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Sanchaita Mondal,® Moumita Saha,® Mousumi Ghosh,? Subrata Santra,® Mijan A. Khan,?
Krishna Das Saha*® and Mijanur R. Molla (2 *@

A bolaamphiphilic cross-linked nanoassembly endowed with pH responsive degradation features has been
designed and fabricated for stable noncovalent guest encapsulation and controlled release. The self-
assembled bolaamphiphile is utilized to prepare cross-linked nanoassemblies to further stabilize the
noncovalent guest encapsulation at a concentration below its critical aggregation concentration (CAC) in
a large volume of water or serum for drug delivery applications. Thus, this system can simultaneously
address premature drug release and safety issues. The nanoassemblies integrated with a B-thioester
linker, which can be hydrolyzed selectively under mildly acidic conditions (pH ~ 5.3) at a slow rate, thus
enable controlled release of guest molecules. Biological evaluation revealed that doxorubicin loaded
cross-linked nanoassemblies (CNs—DOX) are nontoxic to normal cells such as HEK-293 or PBMC, but in
contrast, showed a robust apoptotic effect on colon cancer cells, HCT-116, indicating excellent
specificity. Thus, the fabrication reproducibility, robust stability, triggered drug release and cell selective
toxicity behavior make this small molecular system very promising in the field of chemotherapeutic

rsc.li/nanoscale-advances applications.

Introduction

Programmed supramolecular nanoassemblies, which undergo
disassembly in response to a particular stimulus, have been of
great interest owing to their potential biomedical applications'™*
especially in the fields of drug delivery and gene transfection.>”
Although stimuli-responsive polymers have widely been used as
promising drug delivery materials in nanomedicine,'*™ they
have some inherent defects including metastability, lack of
homogeneity, poor reproducibility of the same molecular weight
and polydispersity, which have to be addressed for successful
clinical evaluation. On the other hand, dendrimers and amphi-
philic or bolaamphiphilic small molecules have quantitative
reproducibility of the same molecular weight and a high degree
of control over their polydispersity and size."**° Hence, it is
interesting to study the self-assembly and disassembly charac-
teristics of these molecules integrated with a stimuli-responsive
functional group.*° In dendrimers, the major problems are
insolubility and non-degradability, whereas in small molecule-
based assemblies, the major drawbacks are high critical
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aggregation concentrations (CAC) and low inherent stabilities.
Although polymer and dendrimer-based assemblies have low
CAG, it is very challenging to maintain the stability of the nano-
assemblies like micelles,**'** vesicles*****® and liposomes****
made of polymers, dendrimers or small molecules in the vascular
system. Due to the dilution effect in a large volume of blood
serum, nanoassemblies disassemble and eventually release guest
molecules in undesired locations. Hence, the fabrication of
alternative nanoassemblies, which have polymeric micelle-like
features and will overcome the challenges mentioned above,
would be highly beneficial.

Here, we propose that if the stability issues are taken care of,
small molecule-based nanoassemblies might become a prom-
ising candidate in the field of drug delivery. To eliminate the
dilution effect and enhance the stability, the advantageous
approach is cross-linking either the core or the surface of the
self-assembled particles. The cross-linking will minimize the
leaking of encapsulated guest molecules, increase the stability
of nanoassemblies and eliminate the possibility of premature
guest release. To the best of our knowledge, there are only a few
reports in the literature regarding small molecule***® based
cross-linked nanoparticles compared to polymer-based
systems.*”>* Hence, we wanted to explore this area to establish
a small molecule-based robust drug delivery platform. To this
end, we have synthesized a bolaamphiphilic small molecule
integrated with a B-thioester linker, which is known to slowly
hydrolyze selectively under mild acidic conditions (pH ~
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5.3)*38515556 ynlike other acid-labile functional groups such as
acetal, ketal, hydrazone and orthoester, which hydrolyze very
rapidly, and result in the burst release of encapsulated guest
molecules.’** The feature of the B-thioester group has previ-
ously been utilized for various purposes such as for controlled
drug delivery or lysosomal protein delivery, but the number of
reports is very low.****° Therefore, this fact motivated us to
design a novel molecule with B-thioester to achieve pH
responsive noncovalent guest release in a sustained manner.
Herein, we have shown the synthesis of a bolaamphiphilic small
molecule, the formation of nanoassemblies in an aqueous
milieu and cross-linking of its core by the Michael addition
reaction, which creates multiple copies of the p-thioester linker
in the core of the micellar assemblies (Scheme 1). Furthermore,
we show pH-responsive sustained guest release, the stability of
the cross-linked nanoassemblies (CNs) in blood serum and
finally, in vitro anti-cancer drug delivery applications. The CNs—
DOX was found to display benign nature to normal cells, but
toxicity to cancer cells, which makes it a potential candidate in
therapeutic applications.

