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Breast cancer is the most common malignancy among women. With the aim of decreasing the toxicity of

conventional breast cancer treatments, an alternative that could provide appropriate and effective drug

utilization was envisioned. Thus, we contemplated and compared the in vitro effects of microbial

transglutaminase nanoflowers (MTGase NFs) on breast cancer cells (MCF-7). Transglutaminase is an

important regulatory enzyme acting as a site-specific cross-linker for proteins. With the versatility of

MTGase facilitating the nanoflower formation by acting as molecular glue, it was demonstrated to have

anti-cancer properties. The rational drug design based on a transglutaminase enzyme-assisted approach

led to the uniform shape of petals in these nanoflowers, which had the capacity to act directly as an

anti-cancer drug. Herein, we report the anti-cancer characteristics portrayed by enzymatic MTGase NFs,

which are biocompatible in nature. This study demonstrated the prognostic and therapeutic significance

of MTGase NFs as a nano-drug in breast cancer treatment. The results on MCF-7 cells showed

a significantly improved in vitro therapeutic efficacy. MTGase NFs were able to exhibit inhibitory effects

on cell viability (IC50-8.23 mg ml�1) within 24 h of dosage. To further substantiate its superior anti-

proliferative role, the clonogenic potential was measured to be 62.8%, along with migratory inhibition of

cells (3.76-fold change). Drastic perturbations were induced (4.61-fold increase in G0/G1 phase arrest),

pointed towards apoptotic induction with a 58.9% effect. These results validated the role of MTGase NFs

possessing a cytotoxic nature in mitigating breast cancer. Thus, MTGase bestows distinct functionality

towards therapeutic nano-modality, i.e., nanoflowers, which shows promise in cancer treatment.
1. Introduction

Breast cancer is the most common malignancy and one of the
leading causes of death among women.1,2 According to the
GLOBOCAN (global cancer statistics) 2018 data, there are
approximately 2.1 million new cases of breast cancer world-
wide.3 It is well known that changes in the structure or behav-
iour of genes are responsible for the development of breast
cancer (BC). For instance, activation of oncogenes and alter-
ation of tumor suppressor gene pathways lead to the develop-
ment of cancer.4,5 The choice of therapy is determined by the
size of the primary tumor, the degree of malignancy, and the
severity of the disease.6 During the treatment, it is crucial to
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inhibit the formation of new blood vessels (angiogenesis),
which is responsible for the sustenance of tumor tissues.7

The potential risk and benets associated with each option are
taken into account as there is currently no specic way to deter-
mine the progressive potential of lesions terminating into
tumors.4,6 One of the most important therapeutic methods for BCs
is conventional chemotherapy along with surgical methods and
radiotherapy.6,8,9 Patients with a metastatic stage (invasive BC) are
primarily treated with systemic therapies, including chemo-
therapy, targeted therapy, hormonal therapy, and more recently,
immunotherapy.5–8 To reduce the growth and division of
cancerous cells, different drugs or their combinations are used in
combating the disease.9 However, proven disadvantages such as
side effects, inability to adjust the dosage, failure to reach the
desired region effectively, and efficiency loss before the targeted
area is reached are associated with the conventional chemothera-
peutic drugs.10,11 Nevertheless, the relapse oen occurs, which is
the major drawback in the usual course of action following
a diagnosis of BC.5,11 Besides, they damage healthy cells and
tissues, thereby limiting the treatment responses.

About 83% of BCs are hormonal (endocrine) receptor-
positive (HR+) and can be treated with hormonal therapy to
RSC Adv., 2021, 11, 34613–34630 | 34613
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block the effects of estrogen on the growth of breast cancer
cells.6,12 For premenopausal women, Tamoxifen for up to 10
years is the gold standard treatment; however, the combination
of ovarian suppression and either Tamoxifen or an aromatase
inhibitor (i.e., Letrozole, Anastrozole, and Exemestane) is rec-
ommended for those women with a high risk of recurrence.12–14

Around 15–25% of patients with breast cancer have HER2-
positive tumors, and overexpression of HER2 is observed in
these patients.15 Trastuzumab has been shown to induce tumor
regression in such patients.16 Sunitinib, Sorafenib, and Bev-
acizumab are multi-targeted tyrosine kinase inhibitors that
inhibit tumor neovascularization and are currently in clinical
trials.17,18 These drugs are associated with serious problems
such as adverse effects, drug resistance, and low efficacy of
single therapy, particularly against metastatic or recurrent
BCs.19,20 Hormone therapy has also been used against hormone
receptor-positive breast cancer.6,21 However, about 10 to 15% of
BCs lack either estrogen or progesterone receptor (ER and PgR,
respectively) and do not overexpress the HER2 gene.22

The response rate among patients with metastatic breast
cancer has decreased, possibly due to the tumor's resistance to
a wide range of cancer therapies.23 It must be noted that meta-
static BC is resistant to all forms of systemic treatments
(hormonal, chemotherapy, and targeted) resulted in an esti-
mated 90% or more of patients reporting remission.24,25 Thus, an
alternative drug option needs to be developed that can provide an
appropriate and effective treatment without any side effects.26

With the limitations in the use of calibrated systems for targeted
drug delivery systems, the enzyme-controlled drug delivery
systems could be the way forward for breast-specic targeting
bestowed with the regulated release of drugs.27–29 Despite the
therapeutic benets of rst-generation pharmaceutical formula-
tions (like improving the overall survival rate and progression-
free survival of patients), the presence of corrosive chemicals
like Cremophor EL and ethanol in the formulations exert serious
adverse effects.30,31 Hence, with all these conventional
approaches, there is a dire need for a safer and more efficacious
therapeutic option.32

Nanoowers are a distinctive subset of nanomaterials that
resemble owers when examined under a microscope. The
study underlines that these cargo-loading nanoowers have
a branched oral morphology and tailored petal structure. The
well-framed multi-dimensional conformation of nanoowers
conferred by enzyme MTGase is the highlight of the work.
Nanoowers (NFs) have garnered attention for their superior
features, which have tackled the bottlenecks prevailing in
conventional immobilized enzyme preparations and 1-D/2-D
nanomaterials. With their exquisite topographical features of
nanolayers, they have a high surface-to-volume ratio.

