HNTs were rinsed three
times with a mixture of deionized water and ethanol (1:1
volume ratio, ca. 10 g of HN'Ts per 120 mL), using centrif-
ugation (11,200 RCE, 15 min) and redispersion between
rinses, with the supernatant and heavy aggregates dis-
carded. In the next step, HNT calcination was carried out
at 650 °C for 2 h [64]. Subsequently, dry freshly calcined
HNTs (2.0 g) were dispersed in 50 mL of hydrochloric
acid (HCI, 1 M), via ultrasonication (150 kHz, 200 W/L)
at room temperature [65]. Well-dispersed HNTs were
then subjected to reflux for 24 h. After the reflux, the
mixture was cooled down to room temperature, and acti-
vated HNTs were separated via centrifugation (11,200
RCF, 15 min), washed three times with acetone, and
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Table 1 Chemical and biological reagents used in this work
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Reagent

Brand & purity

3T3 and caov-4 cell lines

(3-Chloropropyl)trimethoxysilane (CPTMS)

Crystal violet (tris(4-(dimethylamino)phenyl)methylium chloride)
Docetaxel (DTX)

Dulbecco’s modified Eagle’s medium (DMEM)

Ethylene glycol

Halloysite nanotubes (HNTs) clay

Lugol’s solution (iodine 5%, and potassium iodide 10% w/v)
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
Paper filter

Deionized water

Ethanol

Toluene

Dimethyl sulfoxide (DMSO)

Sortilin 2D8-E3 mAb (SORT)

Sodium borohydride

Tetrachloroauric(lll) acid trihydrate

Trisodium citrate dihydrate

ATCC

Sigma-Aldrich, >97.0%

Merck, >90.0%

Sigma-Aldrich, purum, >97.0% (HPLC)
Sigma-Aldrich

Sigma-Aldrich, spectrophotometric grade, > 99%
Sigma-Aldrich

Merck

Sigma-Aldrich, 98.0%

Whatman (602 h, particle retention <2 um)
Merck

Merck, 96%, (synthesis grade)

Merck, (chromatographic grade)

Merck, (analysis grade)

Avicenna Research Institute, Iran
Sigma-Aldrich, 98.0%

Sigma-Aldrich, Supelco, 99%
Sigma-Aldrich, >99.0%

Table 2 Research instrumentation used in this work

Instrument Brand

FTIR? spectroscopy Shimadzu FTIR-8400S

EDXP spectroscopy VEGA-TESCAN-XMU

FESEM® Hitachi S-5200

TEM® Philips CM200

TGA® TGA-Bahr-STA 504, under argon
DLS Horiba (SZ-100)

DSCe Mettler DSC 822/400

ELISAP Bio-Tek ELx800

BET' ASAP 2020V3.03 E, Micromeritics
Flow cytometry Agilent

UV-vis spectroscopy Beckman DU640

Confocal microscopy Zeiss LMS 700

Ball-milling Amin Asia Fanavar Pars Co. (IRAN)
White LED light SABA (7 W)

Thermometer Fluke (572-2 infrared)

Ultrasound probe Hielscher (UP100H)

? Fourier transform infrared

b Energy-dispersive X-ray

¢ Field-emission scanning electron microscopy
94 Transmission-electron microscopy

€ Thermogravimetric analysis

f Dynamic-light scattering

9 Differential scanning calorimetry

P Enzyme-linked immunosorbent assay

i Brunauer-Emmett-Teller

dried. In order to improve the uniformity of the size
distribution of HNTs after grinding and acid treatment,
HNTs were first centrifuged and then treated by dialysis.
Specifically, centrifugation of the aqueous dispersions of
HNTs (50 mg/mL) was first performed for 40 min at 1200
RCEF in a plastic centrifuge tube (Falcon, 50 mL, conical).
Then, the heavy sediments were separated by decantation
and discarded. The resulting supernatant was ultrasoni-
cated (50 kHz, 200 W/L) for 5 min at room temperature
to disperse the agglomerated particles, and centrifugation
was repeated using the same 1200 RCF for 2 min. Subse-
quently, the obtained HNT dispersion (5.0 mL, 50 mg/
mL) was transferred into a dialysis bag (100 KDa, Spec-
tra/Por Biotech) and the medium was stirred for the first
24 h in 200 mL PBS (pH=6.8, 0.1 M). Then, the medium
was replaced and the dialysis was continued for addi-
tional 48 h in fresh medium. Finally, the dialyzed HNT
dispersions were washed with deionized water and dried
in a vacuum oven at 50 °C for 24 h.

Preparation of HNTs/CPS

In a round bottom flask (100 mL), activated dry HNTs
(0.5 g) prepared as described above were weighed and
dispersed in ethanol (10 mL) via ultrasonication (50 kHz,
200 W/L) for 15 min. To the same flask, a solution of
(3-chloropropyl)trimethoxysilane (CPTMS) in toluene
(20% v/v, 10 mL) was added drop by drop, and the mix-
ture was vigorously stirred under reflux conditions for
24 h. Finally, chloropropylsilane-modified HNTs (HNTs/
CPS) were collected via centrifugation (11,200 RCEF,
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15 min) and redispersed again in ethanol (10 mL) using
ultrasonication. The precipitation-redispersion cycles
were repeated three times to remove unreacted CPTMS.