Experimental
Synthesis and characterization

The detailed synthetic scheme of the bolaamphiphile, protocol
and characterization data are provided in the ESL{

Determination of critical aggregation concentration (CAC)

At first, a measured amount of a solution of Nile red in acetone
(100 pL, 0.1 mM) was placed in various screw-capped vials and
the solvent was evaporated. Solutions of various concentrations
(1 mM, 0.8 mM, 0.6 mM, 0.4 mM, 0.2 mM, 0.08 mM etc.) of BA
were added to the vials that contained Nile red and the mixture

1572 | Nanoscale Adv., 2019, 1, 1571-1580

was sonicated and allowed to stand for 2 h before fluorescence
spectroscopic analysis (Aex = 530 nm). The final concentration
of Nile red was 10~> M. The emission intensity of the encap-
sulated Nile red at 585 nm was plotted versus the concentration
of BA and the inflection point of such a plot was taken as the
CAC of BA.

Fabrication of cross-linked nanoassemblies (CNs)

Hexylamine (0.065 pL, 0.0005 mmol in 500 pL acetone) and
hexanedithiol (0.3 pL, 0.002 mmol in 500 puL acetone) were
added simultaneously to a 2 mL solution of BA (1 mM). Then
the mixture was stirred for 48 h and filtered with a 0.45 um
syringe filter.

Atomic force microscopy (AFM)

5 uL of the samples (1 mM) were deposited onto a freshly
cleaved muscovite Ruby mica sheet (ASTM V1 Grade Ruby Mica
from MICAFAB, Chennai) for 5-10 minutes, and then the
sample was dried by using a vacuum dryer. AAC mode AFM was
performed using a Pico plus 5500 AFM (Agilent Technologies
USA) with a piezo scanner with a maximum range of 9 um.
Micro-fabricated silicon cantilevers of 225 pm in length with
a nominal spring force constant of 21-98 N m~ ' from Nano
sensors were used. Cantilever oscillation frequency was tuned
into resonance frequency. The cantilever resonance frequency
was 150-300 kHz. The images (256 by 256 pixels) were captured
with a scan size between 0.5 and 5 um at a scan rate of 0.5 lines
per s. The images were processed by flatten using Pico view1.4
version software (Agilent Technologies, USA). Image manipu-
lation was done through Pico Image Advanced version software
(Agilent Technologies, USA).

This journal is © The Royal Society of Chemistry 2019
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Transmission electron microscopy (TEM)

A solution of the sample in water (20 uL, 1 mM) was placed on
a TEM grid (300-mesh carbon-coated Cu grid). The samples
were allowed to dry in air at room temperature for a few hours
before the measurements were recorded.

Dynamic light scattering (DLS)

For the DLS measurements, 1 mM of BA and cross-linked BA
was used. The measurements were carried out at room
temperature.

Stability test

The cross-linked nanoassemblies were diluted to a concentra-
tion below the CAC and the size change was recorded using
DLS. Both cross-linked and uncross-linked nanoassemblies
were diluted with FBS and the size change was examined every 2
h by using DLS.

PH responsive degradation

The cross-linked nanoassemblies were treated with Tris buffer
of pH 5.3 and pH 7.4 separately. The time dependent DLS
spectra were measured to check the size change over time.

