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1. Introduction

Preclinical safety assessment of red emissive gold
nanocluster conjugated crumpled MXene
nanosheets: a dynamic duo for image-guided
photothermal therapy+t

Barkha Singh,?® Rohan Bahadur,” Priyanka Maske,® Mayuri Gandhi,® Dipty Singh*©
and Rohit Srivastava () *°

Red emissive gold nanoclusters have potential as biological fluorescent probes, but lack sufficient light-
to-heat conversion efficiency for photothermal therapy (PTT). MXene nanomaterials, on the other hand,
have shown promise in PTT due to their strong near-infrared absorption abilities, but their instability
caused by restacking of the sheets can decrease their available surface area. One approach to address this
issue is to design sheets with wrinkles or folds. However, the crumpled or 3D MXene materials reported in
the literature are actually aggregates of multiple nanosheets rather than a single sheet that is folded. In
this study, a modified method for crumpling a single MXene sheet and further conjugating it with red
emissive gold nanoclusters and folic acid was developed. A detailed in vitro toxicity study was performed
in various cell lines and cellular uptake in cancer cells was studied using AFM to understand its interaction
at the nano—-bio interface. The material also demonstrated excellent utility as a bioimaging and PTT agent
in vitro, with its high fluorescence allowing bioimaging at a lower concentration of 12 ug mL™ and a
photothermal conversion efficiency of 43.51%. In vitro analyses of the cell death mechanisms induced by
PTT were conducted through studies of apoptosis, cell proliferation, and ROS production. In vivo acute
toxicity tests were conducted on male and female Wistar rats through oral and intravenous administration
(20 mg kg™ dose), and toxicity was evaluated using various measures including body weight, hematology,
serum biochemistry, and H&E staining. The findings from these studies suggest that the MXene gold
nanoconjugate could be useful in a range of biomedical applications, with no observed toxicity following
either oral or intravenous administration.

resents a combination of therapeutics and diagnostics. The
primary goal of cancer nanotheranostics is to design a nano-

The alarming rate of increase in cancer mortality has driven
extensive research in the field of oncology, leading to the devel-
opment of numerous cancer treatments. Surgical excision,
chemotherapy, and radiation therapy are at the forefront of
anticancer treatment; however, the adverse effects of these
treatments are widely documented. Cancer theranostics rep-
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composite consisting of both modalities, ie., diagnostic/
imaging and therapy with enhanced specific cell targeting."?
Nanoscale size-dependent features provide nanomaterials with
unique specifications that are resilient in various medical
applications.>”” Photothermal therapy (PTT) is a minimally
invasive photo-based treatment that utilizes a photosensitizer,
which can absorb electromagnetic radiation such as radiofre-
quency, microwaves, near-infrared irradiation, or visible light
and convert it into heat. The resultant rise in tissue tempera-
ture causes hyperthermia, inducing programmed cell death.®
Selective delivery and the use of an imaging instrument for
visualizing and analyzing the distribution of photoactive
agents in tumors and other organs are required to achieve the
intended PTT effects with fewer adverse effects. As a result,
developing a targeted theranostic system that combines PTT
and imaging capabilities is key to developing an advanced
nanomaterial.

This journal is © The Royal Society of Chemistry 2023
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Noble metal nanoclusters (NCs), because of their ultrafine
size and lack of toxicity, are more attractive for biolabeling
and bioimaging applications than semiconductor quantum
dots (QDs) which generally contain hazardous metal species
e.g.,, cadmium and lead.”'® Gold nanoclusters (Au NCs) are
incredibly versatile and have been explored as bioimaging
probes for image-guided therapy because of their ultrafine
size, unique molecule-like properties, photostability, large
Stokes shift, long  luminescence lifetime, and
nontoxicity."'** Satisfactory biodistribution and renal clear-
ance are other features that could pave the way for
enhanced in vivo treatment outcomes.”>” Au NCs can be
energetically considered as molecules when significant quan-
tization of the conduction band occurs due to the quantum
confinement phenomenon resulting in distinct optical fea-
tures such as fluorescence upon light activation.'®
Possession of strong red/NIR luminescence properties makes
Au NCs highly suitable fluorescent nanomaterials for bio-
imaging. Despite these advantages, Au NCs have signifi-
cantly less phototherapeutic potential than typical photo-
thermal agents such as gold nanorods or graphene oxide.'
Owing to their easy chemical functionalization, Au NCs can
be conjugated with a photosensitizer for light-mediated
tumor ablation with bio-imaging.*°

Large absorption cross-sections for optical wavelengths,
minimal toxicity, ease of surface modifications, and high solu-
bility in biocompatible solutions are all desirable character-
istics for a photosensitizing agent.>® 2D layered materials,
such as chalcogenides, metal oxides, nitrides, sulphides, and
carbides, have attracted a lot of attention as a result of pro-
gress in graphene research since its discovery.”>** MXenes are
a group of two-dimensional (2D) transition-metal carbides and
nitrides synthesized from the MAX phase where M is a tran-
sition metal (Ti, Ta, Nb, V, and Mo), A represents a group 13 or
14 element (Al, Si, Ge, Sn, S, As, P, In, Ga, Tl, and Pb) and X is
C or N. The general chemical formula of MXenes is M,,+1X,,Tx
(n = 1, 2, 3) where T, represents surface termination groups
such as -OH, =0, and -F.>*"2® MXenes have shown consider-
able promise in a variety of fields, including energy, batteries,
supercapacitors, photocatalysis, and environmental
remediation.”’°® Owing to their low cytotoxicity, unique
optical properties, and easy bulk synthesis, MXene nanosheets
are also gaining popularity in biological applications,*! par-
ticularly in regenerative medicine, antibacterial and anticancer
therapies, and bio-imaging, although they are still in early
stages.’>** The prominent challenges faced by pristine MXene
nanosheets are oxidation, reduced surface area, and instability
caused by their undesired self-restacking and aggregation. One
of the ways to overcome this challenge is through electro-
statically induced crumpling of MXene sheets to generate a 3D
MXene structure.**” This transformation from two dimen-
sions to three dimensions can also improve surface
functionalization and distribute properties evenly within the
structure.”® One of the easiest methods for producing a 3D
MXene structure is alkali-induced crumpling.>® However, the
process causes the flocculation of numerous sheets to form a
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3D architecture. The method can be modified to produce folds
in single sheets instead of flocculation.

Prior to the therapeutic use of nanoparticles, it is essential
to investigate the toxicity of the synthesized nanocomposite
since the toxicity of a substance is strongly reliant on its com-
position, dose, length of treatment, and mode of adminis-
tration (intravenous, intra-peritoneal, oral pulmonary, and
intravitreal administration).”® The most prevalent method of
administering nanomaterials for PTT is the intravenous route;
however, human exposure to nanomaterials may also occur
orally. Consequently, it is necessary to test the toxicity of any
nanomaterial using several administration routes before classi-
fying it as non-toxic. Currently, the most common method for
studying the in vivo toxicity of MXene-based formulations is
intravenous injection. There is a significant gap in the current
data on toxicity assessments of MXenes, particularly in terms
of other modes of administration and assessments based on
sex and reproductive organs.

