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Abstract: This research examined the intraductal administration and localised therapy of breast cancer by incorporating the cytotoxic 

drug paclitaxel with the P-glycoprotein inhibitor elacridarin hyaluronic acid (HA)-modified nanoemulsions.We looked at adding 

either tributyrin or perillyl alcohol to the oil phase of the nanoemulsion to increase cytotoxicity.The size of the nanoemulsions was 

less than 180 n, and their zetapotential was negative. Perilyl alcohol and tributyrin both enhanced the cytotoxicity of nanoemulsions in 

MCF-7 cells, but not in MDA-MB-231.Perillyl alcohol, however, decreased the stability of the nanoemulsion when the medications 

were present. In comparison to a nanoemulsion that contained just paclitaxel (P-NE), the simultaneous addition of paclitaxel and 

elacridar to HA- and tributyrin-containing nanoemulsions (PE-NETri) enhanced cytotoxicity and decreased IC50 by 1.6 to 3-fold in 

MCF-7 and MDA-MB-231 cells. Additionally, this nanoemulsion resulted in a 3.3-fold decrease in MDA-MB-231 spheroids' 

vitality.P-glycoprotein in membranes might be inhibited by elacridar added to the nanoemulsion.The significance of HA was shown 

by the three-fold increase in retention of a fluorescent marker after in vivo intraductal delivery of the NE containing HA as opposed to 

a solution or nanoemulsion without HA. There were no histopathological alterations in the breast tissue caused by the 

nanoemulsion.These findings bolster the possible applicability of the nanoemulsion for the treatment of breast cancer locally. 
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1. Introduction 
A quarter of all diagnosed instances of breast cancer are ductal 

carcinoma in situ (DCIS), which is defined as neoplastic 

lesions in the breast's ductal-lobular structures that do not 

invade the basal myoepithelial membrane [1]. DCIS care often 

follows an aggressive pattern, including surgery with or 

without breast conserving, long-term endocrinotherapy, and 

radiation, since it may advance to invasive forms and there are 

presently no prediction tools for this change [2].medication 

administration straight into the ducts is helpful to maximise 

local medication concentration and minimise systemic adverse 

effects since DCIS develops within the ducts. As a localised 

approach to treat breast cancer and to restrict and/or reverse 

the carcinogenesis process, intraductal medication 

administration has been suggested in preclinical and clinical 

investigations [3–6]. It also serves as chemoprevention in 

high-risk individuals. 

Although to a lesser extent than systemic administration, prior 

evidence indicated that small drugs are likely to diffuse into 

the systemic circulation after intraductal administration as 

solutions due to ductal permeability [7]. This can be 

problematic given the high toxicity of antitumor drugs.In 

addition to its ductal permeability, skilled professionals are 

needed for its cannulation during delivery. Therefore, in order 

to combine effectiveness, safety, and a reduction in the 

frequency of administration, methods to improve ductal 

retention of medications must be used [8].Nanocarriers, 

including lipid nanoparticles, nanoemulsions,To meet this 

demand, delivery methods such as polymeric aggregates and 

nanosuspensions have been suggested [7–10]. Increases in the 

 

molecular weight of PEG-polymer aggregates have been 

shown by Singh et al. to enhance retention in the ducts [7].It 

has also been shown that ductal retention of micro and 

nanoparticles occurs, with 1µm particles exhibiting longer 

retention than 100 and 500 nm nanoparticles [11].Longer 

retention periods of a fluorescent dye were also obtained by 

administering an in situ gel as opposed to its solution, 

indicating the significance of viscosity and bioadhesion for 

local retention [11].In contrast to solutions, our lab has 

previously shown that nanoemulsions containing bioadhesive 

polymers extended the retention of fluorescent markers in the 

mammary    tissue  [8,12]. 