Preparation of DTX@HNTs/CPS

In a glass test tube (13 by 100 mm, equipped with a
threaded cap), 0.100 g of HNTs/CPS was dispersed in
5.0 mL of an equivolume mixture of ethanol and deion-
ized water by ultrasonication until a stable suspension
was obtained. In the next step, DTX solution (5.0 mL,
0.1 M in ethanol) was added, and the contents of the
glass tube were continuously stirred for 12 h in an orbital
shaker at 120 rpm, being protected from light by wrap-
ping a test tube with an aluminum foil. Subsequently,
centrifugation was performed (11,200 RCF, 15 min) to
separate a light yellow precipitate. To remove the weakly
adsorbed DTX, this precipitate was redispersed in
deionized water (5.0 mL) via ultrasonication (100 kHz,
200 W/L) for 30 s and separated by centrifugation one
more time. Finally, DTX@HNTs/CPS was dried using a
freeze drier for 24 h.

Preparation of AuNPs

To a 20-mL vial containing 15.84 mL of water, 0.188 mL
of 5.0 mM aqueous solution of tetracholoroauric acid
was added, followed by 0.400 mL of 1 mM of freshly
prepared sodium borohydride in water. The reduction
to yield orange-red dispersion of ca. 10-nm AuNPs took
place in several seconds. Finally, 0.188 mL of 5 mM triso-
dium citrate was added to stabilize the resulting AuNPs
for incorporation into HN'Ts.

Preparation of DTX@HNT/Au-SORT

In a 25-mL round bottom flask, DTX@HNTs/CPS
(0.050 g) was dispersed in 3.0 mL of PBS (0.1 M, pH=28)
using ultrasonication (<15 s). To assist the dispersion
process, a drop (ca. 0.05 mL) of ethanol was added into
the flask during the ultrasonication. Next, the reaction
mixture was stirred at 4 °C for 10 min using a salt (NaCl)
ice bath. In the next step, as-prepared AuNPs (2.0 mL of
the colloidal dispersion of 0.15 mM by gold) was added
upon gentle stirring. Subsequently, sortilin 2D8-E3 mAb
(10 pL, 50 pg/mL) was added into the reaction flask.
After 2 h of gentle stirring at 4 °C in an ice bath, DTX@
HNT/Au-SORT was separated via centrifugation (25,200
RCF, 5 min), the collected precipitate was washed with
cold deionized water (5.0 mL), and finally freeze-dried for
48 h.

Evaluation of DTX content in DTX@HNT/CPS

To estimate the DTX content in DTX@HNT/CPS, the
latter was thoroughly ground via ball-milling (25 Hz,
2 h), and 50 mg of the ground powder was dispersed in
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dimethyl sulfoxide (DMSO) (5.0 mL) via ultrasonication
(150 kHz, 200 W/L), at 50 °C for 1 h. The resulting mix-
ture was vigorously stirred for an additional 1 h at the
same temperature. In the next step, DTX@HNT/CPS
was separated via centrifugation (11,200 RCEF, 15 min)
and passed through the paper filter (<2 um pores) to
produce a clear solution. The filtered solution was then
diluted with ethanol (1.0 mL to 250 mL) for UV-vis
measurements, and the calibration curve constructed
using absorption at 230 nm.

Flow cytometry experiments

First, caov-4 cells (10° DFU) were placed in a PBS buffer
solution (0.1 M, pH="7.4) and stained by trypan blue
(1% v/v, four drops, ca. 0.2 ml total), which was diluted
with Dulbecco’s modified Eagle’s medium (DMEM) and
a drop of Lugol’s solution (ca. 0.05 mL of 5% and 10%
(wt/v) aqueous solution of iodine and potassium iodide,
respectively). Then, the stained cells were washed by
adding 1.0 mL of PBS and gentle centrifugation (252
RCE, 5 min at 20 °C). PBS-EDTA or Accutaze enzyme
was used for separation and dispersion after precipita-
tion. Subsequently, the stained cells were counted using
a fluorescence microscope: 10 pL of the cell solution was
measured to contain from 1x 10° to 5x 10° cells. For
blocking, 200 pL of the antibody solution (10 pg/mL)
was prepared to treat the stained cells in sheep’s serum
(5 wt%) at 4 °C for 30 min. The cells were then washed
again two times with PBS (2.0 mL) and gently centrifuged
(252 RCF) for 5 min. In the next step, the prepared cells
were incubated with SORT (10 pg/mL, 200 uL) at 4 °C
for 1 h, then washed two times as described above, and
subjected to sheep anti-human-FITC (0.1 pg/mL) at 4 °C
for 30 min. After two more washing cycles, the isotonic
(0.9% w/v) saline solution was added to perform flow
cytometry experiments.