Pyrene encapsulation and pH responsive release

10 pL of pyrene stock solution (10™° M) in acetone was trans-
ferred to a vial and solvent was removed by blowing air to make
a thin film. To this, a solution of BA (2 mL, 1 mM) was added,
stirred for 5 minutes and sonicated for 5 minutes. Then the
solution was allowed to stand for 2 h at room temperature to get
a homogeneous solution. This dye encapsulated solution was
used for fluorescence spectra measurement to check the extent
of dye encapsulation. After the confirmation of pyrene encap-
sulation, the core of the nanoassemblies was cross-linked using
dithiol by the Michael addition reaction. For the pH responsive
release study, the pH of the pyrene encapsulated solutions (both
cross-linked and uncross-linked) was adjusted to pH 5.3 and pH
7.4 using Tris buffer. Then time dependent UV-Vis spectra were
recorded to examine the pyrene release.

Doxorubicin encapsulation

A measured amount (1.12 mg) of hydrophobic DOX was added
to a solution of BA (2 mL, 1 mM) followed by vortexing for 10
minutes and sonication for 2 minutes. A red color emulsion was
formed which was filtered through a 0.45 pm of syringe filter. To
obtain DOX-encapsulated cross-linked nanoassemblies (CNs-
DOX), it was then cross-linked following the above-mentioned
procedure.

PH responsive release of doxorubicin

The pH-responsive DOX release from DOX loaded cross-linked
and uncross-linked nanoassemblies (CNs-DOX and UCNs-
DOX) was evaluated by equilibrium dialysis using a 1000 MWCO
dialysis bag at pH 5.3 and pH 7.4 (Tris buffer). Each 500 puL of
the aliquot sample of CNS-DOX or UCNs-DOX (conc. = 2.0 mg
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mL ') was added into a dialysis bag (1000 MWCO) and dialyzed
against 15.0 mL of different buffers (Tris buffer of pH 5.3 and
7.4). At predetermined time periods, 1.0 mL of the solution was
collected from the corresponding different reservoirs and the
released DOX was detected by using fluorescence spectra. To
keep a constant volume after each sampling, the measured
sample solution was added back to the reservoir.

Biological studies

Reagents. Dulbecco's Modified Eagle's Medium (DMEM),
Fetal Bovine Serum (FBS), penicillin, streptomycin, neomycin
(PSN) antibiotic, ethylenediamine tetra acetic acid (EDTA) and
trypsin were bought from Gibco BRL (Grand Island, NY, USA). 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(45989, MTT-CAS 298-93-1-Calbiochem) and DMSO were bought
from Merck-Millipore. Tissue culture plastic wares were bought
from Genetix Biotech Asia Pvt. Ltd. Blood for PBMC isolation
was collected from a healthy human volunteer. The cell lines
HEK293 and HCT116 were purchased from the National Centre
for Cell Science (NCCS), an Autonomous Institute of Dept. of
Biotechnology, Govt. of India.

Ethical statement. All the biological experiments were per-
formed in accordance with the guidelines and approval of the
Institutional Human Ethics Committee and Biosafety
Committee at the CSIR-Indian Institute of Chemical Biology,
Kolkata, India. Informed written consent was obtained from the
human volunteer.

Cell culture. The HCT116 and HEK293 cells were cultured in
DMEM mixed with 10% FBS and 1% antibiotic (PSN) at 37 °C in
a humidified incubator with 5% CO,. The cells were harvested
with 0.5% trypsin and seeded at a required density to allow
them to re-equilibrate a day before the start of the experiment.

Isolation of PBMC. 2 mL blood was collected in a 15 mL tube
using the anticoagulant EDTA. The blood was diluted 2x with
PBS (phosphate buffered saline) + 2% FBS (fetal bovine serum).
In another tube 10 mL Ficoll-paque was taken and the diluted
blood solution was added slowly on top of the Ficoll solution.
This mixture was centrifuged at room temperature for 30 min at
400 x g. After that the upper plasma layer was discarded without
disturbing the remaining plasma-Ficoll interface solution where
the lymphocytes were found. Then the lymphocyte cell layer was
separated from the plasma-Ficoll interface in another 15 mL
tube and then it was further diluted 3 x with PBS and centrifuged
at room temperature for 10-15 min at 200 x g. After discarding
the PBS, the cell pellet was suspended in RPMI 1640 medium
and cultured at 37 °C in a humidified incubator with 5% CO,.