In the current investigation, paclitaxel and elacridar were co- 

incorporated and delivered intraductally using hyaluronic acid 

(HA)-modified nanoemulsions with cytotoxic ingredients as 

the oil phase.Colloidal dispersions of two immiscible liquids, 

usually water and oil, stabilised by surfactants are called 

nanoemulsions.Nanoemulsionswereselected 

asdeliverysystemsduetoseveralpropertiesandadvantagesoverot 

hernanocarriers: (i) The oil phase aids solubilization of 

lipophilic compounds such as paclitaxel and elacridar while 

still enabling their dispersion in an aqueous external phase; (ii) 

the presence of a surfactant interface offers an additional area 

for incorporation of drugs with poor aqueous solubility; (iii) 

nanoemulsions can incorporate large amounts of water 

(>60%) and can be obtained with lower amounts of surfactants 

compared to other emulsified nanosystems,such as 

microemulsions, which generally result in a lower irritation 

potential; (iv) it is possible to modify the surface of the 
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droplets with ligands, improving cell internalizationand 

selectivity, among other properties; and (v) several types of oil 

phases can be utilizedfor their production, and their selection 

can be based on their ability to dissolve the drug and/or to 

confer additional properties to the formulation (such as an 

improved cytotoxic- ity) [13–16]. Its affinity for the 

differentiation cluster protein 44 (CD44), a receptor 

overexpressed in several cancer types that has been proposed 

to help cancer cell targeting, and its bioadhesive qualities (to 

prolong mammary tissue retention) justify the use of HA in 

nanoemulsion modification [17]. In order to assist reverse 

multidrug resistance, we postulated that these nanoemulsions 

may increase paclitaxel cytotoxicity, extend breast tissue 

retention, and block the P-glycoprotein efflux transporter (P- 

gp). 

A well-known cytotoxic medication called paclitaxel (P) has 

been used in the clinic to treat early and metastatic breast 

cancer. It has been shown to be more effective than 

doxorubicina and cyclophosphamide [18–20].Its capacity to 

attach to β-tubulin, stabilise the polymerised microtubule, 

arrest the cell cycle in G2/M, and induce apoptosis is 

primarily responsible for its mode of action [21,22].Its limited 

selectivity against tumour cells, which causes several negative 

side effects when given systemically, supports the decision to 

deliver it directly into the ducts [23]. Additionally, tumour 

resistance, which is often linked to overexpression of efflux 

proteins—particularly P-gp of the ABC family (ATP-binding 

cassette)—reduces the effectiveness of this medication [24, 

25]. To overcome resistance development, the nanoemulsion 

was supplemented with elacridar (E). A strong inhibitor of P- 

gp and breast cancer resistance protein (BCRP), elacridar has 

the benefit of not being a substrate for P-gp and inhibiting it at 

concentrations 100 times lower than weak inhibitors like 

verapamil [26]. The capacity of elacridar to block the efflux 

transporter expressed in the skin was not hindered by its 

inclusion, since we have previously shown that its co- 

incorporation in nanoemulsions with P-gp substrates enhances 

drug   retention   in   the   epidermis   [27]. 

Perilyl alcohol and tributyrin were investigated as additions to 

the nanoemulsion oil phase in order to further enhance the 

cytotoxicity of the nanoemulsion.By isoprenylating ras gene 

products and inhibiting the regulating function of nuclear 

factor kappaB (NF-κB) expression, perillyl alcohol has been 

shown to regulate cell proliferation and induce cell death 

without damaging normal cells [28–30].Tributyrin is a 

prodrug of butyric acid and has been shown to have 

anticarcinogenic properties via caspase-3-dependent or - 

independent processes that include the up-regulation of Bax 

and the down-regulation of Bcl-2 [31].To assist The addition 

of C6 ceramide to tributyrin-loaded nanoemulsions enhanced 

their cytotoxicity against MCF-7 cells, suggesting a potential 

function for tributyrin in enhancing cytotoxicity [8]. 