Confocal microscopy experiments

A glass test tube (13 by 100 mm, equipped with a
threaded cap) was sterilized at 120 °C and used to dis-
perse DTX@HNT/Au-SORT (0.02 mg) in DME medium
(5.0 mL) via ultrasonication. Then, the DTX@HNT/
Au-SORT dispersion was exposed to caov-7 cells (10°
DFU), at 4 °C for 1 h. A portion was withdrawn at speci-
fied time intervals and stained with crystal violet (tris(4-
(dimethylamino)phenyl) methylium chloride) in DMEM
(1 vol%, four drops, ca. 0.2 mL), which was diluted with a
drop of Lugol’s solution (ca. 0.05 mL). Finally, the stained
cells were placed on the microscope glass slides and dried
in a vacuum oven so that they can be used for confocal
microscopy experiments.
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In vitro bioassay experiments

For in vitro studies, caov-4 and 3T3 cells (both 10%
were cultivated in 5.0 mL of DMEM containing 10% FBS
(fetal bovine serum), under 90% humidity and 5% CO,
at 37 °C. Three wells of a 96-well plate were dedicated to
each condition for statistical analysis following the ISO
10993:5 standard protocols; 200 pL of the tested samples
(20 pg/mL) was measured into each well and incubated.
To obtain well-dispersed samples in DMEM, they were
subjected to 5-min ultrasonication (50 kHz) in an ice
bath and sterilized via UV irradiation for 10 min. After
the desired incubation time (1, 6, 24, and 72 days), the
medium of each well was replaced with 100 uL DMEM
containing 10% MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) solution, and the incu-
bation was continued for an additional 4 h. At this point,
the medium of each well was partially replaced with 150
uL of DMSO to dissolve the formed crystals. Finally, the
optical density of the samples was measured by an ELISA
reader at 600 nm. A dispersion of DTX@HNT/Au-SORT
without cells was used as a blank control. Calculations of
%cell relative viability and corresponding statistical data
are reported in Additional file 1: Tables S1, S2.

Results and discussion

Preparation of the DTX@HNT/Au-SORT nanocomposite
cargo

A key factor for the therapeutic properties of the DTX@
HNT/Au-SORT composite is the ability of the cargo to
efficiently penetrate the targeted cells. Given that the
uniformity of HNTs is crucial for the internalization and
cellular uptake, it is important to assure a good size and
shape uniformity of HNTs [66]. In order to accomplish
this, HNT pre-treatment was employed starting with the
ball milling followed by multi-stage centrifugation and
dialysis. While ultrasonication is considered to be one of
the most effective methods to separate colloidal particles,
the prolonged exposure is detrimental to the HNT integ-
rity, as well as colloidal stability, so the use of ultrasonica-
tion was kept at a minimum.

For the calcination step, high-temperature treatment of
HNTs is performed to enhance the interlayer volume that
can be available for incorporation of target molecules,
e.g. drugs [67]. For HNTs, the treatment to enhance the
porosity is typically carried out in a temperature interval
of 400 to 600 °C [64]. Subsequently, treatment of HNTs
with acids causes activation of hydroxyl (—OH) groups
(silanol and aluminol) by partial dissolution of silica to
silicic acid, and thus enabling subsequent covalent attach-
ment of target molecules [64]. In the context of our work,
successful activation of hydroxyl groups is necessary for
covalent bonding of the antibodies onto the HNT surface
so that selective cell attachment and expression can be
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carried out, resulting in high levels of selected targeting.
Finally, complete rinsing of HNTs is necessary since the
traces of the remaining acid negatively affect the hydro-
gen bonding in HNTs and with HNTs due to protonation
of their surface hydroxyl groups. Specifically, the reduced
hydrogen bonding between the rolled layers of HNTs and
DTX is detrimental for the drug loading ratio (DLR), and
thus careful removal of the acid traces is important.

In the first step of the DTX@HNT/Au-SORT prepara-
tion, HNTs were treated with acid and sonicated to acti-
vate the hydroxyl groups of the HNTs for subsequent
reactions and to open the cavities [68]. Following the
activation, HNTs were functionalized with 3-chloro-
propyl silane (CPS) to enable conjugation of the sortilin
antibody, and to increase HNT hydrophobicity [69]. CPS
provides an appropriate substrate for antibody conju-
gation via the covalent binding of chloropropyl groups
with amine and thiol groups (antibodies with tyrosine,
lysine, and cysteine) [70]. It should be noted that a par-
tial reduction on the antibody (e.g., by dithiothreitol) is
needed if conjugation from thiol sites is intended [71].
CPS increases HNT hydrophobicity by modifying the
surface as has been successfully exploited previously for
interactions between the internal environment of cancer
cells and CPS modified HNTs [72]. The enhancement of
the hydrophobicity is expected to be effective to reduce
drug leaching from the designed nanoscale delivery sys-
tem during circulation in the polar aqueous environment
of the body [73]. After CPS modification, the HNTs are
filled with DTX, conjugated with SORT and AuNPs [74],
as shown in the general schematic of Fig. 1. The lysine
amino groups of the antibody are then reacted with the
chloropropyl groups of DTX@CPS-HNT. Figure 1 pre-
sents a general schematic of the preparation steps of
DTX@HNT/Au-SORT described above.