Nanodelivery is promising as it overcomes adverse side
effects or inadequate pharmacodynamics parameters.33 It also
helps in reducing the therapeutic dosage required for effective
therapy while also minimizing the systemic side effects of
chemotherapeutic agents. The conventional treatments which
are used as in standard therapy develop chemoresistance
leading to poor patient outcomes.34,35 Moreover, bulk chemo-
therapy and drug-release strategies for cancer treatment have
34614 | RSC Adv., 2021, 11, 34613–34630
been associated with a lack of specicity and high drug
concentrations that oen result in toxic side effects. Another
drawback associated is the elimination of cancer stem cells
(CSCs) which are the promising targets for cancer chemo-
therapy by conventional chemotherapies.36 Several chemother-
apeutic agents delivered using nano-carriers like polymeric
nanoparticles (NPs)/micelles, metallic/inorganic NPs, and lipid-
based NPs [liposome, solid–lipid nanoparticles (SLNs), and
nanostructured lipid carriers (NLCs)], etc. have been reported in
the treatment of normal BC/triple negative (TNBC) along with
breast cancer stem cells.9,37

Apart from the present well-known anti-cancer drugs, there's
a need to develop more effective nano-formulations for safer
and more efficacious therapy.32,33,38,39 With this perspective, we
designed our novel study based on microbial transglutaminase
nanoowers, which to the best of our knowledge, is a new and
state-of-art approach. For anti-cancer therapy, this will be the
rst anticipated novel enzymatic transglutaminase nanoowers
coming into action as a nano-drug.

The aim of decreasing toxicity levels of standard breast cancer
treatment and increasing patients' survival chances has led
towards exploring natural bio-active components.40,41 It has been
anticipated to yield positive and encouraging results for BC treat-
ment. Thus, we envisioned and compared in vitro effects of
microbial transglutaminase nanoowers (MTGase NFs) on human
breast cancerMCF-7 cells. The enzymatic nature of nanoower has
certain dened advantages over conventional chemotherapeutic
agents. It being nano-sized (<50 nm) will have greater penetration
into the tumor. They can overcome the hindrance faced in cellular
uptake as encountered in breast cancer cases and combat the
limitations during drug conveyance. Its enzymatic nature shall
ensure no adverse effect on surrounding normal cells. Our aimwas
to come up with the simplest design to avoid complex chemistry
and not to use organic solvents to prevent non-specic uptake and
biocompatibility along with economic benets. Instantaneous self-
assembly formation, efficient enzyme load complexation, and
cellular uptake by cancer cells (shown by appropriate analytical
methods) were successfully utilized to synthesize and choose the
best formulation that could be used for a future nanomedicine for
breast cancer. Microbial transglutaminase has the edge over
mammalian origin on account of calcium independence for its
action, which prevents the chances of by-product formation
(calcium–protein complexes) and has greater thermal stability.42–44

Microbial transglutaminase nanoowers, in itself, as an anti-
cancer drug have not been reported so far. We believe that
MTGase with inherent cross-linking ability has a higher propensity
to them in spontaneously creating nanoower-like structure much
more easily as compared to other enzymes or proteins.43,45 This led
us to explore the process for developing bio-catalytically active
microbial transglutaminase nanoowers. MTGase serves as a glue
that binds the petals together in the nanoower.46 Trans-
glutaminase nanoowers offer the potential to overcome the
problems associated with conventional commercial drugs by their
multiple synergistic functions of maintaining high specicity and
selectivity.47,48 With its inherent characteristics of site-specic
delivery along with sustained and controlled release will be
a major breakthrough. MTGase nanoowers will be expected to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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combat the prevailing delivery system's major challenges,
including in vivo instability, poor bioavailability, poor solubility,
poor absorption in the body, issues with target-specic delivery,
and tonic effectiveness, and probable adverse effects of drugs.49

Moreover, NFs share the advantages of being a novel drug
delivery system (NDDS), such as increased dissolution rate,
elevated oral bioavailability, improved in vivo pharmacoki-
netics, passive targetability to solid tumors and inammatory
sites due to the enhanced permeability and retention (EPR)
effect.48,50 Hopefully, this new approach in our present study of
testing natural biological sources for breast cancer research will
carefully explore the anti-cancer properties of enzyme-microbial
transglutaminase. This study explored and assessed the enzy-
matic MTGase NFs properties as an anti-cancer drug to address
the issues of chemotherapies applied.

2. Materials and methods
2.1. Microbial transglutaminase production for designing of
nanoowers

Streptomyces mobaraensis NCIM 5208 was procured from the
National Collection of Industrial Microorganisms (NCIM),
National Chemical Laboratory, Pune, India. The culture was
maintained on MGYP (containing g L�1: malt extract 3, glucose
10, yeast extract 3, and peptone 5, adjusted to pH-6.0) slants and
stored at 4 �C. The strain was routinely sub-cultured for the
production of the enzyme transglutaminase. In all experiments,
the enzyme transglutaminase was indigenously produced from
this culture aer optimizing the production of the enzyme.44

Commercial mammalian transglutaminase (cat no. T5398) and
all analytical grade chemicals were purchased from Sigma-
Aldrich (St Louis, USA). The microbial growth media such as
malt extract, glucose, yeast extract, and peptone were procured
from Hi-Media Laboratories (Mumbai, India). All stock solu-
tions were prepared with MilliQ-puried distilled water.

2.2. Cell cultures and treatment

Human embryonic kidney (HEK-293), immortalized human
keratinocytes (HaCaT), human breast cancer (MCF-7), and
human colorectal (HCT-116) cells were obtained from National
Centre for Cell Sciences (NCCS) Pune, India. Cells were grown as
monolayer cultures in Dulbecco's modied Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS), 1% peni-
cillin–streptomycin (50 mg ml�1), and glutamine (2 mM) in
a humidied atmosphere of 5% CO2 at 37 �C in T-25 culture
asks and were sub-cultured twice a week.