Cytotoxicity assay. Cell toxicity was detected by the MTT
assay. The HCT 116, HEK-293 and PBMC cells (1 x 10° cells per
well) were seeded in a 96-well plate. Then, different concentra-
tions of CNs, UCNs, CNs-DOX, UCNs-DOX and free DOX were
added to the cell medium and incubated for 24 h. After 24 h of
incubation, the medium was changed to 20 uL of MTT solution
(4 mg mL™") and incubated again for 3 h. Next, a measured
volume of DMSO (100 pL) was added to each well and the cell
cytotoxicity was measured using a microplate reader at 595 nm
wavelength.

Nanoscale Adv., 2019, 1, 1571-1580 | 1573
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Cellular uptake study. HCT116 and HEK293 cells (1 x 10°
cells per well) were seeded in a 6-well plate and incubated at 37
°C humidified temperature with 5% CO, pressure for 24 h.
Subsequently, the cells were treated with CNs-DOX (DOX conc.
= 8.25 pug mL '), UCNs-DOX (DOX conc. = 6.62 ug mL™ ") and
free DOX (conc. = 6.42 pg mL~') and they were further incu-
bated for 24 h. Then the medium was discarded and the cells
were washed 2 times with PBS. Finally, the cells were trypsi-
nized, suspended in 500 pL PBS and transferred to a FACS tube
for measuring the uptake of DOX by analyzing the fluorescence
signal using flow cytometry.

Cell imaging by confocal laser scanning microscopy (CLSM).
For imaging by Confocal Microscopy HCT116 & HEK293 cells (1
x 10° cells per well) were seeded in a 35 mm dish with a clean
cover slip and incubated for 24 h. After reaching the desired
confluency, the cells were treated with CNs-DOX, UCNs-DOX
and free DOX (DOX concentration in each case = 8 ug mL™%).
After incubation for different time periods (3 h, 6 h, 12 h & 24 h)
the cells were washed with PBS (phosphate buffered saline)
twice and they were fixed by using 300 pL of 4% PFA (para-
formaldehyde) for 5 minutes. After fixation, the cells were
washed with PBS and the nuclei were stained with Hoechst
33342 for about 15 minutes. Then the cells were further washed
3 times with PBS and the cover slips were mounted on slides
with 40% glycerol (sides of the cover slips were sealed with DPX)
for imaging using CLSM.

Results and discussion

The acid-labile bolaamphiphilic molecule (BA) was synthesized
in four steps using the thiol-acrylate Michael addition reaction
as a key step. The self-assembly and container properties of BA
were examined using a hydrophobic dye, Nile red as the fluo-
rescence probe. Fig. S11 shows that the fluorescence intensity of
Nile Red is very low at a low BA concentration, but increases
with increasing BA concentration (Nile Red concentration is
constant). This observation indicates that at a low concentra-
tion of BA, nanoassemblies were not formed, but with
increasing concentration, more assemblies were formed, and
Nile Red was encapsulated in the hydrophobic core of the
nanoassemblies, which results in increased fluorescence
intensity of Nile red. This experiment suggests the formation of
nanoassemblies above a particular concentration of BA called
critical aggregation concentration (CAC), and they are capable
of sequestering hydrophobic guest molecules. From the inflec-
tion point of the plot in Fig. 1a, the CAC was found to be 0.6
mM. Another hydrophobic guest, pyrene, was also used to
further confirm the container properties of the nanoassemblies.
The pyrene molecule is very poorly soluble in water on its own,
but in the presence of 1 mM BA solution, its solubility increased
dramatically as shown by its emission spectrum (Fig. 1b). This
can be attributed to the encapsulation of pyrene molecules in
the core of the nanoassemblies. Since pyrene has a very distinct
response to the polarity of its surrounding environment, we
utilized the emission spectrum of encapsulated pyrene to
determine the hydrophobicity of the core of the nano-
assemblies. The hydrophobicity of the microenvironment can