MXenes coupled with other nanoparticles (Au, Ag, and Pd)
were also created for various biomedical applications
(Table S17).*"**> However, the use of MXenes in conjunction
with gold nanoclusters in multimodal imaging-guided cancer
therapy has seldom been documented. This work presents an
improved method for crumpling MXene sheets simultaneously
using heating and alkali treatment. The synthesized crumpled
MXene nanosheets were further combined with gold nano-
clusters to design a nanocomposite for the intended appli-
cation in image-guided photothermal therapy. The study also
evaluated the preliminary in vivo acute toxicity of the nano-
composite when administered orally and intravenously in
Wistar male and female rats. Detailed acute toxicity analysis
including body weight, organ weight, hematology, serum bio-
chemistry and histopathology was performed to understand
the administration mode-dependent toxicity/safety of this
MXene based nanocomposite. The interaction and internaliz-
ation of the material in breast cancer cells was examined using
atomic force microscopy (AFM), while bioimaging was evalu-
ated using confocal microscopy. In addition, a systematic
in vitro photothermal therapy study was conducted, including
analyses of cell death mechanisms through apoptosis, cell pro-
liferation, and ROS production.

2. Experimental section
2.1 Material

2.1.1 Synthesis chemicals. The following chemicals were
used for synthesis: titanium aluminum carbide powder
(Ti;AlC,, MAX phase), hydrofluoric acid [HF (50% v/v)], tetra-
methylammonium hydroxide (TMAOH), sodium hydroxide
(NaOH), chloroauric acid salt (Loba Chemie), triethylamine
(TEA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), folic acid (FA),
dialysis membranes (Hi-Media), hydrochloric acid (HCI), and
nitric acid (HNOs). All chemicals, unless stated, were procured
from Sigma Merck.
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2.1.2 Cell culture experiments. For cell culture experi-
ments, Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), 1x phosphate buffered saline (PBS), anti-
biotic antimycotic solution 100x liquid (w/10 000 U penicillin,
10 mg streptomycin and 25 pg amphotericin B), and 1x
trypsin-EDTA  solution were procured from Hi-Media.
Resazurin sodium salt, propidium iodide, 4',6-diamidino-2-
phenylindole (DAPI), dichlorodihydrofluorescein diacetate
(DCFDA), and phorbol 12-myristate 13-acetate (PMA) were pro-
cured from Sigma. An FITC Annexin V Apoptosis Detection Kit
was procured from BD Biosciences.

2.2 Methodology

2.2.1 Synthesis of gold nanoclusters (Au NCs) using egg
albumin. Egg albumin (white part of egg) was separated from
the egg yolk. 1 part of egg albumin was diluted four times with
Milli-Q water. 1 ml chloroauric acid salt (10 mM) was added to
egg albumin at room temperature while stirring. After properly
mixing, for 10 minutes, ~1 mL of 0.1 M NaOH was added (pH
~ 12). The solution was heated using microwave for
5-7 minutes until the color of the solution changed from light
yellow to brown. The solution was kept overnight in the dark
to grow and stabilize. The obtained solution was then dialyzed
for purification and freeze dried for 48 hours. The Au NCs
were obtained as a brown powder of gold nanoclusters which
were further used in the study.

2.2.2 Synthesis of crumpled MXene (c-TizC,). Titanium
aluminium carbide (Ti;AlC,) was slowly added to 10 mL of
50 wt% hydrofluoric acid (HF) with a final concentration of
0.1 g mL™'. The reaction was stirred for 48 hours. After
48 hours, the solution was centrifuged at 15000 rpm for
30 min. The pellet was washed multiple times until the pH of
the supernatant became 6. The obtained pellet (HF_Ti;C,) was
freeze dried to obtain a black powder. The powder was
immersed in equal wt% TMAOH and a dispersion was formed
in water for the delamination process. The reaction was first
bath sonicated for 30 min and then kept on a stirrer overnight.
The solution was dialyzed and further freeze dried
(TMA'_Ti3C,). To induce alkali-based crumpling, the above
powder at 2.5 mg mL ™" was heated at 80 °C and 2 M NaOH
was added and stirred overnight. The solution was dialyzed
and freeze dried to obtain black powder (c-Ti;C,).

2.2.3 Conjugation of gold nanoclusters to crumpled
MXene (Au@c-TizC,). Crumpled MXene (c-Ti;C,) solution at a
concentration of 100 pg mL™" was dispersed in 20 mL of water
and 30 pL of triethylamine (TEA) was added. The solution was
stirred for 10 min and then mixed with 40 mL of 100 ug mL™*
Au NCs. Stirring was continued overnight. The solution was
centrifuged, dialyzed and freeze dried to obtain Au@c-Ti;C,
powder. In a separate experiment, gold nanoclusters were also
conjugated on TMA'_TizC, to compare the effect of mor-
phology on the loading percentage. The loading percentage
was calculated using the ratio of gold and titanium evaluated
using ICP-AES.

2.2.4 Folic acid conjugation with the nanocomposite
(FA_Au@c-Ti;C,). First, the folic acid-NHS complex was syn-
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thesized using the EDC-NHS coupling reaction. Briefly, 50 mg
of folic acid was dissolved in 30 mL of dimethyl sulfoxide.
200 mg of EDC-HCI and 100 mg of NHS were added. The reac-
tion was stirred overnight in the dark. The solution was filtered
using a 0.2 pm syringe filter to remove unwanted by-products.
Then, cold anhydrous diethyl ether containing 30% acetone
was added to the solution to get a yellow precipitate. The solu-
tion was centrifuged at 15000 rpm for 60 min at 10 °C. The
resultant solution was lyophilized to get the NHS-folic acid
complex. 20 pg of the FA-NHS was added to 1 mg mL ™" solu-
tion of Au@c-Ti;C,. The resultant powder was dialyzed and
freeze dried to obtain the final product FA_Au@c-Ti;C, which
is a greenish black powder.

Characterization, in vitro experiments and in vivo method-
ology are provided in the ESL{

2.2.5 In vivo toxicity. Animal experimentation was per-
formed at the ICMR-National Institute for Research in
Reproductive and Child Health (ICMR-NIRRCH). The ethical
permission for the same was obtained prior to conducting the
experiment (IAEC no.: 12/21). Animal experimentation was per-
formed in accordance with the guidelines of the Committee
for the Purpose of Control and Supervision of Experimental
Animals (CPCSEA), India.

3. Results and discussion
3.1 Synthesis of the gold MXene nanocomposite

The procedure for the synthesis of folic acid conjugated gold
MXene composites is demonstrated in Scheme 1.