2.3. Synthesis of microbial transglutaminase nanoowers

To carry out the rational synthesis of MTGase nanoowers, 240
mmol l�1 aqueous CuSO4 solution in Milli-Q water was added to
2� PBS (pH-7.4) containing 3mgml�1microbial transglutaminase
enzyme, followed by incubation at 4 �C for three days. The pro-
cessing of nanoowers was carried by sonicating the suspension
for 15 min, later dried and ltered for characterization and
applications (United Kingdom Patent No. 2111966.4; U.S. Patent
No. 17/406,928; Indian Patent No. 202011035812).
© 2021 The Author(s). Published by the Royal Society of Chemistry
The facile design of bud to blooming nanoowers was
nalized aer optimizing various parameters. The possible
range for the parameters in the study was analyzed and tested,
varying the concentration, volume, temperature, pH, and
incubation time.47,51,52 The changes were noticed in the
morphology and characteristics of nanoowers on account of
interplaying factors; for example, the seeding component,
MTGase, CuSO4, temperature gradient from low to high, pH
spectrum from acidic to alkaline, etc. were taken into consid-
eration to check the robustness of nanoowers.53–57 The enzyme
produced from the microbial source Streptomyces mobaraensis
NCIM 5208 was utilized for the experimentation. The detailed
description of designing and optimization of the blooming
transglutaminase nanoowers, along with their characteriza-
tion for functionality, are specied on our patent (United
Kingdom Patent No. 2111966.4; U.S. Patent No. 17/406,928;
Indian Patent No. 202011035812).

The process was accelerated so that the design template could
be observed in the form of crystals which, aer three days, formed
perfect nanoowers. MTGase nanoowers were able to tolerate
cold temperature and had higher durability. The present work also
signies the fact that theMTGase enzyme is itself acting as a nano-
base. This study highlighted that microbial transglutaminase
serves the dual purpose rstly, as a template (nano-support) of
nanoowers, and secondly, the enzyme itself gets immobilized in
nanoowers during the process.58 The facile synthesis was carried
out at a very low temperature (4 �C).58
2.4. Characterization of microbial transglutaminase
nanoowers

The synthesized MTGase transglutaminase nanoowers were
subjected to characterization. Their size, shape/morphology,
surface, charge, microstructure, stability, and other physico-
chemical attributes were carried out by SEM, FESEM, TEM,
DLS, zeta potential, XRD, TGA, and AFM.
2.5. Cytotoxicity assay of microbial transglutaminase
nanoowers

The cytotoxic effect of microbial transglutaminase nanoowers
was assessed in various cancer cell lines, i.e., MCF-7, HaCaT,
and HCT-116 cells, by the MTT assay.59 These cells were exposed
to different concentrations of MTGase NFs. Briey, cells were
seeded at a number of 1 � 104 per well in at-bottom 96-well
plates (200 ml per well) in triplicates; the cells were further
allowed to attach and grow for 24 h and subsequently exposed
to different concentrations of MTGase NFs (3.12–100 mg ml�1)
for 24 h. At the end of the treatment, the media was removed,
and cells were incubated with 20 ml of MTT (5 mg ml�1 in PBS)
in a fresh medium for 4 h at 37 �C. Aer 4 h, formazan crystals
formed by mitochondrial reduction of MTT were solubilized in
DMSO (150 ml per well), and the absorbance was read at 570 nm
aer 10 min incubation on the iMark Microplate Reader (Bio-
Rad, USA).60 Percent inhibition of cytotoxicity was calculated as
a fraction of control (without MTGase NFs; untreated), and the
cytotoxicity of MTGase NFs was expressed as IC50.61
RSC Adv., 2021, 11, 34613–34630 | 34615
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2.6. Clonogenic assay of microbial transglutaminase
nanoowers

The colony formation assay was executed as per the reported
method with slight modications.62 Briey, MCF-7 cells were
seeded at a density of 500 cells per well in a medium containing
10% FBS in 6-well plates, allowed to adhere to the plate in
appropriate dilutions to form colonies. MCF-7 cells were then
treated with the above described range of concentrations of
MTGase NFs (3.12–100 mg ml�1) for 24 h, and its control.
Following the treatment, the cells were incubated for two weeks
in a humidied incubator at 37 �C and 5% CO2. Intermittent
changing of the medium was carried out every fourth day but
with no further addition of formulations. Aer 14 days, visible
colonies were processed for staining and imaging. Colonies
were xed aer aspirating out the spent media and stained with
0.05% crystal violet in 100% methanol and counted using
a digital colony counter.63,64 The number of colonies formed was
represented as bar graphs to represent the difference in the
effect of the treatment group from the control group (untreated
cells). The study deciphered the degree of MTGase NFs cyto-
toxicity by determining the percent of plating efficiency calcu-
lated based on the following formula:

Plating efficiency ¼ number of colonies formed/number of cells

seeded � 100%
2.7. Cell migration assay of microbial transglutaminase
nanoowers

To ascertain the effect on cell migration rate on treatment
with the developed formulation, the wound healing scratch
assay was performed. The wound healing assay was per-
formed as established in the lab.65 Wound healing response
was recorded as a number of migratory cells between the
scratched areas. MCF-7 cells (5� 105 cells per well) were cultured
in 6-well plates for 48 h. Aer attainment of 80–90% conuency
in cells, the conuent monolayers were scratched.66 The wound
was created through the diameter of each well, using a p10
pipette tip. Cells were treated with developed MTGase NFs
formulations for 24 h. Themedia was removed, cells were washed
gently with PBS followed by supplementing with fresh media
containing 1% FBS.67,68 Cells that hadmigrated across the wound
were photographed (10� magnication) under a phase contrast
microscope (Nikon Instruments Inc. Japan) at regular time
intervals (0 to 24 h) embedded by free ImageJ soware (version
1.50i, National Institute of Health, Bethesda, MD, USA). Images
of the wound gaps were measured at three locations perpendic-
ular to the scratch and expressed as percentage wound healing
relative to initial scratch that was calculated by the following
formula:

% wound closure ¼ (wound area at 0 h � wound area at 24 h)/

wound area at 0 h � 100
34616 | RSC Adv., 2021, 11, 34613–34630
2.8. DNA cell cycle analysis of microbial transglutaminase
nanoowers