1574 | Nanoscale Adv., 2019, 1, 1571-1580

View Article Online

Paper

a

P

Nile Red Emission Intensity @585/ a.u-
@
3

b) ——Pyrene in 1mM BA solution
2.0 —— Pyrene in water

)
(=}

N}
=}

N
o

Normalized Emission Intensity/ a.u.

0 v - T r
350 400 450 500 55
d) Wavelength/ nm

0
00 02 04 06 08 10
Concentration of BA/ mM

o
o

(o)

% Intensity

IS

oy

.\.\
A
Pk

o

10 100 1000

Size/ nm

Fig.1 Characterization of the self-assembled nanostructure of BA. (a)
CAC determination using Nile red as a fluorescence probe, (b) pyrene
encapsulation study, (c) DLS and (d) TEM image of self-assembled BA.

be calculated using the ratio of the first and third vibrational
peaks (I/I5, where I; = intensity at 373 nm and I; = intensity at
384 nm) of the emission spectrum of pyrene. Here, the I,/I;
value was found to be 1.09, which closely matched with the
value of chlorobenzene (1.08), thus indicating that the dielectric
constant of the core of the nanoassemblies is similar to that of
chlorobenzene (5.62¢, at 20 °C).*

The formation of amphiphilic aggregates of BA in an
aqueous milieu with an average hydrodynamic diameter of 160
nm was confirmed by dynamic light scattering (DLS) (Fig. 1c).
The high-resolution transmission electron microscopy (TEM)
analysis showed the presence of spherical nanoassemblies with
sizes in the range of 130-140 nm (Fig. 1d), which are slightly
lower than the value obtained from DLS. This is possibly due to
the shrinkage of the particles in the dry state®*® or because of
overestimation of the particle size in DLS, as here the average
size is measured by taking into account the hydration shells
around the particles. The morphology was further supported by
atomic force microscopy images (AFM), which showed near-
spherical nanostructures with the average height and width in
the range of 6-16 nm and 100-120 nm, respectively (Fig. S27).

Next, we hypothesized that cross-linked nanoassemblies
would be stable in a large volume of solvent or blood serum and
also at the same time they will stabilize the encapsulated guest
molecules for a long time. To test this hypothesis, we cross-
linked the micellar assembly by introducing 1,6-hexanedithiol
into the hydrophobic core of the nanoassemblies followed by
cross-linking the acrylate unit of BA using the thiol-acrylate
Michael addition reaction with n-hexylamine as the catalyst.
The "H NMR spectrum of the cross-linked nanoassemblies is
presented in Fig. S3,T which shows the absence of the signal at
0 5.78-6.40 for the acrylate double bond and the appearance of
the signal at 6 1.65 for -CH, protons of 1,6-hexanedithiol. This
indicates the formation of the cross-linked nanoassemblies.
The cross-linking reaction is presented in Fig. S4.F The dynamic

This journal is © The Royal Society of Chemistry 2019
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light scattering measurements showed that the hydrodynamic
diameter of the nanoassemblies remains unchanged after
cross-linking (Fig. 2a). This result suggests that a particular size
of the CNs can be achieved by controlling the size of the pre-
formed amphiphilic nanoassemblies by varying the concentra-
tion of monomers. The fact of precise size control of the
nanoassemblies was further confirmed using TEM and AFM
images (Fig. 2b-d) which showed spherical particles of 110-130
nm and 80-100 nm size respectively.