Amino acids, biomolecules, and polymers that act as func-
tionalizing and reducing reagents are required for the prepa-
ration of stable and highly luminous Au NCs.**** Herein,
microwave assisted fluorescent Au NCs were synthesized using
one-pot reduction of HAuCl, with egg albumin.”” The cloudy
solution of gold salt containing egg albumin changes into a
golden brown solution when irradiated with microwave
(Fig. S1at). The protein acts as both a catalyst and stabilizer in
the reaction. The microwave treatment time was optimized to
achieve the maximum emission. The solution began emitting
red emission after 3 minutes of microwave treatment, with an
intensity increase up to 10 minutes of microwave treatment
time, after which the emission intensity reached saturation
(Fig. S1bt). The morphology of the synthesized Au NCs was
observed using TEM (Fig. 1a and b). The obtained Au NCs
were spherical in shape with an average diameter of 4.27 +
1.27 nm (Fig. 1a, inset) which is in accordance with the
reported literature.*®

The MXene sheets were synthesized using the chemical
etching method and delaminated using TMAOH
(TMA'_Ti3C,). The delaminated sheets were further treated
with alkali media at 80 °C to induce crumpling. The obtained
solution was black in color, well dispersed and did not show
any visible aggregation in the aqueous phase. This may be
attributed to the good delamination property of TMAOH in

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis procedure of the folic acid conjugated MXene gold composite (FA_Au@c-TizC,).

Fig. 1 Morphological characterization: (a) TEM image (inset: size distribution) of gold nanoclusters [scale: 10 nm]. (b) HRTEM of gold nanoclusters
[scale: 2 nm]. (c) TEM image of crumpled MXene sheets (c-TizC,) [scale: 50 nm]. (d) HRTEM of c-TizC; [scale: 5 nm] (inset: diffraction pattern). (e and
f) TEM image [scale: 50 nm] and (g) SAED pattern of gold nanocluster conjugated crumpled MXene sheets (Au@c-TizC;). (h) SEM image of

FA_Au@c-TisC; [scale: 1 um] (inset: size distribution).

conjunction with heat treatment in NaOH solution (used to
induce wrinkles). Crumpled TizC, sheets (c-TizC,) when
observed under TEM showed a wrinkled morphology with mul-
tiple folds (Fig. 1c). The crumpling of MXene as observed was
due to the self-folding of a thin sheet rather than flocculation
of multiple sheets together shown by Di Zhao et al.*° This

This journal is © The Royal Society of Chemistry 2023

alkali induced crumpling gave rise to a 3D-like architecture.
The lateral size of the c-Ti;C, nanosheets was under 400 nm
with very thin edges indicating that the nanosheets were mono
or few layered (Fig. 1d). The selected area electron diffraction
(SAED) pattern showed hexagonal symmetry (Fig. 1d, inset)
confirming that c-Ti;C, is still crystalline in nature. The 3D-
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like MXene structure can provide active sites for conjugation of
gold nanoclusters.

The surface charge of the nanocomposite was determined
using zeta potential which also helped to understand the
chemistry behind the conjugation (Fig. S2at). The surface
charge of both ¢-Ti;C, and Au NCs was found to be negative
with a magnitude of —49.92 + 1.1 (Fig. S2bf) and —8.28 +
0.67 mV (Fig. S2cf), respectively. The gold nanocluster conju-
gation on c-Ti;C, was done with the help of triethylamine
(TEA) which is a tertiary amine having positive charge. The
addition of TEA to c-TizC, resulted in the change of surface
charge from —49.92 + 1.1 to —21.85 + 0.56 mV (Fig. S2dt). The
considerable change in the zeta potential after the addition of
TEA indicates the amine functionalization of c-Ti;C, through
electrostatic absorption. The amine functional groups on
¢-Ti;C, and negatively charged gold nanoclusters were incu-
bated overnight and purified afterwards (Au@c-Ti;C,). The
surface charge of Au@c-Ti;C, was found to be —19.87 =+
0.86 mV (Fig. S2et). The gold nanoclusters can be observed to
be dispersed evenly on the surface of crumbled MXene sheets
under the effect of electrostatic interaction (Fig. 1e and f). This
shows that the efficient assembly of the Au NCs on c-Ti;C, can
be achieved through the use of amine functionalization. The
SAED pattern shows the semi crystalline nature of the material
compared to the hexagonal arrangement confirming the pres-
ence of both gold and MXene together (Fig. 1g). Elemental
mapping confirmed the presence of Ti (titanium), Au (gold), O
(oxygen), and N (nitrogen) (Fig. S3t). To compare the effect of
morphology on loading percentage, gold conjugation was also
done on flat TizC, nanosheets (TMA'_Ti;C,). The TEM images
showed very few gold nanoclusters on flat sheets (Fig. S47).
The gold content was evaluated through ICP and it was
observed that compared to TMA'_Ti;C,, the crumpled sheets
(c-Ti3C,) showed a 2.14-fold increase in the conjugated gold
concentration. The 3D like structure with wrinkles and ridges
may act as a pocket to hold an increased amount of gold nano-
clusters compared to flat plain sheets. The same kind of
phenomenon could be observed by Xing He et al. while
loading vancomycin on crumpled graphene oxides compared
to flat graphene oxides.*” This work shows a novel strategy not
only to obtain crumpled MXene sheets, but also to load higher
gold content.

In order for nanoparticles (NPs) to be effective in biomedi-
cine, they must meet certain criteria. These include outper-
forming conventional agents in in vitro or in vivo applications
while causing minimal cytotoxicity. NPs must also be able to
efficiently reach their intended destination by avoiding non-
specific interactions with plasma proteins and evade the reti-
culoendothelial system. Additionally, NPs must maintain their
colloidal stability under physiological conditions and prefer-
ably over a wide pH range. NPs must also localize to the tar-
geted location to avoid unwanted interaction with normal
healthy cells. As a result, chemical modification of the NP
surface is often necessary to allow specific interactions with
target cells.*® In this work, Au@c-Ti;C, was further conjugated
with folic acid (FA_Au@c-Ti;C,) to develop and enhance
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specific targeting of cancer cells while limiting the side effects.
Folic acid is one of the most widely used compounds that
could target the folate receptors on tumor cells. The obtained
solution was greenish black in color. The size distribution of
FA_Au@c-Ti;C, as observed with SEM (Fig. 1h) was found to
show a small lateral size of 196.23 + 49.85 nm (Fig. 1h, inset)
which might be beneficial for biomedical application. The
surface charge of FA_Au@c-Ti;C, was determined to be —29.95
+ 1.5 mV (Fig. S2f}) indicating good stability of the material.