Characterization of DTX@HNT/Au-SORT

FTIR and EDX spectroscopies

Halloysite activation and functionalization with CPS and
SORT were monitored by Fourier-transform infrared
(FTIR) and energy-dispersive X-ray (EDX) spectrosco-
pies. As shown in Fig. 2a, two peaks corresponding to
AlO-H bonds of the alumina network in the inner sur-
face of HNTs appear at 3624 and 3695 cm™! [75]. These
peaks become stronger and better resolved after acid
treatment in the FTIR spectrum of the activated HNTs,
indicating that the HNT surfaces can interact stronger
with CPS due to a larger number of polar groups [75].
Also, the peak at ca. 1600 cm™' originating from the
impurities in HNTs [76, 77] is significantly reduced in
intensity after acid treatment. The sharp peaks at 1100,
911, and 468 cm™! can be assigned to bending vibrations
of Si—-O-Si, AlI-O-H, and Al-O-H bands, respectively
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[75, 78]. The surface functionalization of HNTs with CPS
is confirmed by the appearance of the peak at 2939 cm ™,
which originates from stretching vibrations of C-H
bonds of sp® carbon [79, 80]. The elemental analysis
based on EDX data further corroborates the results of
FTIR spectroscopy. As shown in Fig. 2b, the peak inten-
sity corresponding to carbon is increased by HNT modi-
fication with CPS and SORT. Based on EDX data, 42.5%
of the total weight of the HNT/Au-SORT corresponds
to carbon. Coupled with the fact that antibodies remain
attached after continuous washing cycles, these results
support the successful functionalization of the HNTs sur-
faces with SORT. The appearance of sulfur signal (1.3%
of the total weight) originating from cysteine also cor-
roborates antibody attachment to HNTs. The incorpora-
tion of AuNPs has been verified by the signals at 8.7 and
9.8 keV in the EDX spectrum of DTX@HNT/Au-SORT.
To confirm covalent bonding of the CPS linker onto the
HNTs surfaces, a control EDX spectrum was obtained
after exhaustive washing of HNTs/CPS. The amount of
chlorine present in HNTs/CPS is 2.28 wt% of the total
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weight. The ratios of the loaded DTX and incorporated
AuNPs have been estimated to be 4.7 wt% based on the
EDX results, as reported in the ESI.

EM imaging

To monitor the size and morphology of the individual
components at all the synthetic stages of formation
of DTX@HNT/Au-SORT, electron microscopy (EM)
imaging was used. Figure 3a—c show field-emission
scanning electron microscopy (FESEM) images, and
Fig. 3d-f present transmission electron microscopy
(TEM) images of the activated HNTs, AuNPs, and the
final product, DTX@HNT/Au-SORT, respectively.
From images a) and d) of Fig. 3, it can be clearly seen
that HNT morphology features have openings that can
be utilized for drug loading. AuNPs with a mean diam-
eter of ca. 10 nm were used for the incorporation into
the exterior walls of the HNTs. The AuNPs appear to
be of a near-spherical shape, but at higher resolution in
the image of Fig. 3b, the facets of the polyhedral AuNPs
originating from the fcc structure of gold are apparent.

Fig. 3 a-c Field-emission scanning electron microscopy, and d-f transmission electron microscopy images of a, d HNTs; b, e AuNPs; and ¢, f DTX@
HNT/Au-SORT
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AuNPs were prepared using a synthetic procedure
similar to those used for small seeds via reduction with
borohydride with no inherent shape selection. All pos-
sible seed geometries were present (cubooctahedral,
icosahedral and some decahedral) based on our studies
of similar AuNPs. Importantly, citrate was introduced
to enhance the colloidal stabilization essential for the
formation of composites in high yield. Figure 3b, e also
confirm the average diameter of AuNPs of ca. 10 nm
and their near-spherical shape. Figure 3¢ shows that the
roughness of the outer surfaces of HNTs is significantly
increased after the incorporation of AuNPs. Accord-
ing to the literature reports, the exterior surface of the
HNTs is described as mesoporous [70], so AuNPs can
be expected to incorporate into these pores. Indeed, the
TEM image of Fig. 3f clearly demonstrates the incor-
poration AuNPs into the pores on the outer surfaces
of HNTs, where the darker spots in DTX@HNT/Au-
SORT correspond to AuNPs due to gold’s high atomic
number. To further characterize the HNT porosity,
nitrogen adsorption/desorption experiments were per-
formed with Brunauer—Emmett—Teller (BET) surface
area analysis of HNT samples after mechanical and
chemical treatments. As shown in Additional file 1: Fig-
ure S1, type IV isotherm characteristic of mesoporous
materials is observed for HNTs, with the pores vary-
ing in the range from 8 to 12 nm and the average pore
diameter evaluated to be ca. 9.2 nm (the data accompa-
nied Additional file 1: Figure S1). These pore size values
are comparable with the mean diameter of the AuNPs
(ca. 10 nm based on DLS data), so considering that the
fraction of the pores occupied by AuNPs is low, the
larger pores should accommodate AuNPs well, as it was
observed experimentally.
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Zeta sizer and water contact angle data

The stability and average size of particles in solution
through all synthetic steps of DTX@HNT/Au-SORT
formation were monitored using a zeta-sizer. Zeta-sizer
data provide more detailed information on the aver-
age size of the nanostructures in their dispersed state.
These data nicely complement the information from EM
imaging, where samples were dried in a vacuum so that
potential drying artifacts can be identified and excluded.
Based on dynamic light scattering (DLS) data (Fig. 4a),
the mean size of the synthesized AuNPs is ca. 10 nm. The
polydispersity index (PDI) for the synthesized AuNPs is
measured to be 1.2, confirming their reasonable size uni-
formity and colloidal stability in dispersions. What is also
clearly demonstrated by the DLS measurements is that
HNTs have higher PDI before grinding and calcination.
After HNT grinding via ball-milling, significantly higher
uniformity is attained, with an average HNT size of ca.
110 nm based on DLS data calculated for the equiva-
lent hydrodynamic diameters based on the measured
diffusion coefficients. The average size of the HNTs and
the peak PDI increase slightly after the incorporation
of AuNPs into the HNT pores, while corroborating the
stability and dispersibility of the resulting composites.
Finally, the mean size of the prepared DTX@HNT/Au-
SORT particles can be estimated to be ca. 130 nm, which
is a near-optimal size for in vivo transport and cellular
uptake [81].