2.8.1 Assessment of cell cycle phases of microbial trans-
glutaminase nanoowers. Flow cytometric analysis was per-
formed to evaluate the cyclic distribution of cells as per the
reported method with slight modications.69 Cell cycle regula-
tion is one of the crucial mechanisms of anti-proliferation in
cancers.1,70 Abnormalities of cell cycle regulators are associated
with many carcinogenic processes.71,72 So, cell cycle regulators
can be targeted and changed to be useful for treatment. MCF-7
cells (1 � 105 cells per well) in a 6-well plate were treated with
8.23 mg ml�1 concentration of MTGase NFs and incubated for
24 h. Cells were trypsinized, xed in 70% ethanol (chilled), and
stored overnight at 2–8 �C. Cells were washed, treated with
DNase-free RNase (10 mg ml�1) for 15 min, stained by propi-
dium iodide reagent (5 mg ml�1), and incubated for 30 min at
37 �C in the dark. 10 000 events were analyzed aer a doublet
discrimination module using a ow cytometer (BD
FACSVerse™, San Jose, CA, USA) for cell cycle phase
distribution.

2.9. FACS analysis-apoptosis assay of microbial
transglutaminase nanoowers

Apoptosis is a highly conserved process involving numerous
signaling pathways that coordinate cellular changes throughout
the cell death process.73,74 To quantify apoptosis, the MCF-7
cells were seeded. Approximately 7.5 � 105 cells per well were
plated in 100 mm plates and were subjected to treatment with
MTGase NFs (8.23 mg ml�1). Aer 24 h, cells were harvested and
processed for apoptotic assay stained with propidium iodide
and Annexin V-FITC (BD Biosciences, Franklin Lakes, NJ, USA),
as per its prescribed protocol and analyzed by ow cytom-
etry.75,76 Flow cytometry was performed within 1 h using a ow
cytometry system (BD FACSVerse™, San Jose, CA, USA) to score
Annexin V and/or PI-positive cells. All the experiments were
performed in triplicate.

2.10. Statistical analysis

All the data generated were analyzed using GraphPad Prism
5.03 Soware (GraphPad Soware, San Diego, CA), and results
are presented as the mean of three independent experiments.
Statistical analysis was employed to assess the statistical
signicance between the control and treated groups. The p-
values < 0.05 were considered statistically signicant.

3. Results and discussion
3.1. Designing the enzymatic nano-formulations: MTGase
nanoowers

3.1.1 Insights into microbial transglutaminase nano-
owers. Nanoowers, are nano-sized ower-like structures
formed by intra-molecular interactions between the enzymes/
proteins facilitated by metal ions leading to anisotropic
growth of nano-petals and, consequently, the formation of
a ower-like structure.47,48,77,78 Nanoowers are endowed with
diverse functionalities for biocatalytic applications.52,53,79 They
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The process of MTGase nanoflowers design captured by Scanning Electron Microscope (SEM) images under optimized reaction
conditions capturing the stages in the formation of MTGase mediated nanoflowers-bud to blooming stages of nanoflowers. Illustration of the
architecture of MTGase nanoflowers; (a and b): flaky formation of petals crystals on the onset of floral bud synthesis; (c and d): buds transforming
into flower-opening and (e and f): blooming nanoflowers pockets. Scale bar: 2 mm.
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represent a new and elegant approach in enzyme immobilization,
possessing greatly enhanced activity, stability, durability, and
even selectivity of entrapped organic biomolecules. The ultra-
rapid, simple synthesis of producing immobilized enzymes
acquires the hierarchical nanostructures showing structure
similar to a ower with large surface-to-volume ratios (petals
bloom).54,55,80 Thus, nanoowers research is anticipated to take
multiple directions for the development of drug delivery systems,
biosensors, biocatalysts, and bio-related devices, etc.47,76

Inorganic nanocrystals have been widely reported for appli-
cations in catalysis and analytical science. Organic–inorganic
hybrid nanoowers have received much attention due to their
simple synthesis, high efficiency, and enzyme stabilizing
ability.47,48,54,80 However, the preparation of enzymatic nano-
owers (organic) from microbial sources is yet to be explored.
Thus, no enzymatic nanoowers have been reported to date,
which possesses a higher degree of cross-linking ability along
© 2021 The Author(s). Published by the Royal Society of Chemistry
with displaying a higher propensity in creating nanoower
structure. Further, none of the prior arts to date suggest
a method of preparation of nanoower utilizing the character-
istic properties of transglutaminase.

There are a number of advantages of the MTGase nano-
owers as compared to the native transglutaminase enzyme.
MTGase is a monomeric protein composed of 331 amino acids.
It has a molecular weight of 38 kDa.43,82 These are a member of
a + b folding class, with 10a-helices and 8b-strands. The char-
acteristic features of MTGase with the secondary structure of
a classical (a/b)8 sheets have a disk-like structure with a central
groove.43 The active centre is comprised of a Cys–His–Asp triad.
The wide active-site cle accommodates the alpha-helix,
leading to the broader substrate specicity with a higher reac-
tion rate, which is the key to its cross-linking efficiency.83

This structural information reveals the presence of
conserved amino acid residues responsible for MTGase catalytic
RSC Adv., 2021, 11, 34613–34630 | 34617
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activity. MTGase active site is specically characterized by
unique predominance of acidic (4 Asp and 2 Glu), aromatic and
hydrophobic residues (7 Trp).43,84