This study's first phase included optimising the composition of 

the nanoemulsion and examining how composition affected its 

physicochemical characteristics, stability, and 

cytotoxicity.Following that, the effects of nanoemulsions on 

P-gp inhibition and paclitaxel cytotoxicity were investigated 

in 2D and 3D breast cancer models using MCF-7 and MDA- 

MB-231 cells, which were chosen due to their unique 

expression of CD44, progesterone receptor (PR), oestrogen 

receptor (ER), and human epidermal growth factor receptor 2 

(HER2).Because they mirror between 79% and 84% of cases, 

MCF-7 cells—which are ER+, PR+, HER2+, and CD44+— 

are often used as in vitro models for breast cancer [32]. The 

ER-, PR-, HER2-, and CD44+++ MDA-MB-231 cells have 

been widely used as models for triple-negative breast cancer 

[33]. The absence of effective therapeutic options for triple 

negative breast cancer makes having increased cytotoxicity 

against MDA-MB-231 cells significant [34, 35]. Last but not 

least, the invivoability of a chosen formulation to extend local 

retention was evaluated. 

 

2. Results 

NanoemulsionDevelopment,CompositionSelection,andCytotox 

icity 
In the first section of our investigation, we examined how 

different concentrations of tributyrin (Tri), hyaluronic acid 

(HA), and perillyl alcohol (PA) affected the characteristics of 

the nanoemulsion. Tricaprylin and tricaprylin including either 

perillyl alcohol or tributyrin (varying from 0.5 to 5% as final 

concentration in the thenanoemulsion) were the three kinds of 

oil phase that were tested in order to evaluate the effects of Tri 

and PA. Prior to the surfactant:oil phase mixture's aqueous 

phase addition, HA was dissolved in PBS to achieve final 

concentrations of 0.125, 0.25, and 0.5%. The objective was to 

maximise the amount of PA, tributyrin, and HA in the 

nanoemulsion while preserving its stability in order to 

optimise its composition.Following compositional definition, 

the cytotoxicity of a few chosen nanoemulsions in cell 

monolayers was compared.Impact of the Oil Phase on NE 

Features:   Impact   of   PA   and   Tributyrin 

First, we evaluated how the oil phase affected the properties of 

the nanoemulsion. The nanoemulsions did not include HA for 

this assessment.The generation of nanoemulsions with droplet 

diameters below 200 n and PDI<0.21 was made possible by 

PA at 1 and 2.5%, indicating a restricted sized distribution 

(Table 1). However, after five days, the NE containing 2.5% 

of PA became more viscous, which would make intraductal 

delivery difficult.A thick emulsion was produced instead of 

fluid systems when the PA content was increased to 5%. 

Similarly, replacing PA with tributyrin at 2.5 or 5% resulted in 

viscous emulsions; only at 1% did tributyrin permit the 

creation of fluid systems with droplets of around 100 nm 

(Table 1). The formulation that included tributyrin (NETri 

minus HA) had the lowest zetapotential of all the 

nanoemulsions. These findings imply that a tributyrin 

concentration of more than 1% prevented the production of 

nanoemulsions with the required properties for intraductal 

application. The nanoemulsions with 1% tributyrin or PA did 

not exhibit any distinct textures under a polarised light 

microscope that may be connected to aggregates, big droplets, 

or lamellar phase formation. These nanoemulsions were 

exposed to HA inclusion since their macroscopic and 

microscopic appearances remained unchanged for seven days. 
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Table 1. Influence of the type of oil phase on the droplet size, PDI and zeta potential of nanoemul-sions without HA, and 

influence of the concentration of HA, paclitaxel (P) and elacridar (E) on thephysicochemical characteristics of nanoemulsions 

containing perillyl alcohol (PA) or tributyrin (Tri). 

 

Nanoemulsion OilPhase/DrugConcentration Size(d.nm) PDI ZetaPotential(mV 

) 

NE(noHA) Tricaprylin 164.3 ±7.8 0.178 ±0.02 −23.8±2.8 
NETri Tricaprylin+tributyrin(1%) 100.89±1.1 0.114 ±0.04 −41.7±1.8 

(noHA) Tricaprylin+tributyrin(2.5%) - - - 
 Tricaprylin+PA(0.5%) 175.1 ±1.8 0.204 ±0.11 −27.2±1.2 

NEPA Tricaprylin+PA(1%) 139.4 ±0.9 0.192 ±0.01 −12.1±0.7 
(noHA) Tricaprylin+PA(2.5%) 155.2 ±1.7 0.170 ±0.04 −17.7±2.2 