According to the reported data [82, 83], the hydropho-
bic properties of the cargo are considered to be one of the
most important factors for drug delivery to the cancer
cells due to their lipophilic environment. Furthermore,
since the cargo is circulated in the aqueous environ-
ment of the body, drug leaching is strongly inhibited by
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Fig. 4 a Size distribution plots for AuNPs, HNTs and DTX@HNT/Au-SORT derived from the DLS data; and b water contact angle data for HNTs at
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the hydrophobic surfaces of drug carriers [84]. In this
context, we utilized CPTMS for the surface modifica-
tion of HNTSs to increase hydrophobicity. Immediately, it
was observed that the CPS-modified HNTs could hardly
be dispersed in water. These observations corroborate
that the hydrophobicity of the CPS-modified HNTs is
enhanced. To quantify these observations, measure-
ments of water contact angles were performed to com-
pare HNTs before and after modification with CPTMS.
Figure 4b shows that the contact angle is reduced from
87.6° to 61.5° by acid washing and calcination. It is rea-
sonable to consider that the hydrophilicity of the HNTs
surfaces is enhanced through activation of the hydroxyl
groups of the silica network in the exterior surface. The
contact angle values increased significantly to 142.3°
after HNT surface modification with CPS that attests the
effectiveness of this procedure. Lastly, the contact angle
is decreased to 126.8° through surface functionalization
with the SORT antibodies that are more polar. Overall,
these results confirm that DTX@HNT/Au-SORT exhib-
its significantly less hydrophilic interactions, so it can
interact less with blood serum and have minimized DTX
leaching.

Therapeutic properties of DTX@HNT/Au-SORT

Drug release by plasmonic heating (PPTT) of AuNPs

DTX release process from DTX@HNT/Au-SORT was
carefully monitored in simulated blood serum and the
internal environment of cancer cells to understand and
to characterize the behavior of the developed nanocom-
posite drug carrier. At neutral pH, the cargo is expected
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to circulate for a relatively long time in the blood serum
[85]. After the internalization of the cargo, the pH of the
internal environment of the cancer cells is reduced to
acidic values due to the secretion of lysosomal enzymes
[86]. Therefore, the effect of pH on the cargo stability
and drug release process needs to be studied. The DTX
release process from HNTs decorated with AuNPs was
also investigated at temperatures higher than 37 °C (typi-
cal body temperature). For this purpose, the irradiation of
AuNPs by white LED light was used. To properly account
for the amount of DTX loaded into HNTs, a previously
reported procedure was employed [87]. Briefly, a calibra-
tion curve was produced based on six standard samples
with DTX concentrations of 5, 10, 15, 20, 25, and 30 ppm
(Fig. 5a). From the resulting linear calibration curve with
the R-value of 0.9988 (Fig. 5b), the concentration of DTX
in the test samples (C) could be determined using the fol-
lowing Eq. (1):

A(a.u.) — 0.0151

Clopm) = =0 0011 (1)

Evaluation of the DTX content in DTX@HNT/Au-SORT

The exact amount of the DTX incorporated in DTX@
HNT/Au-SORT carriers was found to be slightly lower
than the released amount because of the DTX entrap-
ment in the HNT interlayer space caused by DTX bind-
ing to silanol groups [88]. At the same time, DTX can
be completely released when an appropriate solvent
(e.g., DMSO) is used. To estimate the DTX amount as
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Fig. 5 a UV-vis spectra, and b calibration curve for the determination of DTX concentration constructed using standard DTX samples in ethanol
(bars show relative errors of triplicate measurements)
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precisely as possible, 50 mg of DTX@HNT/Au-SORT
was thoroughly ground and dispersed in 5.0 mL of
DMSO via ultrasonication, and stirred for 1 h at 37 °C.
Finally, the solid fraction was separated by filtration
and the resulting supernatant was diluted 250 times
with PBS (pH=6.8, 0.1 M), and then studied by UV-vis
spectroscopy. Assuming that most of the DTX@HNT/
Au-SORT is DTX, dilution to 40 ppm is reasonable for
UV-vis characterization. A DTX-free sample (HNT/
Au-SORT, 50 mg in 5.0 mL) was also studied along with
the DTX@HNT/Au-SORT sample, as a control. In fact,
the background of the UV-vis absorbance spectra has
been obtained from HNT/Au-SORT measured at the
same conditions to minimize the effect of SORT leaching
and scattering from the particles. Based on the calibra-
tion curve at 230 nm (Fig. 7b), the amount of the DTX
loaded in DTX@HNT/Au-SORT can be estimated to be
(28.0+1.2) wt%, as shown below:
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Effects of PPTT heating on physical expansion of HNTs

To experimentally investigate the physical expansion
of the HNTs upon heating, which is used as a primary
trigger of the controlled DTX release from the DTX@
HNT/Au-SORT system, the changes of the HNT hydro-
dynamic size were monitored by DLS. For this purpose,
a series of dilute dispersions (ca. 0.5 mg/mL) were
prepared and measured at different temperatures. As
reported in Table 4, a wide thermal range from — 50 to
60 °C was explored to clearly demonstrate the temper-
ature-driven changes of the particle size of HNTs. The
lowest average size of ca. 55 nm was observed at the
lowest temperature (—50 °C) in ethanol, implying that
the DTX-wrapped in HNTs layers will likely be expelled
through the contraction of the walls at low tempera-
tures. The values for the average HNT size gradually
increased at higher temperatures, reaching ca. 151 nm
at 50 °C and ca. 171 nm at 60 °C. The observed increase