3.2 Structural and chemical characterization

AFM was employed to measure the thickness of the
nanosheets formed (Fig. 2a-c). The thickness of Au NCs
(Fig. 2a) and c-Ti;C, (Fig. 2b) was found to be 2.44 + 0.38 nm
and 2.22 + 0.49 nm, respectively. The lateral thickness of
¢-TizC, shows the presence of single-to-double-layer MXene or
single layer folded one. The thickness of Au@c-Ti;C, (Fig. 2c)
increased to 4.7 + 0.26 nm representing the successful conju-
gation of AuNCs on the surface of ¢-Ti;C,. Fig. 2d shows the
comparison of the thicknesses of Au NCs, ¢-TizC, and Au@c-
TizC,.

XRD was used to understand the structural characteristics
of the nanomaterial synthesized (Fig. 2e). The characteristic
peaks of the (001) and (002) planes are observed at 9.49 and
19.04° in the MAX phase (TizAlC,).*> The peaks of the planes
shift to lower angles after etching with hydrofluoric acid which
leads to successful removal of aluminium atoms from the
MAX phase. The peak of the (001) plane at 9.49° in the MAX
phase shifts to 8.96° and 8.03° in HF_Ti;C, and TMA"_Ti;C,,
respectively, suggesting a significant increase in interlayer
spacing. As an effect of Al etching, the interlayer spacing
change can be recognized through the shift in this peak.”® The
disappearance of the peak at 38.65° of the (104) plane indi-
cates TizAlC, exhaustion and proves that the generated MXene
is a pure phase.”® The crumpled MXene (c-Ti;C,) showed (001)
and (002) peaks at 7.09° and 14.21°, respectively, indicating
further delamination leading to one or two layered thick
MXene sheets. The observation of a strong peak in the XRD
pattern of Au NCs was difficult due to other elements present
in egg protein. Smaller 26 peaks were observed for Au NCs at
45.5° corresponding to the (111) lattice plane.>* The peaks for
the (001) and (002) planes could be observed at 6.58° and
14.51° in Au@c-TizC, along with other characteristic peaks of
MXene. However, in Au@c-Ti;C,, peaks at 27.15° and 31.86°
were also observed due to the formation of TizC,(OH),.>*>*
The result indicates that the nanocomposite contains surface
hydroxyl groups which may be attributed to the deposition of
gold nanoclusters on the MXene sheets. The surface modifi-
cation and conjugation of Au@c-Ti;C, with folic acid did not
lead to any phase change in FA_Au@c-Ti;C,.

XPS and FTIR analyses were performed to understand the
chemical conjugation of the material at different synthesis
steps. Gold salt reacts with egg albumin to generate Au NCs.
The Au NCs further conjugated with c-Ti;C, and folic acid can
thus have a range of functional groups on their surface, result-
ing in diverse bonding environments. For FA_Au@c-Ti;C,, Ti

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 AFM images of (a) Au NCs, (b) c-TizC,, and (c) Au@c-TizC,; (d) graph showing the thickness of Au NCs, c-TizC,, and Au@c-TizC,; (e) XRD
spectra. High resolution deconvoluted XPS scans for (f) Ti 2p, (g) Au 4f, (h) C 1s, and (i) N 1s spectra of FA_Au@c-TizC,.

2p spectra show the presence of Ti'" (455.3/460.3 eV), Ti**
(457.1/461.9 eV) and Ti** (458.2/464.3 €V) assigned to 2ps,
and 2p,,,, respectively (Fig. 2f). The three peaks may arise
from the Ti-C attached to different surface termination groups
and are commonly attributed to Ti-C-To, Ti-C-Tg0, and Ti-C-
Tr. XPS showed minimal surface oxide functional groups
which are found in the Ti 2p regions in the form of TiO,
peaks. The maximum peaks at 84.1 and 87.9 eV in the Au 4f
deconvoluted spectra correspond to 4f,,, and 4fs),, respectively
(Fig. 2g). In contrast to the peak locations of bulk Au (84.0 and
87.4 eV), this positive shift occurs when the cluster size is
decreased. Au 4f;, and 4fs,, could further be deconvoluted
into Au(0), Au(i) and Au(m). The peaks for Au(0), Au(1), and Au
() were centered at 84.09, 85.34, and 86.75 eV for Au 4f;,,
and at 87.93, 89.09, and 91.14 eV for Au 4fs,,.>>° The C 1s
spectrum (Fig. 2h) includes C-Ti at 283.8 eV, C-C at 284.8 eV,
C-N at 285.9 eV, C=0 at 287.4 eV and O-C=O0 at 288.3 eV.
The N 1s spectra (Fig. 2i) show pyridinic (398.1 eV), pyrrolic
(399.07 eV) and graphitic (399.8 eV) peaks. The presence of
nitrogen in the material can be mostly due to the conjugation
of folic acid, which is a nitrogen rich compound.

FTIR analyses (Fig. S51) show that the HF assisted etching
of the MAX phase leads to a peak around 1024 cm ™" in ¢-Ti;C,
which can be linked to the F-terminated carbon. A peak
appearing at 1650 cm™ " is attributed to C=O stretching. The
peak at 1542 cm™' representing the symmetric vibrations of
the carboxylic group in c-Ti;C, is overlapped by the broad peak
of the NH group of the folic acid at 1550-1700 cm ™. A peak at
2923 ecm™" which might be due to the C-H stretching appears

This journal is © The Royal Society of Chemistry 2023

to be more prominent in Au NCs. Another broad peak
observed at 3456 cm™" can be attributed to O-H stretching and
is accentuated in FA Au@c-Ti;C, because of the carboxylic
acid bonds present in FA. The presence of the -OH bond in
FA_Au@c-Ti;C, signifies that a successful conjugation of FA
with Au@c-Ti;C, may have taken place. Furthermore, the
reduction in the C-H peak in FA_Au@c-Ti;C, in comparison
with that of AuNCs may be due to the bonding of C-H groups
with c-TizC,. The FTIR spectrum clearly shows that folic acid
has been effectively coupled to Au@c-TizC,.