 Tricaprylin+PA(5%) - - - 
E-NETri Tricaprylin+tributyrin(1%)0.1%E 608.1 ±0.4 0.327 ±0.01 −19.9±3.1 
(with0.25%HA) Tricaprylin+tributyrin(1%)(0.07%E) 202.9 ±0.7 0.197 ±0.03 −17.5±1.8 
PE-NETri Tricaprylin+tributyrin(1%)0.07%E+1%P 228.9 ±1.0 0.459 ±0.01 −19.0±5.9 
(with0.25%HA) Tricaprylin+tributyrin(1%)0.07%E+0.5%P 114.6 ±1.2 0.292 ±0.01 −32.4±0.28 
E-NEPA Tricaprylin+PA(0.5%)0.1%E 329.2 ±8.7 0.216 ±0.02 −11.4±0.2 
(with0.25%HA) Tricaprylin+PA(0.5%)0.07%E 138.7 ±1.9 0.183 ±0.11 −15.1±1.5 
PE-NEPA Tricaprylin+PA(0.5%)(0.07%E+1%P) 216.0 ±14.8 0.413 ±0.06 −34.2±6.7 
(with0.25%HA) Tricaprylin+PA(0.5%)(0.07%E+0.5%P) 134.2 ±3.8 0.293 ±0.01 −26.0±1.4 

 
InfluenceofHAIncorporationonNECharacteristics 

To enhance the bioadhesive qualities and retention of 

mammary tissue, HA was added at a concentration of 0.125 to 

0.5%.HA prevented the creation of homogenous 

nanoemulsions at 0.5%. All formulations using solely 

tricaprylin as the oil phase (U-NE), tricaprylin plus PA 

(NEPA1%), or tributyrin (NETri1%) at 1% (w/w) showed a 

diameter less than 180 nm, a PDI less than 0.22, and a 

negative zetapotential at 0.125 or 0.25% of HA (Figure 

1A).After seven days, however, creaming was seen in the 

formulations with 1% PA but not trib-utyrin. The formulations 

reverted to their initial shape after shaking, however an 

increase in particle size and PDI (above 0.3) was seen, 

indicating the formulations containing 1% PA were not stable 

when HA was present. Formulations were steady for a week 

after the PA content was lowered to 0.5% (NEPA0.5%). The 

increase in HA concentration to 0.25% did not significantly 

(p>0.05) lower the potential when compared to any other 

nanoemulsions. These findings led to the selection of HA at 

0.25% to enhance bioadhesion, and three different kinds of 

nanoemulsions were examined for further characterisation, 

cytotoxicity, and stability assessment:Tricaprylin with 0.5% 

PA and 0.25 HA (known to as NEPA), tricaprylin with 1% 

tributyrin and 0.25% HA (referred to as NETri), or NE having 

solely tricaprylina oil phase and 0.25% HA (referred to as U- 

NE). 

comparable pictures were acquired. Under the polarised light 

microscope, no bigger droplets or other textures were seen 

(Figure 1(C2)), indicating that the addition of PC to the 

surfactant mix did not result in the production of liquid 

crystalline bulk phases [36].Additionally, because the 

intraductal route is parenteral and needs a pH as near to 

physiological pH as feasible to minimise local pain [38], the 

formulations' pH (around 6.7, as determined by pH strips) 

supports compatibility with the intended route [37]. 

CharacterizationofS 
electedFormulations 

The rheological behaviour of the chosen nanoemulsions was 

further examined (Figure 1B). The low viscosity (below 0.005 

Pa.s) of all formulations was justified by the fact that 80% of 

their content is water. The linear connection between shearrate 

and shear stress suggests Newtonian behaviour, suggesting 

that at the concentrations utilised, tributyrin and PA did not 

influence the nanoemulsion's other heological behaviour, 

albeit PA seemed to encourage a minor rise in viscosity. 