50 mg (particles)

Concentration of the sample = =
5.0 mL(DMSO)

Considering that all 10,000 ppm is DTX

diluted (1.0 mLt0250 mL)
—

mg
0 — = 10,000 ppm
mL

40.0 ppm

fromeq.1

A(a.u.) =0251" = C(ppm) =11.2

11.2
% Estimated DTX content = 200 x 100 = 28.0%

Figure 6a presents a schematic of the drug release
screening. Four samples with the same amount of DTX@
HNT/Au-SORT (50 mg per 5.0 mL) were prepared
in different buffer media at different pH values. The
released DTX values were estimated relative to the cal-
culated DTX content in DTX@HNT/Au-SORT (28 wt%
or 11.2 ppm). As shown in Fig. 6a and also presented
in Table 3 (entry 2), the highest DTX release value of
(98+1.2)% is observed in acidic conditions under irra-
diation with white LED light (7 W). The leaching of
AuNPs from the cargo was also studied by inductively
coupled plasma mass spectrometry (ICP-MS) analysis.
No significant release of AuNPs (1.4 ppm) was found
after 180-min stirring. At the same time, as reported in
Table 3, (22.3+£0.6)% DTX release occurs in the acidic
environment in the absence of light irradiation (entry 1 in
Table 3) that can then serve as an independent factor to
trigger DTX release. It was also observed that more DTX
is released at basic pH (11.0£1.5)% compared to neutral
conditions (Table 3, entry 4). The UV-vis spectra char-
acterizing the drug release study are shown in Additional
file 1: Figure S2.

in the HNT size originates from the expansion of the
rolled multi-walled HNTs. Importantly in the context
of this work, the heating can be attained by virtue of the
PPTT effect through irradiation of AuNPs incorporated
in HNT pores of DTX@HNT/Au-SORT. Based on the
data shown in Table 4 (entries 4—6), ca. 20 nm expan-
sion can be achieved after LED irradiation for 5 min
due to the light absorption through the LSPR of AuNPs.
Figure 7a shows the DLS-based size distribution curves
of the HNT colloidal dispersions at different tempera-
tures. It can be seen in this figure that the sharp peaks
with the large PDI values above 200 nm are observed
that can be potentially attributed to the HNT longitu-
dinal parameters corresponding to the slower diffusion
values measured by DLS, with the understanding of
limitations in that the values are estimated by the DLS
software using equivalent hydrodynamic spheres. The
expansion of the interior space of the HNTs at different
temperatures was also investigated by TEM imaging.
As illustrated in Fig. 7b, ¢, the diameter of the interior
tubular space (the distance between two HNT layers in
the internal spaces) is ca. 6 nm at lower temperatures
(—50 °C), whereas the layers are separated to ca. 62 nm
at 50 °C upon PPTT heating, as shown in Fig. 7b, ¢, and
illustrated schematically in Fig. 8.
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Table 3 DTX release data from DTX@HNT/Au-SORT in different experimental conditions in vitro

Entry Conditions Released (or leached) DTX (%) Time (min) Relative
error (%)

1 AcBS (pH 5.6), 37 °C, no light 223 120 3.0

2 AcBS (pH 5.6), LED irradiation 98.0 90 1.2

3 PBS (pH 7.3), 37 °C, no light 5.0 120 30.0

4 PBS (pH 9.0), 37 °C, no light 11.0 120 14.0

AcBS acetate-buffered saline, PBS phosphate-buffered saline (both 0.1 M)
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Table 4 Physical expansion of the multi-walled HNTs in different conditions characterized by DLS

Entry Average particle size (nm) Temperature of the colloidal solution Experimental conditions?
(°Q)
1 55 —50 Dry ice/acetone bath, ethanol
2 72 4 Ice/salt bath, ethanol
3 110 25 Room temperature in water®
4 134 40 White LED irradiation for 5 min© in water
5 151 50 White LED irradiation for 10 min in water
6 171 60 White LED irradiation for 15 min in water

2 Dispersions were subjected to sonication for 5 min prior to Dynamic Light Scattering (DLS) measurements

bThe DLS size distribution data for this condition are shown in Fig. 6a

€ Heating through the PPTT effect of AuNPs incorporated into HNTs
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Fig. 7 a DTX@HNT/Au-SORT size distribution at different experimental conditions based on DLS data, and b, ¢ TEM images of DTX@HNT/Au-SORT
at b low temperature of ca. — 50 °C and ¢ high temperature of ca. 50 °C

Role of acidic pH and PPTT synergy for controlled DTX release
To investigate the synergy of the PPTT heating and acidic
environment for the DTX release, HNT dispersions were
studied using differential scanning calorimetry (DSC)
[89]. In addition, the thermal stability of HNTs was con-
firmed using thermogravimetric analysis, TGA, (Addi-
tional file 1: Figure S3). The DSC data presented in Fig. 9
clearly demonstrate the significant effect of the acidic pH
on the breaking of hydrogen bonds that held together
HNT layers. For HNT dispersions in neutral pH (PBS
buffer, 0.1 M, pH=7.3), the endothermic peak in Fig. 9a
has the onset at ca. 86 °C with the well-defined maximum

observed at ca. 88 °C. At the same time, an analogous
transition in the acidic environment (AcBS, 0.1 M,
pH=5.6) is observed with the peak at appreciably lower
temperatures (ca. 44 °C) and with the smaller magni-
tude (ca. 30% less in enthalpy), as shown in Fig. 9b. HNT
hydrogen bonds at lower pH are significantly disrupted
by oxygen protonation and thus are breaking (melting,
if to make an analogy with DNA) at significantly lower
temperatures.