3.3 Optical characterization

The UV-vis-NIR absorption spectra for various steps in the for-
mation of the nanoconjugate are shown in Fig. 3a. The
TMAOH delaminated MXene sheets (TMA'_Ti;C,) show a
maximum absorbance peak at 278 nm and a broad absorbance
in the NIR region. In crumpled MXene (c-Ti;C,), the maximum
absorbance peak shifts to 263 nm with a similar broad absor-
bance in the NIR region. The gold nanoclusters, however,
show a peak at 229 nm only, with no absorbance in the NIR
region. The conjugation of gold nanoclusters with crumpled
MXene (Au@c-TizC,) gave rise to broad absorbance in the UV-
visible range from 300 to 600 nm and also a broad peak in the
NIR region of 750-1100 nm. This indicates the successful con-
jugation of gold nanoclusters with c-TizC, exhibiting a syner-
gistic absorbance. The folic acid conjugation gives rise to a
sharp peak at 265 nm with an increase in the intensity in the
visible and NIR region. The absorbance in the visible and NIR
region paves the way for FA_Au@c-Tiz;C, to be applied as a
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Fig. 3 (a) Absorbance spectra; (b) fluorescence images of egg albumin, Au NCs, Au@c-TizC,, and FA_Au@c-TizC, under UV light. Fluorescence
spectra of Au NCs and Au@c-TisC, at excitation wavelengths of (c) 250 nm and (d) 300 nm; (e) contact angle of FA_Au@c-TizC, (500 ug mL™); (f)
digital image of FA_Au@c-TizC, dispersed in Milli-Q, PBS and complete DMEM; (g) digital image of FA_Au@c-TizC, dispersed in water (1), methanol
(2), ethanol (3), isopropyl alcohol (4), acetic acid (5), ethyl acetate (6), dimethylformamide (7), dimethylsulfoxide (8), acetone (9), acetonitrile (10), and

dichloromethane (11).

bimodal theranostic tool for bio-imaging and as a photother-
mal agent.>”*® The nanomaterial dispersions were irradiated
under UV light to observe their fluorescence (Fig. 3b). Gold
nanoclusters showed deep red emission when observed under
UV-light while egg albumin did not display any emission.
Au@c-TizC, showed light red while FA_Au@c-Ti;C, showed
pinkish red fluorescence when observed under UV-light.

The fluorescence property of the synthesized material was
confirmed with the help of photoluminescence spectroscopy
(Fig. 3c and d). Gold nanoclusters showed A,,x emission at
356 nm when excited with 250 nm, which red shifted to
395 nm in Au@c-Ti;C, which is due to the conjugation of gold
nanoclusters with c¢-Ti;C,. When the excitation wavelength was
increased to 300 nm the gold nanoclusters showed a
maximum emission wavelength of 363 nm while Au@c-Ti;C,
showed a very broad emission in the range of 300-500 nm.
These results demonstrate that both materials exhibit exci-
tation-dependent fluorescence.

3.4 Wettability and colloidal stability

Contact angle is used to measure the wettability of a dis-
persion. The shape that a drop will take on a surface is deter-
mined by the surface tension of the fluid and the properties of
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the surface. Contact angle is used to qualitatively ascertain
whether a material is hydrophilic (<90°) or hydrophobic (>90°).
Properties including surface roughness, surface energy,
surface chemistry, and surface coatings influence the wettabil-
ity of a material. The contact angle of FA_Au@c-Ti;C, was
determined to be 39.25 + 2.5°, showing a primarily hydrophilic
character (Fig. 3e).

The colloidal stability of FA_Au@c-Ti;C, was evaluated in
several solvents. Stable dispersion in both aqueous and com-
plete media is an integral property of any material with poten-
tial for use in bio-applications. FA_Au@c-Ti;C, exhibited excel-
lent dispersion in Milli-Q water, PBS, and Dulbecco’s modified
Eagle’s medium supplemented with fetal bovine serum
(c-DMEM) (Fig. 3f). The material stability in the aforesaid sol-
vents was tested for up to 5 days (Fig. S61), as c-DMEM turned
yellow on the fifth day owing to a common shift in its pH. Up
to this point, the material showed excellent stability. The dis-
persion of the material was also further investigated in a few
protic and aprotic solvents. Fig. 3g shows the digital images of
FA_Au@c-Ti;C, dispersed in various solvents such as water,
methanol, ethanol, isopropyl alcohol, acetic acid, ethyl acetate,
dimethylformamide, dimethylsulfoxide, acetone, acetonitrile,
and dichloromethane. The material dispersed well in all the

This journal is © The Royal Society of Chemistry 2023
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solvents except in dichloromethane in which it showed
precipitation.

3.5 Toxicity assessment of FA_Au@c-Ti;C,

3.5.1 Invitro study. The toxicity of a nanomaterial governs
its potential application in biological systems. Nanoparticles
after entering the body may pass through physiological bar-
riers, interact with cells, evade immune recognition, and circu-
late in the blood stream. They may interfere with cellular func-
tion or promote harmful cellular responses. It has been
observed that the toxicity of nanoparticles differs in different
cell models and, therefore, it is crucial to examine the toxicity
in various cellular models to ensure the non-toxic nature of a
material. Here, the cytotoxicity of FA_Au@c-Ti;C, was exam-
ined in cultured mammalian cell models such as mouse fibro-
blast 1L.929, MDA-MB-231 breast cancer cell line, and THP-1
differentiated macrophages. Hemolysis analysis was performed
to check the toxic effect of the material on human red blood
cells. Resazurin sodium salt was used as an indicator for
in vitro cell viability assay. FA_Au@c-Ti;C, did not exhibit any
toxicity in L929 up to 250 pg mL~" and showed more than 80%
cellular viability (Fig. 4a). The viability decreased to <75% at a
concentration of 500 pg mL~'. The breast cancer model
MDA-MB-231 cell line was also utilized to check the toxicity of
FA_Au@c-Tiz;C,. The cellular viability was more than 80% up
to a concentration of 250 pg mL™" following which the cellular
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viability decreased drastically. Cellular proliferation analyses
were performed using propidium iodide dye which is a mem-
brane-impermeable fluorescent DNA stain (Fig. 4b). The dye
binds to DNA by intercalating between bases and enables
measurement of cellular DNA content in various stages such
as the G1 phase, S phase, and G2 phase of the cell cycle. Flow
cytometry analysis confirmed that L929 cells treated with 100
and 250 pg mL™' FA_Au@c-Ti;C, [Fig. 4b(ii and iii)] for
24 hours did not show any changes in the distribution of cell
cycle phases when compared with untreated cells [Fig. 4b(i)].
The effect of FA_Au@c-Ti;C, on the morphology of 1929 was
also observed under E-SEM. The magnified images of L929
cells cultured with NPs show a spindle cell morphology with a
single, clearly visible nucleus, cell-to-cell contacts and filopo-
dia extension similar to that in control cells. There was no
change in the morphology of L929 cells incubated with various
concentrations (25, 150 and 250 pg mL™") of FA_Au@c-Ti;C,
compared to control cells (Fig. 4c) which indicates that the
material does not cause any adverse effect on the cultured
cells.”® These studies suggest that FA_Au@c-Ti;C, does not
have any negative effect on the growth of monolayer cultured
cells up to 250 pg mL~". The immunotoxicity of nanomaterials
was explored wusing THP-1 differentiated macrophages
(Fig. 4d). FA_Au@c-Ti;C, shows >75% cell viability up to
120 pg mL ™" after a 24-hour exposure. There were no evident
changes in the morphology of macrophages post treatment.
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Fig. 4 Toxicity study of FA_Au@c-TizC,. (a) L929 and MDAMB cell lines incubated with concentrations in the range of 25-500 pug mL™%; (b) cell
cycle analysis using propidium iodide dye in (i) untreated L929 cells (control), (ii) L929 cells incubated with 100 ug mL™%, and (iii) L929 cells incubated
with 250 ug mL™%; (c) SEM images of L929 cells: (i and ii) control cells, (iii and iv) treated with 25 pg mL™, (v and vi) treated with 150 ug mL™* and (vii
and viii) treated with 250 ug mL™%; (d) macrophages incubated with concentrations of 10-200 pug mL™%; (e) hemocompatibility study by incubation
with concentrations of 50-1000 pg mL™* (inset — digital images of the supernatant of RBCs incubated with 50-1000 ug mL™Y); (f) E-SEM images of
RBCs showing RBCs treated with PBS (NC), Triton-X (PC), and 50 pg mL™* and 1000 pyg mL™* FA_Au@c-TizC,.
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The cell viability reduced to 70% at 150 pg mL ™" followed by
58% at 200 ug mL ™",