Next, we tested whether the CNs can maintain their size
during dilution and also in serum. It is seen in Fig. 3a that the
dilution did not affect the size of the CNs even though the
concentration was below the CAC of BA. Since the CNs are ex-
pected to be administered intravenously for final applications,
we were curious to see their stability in 10% FBS (fetal bovine
serum). Fig. 3b shows that the CNs are stable even after 6 h of
incubation at 10% FBS, while the uncross-linked nano-
assemblies (UCNs) are disassembled under identical condi-
tions, indicating the tolerance of CNs in the complex
bloodstream. Hence, the DLS experiments in water and FBS
revealed that the stability of the CNs is enhanced dramatically
compared to that of UCNs.
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Fig. 3 In vitro stability of nanoassemblies in water and FBS. (a) Size of
CNs as a function of concentration of BA in water. (b) Size change
monitoring of CNs and UCNs in 10% FBS at 37 °C. Concentration of BA
in both cases is 1 mM.
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After the successful fabrication and characterization of CNs,
we were curious to examine the possibility of pH-responsive
noncovalent guest release by cleavage of the B-thioester linker at
PH 5.3. At first, the pyrene molecules were encapsulated in the
core of the nanoassemblies followed by cross-linking using
dithiol to generate CNs with multiple copies of B-thioester groups
in the core. Next, pyrene loaded CNs and UCNs were treated with
Tris buffer of pH either 5.3 or 7.4 (buffer concentration = 10 mM)
and absorption spectra of pyrene at 338 nm were monitored for
35 h for the quantification of the pyrene release kinetics. As
shown in Fig. 4a and S4,} at neutral pH, the pyrene release rate
was much slower (19% for CNs and 80% for UCNs within 35 h) in
the case of CNs compared to UCNs, suggesting that the encap-
sulated guest leakage was significantly minimized due to cross-
linked network formation. In contrast, at pH 5.3, an accelerated
guest release was observed for CNs, but both the release rate and
amount of guest released after 35 h were lower compared to those
of UCNs, which indicates the capability of CNs for guest release in
a controlled and sustained manner. This experiment concludes
in favour of high guest encapsulation stability and controlled
release capability of cross-linked nanoassemblies at endosomal
relevant pH 5.3. Hence, considering the promising result ob-
tained in in vitro dye release, we were interested in testing the
potential of this cross-linked nanoassembly for chemothera-
peutic delivery. To this end, we encapsulated an anti-cancer drug,
doxorubicin, studied time-dependent pH-responsive in vitro
release and examined anti-cancer activity using human colon
cancer cells, HCT116. Dialysis was used to evaluate the pH-
responsive release of DOX at pH 5.3 and pH 7.4. As shown in
Fig. 4b, the DOX released after 24 h at neutral pH from CNs-DOX
was ~21%, while for UCNs-DOX the value was ~41%, suggesting
the significant minimization of leakage of encapsulated DOX due
to cross-linking. Notably, upon adjusting the pH to 5.3, the DOX
released from both CNs-DOX and UCNs-DOX after 24 h was
increased to ~46% and 49% respectively. The slightly low release
rate of CNs-DOX can be attributed to the cross-linked core of the
nanoassemblies. The experimental conditions for the pH-
responsive drug release mimicked the environment inside the
endosomes (i.e., pH ~ 5.5),° % which suggests that the CNs have
the potential for chemotherapeutic applications.

As it is very crucial to know the cytotoxicity of a drug carrier
itself, we have carried out in vitro cell viability assays for empty
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Fig. 4 Study of pH triggered in vitro guest release from UCNs and
CNs. (a) Time dependent % release of (a) pyrene and (b) DOX from
UCNSs and CNs at pH 7.4 and pH 5.3 (Tris buffer). Concentration of BA
=1mM.
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CNs and UCNs using normal cell lines such as human embry-
onic kidney cell lines (HEK-293) and peripheral blood mono-
nuclear cells (PBMC). The cells were treated with different
concentrations of nanoassemblies and incubated for 24 h. The
cell viability was measured using MTT assay. As shown in Fig. 5a
and b, the CNs exhibit high cell viability in both the cell lines.
This makes CNs a potential system for selective biological
applications. For ultimate therapeutic applications, it is essen-
tial to test the effect of DOX-loaded nanocarriers on normal
cells. To test this, HEK-293 cells or PBMC cells were treated with
DOX-loaded CNs (CNs-DOX) and UCNs (UCNs-DOX) and
incubated for 24 h. Notably, CNs-DOX was found to be non-
toxic to both the normal cells, whereas UCNs-DOX showed high
cytotoxicity, which can be attributed to two facts: one is the
leakage of DOX from UCNSs followed by diffusion through the
cell membrane and another is burst release of DOX in the
cytosol (Fig. 5d and e). As the UCNs-DOX showed a very similar
behaviour to free DOX (cell death more than 75% in both cases),
we assumed that the major contribution of UCNs to the
observed cytotoxicity has come from the burst release of drugs.
The benign nature of empty and DOX-loaded CNs towards
normal cells makes this system more promising in the field of
therapeutic applications.