Figure 1(C1) shows a representative picture of the tricaprylin- 

containing nanoemulsion. It is evident that spherical droplets 

smaller than 200 nm were produced, supporting the diameter 

determined by light scattering.For the other nanoemulsions, 
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Figure 1.Nanoemulsion development and characterization.(A) Influence of NE composition 

(unloaded,containingperillylalcoholortributyrin)andH 

Aconcentrationonthesizedistribution, polydispersity 

index (PDI), and zeta potential. (B) Rheological 

behavior of U−NE (NE containing only tricaprylin as oil 

phase and 0.25% HA), NEPA (NE containing tricaprylin 

with 0.5% PA and 0.25% 

ofHA),andNETri(tricaprylinwith1%tributyrinand0.25 

%HA).(C)MicroscopyimagesofNETri. (C1) 

Representative image of transmission electron 

microscopy of NETri.(C2) Representative image 

ofpolarizedlightopticalmicroscopyoftheformulation. 

Atleastthreebatchesofeachformulation were produced. 

InfluenceofNanoemulsionCompositiononItsCytotoxicity 
After Tri, PA, and HA concentrations in the nanoemulsions 

were optimised, the chosen formulations were then tested for 

cytotoxicity in cell monolayers. Since (i) HA has bioadhesive 

qualities and is a ligand of CD44, which may influence 

interactions with cells and cytotoxicity, and (ii) tributyrin and 

perillyl alcohol have been reported to enhance the cytotoxic 

qualities of medications and formulations [8,16,29], the 

comparison of nanoemulsions with different compositions is 

justified. 

By contrasting the NE-containing tricaprylin in the oil phase 

with and without HA at 0.25% (U-NE), the impact of HA 

addition was evaluated. At the maximum concentration used, 

the nanoemulsion without HA, tributyrin, or PA decreased the 

viability of MCF-7 cells to around 70%, whereas MDA-MB- 

231 cells showed a comparable impact at a lower dose (Figure 

2).The components of unloaded nanoemulsions may be 

responsible for their cytotoxicity.It has been shown that 

surfactants, such as polysorbates, and elements of the oil 

phase of emulsified nanocarriers alter membrane permeability 

and enhance the release of inflammatory cytokines, which in 

turn affects cell viability [39–42].This may add to the overall 

cytotoxicity of drug-loaded nanoemulsions and is in line with 

the previously documented potential of nano and 

microemulsions to influence the viability of tumour and non- 

tumor cells based on the type/concentration of the oil phase 

and surfactants [43–46].Cell viability was not significantly 

impacted by the presence of HA (Figure 2 and Table 2). 
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Figure 2.Influence of the concentration of U-NE, U-NE without HA, NEPA, and NETri 

onthe viability of MCF-7 and MDA-MB-231 cells in monolayer (2D culture) after 48 h of 

treatment. Data are representedasthemean±SD,n=12–16in3–4separateexperiments. 

Table2.ValuesofIC50relatedtoMCF-7andMDA-MB-231celllines. 
 

 MCF-7  MDA-MB-231  

IC50 mg/mLof NE µMofP mg/mLof NE µMofP 

U-NEwithout     

HA - - 15.5 - 
U-NE - - 6.6 - 
NETri 9.7 - 8.2 - 
NEPA 12.6 - 9.7 - 
P-Sol - 78.8 - 61.8 

PE-Sol - 66.0 - 62.4 
P-NETri 4.7 27.4 0.9 5.0 

PE-NETri 2.9 17.1 0.3 1.7 

 

 
To evaluate the impact of adding tributyrin and PA, the cytotoxicity of NETri and NEPA (both of which contained 0.25% HA) was 

then evaluated.Despite having double the tributyrin content, these nanoemulsions showed equivalent IC50 values and comparable 

cytotoxicity in both cell lines (Figure 2, Table 2).Only in MCF-7 cells did NETri and NEPA have lower IC50 values than U-NE, 

which confirms earlier findings that adding tributyrin to nanoemulsions increases their cytotoxicity in MCF-7 cells [8] and shows that 

this effect can be obtained at a concentration that is about eight times lower than that previously used. Due to this improvement in 

cytotoxicity, NETrian and NEPA were chosen to be included into paclitaxel. 