The observed higher temperature of the restoration of
hydrogen bonding relative to the melting is likely due to
partial rebuilding of HN'T layers in more facile pathways,
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as corroborated by the correspondingly smaller values of
the peaks. An additional factor is ethylene glycol, added
to perform DSC experiments, which can assist the HNT
layer rebuilding at higher temperatures (and energies)
due to its multiple hydrogen bonding. Ethylene glycol
(2:1 volume ratio to buffers) has been used to minimize
solvent evaporation.

Importantly for the practical realization of the DTX@
HNT/Au-SORT synergy, low temperatures of the disrup-
tion of the HNT hydrogen bonding in DTX@HNT/Au-
SORT at low pH can be conveniently reached through
the PPTT-heating of the AuNPs [6]. This enables facile
implementation of the DTX@HNT/Au-SORT design
based on the synergy of the PPTT and targeted release of
DTX incorporated in HNTs.

Evaluation of SORT conjugation to HNTs

Flow cytometry gating was used to determine the cell
expression ratio in the presence of DTX@HNT/Au-
SORT compared with the individual sortilin 2D8-E3
antibody on the caov-4 cell line [90]. From the data of
FSC x SSC density plot (488 nm subset) after fluores-
cein isothiocyanate (FITC) gating, the total expression
of (77.6+1.6) % by caov-4 cells for sortilin 2D8-E3 was
found (Fig. 10a, b). As expected, there was a drop of
ca. 11% in the antibody expression value for the DTX@
HNT/Au-SORT because SORT becomes less available
when coupled with HNTs. At the same time, the results
of flow cytometry confirmed that (6642.1)% cell attach-
ment has been observed after conjugation of SORT to
HNTs (Fig. 10c, d). The percentage of the expressed anti-
bodies was calculated using Eq. 2. A detailed description
of the flow cytometry experiments is provided in “Exper-
imental” section.

percentage of the living cells afterFITC —gating

%Cell attachment =

x 100 (2)

percentage of the living cells before gating
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Fig. 9 Differential scanning calorimetry (DSC) data for the HNT
dispersion in a mixture of ethylene glycol with buffers (2:1 by
volume): a in neutral environment (PBS, 0.1 M, pH=7.3) and b in
acidic environment (AcBS, 0.1 M, pH=5.6)

Internalization and cell uptake of DTX@HNT/Au-SORT

In order to perform a precise assessment of the cel-
lular uptake, confocal microscopy was employed. As
illustrated in Fig. 11, the stained caov-4 cells (blue)
and DTX@HNT/Au-SORT cargo (red) can be success-
fully distinguished with high contrast. Both studied cell
lines (caov-4/ATCC HTB76 and 3T3) were stained by
crystal violet color (A,,, =592 nm), and the cargo par-
ticles were detected by DTX (A, =228 nm). The con-
focal images of Fig. 11 show that there is no selective
cell adhesion of the neat DTX and DTX@HNT/Au to
the caov-4 cells. Whereas it is clearly observed that the
cargo particles (mapped in red) have been aggregated
around the cells. These observations confirm that after
a 45-min incubation at 37 °C the DTX@HNT/Au-
SORT is well co-localized with the caov-4 cells through
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the adhesion onto the receptors at the surface of the
cells. Furthermore, the efficiency of the PPTT-triggered
drug release was evaluated in the conditions of light
irradiation (white LED, 7W) treated with the DTX@
HNT/Au-SORT. As can be seen in the merged images,
a significant release of DTX has been occurred inside
the cells under PPTT condition (cargo+PPTT). The
significant value of the released DTX is discerned with
the intense red color in the image of the DTX and the
pink color in the merge image. This amount is very low
in the absence of the PPTT conditions (cargo —PPTT).
In fact, the confocal images have revealed that there
would be substantial states of both cell internalization
through the expression of the SORT antibodies onto
the surfaces and also the controlled drug release in the
PPTT conditions through photothermal heating of the
AuNPs. The effect of the DTX@HNT/Au-SORT cargo
on the normal cells (3T3) was also investigated by the
confocal imaging method. As it can be observed in the
last row (3T3 cargo) of Fig. 11, no noticeable cell adhe-
sion and further internalization occurred on the 3T3
cells. These findings highlight the effectiveness of the
bio-conjugation of the SORT antibodies in the demon-
strated targeted therapy.