Finally, the viability of CNs-DOX and UCNs-DOX was
examined towards colon cancer cell lines (HCT-116), and the
extent of cell death was investigated after 24 h. As shown in
Fig. 5f, CNs-DOX caused almost 78% cell death, which is
slightly lower than the free DOX and UCNs-DOX. This is
presumably caused by the delayed release of DOX from the
cross-linked nanoassemblies in the cell cytosol, while free DOX
molecules easily diffuse through the cell membrane.*®® This
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phenomenon supports the higher ICs, value of CNs-DOX (8.25
pg mL™") and very similar ICs, values of UCNs-DOX and free
DOX (6.60 pg mL ™" and 6.42 ug mL™" respectively) (Fig. S5,
Table S17). As both the empty nanoassemblies (CNs and UCNs)
showed very high cell viability towards HCT-116 cells (Fig. 5¢),
the cytotoxicity observed after treatment with DOX-loaded
nanoassemblies was indeed caused by the released DOX mole-
cules. The similarity in anti-cancer activity between UCNs-DOX
and free DOX again strengthens the claim of partial leakage and
majority burst release of drugs from UCNSs. To get more insight
into the drug delivery activity, the cellular internalization of
CNs-DOX, UCNs-DOX, and free DOX was studied in HEK-293
cells and HCT-116 cells by FACS (fluorescence-activated cell
sorting) assay and confocal microscopy. The FACS histograms
are depicted in Fig. 6a and S6,7 which demonstrate that CNs-
DOX has almost no cellular internalization in HEK-293 cells,
while in the case of HCT-116 cells, a significant increase in
cellular uptake was observed, which explains the reason behind
the benign nature of CNs-DOX towards HEK-293 cells. Hence,
CNs-DOX exhibits very low cytotoxicity towards HEK-293 cells
as there was no cellular uptake as observed in the FACS result
and no DOX leakage due to the cross-linked core. The observed
cell-specific viability can be supported very well by the FACS
results. To get supporting data about cell-specific internaliza-
tion, zeta potential measurements at different pH values (7.4
and 6.8) were performed. They revealed very important infor-
mation about the surface charge of CNs-DOX and UCNs-DOX.
The zeta potential of CNs-DOX and UCNs-DOX at pH 7.4 is
found to be —0.2 mV and +10.0 mV respectively while at pH 6.8,
it is +2.2 mV and +6.5 mV respectively (Fig. 6b). The negative
zeta potential of CNs-DOX at pH 7.4 might be the reason for no
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Fig. 5

In vitro cytotoxicity of empty and DOX loaded nanoassemblies by MTT assay. Incubated for 24 h with 5% CO, at 37 °C temperature. Top:

Cell viability of empty CNs and UCNs against (a) HEK-293 cells, (b) PBMC and (c) HCT-116. Bottom: Dose responsive cell viability of CNs—DOX,
UCNs-DOX and free DOX against (d) HEK-293 cells, (e) PBMC and (f) HCT-116 cells.
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Fig. 6 Experiments supporting cell specificity. (a) Plot of mean fluo-
rescence intensity observed from flow cytometry analysis representing
the cellular uptake of DOX loaded nanoassemblies and free DOX in
HEK-293 and HCT-116 cells. Incubation time = 24 h and temperature
= 37 °C. (b) Zeta potential measurement of DOX loaded nano-
assemblies at neutral and slightly acidic pH.

