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Abstract: Triple-negative breast cancer (TNBC) is amongst the most challenging tumor subtypes
because it presents itself without the estrogen, progesterone, and HER?2 receptors. Hence, assessing
new markers is an essential requirement for enhancing its targeted treatment. The survival of
TNBC relies upon the advancement of hypoxia that contributes to treatment resistance, immune
response resistance, and tumor stroma arrangement. Here, we explored bovine serum albumin
(BSA) nanoparticle encapsulating the anti-cancer drug Paclitaxel (PTX) for cell-killing mediated by
tumor hypoxia. For targeting hypoxia, we conjugated Acetazolamide (ATZ) with BSA nanoparticle
that encapsulated PTX (referred hereon as BSA-PTX-ATZ) utilizing copper-free click chemistry,
specifically the Strain-Promoted Alkyne Azide Cycloaddition (SPAAC). The in-vitro cell killing study
uncovered that BSA-PTX-ATZ is more productive contrasted with free PTX. The evaluations of the
physio-chemical properties of BSA-PTX-ATZ proves that the shelf-life is approximately two months
when stored either at room or freezing temperatures or under refrigerated conditions. There is no
leakage of PTX from the formulation during that period, while their nanoparticulate nature remained
undisturbed. The BSA-PTX-ATZ nanoparticles indicated altogether higher cell killing in hypoxic
conditions contrasted with normoxia proposing the hypoxia-mediated delivery mechanism of the
activity of the formulation. Higher cell uptake found with fluorescent-marked BSA-PTX-ATZ shows
CA-IX mediated cell uptake, substantiated by the prominent apoptotic cell death contrasted with
free PTX.
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1. Introduction

Cancer is endangering millions of lives and has been predicted to diagnose an estimated 1.5 million
new cases [1]. Among many types of cancer, the therapeutic success of Triple-negative breast cancer
(TNBC) is not satisfactory. The conventional therapeutic strategies for TNBC are DNA intercalating
taxanes, platinum compounds, and tyrosine, and serine-threonine kinase inhibitors, such as Everolimus,
Cetuximab. However, in the clinic, treatment with these drugs produces drug resistance to TNBC
patients. Thus, it is essential to improve not only diagnostic tools for early detection of the tumor
but also to develop selective ligands for therapy with very few adverse events in healthy tissues.
Nanomedicine, especially the development of drug delivery systems that accumulate in the tumor
actively as well as passively with the advantage of multi-targetability and show promise as conventional
cancer therapy, is necessary. It is known that most of the current drug delivery systems are failing in
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clinical trials because of the lack of specific targetability, poor tumor penetration, tumor heterogeneity,
and complex association of tumor-associated immune cells and stroma. Consequently, targeted drug
delivery systems that utilize diverse ligands to understand unique biomarkers that are present on
tumor cell components have turned out to be extremely critical in selective transport of medication
and improving therapeutic efficacy. Targeted cancer remedy techniques are expected to differentiate
between healthy and most cancer tissues. For this, the ligands might be decorated on the surface
of the drug-carrier structures that use a reagent-free organic synthesis method for enhancing early
prognosis and subsequent remedy in tumors. Our research presented in this study is linked to the
concept of personalized medicine, that also has the convenience of designing the delivery system-drug
combination on a need to need basis by utilizing targeting ligands-carrier combination using a synthesis
approach that minimizes reagents like the copper-free cyclic Alkyne-Azide click reaction that doesn’t
require any dangerous chemical substances, reagents, or any unique reaction conditions. The unique
understanding accrued by this approach will provide a concept of development in drug delivery with
the skills of rational designing of targeting ligand custom-designed drug carriers to address specific
functions within the tumor microenvironment.