Hemocompatibility testing is another significant evaluation
in nano-therapeutics as nanomaterials come into contact with
blood immediately if injected intravenously.
Hemocompatibility is mostly dependent on concentration,
structure, size and shape of nanomaterials.®® The adverse
effect of nanomaterials in blood includes hemolysis which was
tested using human red blood cells in this study (Fig. 4e).
Here, Triton-X-100 was taken as a positive control as it is
known to cause disruption of the RBCs, while PBS was con-
sidered as a negative control as it has no hemolytic activity.
The Triton-X treated cells gave a red supernatant upon cen-
trifugation confirming the disruption of RBCs and the pres-
ence of hemoglobin in the solution. The PBS and nano-
material-treated cells showed a good pellet and a clear super-
natant indicating intact RBCs. The quantitative hemolytic
activity was checked by measuring the absorbance of the
supernatant. FA_Au@c-TizC, showed <5% hemolysis up to
500 pg mL ™" similar to PBS demonstrating the high hemocom-
patibility of the synthesized nanomaterial. The morphology of
the treated RBCs was visualised under E-SEM for the qualitat-
ive assay (Fig. 4f) as the cell-NP interactions can cause signifi-
cant erythrocyte aggregation, detrimental morphological
changes and cytoskeletal distortions. PBS-treated RBCs
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showed an oval biconcave disk-shaped morphology. There also
was no change in the morphology and the number density of
the RBCs post exposure to FA_Au@c-TizC,. No morphology
could be observed in Triton-X treated red blood cells due to
the disruption. All the above cytotoxic studies indicate the
non-toxicity of FA_Au@c-Ti;C, in a wide range of tested con-
centrations and also suggest that the biocompatibility of the
nanomaterial varies according to the cell line probably due to
the difference in the metabolism, morphology and
permeability.®!

3.5.2 In vivo toxicity study (oral administration). Male and
female rats treated with the FA_Au@Ti;C, nanocomposite
showed no behavioral abnormalities or body weight difference
during the study period (Fig. 5a and b). There were also no sig-
nificant differences in the organ weight/body weight coeffi-
cients of the vital organs in both male (Fig. S71) and female
rats (Fig. S8t) compared to those of the respective control rats.
The organ weight/body weight coefficients of the reproductive
organs of the male and female rats treated with nanoparticles
also did not show any difference compared to those of the
control rats. Hematological analysis also showed no significant
difference between male and female rats (Fig. 5¢).

Fig. 6a presents the analysis of the serum biochemistry.
The liver is the key organ engaged in human metabolism and
detoxification. SGPT and SGOT are enzymes found in the liver
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Fig. 5 In vivo acute toxicity of orally administered FA_Au@c-TisC, at a dose of 20 mg kg™'. Comparison of the body weight of control and
FA_Au@c-TisC, treated rats at 0-day, 7th day and 14th day for (a) male rats and (b) female rats; (c) hematology data of male and female Wistar rats:
(i) hemoglobin, (i) red blood cells, (iii) white blood cells, (iv) platelets, (v) monocytes, (vi) neutrophils, (vii) eosinophils, (viii) lymphocytes, (ix) packed
cell volume, (x) mean corpuscular volume, (xi) mean corpuscular hemoglobin, and (xii) mean corpuscular hemoglobin concentration.
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Fig. 6 (a) Analysis of the serum biochemistry. The values are expressed as mean + SD (n = 6); (b) histopathological observation of the liver, kidneys,
lungs, heart and brain of control male, treatment male, control female, and treatment female rats after hematoxylin and eosin staining (scale:

500 pm).

and cardiac cells and are released into the bloodstream in the
case of liver or heart damage.®®> The normal values of SGPT and
SGOT indicate the non-toxic nature of FA_Au@TizC, towards
liver function. Normal levels of bilirubin also indicate normal
functioning of the liver in all the treated rats. Comparable trigly-
ceride, cholesterol and high-density lipoprotein concentrations
indicate that there is no metabolism imbalance of lipids in
mice. The difference in triglyceride levels between male and
female rats is due to the fact that compared to similarly aged
male rats, female rats are more effective in removing triglycer-

This journal is © The Royal Society of Chemistry 2023

ides from plasma.®*®* Creatinine is generally used for evalu-

ation of renal damage and acts as a kidney function parameter,
and there was no observed significant difference in its level too.
Histopathology is one of the most critical evaluation parameters
for determining the toxicity of a nano-formulation. The
microscopy images of vital organs such as the liver, kidneys,
lungs, heart and brain did not show any abnormalities in either
male or female treated rats (Fig. 6b).

3.5.3 In vivo toxicity study (I.V. administration). The same
set of experiments were also conducted using the L.V. route of
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administration for FA_Au@Ti;C, treated male and female
Wistar rats. The body/organ weights of male (Fig. S91) and
female rats (Fig. S10f) did not show any difference.
Hematology study was also performed. All the hematological
parameters showed no abnormality except platelet number
(Fig. S11 and S12%). The male and female rats showed an
increase in platelets when FA Au@Ti;C, was administered
through the I.V. mode. Various metallic particles are known to
interact with platelets.”> The most probable reason for this
phenomenon could be the functional groups, surface charge,
and surface area; however, the exact cause or mechanism is
still unknown.®®"®® The serum biochemistry was also evaluated
and it showed no abnormalities (Fig. S131).

3.6 Cellular imaging and uptake

The localization study of FA_Au@c-Ti;C, in cells was per-
formed using confocal microscopy (Fig. 7a). The nucleus was
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labelled using DAPIL. The cells showed the inherent bright red
fluorescence of FA_Au@c-Ti;C, at a very low concentration of
12 pg mL ™" in the cytoplasm compared with the localization of
DAPI in the nucleus. The intensity of red emission increased
as the concentration of the material was increased to 25 pg
mL ™", These results imply the usefulness of FA_Au@c-Ti;C, as
a bioimaging agent. The quantitative uptake of NPs was evalu-
ated using ICP-AES (Fig. 7b). FA_Au@c-Ti;C, showed an excel-
lent uptake of ~35% in MDAMB cells in the 1st hour of incu-
bation itself. The uptake increased as the incubation time
increased. It showed ~70% uptake in 12 hours. This may be
attributed to the folic acid conjugation which ensures better
cellular uptake of the material.