The study discloses the synthesis of a new nanoowers from
transglutaminase of microbial origin at the lowest temperature
(4 �C), which in turn provides catalytically more active, stable
and reusable microbial transglutaminase nanoower. It has an
interesting ower-like structure on the nano-scale. The MTGase
nanoowers started appearing within a few hours in the bud
stage; it bloomed completely on the third day and was envisaged
to possess anti-cancerous properties along with a higher
loading capacity of cargo for delivery of bio-actives or drugs.
With its targeted binding on account of being non-toxic and
biocompatible, the chances of any undesirable immunogenic
reactions are negligible. Further, the high surface area to
volume ratio presented by nanoowers not only enhances the
surface adsorption for accelerating the kinetics of bio-catalytic
reactions, but also adds to higher loading and better charge
transfer owing to its 3-D structure.77,85 The uniqueness of the
present study was due to the replacement of the bovine serum
albumin (BSA; the standard protein component) base by
MTGase itself, thereby leading to unique morphology and size
of the nanoowers; aer optimizing the concentration of
Fig. 2 Microbial transglutaminase nanoflowers designing and characte
analysis. The analysis of MTGase nanoflowers depicting uniform size u
surface inspection in terms of topology and roughness measured by ato
a backbone more likelihood to acquire characteristic flower-like shape. T
nanoflowers as portrayed by X-ray diffraction (XRD), thermogravimetric a
explain the novelty of MTGase in ordaining the true nanoflowers bloom
breast cancer (United Kingdom Patent No. 2111966.4; U.S. Patent No. 17

34618 | RSC Adv., 2021, 11, 34613–34630
MTGase, aging time, sonication, pH, temperature, PBS, and
CuSO4 concentration for nano-formulation designing.47,78,79

3.2. Optimization of transglutaminase nanoower design
and their characterization

The design of MTGase nanoowers under optimized reaction
conditions is highlighted in Fig. 1a–f, which shows the formation of
MTGase-incorporated CuSO4 nanoowers captured by Scanning
Electron Microscope (SEM) under optimized reaction conditions.

High-resolution of the porous structure of the petals was
observed in SEM (Fig. 2a) and Field Emission Scanning Electron
Microscope (FESEM) (Fig. 2b). The stages during the formation
of MTGase mediated nanoowers were well captured from aky
initiation to bud and later transforming into full-bloomed
nanoowers. The essence of the enzyme MTGase in nano-
owers was that its structure dictated the unique 3-D oral
pattern.51 MTGase served as a molecular glue to bind the petals
together in the nanoowers.86 Copper ions were the inorganic
elements for the initialization of nanoowers and acted as
chelating ions.47,79

The characterization for the size of MTGase nanoowers was
carried out by Transmission Electron Microscopy (TEM) anal-
ysis. The image clearly showed the uniform size distribution of
rization by (a) SEM, (b) FESEM, (c) TEM, (d) AFM, (e) XRD and (f) TGA
sing transmission electron microscopy (TEM); scale bar: 50 nm. The
mic force microscope (AFM). The MTGase enzyme structure presents
he configuration and stereochemistry of MTGase enzyme led to shape
nalysis (TGA). In a nutshell, 3-D structure of enzyme was envisioned to
ing state which specifically diagnose and act as a therapeutic drug for
/406,928; Indian Patent No. 202011035812).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MTGase nanoowers. The nucleation process was also
remarkably marked by TEM micrographs (Fig. 2c). The TEM
validated the nanoowers being homo-dispersed and small-
sized (<50 nm). Dynamic light scattering (DLS) analysis
showed that the nanoparticles had a diameter of about 80–
90 nm. The surface analysis in terms of topology and roughness
was measured by Atomic Force Microscope (AFM). The surface
of MTGase nanoowers petals completely blooming was framed
in AFM (Fig. 2d). Further, its properties were examined by XRD
(Fig. 2e) and TGA (Fig. 2f), and the results showed that they
exhibited a higher catalytic activity vis-à-vis enhanced opera-
tional stability in the resolution reaction as compared to the
free MTGase enzyme.52,53 The reusability studies demonstrated
that their activity was retained atleast till 10th cycle of reuse. The
zeta potential of MTGase NFs was �4.09 mV. The MTGase
nanoowers have a high surface area and 3-D structure for
possible connement, which is not exhibited in trans-
glutaminase native form.51 In terms of morphology, MTGase
nanoowers were found to be robust and highly durable to
resist even harsh environmental conditions-high temperatures,
solvents, pH uctuations.53–55,77,80,87,88 The TGA analysis of
MTGase revealed that it can endure high temperatures up to
280 �C, whereas the control set was degraded instantly at
reaching 40 �C as a sharp dip in the peak was observed. This
proves that MTGase NFs are so stable and robust in physio-
logical conditions as compared to the control set, which can't
bear any harsh environment.52,53,55,80 The functional groups of
MTGase NFs were imparting their stability. They retained their
structural integrity in different organic solvents tested like meth-
anol, ethanol, propanol, DMSO.87 Hence, these MTGase nano-
owers obtained were intact and highly resistant due to the iso-
peptide bond of MTGase that sustained the degradation process
(ESI, Fig. S2†).43,89 The enzyme MTGase was solely responsible for
nanoowers structure. The enzyme itself is getting folded to a oral
appearance on account of its structure. Thus, the oral shape
remained preserved even in extreme conditions, which is not true
for any other nanoowers being claimed earlier.

The study represented that MTGase nanoowers had
a higher encapsulating yield (84.39%) and enzyme efficiency
(6.92-fold increment) than any other enzyme-based nanoowers
to date (United Kingdom Patent No. 2111966.4; U.S. Patent No.
17/406,928; Indian Patent No. 202011035812) (ESI, Table S1†).
Further, these MTGase nanoowers were assessed for their anti-
cancerous properties on breast cancer cells.
Fig. 3 Cytotoxicity induced by microbial transglutaminase nano-
flowers. Breast cancer (MCF-7), skin (HaCaT), and colorectal (HCT-116)
cells cell line was treated with indicated MTGase NFs concentrations,
and percent cytotoxicity was assessed at 24 h post-treatment. Results
are expressed as mean � S.D of three replicates.
3.3. Characterization of MTGase NFs for suitability as the
drug potential

The encapsulation of MTGase enzyme in its nanoower was
envisaged to be therapeutically superior to free drug combina-
tion in vivo, with prolonged systemic circulation, enhanced
tumor accumulation, and maintenance of synergistic drug
ratios.54,56,80,87 Enzymatic nanoowers would be one of the most
anticipated and promising drug delivery agents, especially from
the viewpoint of drug economic value on account of the
simplest design and synthesis.54,77,78,80,90 Being formulated by
utilizing a biological source (MTGase) can greatly reduce the
© 2021 The Author(s). Published by the Royal Society of Chemistry
risks (side effects) which are particularly associated with
commercial pharmaceutical adjuvants.44,91,92