cellular internalization in normal cells. On the other hand, as
the cancer cell environment is slightly acidic, at pH 6.8 both the
DOX-loaded nanoassemblies showed a positive surface charge
and accelerated cellular internalization. To strengthen the
claim of opposite behaviour of CNs-DOX towards normal cells

< Free DOX

a)

Hoechst Merged Hoechst

UCNs-DOX
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and cancer cells we performed an experiment, where the effect
can be visualized by using a confocal microscope. The progress
of the cellular internalization in HEK-293 cells and HCT-116
cells was monitored, and confocal images were taken at 3 h, 6 h,
12 h and 24 h time points, as shown in Fig. 7. Both free DOX and
UCNs-DOX showed increased fluorescence intensity in a time-
dependent manner for both the cell lines. On the other hand,
CNs-DOX did not show any red colour (fluorescence colour of
DOX) for HEK-293 cells, which suggests no cellular uptake, but
interestingly showed time-dependent cellular uptake in HCT-
116 cells. In this case, the fluorescence signals were less intense
compared to those of free DOX and UNCs-DOX at every iden-
tical incubation time. This variation can be attributed to the
difference in the cellular uptake mechanism. The free DOX
enters the cell through diffusion and DOX in UCNs leaks out of
the nanoassemblies due to less encapsulation stability and
diffuses through the membrane. On the other hand, DOX in
CNs is very stable, and the cells internalized the nano-
assemblies along with the DOX by endocytosis, which is
a slower process than the diffusion of a small molecule.

CNs-DOX———>

Merged Hoechst Merged

b) < Free DOX

Hoechst Merged Hoechst

Fig.7 CLSM images of (a) HEK-293 and (b

UCNs-DOX ————> <« CNs-DOX —>
Merged

Hoechst Merged

) HCT-116 cells treated with free DOX, UCNs—DOX and CNs—-DOX. Images were taken at incubation

time pointsof 3h, 6 h,12hand 24 h. In each panel left images show nuclei stained with Hoechst, middle images show the fluorescence of DOXin
the cells and right images show the overlay of the previous two images. The scale bars are 20 pm in all images. Concentration of DOX in each

case is 8 uyg mL™!
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Conclusions

In summary, we have designed and fabricated bolaamphiphile
based cross-linked nanoassemblies (CNs) integrated with an
acid labile functionality, B-thioester, which hydrolyses at
acidic pH and leads the decross-linking of the nano-
assemblies. Since the bolaamphiphile is a small molecule, it
showed very high nanoassembly fabrication reproducibility
and a high degree of control over their polydispersity and size,
which are the major limitations of polymeric materials. As the
core of the nanoassemblies is cross-linked, dilution induced
disassembly was not observed even below the CAC of uncross-
linked nanoassemblies. The CNs were also found to show good
tolerance in serum compared to UCNs. Next, we noted that the
environment specific (acidic pH) decross-linking caused the
nanoassemblies to release the encapsulated guest molecules.
To test cell microenvironment responsive drug release, we
used the anticancer drug-loaded CNs and performed a few
biological experiments, where we observed a distinct selec-
tivity nature of CNs-DOX for cellular internalization and
cytotoxicity towards cancer cells over normal cells. The DOX-
loaded CNs were found to be nontoxic to HEK-293 and PBMC
cells, but cytotoxic to HCT-116 cells. This excellent cell speci-
ficity of the cross-linked nanoassemblies is very fascinating
and makes the system very interesting for further study to
understand the detailed selectivity mechanism followed by in
vivo applications using a mouse model. Therefore, as
a concluding remark we can say that a few crucial features
such as (i) fabrication reproducibility, (ii) robust serum
stability, (iii) high guest encapsulation stability, (iv) pH-trig-
gered drug release, (v) low toxicity of nanoassemblies itself, (vi)
cancer cell-specific cytotoxicity, etc., make this small molecule-
based system a very promising potential candidate in the field
of chemotherapeutic applications.
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