AFM was used to examine the uptake of the material by
cancer cells and study the impact of internalization on the cell
surface (Fig. 7c). In the control cells, a very well-defined
nucleus, cytoplasmic region and lamellipodium could be
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Fig. 7 (a) Confocal images representing DIC, fluorescence, and merged images of (i—iii) control MDAMB cells, (iv—vi) cells treated with 12 pg mL™*
FA_Au@c-TizC, and (vii-ix) cells treated with 25 ug mL™ FA_Au@c-TisC, [scale: 20 pml. (b) Graph showing the cellular uptake of FA_Au@c-TizC, up
to 12 hours obtained using ICP-AES. (c) AFM images showing the uptake of materials: (i—iii) control MDAMB cells, (iv—vi) cells treated with Au@c-

TizCy,, and (vii—ix) cells treated with FA_Au@c-TisC,.

2942 | Nanoscale, 2023, 15, 2932-2947

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr05773e

Published on 24 January 2023. Downloaded on 7/16/2025 3:59:37 AM.

Nanoscale

observed. A similar observation could be made in the Au@c-
Ti;C, treated cells, but the cytoskeleton of the cells appeared
more compact in the 2D view in the case of FA_Au@c-Ti;C,.
No cell membrane disruption was observed in the treated
cells. Further, the roughness and height of control cells and
treated cells were compared (Fig. S14}). For the height, two
regions, that is, the nucleus and cytoskeleton, were selected
and compared (Fig. S14a-ct). There was a very slight difference
in the height of the nucleus region of control, Au@c-Ti;C, and
FA_Au@c-Ti;C, treated cells (Fig. S14dt). The difference in
height was more pronounced in the cytoskeleton region
(Fig. S14et). FA_Au@c-TizC, treated cells showed the
minimum height among the samples. The cell surface rough-
ness also increased slightly in the case of Au@c-Ti;C, and
FA_Au@c-Ti;C, compared to control (Fig. S14ff). These ana-
lyses suggest that the cell flattening and roughness may be
accredited to cellular interaction with nanoparticles and their
internalization by endocytosis and show that the folic acid
helps in enhanced uptake of the material.®

3.7 Photothermal transduction and in vitro photothermal
cytotoxicity

The notable absorbance in the biological NIR window of
FA_Au@c-Tiz;C, prompts its application in photothermal
therapy. The temperature profile showed a concentration
dependent increase in temperature (Fig. 8a). When the
material with a concentration of 100 pg mL™" (corresponding
to 10 ppm of titanium as evaluated by ICP-AES) was irradiated
with an 808 nm laser, the temperature increased from 37 °C to
48.3 + 2.4 °C within 5 minutes and remained stable until
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10 minutes. When the concentration was increased to 200 pg
mL™", the temperature increased to 56.36 + 3.7 °C within
5 minutes. No temperature increase was observed in Milli-Q
water under similar conditions. Cyclic PTT was examined by
heating the same sample repeatedly. FA_Au@c-Ti;C, showed
stability up to 5 cycles (Fig. 8b). The photothermal conversion
efficiency of FA Au@c-Ti;C, was calculated to be 43.51%
(Fig. S15%).

The cytotoxicity of the PTT treatment using FA_Au@c-Ti;C,
was examined in MDAMB cells. The induced cytotoxicity was
found to be dependent on both concentration and laser
irradiation time. There was around ~70% decrease in cellular
viability when incubated with 30 ppm titanium and laser irra-
diated for 10 min with an 808 nm laser at 2 W. There was com-
plete cancer cell ablation as the concentration was increased to
40 ppm (Fig. 8c). Cytotoxicity was also observed with respect to
laser irradiation time where the laser irradiation was per-
formed for 3, 5, 7, and 10 minutes at 40 ppm titanium
(Fig. 8d). The cytotoxicity increased as the laser irradiation
time increased from 3 to 10 minutes. Cells treated with laser
alone or nanoparticles alone (40 ppm) did not show any cell
death demonstrating the safety and specificity of the
treatment.

3.8 Mechanism of induced cell death

Necrosis and apoptosis are two possible ways of cell death pro-
duced by PTT. Necrosis is an unfavourable mechanism for cell
death since the aberrant release of intracellular contents,
including damage-associated molecular patterns (DAMPs),
into the extracellular environment might elicit harmful inflam-
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Fig. 8 (a) Photothermal temperature profile of FA_Au@c-TisC; irradiated with an 808 nm laser up to 10 minutes. (b) Cyclic PTT profile of FA_Au@c-
TizC,. (c) Cellular viability of MDAMB cells treated with FA_Au@c-TizC, and irradiated with an 808 nm laser at different concentrations. (d) Cellular
viability of MDAMB cells treated with FA_Au@c-TizC, and irradiated with an 808 nm laser for 3, 5, 7 and 10 minutes. (e) Fluorescence images of the
apoptosis assay performed using Annexin-V Pl staining: (i—iii) control cells (NC), (iv—vi) cells + laser, (vi-ix) cells + FA_Au@c-TizC,, (x—xii) cells +

FA_Au@c-TisC; + laser and (xiii—xv) cells + Triton-X (PC). Scale: 50 pm.
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matory and immunogenic responses.”’ On the other hand,
apoptosis, which is also known as programmed cell death,
does not cause inflammation and therefore is preferred.
Annexin V apoptosis assay (Fig. 8e¢) was used to detect apopto-
sis in cells induced by photothermal therapy using FA_Au@c-
Ti;C,. Annexin V-PI staining can be used to distinguish
between viable, apoptotic, and necrotic cells depending upon
the cell membrane integrity.”" Annexin V can bind to anionic
phosphatidylserine (PS) exposed to the outer leaflet only when
the cell membrane integrity is compromised. Annexin V is co-
incubated with propidium iodide (PI) to distinguish viable
(both —ve), early apoptotic (Annexin V +ve only), late apoptotic
(both +ve) and necrotic cells (PI +ve only). Here, untreated
MDAMB cells were considered as negative control while
Triton-X 100 incubated cells were considered as positive

control. When observed under spinning-disk confocal

View Article Online
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microscopy, MDAMB cells (negative control) [Fig. 8e(i-iii)],
cells treated with 808 nm laser irradiation alone [Fig. 8e(iv-vi)]
and cells treated with NPs alone [Fig. 8e(vii-ix)] did not show
any green or red fluorescence indicating the viability of the
cells and confirming that no significant reduction in the cell
membrane integrity took place. Cells treated with NPs along
with laser irradiation (PTT treatment) showed green fluo-
rescence depicting early apoptosis [Fig. 8e(x—xii)]. Cells treated
with Triton-X showed very light intensity of green but high red
fluorescence depicting late apoptosis [Fig. 8e(xiii-xv)]. The
study showed that apoptosis is the primary mechanism of cell
death induced by photothermal therapy using FA_Au@c-Ti;C,.