InfluenceofPaclitaxelandElacridarIncorporationonNanoemulsionCharacteristics 
Elacridar (E) did not permit the generation of nanoemulsions 

with the required size at the highest concentration investigated 

(0.1%) (Table 1).Elacridar was not entirely dissolved in the 

surfactant:oil phase mixtures at this concentration, and only a 

small number of drug crystals were visible under a polarised 

light microscope. This might account for the droplet diameter 

increase of around 2.2–6 times. Its solubility and the 

acquisition of droplets smaller than 200 nm were made 

possible by lowering its concentration to 0.07% (Table 1). 

Paclitaxel (P) was likewise exceedingly difficult to solubilise 

at 1% in the surfactant:oil phase combination (which also 

included Eat 0.07%); independent of the presence of tributyrin 

or PA, the resultant nanoemulsions showed PDI>0.4 and 

sedimentation was seen after two days. The existence of two 

populations (seen in the DLS size distribution) and non- 

dissolved paclitaxel may be the cause of this high PDI 

(Supplementary Figure S1). Nanoemulsions with a more 

constrained size distribution were produced by lowering the 

paclitaxel concentration to 0.5%. When paclitaxel was added 

to NETri (PE-NETri), the droplet size was almost doubled in 

comparison  to  thethenanoemulsions  that  contained  just 

elacridar (E-NE).While drugs may be able to alter the 

properties of PC-based systems [47]. We credit this decrease 

to a longer bath sonication (~10 min) for paclitaxel 

solubilisation, which may have enhanced formulation 

homogenisation overall. 

Instead of measuring drug trapping, we worked with the idea 

of "drug incorporation in the nanoformulation."Because of the 

presence of surfactant monomers, propylene glycol (which is 

incorporated in the surfactant blend but may partition into the 

aqueous phase), and the formation of other structures 

(asmicelles due to the excess of surfactant), we thought that 

drug incorporation prevented drug precipitation by encasing 

the sum of the fractions of drug dissolved/entrapped into the 

oil droplets, in the surfactant interface, and 

dispersed/dissolved in the aqueous external compartment [48– 

50]. Previous research that documented an increase in the 

apparent solubility of APIs facilitated by "liposomalization" 

and/or "micellisation" [51] supports this. We took 100% 

integration into consideration since the chosen medication 

doses did not cause precipitation. 

The  drug-loaded  nanoemulsions  were  compared  to  the 
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unloaded formulations after undergoing a 90-day short-term 

stability testing.Every unloaded formulation had a size below 

200 nm, a PDI between 0.11 and 0.20, and a zeta potential 

between -12 and -42 mV at the time of acquisition (Figure 

3A).All formulations exhibit an increase in size after 90 days: 

around 21.5 nm for NETrian and 42.9 nm for NEPA.Although 

the formulation retained its macroscopic properties, the PDI of 

NEPA rose about 1.5 times, whereas the PDI values of NETri 

hardly altered (Figure 3A). There was no discernible 

creaming, phase separation, or coalescence, despite NETri 

exhibiting the most marked rise in Zeta potential.Stability was 

impacted by drug incorporation, as shown in Figure 3B.An 

approximately 1.5-fold rise in PE-NETri's thezetapotential 

was seen after 90 days.According to reports, medication 

encapsulation and release over time may alter the droplet 

surface structure, which might alter the zeta potential by 

altering the orientation of the phosphatidylcholine head groups 

[52]. Furthermore, more noticeable alterations in droplet size 

and PDI of PE-loaded NEPA were seen, but not of PE-NETri, 

indicating that PE integration had an impact on NEPA 

stability.Therefore, only PE-NETri was investigated further. 

 

 
 

Figure3.Nanoemulsionshort-termstability.(A)InfluenceofNEcomposition(NEPAandNETri)on size distribution, 

polydispersity index (PDI) and zeta potential for 90 days. (B) Influence of NEloading with paclitaxel and elacridar 

(PE−NEPA and PE−NETri) on size   distribution, 

polydispersityindex(PDI)andzetapotentialfor90days.Atleastthreebatchesofeachformulationwereanalyzed. 