Further, nanoparticles are the drug delivery systems of choice for targeted delivery of anticancer
drugs [2,3] in the pharmaceutical industry. Nanoparticles improve the delivery of hydrophobic drugs,
lower their metabolic degradation in the eliminating organs, target their delivery to cancer cells directly
by logical surface modifications on the delivery systems, and show controlled or extended or sustained
drug delivery [4-6]. Besides having the capability to improve the solubility of hydrophobic drugs,
nano-delivery systems can additionally target cancerous cells with the aid of two distinctive strategies:
passive and active targeting. The functions of the passive targeting delivery systems depend on the
ability of nano-delivery systems to exploit the Enhanced Permeability and Retention (EPR) effect [7,8].
As a result, the nano-molecules can extravasate and accumulate at the tumor site. However, not all
tumors manifest the EPR effect, and even if they do, the angiogenesis is not uniform through the depths
of the tumor resulting in unequal medication at different sites of cancer. Further, the EPR effect may
not be as effective in some tumors as in the others [9,10]. Thus, developing targeted delivery systems
taken up by active targeting via receptors on the tumor cells is the need of the hour.

This research uses albumin as carrier and acetazolamide as the ligand to target carbonic anhydrase
(CA) receptor overexpressed in cancer cells in hypoxic conditions. Albumin is the most abundant
plasma protein in the human body. Several research facilities and industry-related techniques are
already known to use it for the delivery of different medicines [11-14]. The advantages of the bovine
serum albumin (BSA) encompass the presence of multiple binding sites for the drugs, lower cost,
non-immunogenicity, and naturally biodegradable property that has allowed its implementation
as a perfect carrier for nanoparticles-based drug delivery systems [15,16]. These properties could
result in developing promising delivery systems for biopharmaceutical challenging medications and
improving their delivery and bioavailability in the body [17,18]. Carbonic Anhydrase (CA) is a family
of zinc metalloenzyme involved in the reversible conversion of carbon dioxide to ionic bicarbonate
form, producing a proton subsequently. Thus, it has a role in ion exchange and pH balance in the
physiological system [19]. Of this family of receptors, CA IX is the most common and is overexpressed
on the surface of most cancer cells [20,21] in hypoxic conditions developed when the rapidly growing
tumor cells that overuse the oxygen supply.

For this reason, it has emerged as the primary target for most cancer remedies [22-24].
Sulfonamides, like Acetazolamide, are a subset of antibacterial agents that recently showed antitumor
activity [25,26] via inhibition of carbonic anhydrase activity [27,28]. Our experiments use paclitaxel
(PTX), a hydrophobic drug as the experimental drug due to its unique chemical structure and ability to
polymerize tubulin to stable microtubules. It is also known to operate by inhibiting mitochondrial
apoptosis inhibitor protein B-cell Leukemia 2 (Bcl-2) [27,28]. Hence, we believe that the combination of
the bio-safe BSA, the targeting ligand ATZ specific for the hypoxia receptor CA IX, and PTX with its
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unique anti-cancer properties is a powerful system to target TNBC. The delivery system itself has the
potential to be applied to a varied range of cancers apart from TNBC.

2. Materials

The details are provided in the Supplementary Materials.

3. Methods

Synthesis and characterization of the Targeted Drug Delivery System

The designing of the drug delivery system that is used to target hypoxia in this research paper
follows the same procedure as that published in our previous work [29]. The process involves the use
of a four-step reaction using a copper-free cyclic Alkyne-Azide click reaction. The steps include the
introduction of complementary azide [30] and DBCO groups on BSA and acetazolamide respectively,
followed by a simple click reaction between these two molecules. The drug is then loaded by the
desolvation procedure described in our previous work [31-34]. The detailed information is given in
the Supplementary Materials. FTIR and 1H NMR techniques were used to confirm the bond formation.
Drug loading was calculated using HPLC and UV Spectrophotometer measured at 227 nm for PTX.
Beckman Coulter Delsa Nano-C DLS Particle analyzer (Beckman Coulter, Inc., Fullerton, CA) and JEOL
Transmission Electron Magnifying tool (JEM 2010, Tokyo, Japan) were used to analyze the particles
size and morphology. Drug release was analyzed by HPLC at physiological condition at pH 7 and
also at acidic conditions (pH 5) by extracting samples from the delivery system. Stability studies were
performed similarly using the particle size analyzer and HPLC by extracting samples weekly for 12
weeks. In-vitro cytotoxicity of the formulation was assessed using MTT assay both in the normoxic
and hypoxic conditions. Drug uptake studies were performed by treating the cells with rhodamine
dye encapsulated in the targeted and non-targeted formulations to assess the efficiency of uptake.
Apoptosis was assessed using Annexin V/7-AAD dual staining in Guava Easycyte flow Cytometer
(EMD Millipore, USA) in a flow cytometer. To understand the significance of the difference between
the responses to the free drug and the formulation in each cell line, statistical analysis using the t-test
was done to calculate the p-value.