Transglutaminase is an important regulatory enzyme acting
as a site-specic cross-linker for proteins/peptides.44,92–95 The
cellular physiology gets perturbed if the dysregulation of the
functionality of transglutaminase occurs.43,95–97 With the versa-
tility of MTGase facilitating the nanoowers formation by acting
as molecular glue, it was demonstrated that they have anti-
cancer properties. The unique rational drug design based on
an incentive immobilized enzyme approach led to the uniform
shape of petals in these nanoowers, which had the capacity to
act as an anti-cancerous drug.97,98

We explored, for the rst time, the potential encapsulated
MTGase in its NFs form as an anti-cancer drug. The study
implemented MTGase nanoowers on breast cancer cells to
validate their function of anti-cancerous properties. MTGase
NFs possess the anti-cancer characteristic portrayed by any
enzymatic nanoowers synthesized, which are biocompatible,
possessing anti-cancer properties towards breast cancer and are
non-cytotoxic to normal cells.
3.4. Cytotoxicity assessment of MTGase NFs on cancer cell
lines

The in vitro anti-cancer activity of MTGase NFs was evaluated by
MTT assay on various cancer cell lines.59 Untreated cells i.e.,
without MTGase NFs served as a positive control for the
experiment. Out of three cell lines tested viz. HaCaT, HCT-116
and MCF-7, the breast cancer cell line MCF-7 showed a signi-
cant effect in a dose-dependent manner by retarding the cellular
viability aer 24 h of treatment. The inhibitory effect (IC50) value
of MTGase NFs in case of breast cancer cell lines was found to
be 8.23 mg ml�1 (Fig. 3).

In the case of skin and colorectal cancer cell lines, the effect
was not prominent like breast cancer cell line; they only showed
RSC Adv., 2021, 11, 34613–34630 | 34619
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Fig. 4 Cytotoxic effect of transglutaminase nanoflowers on control
cells. **p-value < 0.01.
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effect at higher doses in comparison to MCF-7 cell line. More-
over, the results also indicated that MTGase NFs did not
signicantly induce cytotoxicity at lower doses in HaCaT and
HCT-116 cancer cells (IC50 33.07 and 28.73 respectively). Addi-
tionally, we have also assessed the effect of the free form of
MTGase enzyme (ESI, Fig. S1†). MTGase concentrations were
calculated based on the amount of enzyme formulated in the
Fig. 5 Cell viability and IC50. MTT assay showing the viability of MCF-7
nanoflowers, CTGase-commercial mammalian source of transglutam
nanoflowers (inset-microscopic images after treatment for MTT).

34620 | RSC Adv., 2021, 11, 34613–34630
nanoowers such that the delivered dose was equivalent to the
free enzyme MTGase dose.

MTGase NFs were found to be potent anti-cancerous nano-
formulation against the aforementioned cancer cell lines. The
results highlighted the degree of cytotoxicity of MTGase NFs
exhibited towards the breast cell line in question. MTGase NFs
displayed a dose-dependent anti-proliferative effect on these
cancer cells.56,60

Assessment of cytotoxic effects of MTGase NFs was investi-
gated on control cells (non-cancerous HEK-293 cells). The
treatment of normal cells with MTGase NFs (indigenously
produced and functionalized compound in this study) did not
lead to any adverse effect on the physiology of cells IC50-43.75 mg
ml�1 (Fig. 4). This attribute makes way to be a promising cyto-
toxic compound against cancer cell lines.56,98 Thus, MCF-7 was
found to be mainly inhibited by the MTGase NFs.

It was found that MTGase NFs profoundly sensitized breast
cancer cells MCF-7 for cytotoxicity. Aer evaluating the anti-
cancerous property of these MTGase NFs on the breast cell
line, we proceeded with these MCF-7 cells. We realized it as
a highly enthusiastic result with high efficacy at a lower dose
and negligible toxicity on normal cells when compared with the
previous reports.97

The commercially available mammalian TGase NFs were
also tested to gure out the potency in cancer cells (Fig. 5). It
cells after exposure to increasing concentrations of transglutaminase
inase nanoflowers; MTGase-indigenous microbial transglutaminase

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was found that cell viability was higher even aer 24 h
compared with MTGase NFs treated cells. This points towards
the mammalian transglutaminase NFs playing a role in cancer
progression.99,100

Aer the assessment, we could dene the mode of action of
the two drugs tested (mammalian vs. microbial TGase), both in
nanoowers. The effect of microbial MTGase NFs was
pronounced as cytotoxic to cancerous cells; hence it is efficient
in killing cancerous cells in lower concentrations as observed by
its IC50. With a higher dose of mammalian TGase NFs, a killing
of 50% was achieved; hence its IC50 is also higher (�4-fold) as
compared to MTGase NFs. The results show a clear change in
morphology of MCF-7 on the administration of MTGase NFs.
Thus, this study established that MTGase NFs are anti-
cancerous based on the proliferative assay.101 This suggests
MTGase NFs are potent in inhibiting the proliferation of breast
cancer cells.
Fig. 6 Effect of MTGase NFs on colony formation (a) culture dishes
with stained colonies of a representative experiment; (b) statistical
results of colony-forming assays presented as colonies number in
respect of untreated cells used as control. The data in the graphs are
expressed as mean number� SD of three different experiments. ***p-
value < 0.001.
3.5. Clonogenic assay of microbial transglutaminase
nanoowers

To further substantiate the anti-proliferation effect of MTGase
NFs, the clonogenic potential of MCF-7 was determined for two
weeks aer treatment with MTGase NFs.102

The positive control was represented by untreated cells;
without MTGase NFs. This study was performed to investigate
the inuence of MTGase NFs on the clonogenic forming ability
of breast cancer cells (MCF-7). In vivo growth and multiplicity of
cancer cells are reected by their colony-forming ability.61,103

The ability of cancerous cells to produce progeny (single cell to
form a colony of 50 or more cells) and the long-term effect of
MTGase NFs were assessed.