ISSN:1300-669 
Volume 20 Issue 2July 2024 

64 

 

 

 
 

After 30 days of storage at room temperature (kept by air 

conditioning set at 25 ◦C), shielded from light, a preliminary 

evaluation of the drug content in NETri was carried out 

(SupplementaryFigure S2A).The paclitaxel lacridar content 

was more than 95%, indicating their stability throughout the 

course of the study.Furthermore, the release of paclitaxel and 

elacridar from NETri was investigated to make sure that, due 

to their lipophilia, the medications would not be kept in the 

emulsion  for  extended  periods  of  time.At  24  hours, 

78.2±12.4% of paclitaxel and 60.0±11.7% of elacridar were 

released from NETri. Release increased with time 

(Supplementary Figure S2B).Following data fitting, Higuchi's 

model was able to better characterise drug release (R2> 0.97 

and 0.99 for paclitaxel and elacridar, respectively), which is in 

line with prior research using nanoemulsions [53–55]. 

P- 

GlycoproteinInhibition 

Assay 
P-gp-mediated transport has been shown to be inhibited by 

substances that damage membranes, interfere with ATP 

binding, or deplete ATP [56,57]. Due to their impact on 

membranes, polysorbates and other surfactants may block P- 

gp; nevertheless, the necessary concentrations are often large 

[40,44,58].P-gpATPase activity was compared with 

NETriandelacridar-loaded-NETri (E-NETri) after treatment of 

membranes that express this transporter as evidence that 

elacridar inclusion enhanced the capacity of NETri to block 

efflux transporters. 

E-NETri significantly decreased P-gp activity at 2.5 and 3.5 

mg/mL in contrast to the unloaded NETri (p < 0.05, Two-way 

ANOVA, Sidak's multiple comparisons post-test) (Figure 4). 

According to these findings, adding elacridar to NETri 

enhanced the nanoemulsion's capacity to block P-gp, leading 

to more noticeable transporter inhibitions at lower 

nanoemulsion concentrations 

. 

 

 

 

Figure 4.InfluenceofNEconcentrationonverapamil-inducedP-gpATPaseactivity.Sidak’sstatis- 

ticaltestshowedsignificantdifferencebetweenE-NETricomparedtoNETri(*p<0.05)at2.5and 

3.5mg/mL.Datarepresentedasthemean±SD,of3–5samples. 

CytotoxicityEvaluationoftheDrug-LoadedNETri 
The cytotoxic effects of the drug-loaded NETri were next 

examined on spheroids and monolayers of breast cancer 

cells.Since drug incorporation in micro and nanoemulsion 

affects drug olubility and delivery into cells and tissues 

[14,59], the experiments were performed to determine whether 

(i) paclitaxel incorporation in NETri increased its cytotoxic 

effects compared to the drugsolution, and (ii) elacridarco- 

incorporation influenced formulation cytotoxicity.Cytotoxicity 

in Monolayer Cells When compared to the unloaded NETri, 

the formulation cytotoxicity rose by up to ten times when 

paclitaxel was added to the chosen nanoemulsion (P-NETri) 

(Table 2). IC50 results of ~50–60 µM when the drug solution 

was used showed that the cells were not extremely sensitive to 

paclitaxel.Other groups reported similar paclitaxel IC50 

values in breast cancer cell lines [60]. Incorporating paclitaxel 

into NETri (P-NETri) increased cytotoxicity when compared 

to paclitaxel solution (P-Sol), albeit the strength of this impact 

varied depending on the type of cell (Figure 5).IC50 values 

decreased by around 2.5 to 12.4 times, with MDA-MB-231 

cells showing the most noticeable decrease. The inclusion of 

HA in the nanoemulsion may serve to increase paclitaxel 

cytotoxicity in cells that express CD44 receptors, since this 

effect may be connected to the triple negative cells' greater 

expression of CD44 receptors in comparison to MCF-7 cells 

[33,61]. 
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Figure 5. Influence of the concentration of paclitaxel solution (P-Sol), paclitaxel + elacridar 

solution(PE-Sol), unloaded nanoemulsion (NETri), paclitaxel-loaded (P-NETri), or paclitaxel 