4. Results

4.1. Characterization of Targeting Drug Delivery System

Peaks in the region of 1500-2000 cm™! corresponding to the (azide) stretching in FTIR
(Supplementary Figure S1) were observed. Further, -N-H, -C=0, and —C-H bond stretching at
3300-3500 cm™, 1670-1820 cm ™!, and 1050-1150 cm ™!, respectively, were seen. The 1H NMR spectrum
(Supplementary Figure S2) showed readings between 6.8-7.4 ppm corresponding to the DBCO
hydrogens and between 2.4-3.8 ppm of the azide hydrogens. These results have helped us confirm the
bond formation in the final molecule that is shown in Figure 1.

Step 1: Addition of DBCO to the Primary Amine on ATZ
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Step 2: Conversion Primary Amine to Azide on the Carrier Molecule
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Figure 1. Scheme for the synthesis of the targeted drug delivery (‘Dye’ represents NIR dye).

4.2. Drug Loading

Drug-loading was calculated from the standard graph measured for absorbance at 227 nm to be
around 10% w/w for PTX.
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4.3. Particle Size Analysis

The particle size was found to be (Figure 2a) 284.7 nm and the PDI was around 0.146 which lies
in the desired range of 200-300 nm suitable for both active and passive uptake into cells. Further,
the TEM analysis showed a particle size (Figure 2b) between 12.5 nm and 18.0 nm, affirming that the
nanoparticle is in the preferred nanoscale.
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Figure 2. (a) DLS of BSA-PTX-ATZ; (b) TEM analysis of BSA-PTX-ATZ.

4.4. Drug Release Studies

A steady percentage release of the drug for 72 h was seen with a release of about 26.6% at 24 h
and 48.14% at 72 h (Figure 3). Hence, the product can be classified as a sustained/extended release
formulation. This was performed both in the physiologic pH as well as the acidic pH which is found
in the tumor microenvironment. Our formulation has shown a much more rapid release in the acidic
pH characteristic of the tumor microenvironment.
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Figure 3. Drug release studies for BSA-PTX-ATZ at normal blood pH and acidic pH in the
tumor conditions.
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4.5. Stability Studies

The parameters indicating stability over three months have been shown in Figure 4. which indicate
very slight fluctuations showing great stability of the formulation over a long time. The particle
size seemed to be around 287.5 nm at room temperature but was more stable when in the frozen
state. The PDI (polydispersity index) was around 0.168 at the end of 12 weeks and has stayed stable
throughout. The drug loss was 1.1% at room temperature and was of the order of 0.8% in the frozen
conditions showing minimal drug loss during the storage. Hence, it can be inferred that the formulation
has better stability in frozen state than at room temperature indicating an increase in shelf life when
stored frozen. The p-value > 0.05 indicates that there is not much difference in the variance in terms of
particle size, PDI and drug retained within the formulation over a period, showing the stability of
the formulation.
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Figure 4. Stability studies for 12 weeks or 3 months.
4.6. In-Vitro Cytotoxicity Studies

MDA-MB-231 showed an IC50 of the drug at approximately 1 M in the targeted formulation
as compared to the 0.5 uM in MDA-MB-468. Dose-dependent killing and lower cell viability were
observed when treated with targeted formulation when compared to those treated with the non-targeted
formulation and free-drug in both the cell lines (Figure 5a). The cell viability of the order of 80%—90%
(high) for the control carrier-ligand treatment shows that the delivery system itself is safe for use. Also,
it is seen that the cytotoxicity of targeted formulation in the normoxic conditions (healthy cells) is
lesser than in the hypoxia in cancer cells (Figure 5b). There is a significant difference in response to
free drug and formulation in the cell line MDA-MB-468 with a p-value of 0.004123 and in the cell line
MDA-MB-231 with a p-value of 0.004295.
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Figure 5. (a) Dose dependent cytotoxic assay for MDA-MB-231 and MDA-MB-468; (b) Cytotoxicity
studies in MDA-MB-231 and MDA-MB-468 cell lines.