So, in order to assess MCF-7 cell viability in terms of repro-
ductive capacity aer treatments with the MTGase NFs formu-
lation, a colony formation assay was performed.67,104

As observed in Fig. 6(a and b), in contrast to untreated cells
at all tested concentrations, there was a signicant inhibition of
clonogenicity with MTGase NFs. The results showed that
MTGase NFs treatment signicantly inhibited the colony-
forming ability of MCF-7 cells. Interestingly, the result was
effective only aer 8 h treatment. In the case of the control
group, more than 300 colonies were formed (314); whereas in
MTGase NFs treated set, colony formation was much reduced,
leading to the formation of only 30 colonies.

The plating efficiency was found to be 6% in case of the
treated group of cells with MTGase NFs over 62.8% found in the
untreated group (control, without MTGase NFs), inferring the
anti-cancerous MTGase NFs nature. The results clearly vali-
dated the role of MTGase NFs possessing cytotoxic nature in
mitigating breast cancer. The cells were sensitive to growth
inhibition upon a treatment; thus, MTGase NFs enzymatic
formulations inhibited clonogenic growth and resulted in only
a small fraction of colony survival.68,81

The signicant result observed in colony inhibition of MCF-7
cell line further depicted that MTGase NFs have a very dened
anti-tumor role in the case of breast cancer cell line MCF-7.
MTGase NFs alone inhibited breast cancer MCF-7 cell lines as
© 2021 The Author(s). Published by the Royal Society of Chemistry
depicted by a reduction in proliferation and the number of
colonies formed using proliferation and clonogenicity assays.
3.6. Inhibition of breast cancer invasion by wound healing/
closure assay

Wound healing assay or migration assay presents a great
correlation with cell proliferation and migration.1 To study the
migratory and invasive nature of cancer cells and the effect of
MTGase NFs, we conducted the cell migration assay on MCF-7
cells.66 Cells were treated with MTGase NFs (8.23 mg ml�1) and
allowed to migrate across the well plates for 24 h as shown in
Fig. 7(a and b). No obvious inhibition was seen in control
(untreated cells), whereas MTGase NFs showed signicant
migratory inhibition at the tested concentration, with 3.76-fold
inhibition. The cell line with microbial enzyme trans-
glutaminase formulations NFs showed a signicant reduction
in their ability to ll the area between scratched edges. Control
cells covered almost complete area between the scratched
edges, whereas treatment with MTGase NFs has a more
profound effect on inhibition of migratory potential of MCF-7
cells compared to control. The migration was found to be sup-
pressed as compared with the control group observed in a time-
dependent manner post-treatment of MTGase NFs.
RSC Adv., 2021, 11, 34613–34630 | 34621
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Fig. 7 Effect of MTGase NFs on MFC-7 cells invasion and migration properties. (a) MCF-7 breast cancer cells were seeded in 12-well plates. (b)
Cell migration was assessed at time intervals of 0, 6, 12, 24 and 48 h post wound creation. Woundwidth was calculated at indicated times. Results
are expressed as mean � S.D of three replicates. ***p-value < 0.001.
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The migration of cells was seen more signicantly aer 6 h
post-treatment. Aer 24 h, the wound was almost healed in case
of the controlled group; in comparison to the MTGase NFs
treated group, the wound was not able to heal, which indicated
that MTGase NFs is able to restrict the migration of cancer cells.
MTGase NFs had drastic inhibitory effects on invasive breast
cancer cells with 19.06% inhibition of cells in contrast to
34622 | RSC Adv., 2021, 11, 34613–34630
50.61% inhibition observed with an untreated batch of cells
(control).

These results suggest that MTGase NFs not only deliver
inherent enhanced therapeutic benets but also inhibit two
other important tumor marker events, cell migration and
invasion, or possibly limit metastasis-related death for clinical
applications.105–107 MTGase NFs developed seems to be a poten-
tial anti-cancer drug, MTGase enzyme encapsulated in the form
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of MTGase NFs against cell cycle progression (a–c): breast cancer MCF-7 cells were treated with IC50 microbial transglutaminase
nanoflowers concentration for 24 h, and the effect on cell cycle progression was assessed through FACS using propidium iodide. (d) Cell
progression was restricted in G1/G0 stage of the cell cycle by MTGase NFs treatment. **p-value < 0.01.
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of nanoower granting easy access into the metastatic cells and
thereby showcasing their anti-cancer action.108 The immediate
action was pronounced on the fact that CD44 receptors are less
on the cancer stem cells. At the same time, CD44+ cell
© 2021 The Author(s). Published by the Royal Society of Chemistry
population eradication becomes necessary as they are mainly
responsible for tumor recurrence and disease progression,
which was carried out by MTGase NFs.109,110
RSC Adv., 2021, 11, 34613–34630 | 34623
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Fig. 9 Detection of apoptosis of MCF-7 cells after treatment with MTGase NFs: breast cancer MCF-7 cells were treated with IC50 trans-
glutaminase nanoflowers concentration for 24 h. Annexin V/PI staining combinedwith flow cytometry analysis was used to count apoptotic cells.
(a) Dot plots showing apoptosis of MCF-7 cells in response to exposure to MTGase NFs. (b) Percentage of cell population of live apoptotic and
necrotic was compared. Graphs represent means � SD of data from three independent biological replicates.
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3.7. DNA cell cycle analysis: MTGase NFs stimulated G0/G1
phase arrest of cell cycle

The aim was to determine the therapeutic effects of MTGase
NFs by evaluating their DNA content. We used MTGase NFs
with their IC50 values concentrations in breast cancer cells and
compared treatment results based upon the percentage of cells
present in different stages of the cell cycle in comparison to
the control.69 We found that with MTGase NFs treatment, the
G0/G1 percentage of cells increased from 17.1% in control to
78.8%; whereas, in the S phase, it decreased from 31.1% in
control to 4.5%. Furthermore, there was a decrement in G2/M
phase cells by MTGase NFs treatment from 51.8% in control to
16.6%. The results showed that MTGase NFs treatment aer
24 h is effective in restricting MCF-7 breast cancer cells to
undergo mitosis.1