Evaluation of DTX@HNT/Au-SORT efficiency, selectivity,

and cytotoxicity as a therapeutic agent

To perform a quantitative evaluation of cytotoxicity, cell
killing potency (CKP), and selectivity of DTX@HNT/Au-
SORT, methyl tetrazolium (MTT) assay tests were per-
formed using two cell lines: caov-4 cancerous cells and
3T3 normal human cells. As shown in Fig. 12a, caov-4
cells were treated with two different concentrations of
DTX@HNT/Au-SORT (30 and 50 pg/mL), with a total
exposure time of 72 h. Comparison experiments included
neat cultivated caov-4 ovarian cancerous cells and SORT
mAb, as well as other individual components: HNTs,
DTX, and AuNPs, and binary nanocomposites: DTX@
HNT and DTX@HNT/Au with the same concentration
(50 pg/mL) to serve as essential controls. Figure 12 shows
that both caov-4 and 3T3 cells have similar CKP values
upon exposure to neat DTX for 72 h: (62+0.5)% and
(56 +£0.4%), respectively. These high values of CKP for
non-cancerous cells highlight the negative side effects of
the administration of neat DTX [91]. In contrast, it was
clearly observed that DTX@HNT/Au-SORT has selec-
tively affected only the caov-4 cells for all concentrations
used in this study. Figure 12a demonstrates that the via-
bility values for caov-4 cells upon treatment with DTX@
HNT/Au-SORT (50 pg/mL) are only (10£0.3)%, under
PPTT-release conditions (labeled as “+PPTT”) using
white LED irradiation (7 W). At the administered dos-
age of 30 pg/mL of DTX@HNT/Au-SORT, the viability
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Fig. 10 Flow cytometry FSC x SSC density plot of a, c ungated subsets with 488 nm excitation, and b, d FITC-gated caov-4 (ATCC HTB76) ovarian
cancer cells in the presence of: a, b sortilin 2D8-E3 mAb as the control, and ¢, d DTX@HNT/Au-SORT

values are (39+0.5)% in the absence of the white LED
light (“—PPTT”) and (24 £ 0.6)% under PPTT conditions.
Whereas (84 +4.1)% viability was observed for 3T3 cells
upon treatment with DTX@HNT/Au-SORT at 50 pg/mL
for the same exposure time (72 h) and PPTT-release con-
dition (Fig. 12b). From the comparison of the therapeu-
tic effect of DTX@HNT/Au and DTX@HNT/Au-SORT
on caov-4 cells, a significant role of SORT mAb can be
highlighted: CKP values of (48+0.4)% and (9040.3)%
were observed for the same dosage of DTX@HNT/
Au and DTX@HNT/Au-SORT, respectively. Thus, the
observed difference can be attributed to the role played
by SORT mAb. The data of Fig. 12 demonstrate that
DTX is selectively delivered to caov-4 tumor cells using
the developed DTX@HNT/Au-SORT nanomedicine and
PPTT-release strategy, with a comparatively negligible
effect on the normal human cells observed. This minor
effect likely originates from DTX leached from DTX@
HNT/Au-SORT. We have also confirmed that individual
components of DTX@HNT/Au-SORT, e.g., AuNPs, exert

only a minor effect on the cell viability. At the same time,
the selective delivery of DTX results in low negative side
effects compared to the treatment with neat DTX.

Conclusion

Synthetic design and application of the nanothera-
peutic, DTX@HNT/Au-SORT, for selective targeting
of ovarian tumor cells have been successfully demon-
strated. DTX@HNT/Au-SORT is designed to deliver
an excellent functional synergy of all its constituents:
HNTs with their tunable interlayer interactions serving
as a container for DXT that is capable of the triggered
release; AuNPs enabling targeted release through plas-
monic heating (PPTT); and SORT being responsible for
the targeted specificity to ovarian tumor cells. DTX@
HNT/Au-SORT features high thermal stability due to
its inorganic scaffold and low leaching of DXT in physi-
ological conditions attained by HNT hydrophobization
with CPS. The role of the physical expansion of HNT
layers and disruption of HNT interlayer bonding in the
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Fig. 11 Confocal microscopy images of the caov-4 (cancerous) and 3T3 (normal) cells stained by crystal violet, in the presence of the individual
DTX and DTX@HNT/Au-SORT cargo, after 90-min incubation to 7-W white LEDs to demonstrate the effect of the PPTT-release conditions
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Fig. 12 Comparative cytotoxicity data obtained in the MTT tests with a caov-4 ovarian cancer cell line, and b 3T3 normal human cell line
(fibroblasts) after 72 h of exposure to DTX@HNT/Au-SORT at two different concentrations of 30 and 50 pg/mL, as well as pure SORT mAb, HNTSs,

DTX, and AuNPs, and DTX@HNT and DTX@HNT/Au composites. PPTT conditions were achieved using white LED (7 W) for 10 min every two hours.
Error bars show %relative errors reported for triplicate measurements (see Additional file 1: Tables S1, S2)

controlled DTX release have been elucidated, with the
strategic combination of the acidic pH and PPTT effect
resulting in lowering the transition by more than 40 °C
from 88 to 44 °C that can be comfortably reached by
the PPTT heating. Consequently, a therapeutic syn-
ergy of the targeted release could be demonstrated by
the PPTT action of AuNPs under light irradiation, with
the plasmonic heating assisting DTX unloading from
DTX@HNT/Au-SORT. The selective therapeutic action
of DTX@HNT/Au-SORT is confirmed with caov-4
ovarian cancer cells, achieving ca. 10% cell viability at
50 pg/mL. Low cytotoxicity of DTX@ HNT/Au-SORT
is asserted with ca. 84% viability of 3T3 normal human
cell line for the same dosage of DTX@ HNT/Au-SORT.
Overall, the designed DTX@HNT/Au-SORT is prom-
ising for further development as a targeted nanothera-
peutic for ovarian cancer.
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