4.7. Drug Uptake Studies

The fluorescence spectroscopic assay showed that drug is taken up in a time and concentration-
dependent. It can be inferred that the amount of formulation entering into the two cell lines increases
in a time-dependent manner (Figure 6). Also, the targeted formulation is taken up more than the
non-targeted formulation in the two cell lines. A p-value < 0.05 indicates that there is a significant
difference in variance between the non-targeted and targeted formulations.
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Figure 6. Cell uptake studies in (a) MDA-MB-231: (A) Uptake based on Fluorescence Intensity;
(B)Uptake based on Concentration of Rhodamine; (C) Uptake from Fluorescence Microscopy and (b)
MDA-MB-468 cell lines: (A) Uptake based on Fluorescence Intensity; (B)Uptake based on Concentration
of Rhodamine; (C) Uptake from Fluorescence Microscopy.

4.8. Apoptosis Assay by Flow Cytometry

The extent of apoptosis was greater in the two cell lines treated with the targeted formulation
in comparison with the free-drug or non-targeted formulation. The comparative early and late
apoptotic cell percentages in the MDA-MB-231 cell line was found to be 56.1% and 15%, respectively,
in cells treated with targeted formulation; and 28.5% and 8.6%, respectively in cells treated with
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non-targeted formulation (Figure 7a). Similarly, in the MDA-MB-468 cell line early and late apoptotic
cells were around 57.6% and 13.9%, respectively, for targeted formulation and 41.8% and 2.5% for
non-targeted formulation (Figure 7c). Thus, the inference is that the targeted formulation is better than
the non-targeted formulation. Furthermore, the control formulation showed generally low apoptosis,
demonstrating the safety of the carrier system.
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Figure 7. (a) Apoptosis assay studies in MDA-MB-231 for the hypoxia targeting drug delivery system
BSA-PTX-ATZ; (b) Apoptosis assay studies in MDA-MB-468 for the hypoxia targeting drug delivery
system BSA-PTX-ATZ; (c) Apoptosis assay studies in MDA-MB-231 and MDA-MB-468 based on the
concentration of BSA-PTX-ATZ.