A noteworthy arrest in cell cycle phases can be observed
(Fig. 8). When compared to control, MTGase NFs showed a 4.61-
34624 | RSC Adv., 2021, 11, 34613–34630
fold increase in G0/G1 phase arrest. Moreover, a decrease in cell
accumulation in S and G2/M phases was noticed upon treat-
ment with MTGase NFs. In comparison with control, a drastic
reduction in the cell was observed in S from 31.1% to 4.5% and
G2/M (51.8% to 16.6%), respectively. A small percentage of cells
were seen in the S and G2/M phase of the cell cycle phase in
MTGase NFs treatment group. However, the endpoint effects
i.e., both in G1 phase (preferably) and G2/M arrest, has led to
the increased cytotoxicity.70,71

It was inferred that in breast cancer MCF-7 cells, MTGase
NFs were highly effective in arresting the cell growth.111 The
signicant gain in G0/G1 phase was subsequently dropped in S
and G2/M phase. Hence, MTGase NFs suppressed the cells at
the initial checkpoints (G0/G1) rather than halting in the later
stages of cell division at mitosis phases (G2/M).72
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.8. MTGase NFs induced apoptosis by Annexin V apoptosis
assay

Aer examining the alterations in the cell cycle, we further
investigated the inuence of MTGase NFs to induce apoptosis
in cancer cell line MCF-7.73 The results depicted in Fig. 9 shows
the plots portraying the distribution of quarters categorizing the
cells into four as early apoptotic cells [Annexin V (+) and PI (�)],
late apoptotic or dead cells [Annexin V (+) and PI (+)], dead cells
[Annexin V (�) and PI (+)], and live cells [Annexin V (�) and PI
(�)].74,75

To understand whether cell viability impairment was due to
apoptosis, we analyzed the cell cycle perturbation and the
downstream signalling triggered by MTGase NFs. MCF-7 cells
were treated withMTGase NFs for 24 h, and untreated cells were
used as control. Apoptosis was investigated by ow cytometry
analysis with Annexin V FITC/PI.75 The results clearly indicate
that MTGase NFs determine a growing apoptotic induction
during the time, reaching about 58.9% at 24 h (Fig. 9). On the
contrary, in the untreated cells, we did not detect any apoptotic
increase over time.

Aer treatment with MTGase NFs, the percentage of live cells
decreased from 95.1% to 40.8%, while there was an increment
in the population of apoptotic cells from 4.8% to 58.9%. Thus,
MCF-7 cells showcased high sensitivity on account of treatment
with MTGase NFs. From these results, we concluded that
apoptosis was induced by microbial transglutaminase nano-
owers aer 24 h treatment on MCF-7 cells. MTGase NFs have
induced apoptosis by arresting cells in G0/G1 phase in MCF-7
cells. Usually, the cells in the sub G1 phase represent
apoptotic cells bearing damaged DNA.4 It indicates the onset of
cell death which is benecial in killing the oncogenic cells.

Based on the key ndings of the present study, it could be
demonstrated clinical success against breast cancer cells on
further investigation and would be the rst MTGase based
nano-therapy to improve the survival of patients with BCs.98

MTGase NFs would be suitable novelized drug anti-cancer
activity against BCs.

MTGase mediated nanoowers worked well in giving tar-
geted activity based on good anti-cancerous efficacy, specically
on breast cancer cells. They showed controlled and sustained
action on cancer cell lines. MTGase NFs as a nano-drug evinced
to have surpassed the efficacy of the conventional carrier-based
drug delivery systems reported in the literature.97 Our compar-
ison of the effect of MTGase NFs on MCF-7 cells clearly showed
promising results for anti-cancer properties using lesser
dosages and experiment times over standard drugs as reported
in the previous studies.76,97,112–115 MTGase NFs demonstrated the
signicantly improved efficacy of targeted therapy as an anti-
breast cancer drug. Hence, MTGase NFs exhibiting high anti-
cancer efficacy is the promising and potential anti-cancer
drug for breast cancer.
4. Conclusions

The most common cancer with high mortality among women
worldwide is breast cancer.1,3,6,110 The important aspect of any
© 2021 The Author(s). Published by the Royal Society of Chemistry
anti-cancer therapy is to destroy cancerous cells without
destroying the normal cells. However, precise and relatively
novel enzymatic MTGase nano-formulations could lead to a new
track for the eradication of BC.5,77 They may also result in
a promising approach for early recognition and its treatment.
Targeted enzymatic MTGase therapy is likely to work by
attacking specic proteins on cancer cells (or nearby cells) that
normally help them grow.8 This work presents, for the rst time,
the results of an experimental study of enzymatic nano-
formulations, i.e., MTGase NFs designed as an anti-breast
cancer drug for the specic targeting and treatment on MCF-7
cancer cells. Thus, NFs are the new class of nanostructure
with unique functional nature imparted by their lattice struc-
ture, whose multi-dimensional aspects have recently been
explored. The networked and porous matrix interface of NFs has
been a subject of interest, owing to the large specic surface
area, high adsorption efficiency, catalytic ability, along with
high loading capability. The recovery of enzymes in industrial
applications, feasibility on account of operational stability is
displayed by 3-D NFs. Thus, designing of controlled morpho-
logical enzymatic NFs will deliver feasible and improved prac-
tical applications and usher nano-supports for immobilizing
biomolecules/drugs for drug interaction studies.

The in vitro anti-cancer activity of MTGase NFs was
successfully evaluated on breast cancer MCF-7 cells. These
novel drug enzymatic based anti-cancer nano-formulations:
microbial transglutaminase nanoowers is shown to effi-
ciently suppress cancer cell growth and signicantly induce
apoptosis.48,55,56,76,77 Overall, our work identies in development
of a novel anti-cancer agent in the form of enzymatic nano-
formulations: microbial transglutaminase nanoowers, sug-
gesting its therapeutic signicance as a nano-drug against BCs.
NFs not only impart solubilization of MTGase but also
contribute to chemosensitization. The generation of the
MTGase NFs was established as a promising candidate as an
anti-cancer nanodrug. Enzymatic transglutaminase loaded
ower-shaped nanoplatform will be a versatile promise with
multi-dimensional functional aspects in cancers.
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