The effect of PTT treatment using FA_Au@c-TizC, on the
cell growth was also examined through cell cycle analysis
using PI dye (Fig. 9). A propidium iodide DNA profile reveals
cells in G1, S, and G2 phases. DNA fragmentation occurs when
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Fig. 9 FA_Au@c-TizC, mediated PTT effect on the distribution of the cell cycle in MDA-MB-231 cells. (a) Untreated cells, (b) cells + 808 nm laser,
(c) cells + NPs, (d) cells + NPs + 1 min PTT, (e) cells + NPs + 3 min PTT, (f) cells + NPs + 7 min PTT and (g) cells + Triton-X. (h) % of each phase of the

cell cycle in the respective group.
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cells die and undergo apoptosis. In cell cycle histograms, this
may be observed as a population to the left of the G1 peak,
indicated by a GO population.”” The percentages of the G0, G1,
S, and G2 stages of the cell cycle at various laser irradiation
times for PTT are depicted in Fig. 9h. Compared to the control
group, cells treated with nanoparticles alone or laser
irradiation alone did not show any cell damage, as evidenced
by the lack of change in the percentage of cell cycle stages.
However, changes in the cell cycle of cancer cells were
observed following laser treatment with internalized
FA_Au@c-TizC,. Flow cytometry indicated that PTT treatment
inhibited cell growth. The widespread distribution of
FA_Au@c-Ti;C, inside the cytoplasm of irradiated cancer cells
may have a major effect post PTT due to the increased temp-
erature. The intracellular temperature increase has a substan-
tial influence on the DNA of cells, resulting in a drop in cell
viability. The PTT treatment even after 1 minute of laser
irradiation showed an increase in GO and G1 phases and a
decrease in the S phase. These results suggested the occur-
rence of G1 phase arrest after PTT. As the laser irradiation
time increased to 3 and 7 min, respectively, the apoptotic cell
number increased and, therefore, the peak can only be
observed in the GO phase. Cells treated with Triton-X 100 were
considered as positive control as it causes fragmentation of
DNA and cell death when exposed to higher concentration.
The PC also showed the peak at GO.

In addition to generating hyperthermia-induced cell death,
PTT may have other anticancer effects such as accelerating the
generation of reactive oxygen species and improving its own
efficacy by triggering photodynamic treatment. ROS, or reactive
oxygen species, represent oxygen containing free radical
species. It is believed that oxidative damage to DNA, proteins,
and lipids caused by ROS stress promotes programmed cell
death.”®”* The hydroxyl radical, superoxide anion, and hydro-
gen peroxide (H,0,) are some of the most prevalent reactive
oxygen species. 2',7’-Dichlorodihydrofluorescein diacetate
(H,DCFDA) is the most used probe for detecting cellular H,O,.
In the presence of reactive oxygen intermediates, non-fluo-
rescent H,DCFDA is converted to the highly fluorescent 2',7'-
dichlorofluorescein (DCF).

Herein also H,DCFDA dye was used to evaluate the influ-
ence of PTT on ROS formation utilizing FA_Au@c-Ti;C,
(Fig. S16t). The lack of green fluorescence in the untreated
cells (negative control), cells + NIR, and cells + NPs indicates
the absence of ROS formation. The cells treated with H,O,
served as the positive control (PC) and exhibited a high level of
green fluorescence. The PTT treated cells displayed intense
green fluorescence comparable to PC. The intensity of the fluo-
rescence increased as the duration of the laser irradiation
extended from 1 to 10 minutes.

All in vitro studies indicated that FA_Au@c-Ti;C, mediated
PTT successfully triggered the death of cancer cells. Annexin
V-PI studies and the cell cycle assay indicated that apoptosis
was the primary cause of cell death and that PTT-induced
apoptosis leads to G1 phase cell cycle arrest. According to the
findings of the ROS study, laser therapy can lead to the pro-

This journal is © The Royal Society of Chemistry 2023
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duction of reactive oxygen species (photodynamic therapy),
which may contribute to the increased cancer cell mortality
rate.”

4. Conclusions, outlook and future
aspects

The aim of the work was to design and develop a multifunc-
tional nanocomposite combining MXene sheets and gold
nanoclusters. The gold nanoclusters were synthesized from
egg albumin using a microwave process and they emitted red
fluorescence. MXene sheets, which were crumpled rather than
flat, served as both a photothermal agent and a platform for
attaching the gold nanoclusters. The resultant crumpled
sheets were highly disperse and smaller in size than those pre-
viously reported in the published literature, proving to be
highly beneficial for cellular internalization and other bio-
medical applications. The crumpled shape of the MXene
sheets also showed better loading of the gold nanoclusters
than flat sheets. When functionalized with folic acid, the
resulting nanoconstruct (FA_Au@c-Ti;C,) exhibited red fluo-
rescence derived from the Au NCs and a photothermal effect
due to the MXene sheets.

Herein, the toxicity of FA Au@c-Ti;C, was investigated
using Wistar male and female rats at a dosage of 20 mg kg™
after 14 days of intravenous and oral administration, respect-
ively. The weight/organ coefficient, hematological analysis,
blood serum biochemistry, and histopathology were utilized to
assess the influence of the nanocomposite delivery route on
rats. When delivered orally, FA Au@c-Ti;C, showed no
harmful effects which also opens a pathway for future appli-
cation of MXene based nanomaterials in gastro-intestinal
applications. However, there was a little increase in platelet
count with intravenous delivery. Aside from that, no negative
effects were found. The detailed toxicity investigation indicates
that better functionalization or passivation might be per-
formed to minimize any adverse reactions in the I.V. mode
and make the material more bio-compatible.

The photothermal transduction study of FA_Au@c-Ti;C,
was done using an 808 nm laser and it exhibited a photother-
mal conversion efficiency of 43.51%. It showed a photothermal
response of 48.3 °C in 5 minutes at a concentration of 100 pg
mL™", which increased to 56.3 °C when the concentration was
increased to 200 pg mL™'. FA_Au@c-Ti;C, demonstrated no
cytotoxicity up to 250 pg mL™" in L929 mouse fibroblast cells.
Its fluorescence and photothermal effects on breast cancer
cells were used to image and eradicate cancer cells in vitro.
The mechanism of in vitro cell death through photothermal
therapy (PTT) was determined to be apoptosis. Overall,
FA_Au@c-TizC, shows outstanding photothermal activity and
no in vivo toxicity whether administered orally or intra-
venously. All of the investigations indicated that the material
might be employed as an image guided PTT agent in the
future.
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