5. Discussion

Our research is a probable solution to deal with the problems currently prevalent with the
nano-delivery formulations because we demonstrate the use of a reagent free click chemistry technique
to make a formulation that gives the flexibility to design a multi-targeted ligand library for nanoparticles
with a wide choice of biologically safe carriers on a need-to-need basis. Studies reported, and techniques
developed to successfully perform click chemical reactions proved them to be anything but difficult, and
that they can be accomplished briskly with high yield to produce non-toxic products. Some scientists
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now say that click chemistry is a calculatedly logical approach for effective improvement of the new
molecular delivery systems. This specific but easy method relies essentially on carbon-heteroatom
bonds using spring-loaded reactants. The growing extent of application of these reactions in designing
delivery systems is observed in most of the specializations of cutting-edge pharmaceutical sciences
discipline from drug delivery strategies to materials science [35,36]. Due to the simplicity of click
chemistry, it has been gaining importance in drug discovery, drug delivery, and bioconjugation
reactions [37]. The system synthesized in this research is this sort of simple chemical procedure.
This gives us the flexibility to create drug delivery systems for a choice of ligands and carriers for
numerous hydrophobic drugs from different classes no longer confined to the cancer treatment.
The biosafety of the carrier systems accordingly evolved is the key achievement of these formulation
systems [38,39]. The nanoparticles formed are in the nanoscale with a low PDI indicating nanoparticles
to be of identical size as the average size of the particle. This characteristic feature of the particles
promotes the uptake of the formulation into the cancerous cells via a weak vasculature system by way
of the EPR effect [40,41]. The formulation is noted to be robust with a minimum drug loss over a period
of time establishing a viably long shelf-life by way of this formulation approach. Further, this approach
creates a novel drug delivery system that shows sustained release properties too. Mechanistically
speaking, the molecule is intended for use to deliver the drug to the core of tumor. To this end, it has
been equipped with a targeting ligand, acetazolamide that will target a receptor that is highly expressed
in the core of the hypoxic solid tumor. Carbonic anhydrase (CA IX) receptor is expressed in most of the
solid tumors. Essentially, it is seen to be overexpressed in the core of the solid tumors where there is
a shortage of oxygen. Hypoxia is a physiological condition of lack of oxygen that leads to acidosis
which induces CA IX on the tumor cell surface that can be easily targeted using a suitable inhibitor
like acetazolamide [19,29,33,34]. Moreover, the BSA used for designing this nanoparticle serves as a
biomimetic protein that easily circulates in the blood without producing any immunogenic effects.
The incorporation of the NIR dye adds a diagnostic advantage to our drug delivery system. Putting
all of these elements together with the advantages mentioned earlier of the synthesis technique and
the nanoparticle design, the drug will be delivered with high specificity to the core of the tumor to
show its cytotoxicity.To confirm the efficacy of our approach, we can show from the results of the
cytotoxic studies, the formulation is observed to have more effect in the MDA-MB-468 that extensively
overexpresses CA IX receptor in hypoxic conditions compared to MDA-MB-231 which is known to be
a more difficult-to-treat strain [42]. However, the fact that the system has a consistent performance
on MDA-MB-231 also shows that it is a promising means treatment for this more aggressive variant
also [43]. The hypoxic condition enhances the effect of our formulation because the acidic pH of
rapidly growing cancer cells that causes enhanced expression of this receptor. Hence, such conditions
provide a greater opportunity for the formulation to enter the cells more efficiently. The difference
in the extent of cell death between the non-targeted and targeted formulations indicates that the
formulation is entering not only via the EPR effect but also by specific uptake by CA IX receptor;i.e.,
receptor-mediated cell uptake [41]. The more viability of cells in the blank formulation treatments
is evidence for the safety of the delivery system by itself. The amount of the formulation taken up
by the cells of each of the non-targeted by EPR effect and targeted formulations by active targeting,
respectively, indicates that the hypoxia-targeted formulation has a preference for entering cells in the
hypoxia in a time-dependent manner. It can also be said, considering the cytotoxicity studies, that the
formulation shows the receptor-mediated uptake [5,23,44-47] alongside the EPR effect. In addition, the
higher percentage of the apoptotic cells in each cell lines shows a better performance of the targeted
formulation over the non-targeted formulation suggesting the advantage of the hypoxia-targeting
ligand. The low percentage of total apoptosis in the cell treated with the delivery system only indicates
that the formulation in itself is safe for healthy cells.
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6. Conclusions

The challenge to target hypoxia, which is a common feature of all solid tumors, is because of its
existence in the core. The rapidly-proliferating tumor cells create a dearth of oxygen and a decrease in
pH within the cancerous cells, which results in the enhanced expression of the receptor CA IX that will
accommodate the uptake of the targeted formulation to the tumor core and, thus, efficiently deliver
the drug at the targeted site. The research presented here is hoped to show the proof of the concept
that delivery could be accomplished through CA IX receptor using ligands like Acetazolamide and a
biologically safe carrier such as bovine serum albumin, and therefore is non-immunogenic. We can say
that our reports here prove the effectiveness of the formulation designed and characterized herein.
The delivery system guides the delivery of medicine to specific sites, therefore, removing the adverse
outcomes in the healthy cells. The flexibility of the molecule to accommodate ligands and dyes with
equal ease may be stated as the strength of the formulation encouraging further studied in-vivo.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/3/1075/s1,
Figure S1: FTIR for the hypoxia targeting drug delivery system BSA-PTX-ATZ; Figure S2: NMR spectrum for the
hypoxia targeting drug delivery system BSA-PTX-ATZ.
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