+ elacridar-loaded nanoemulsion (PE-NETri) on the viability of breast cancer cells in 2D and 
3D (spheroids)culture.(A) Viability of MCF-7 and MDA-MB-231 cells in monolayer (2D 

culture) after 48 h oftreatment.Dataarerepresentedasthemean±SD,n=12–15in3– 

4separateexperiments;(B)viabilityof MCF-7 spheroids after 72 h of treatment, (C) viability 

of MDA-MB-231 spheroids after 72 h oftreatment.Data are represented as the mean±SD, n = 

3–4.The concentrations of the formulationand paclitaxel are presented in mg/mL and µM, 

respectively. 
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Elacridar did not significantly alter cytotoxicity and IC50 

values in any of the cell lines, according to a comparison of 

paclitaxel solution with and without it (P-Sol and PE-Sol) 

(Figure 5A and Table 2).However, compared to P-NETri, co- 

incorporation of paclitaxel and elacridar in NETri resulted in a 

1.6–2.9-fold decrease in the viability of MCF-7 and MDA- 

MB-231 cells, indicating a potential impact of the NE on 

paclitaxel (and not only elacridar) delivery. These findings 

suggest that, in comparison to its solution, the formulation is 

an appropriate approach for co-delivery of paclitaxel lacridar, 

boosting paclitaxel cytotoxicity. 

CytotoxicityinSphe 
roids 

After it was shown that adding paclitaxel to the nanoemulsion 

increased its cytotoxicity in cell monolayers, the impact of the 

formulation on MDA-MB-231 and MCF-7 spheroids was 

evaluated. Spheroids are used as 3D models because they have 

been shown to replicate the in vivo cellular milieu more 

accurately than monolayer cultures. Even at the greatest 

concentration tested, the unloaded NETri did not cause the 

viability of MDA-MB-231 or MCF-7 spheroids to drop to less 

than 80% (Figure 5B,C, and Table 3).This may be explained 

by the fact that spheres have more complex structures and 

more constant diffusional barriers than cell monolayers.Both 

spheroids' formulation cytotoxicity was enhanced by the 

addition of paclitaxel to the nanoemulsion (P-NETri); IC50 

values of 6.6 and 11.1 µM were reported (Table 3). Co- 

incorporating elacridar with paclitaxel resulted in further 

increases; the most noticeable impact was shown in MDA- 

MB-231 spheroids (3.2-fold decrease in the formulation IC50 

compared to P-NETri, Table 3). 

 

Table3.ValuesofIC50relatedto3DcellcultureofMCF-7andMDA-MB-231. 

 

 

IC50 

MCF-7 
mg/mLof NE 

 

µMofP 

MDA-MB-231 
mg/mLof NE µMofP 

NETri - - -  - 
PE-Sol - - -  -  

P-NETri 6.6 38.5  11.1  64.8 
PE-NETri 3.9 23.1  3.4  19.7 

 
The PE solution did not lower spheroid viability to 50% or below, just as the unloaded formulation did. Coincorporating paclitaxel 

and elacridar in NETri resulted in a change of the viability curves to the left, indicating enhanced cytotoxicity. Once again, MDA- 

MB-231 spheroids had the lowest IC50 value (19.7 µM) (Table 3).As shown in Figure 6, the spheroids treated with PE-NETri at its 

IC50 value darkened, and more loose cells and cell debris were visible in the medium following the 72-hour treatment than either the 

spheroids treated with the unloaded NETri (at the same concentration) or the spheroids treated before treatment.Comparable outcomes 

were found for MCF-7 cells. 

 

Figure6.MDA-MB- 

231spheroidsobservedbeforeandaftertreatmentfor72hwiththeunloaded NETri or PE- 

NETri at the IC50 value of PE-NETri. 
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InVivoMammaryRetentionofaFluorescentMarker 
A rhodamine-loaded NE was used to assess if the presence of 

HA impacted tissue retention and whether the nanoemulsion 

could localise chemicals in the mammary tissue in vivo after 

intraductal injection. 

For 120 hours, the mammary tissue's rhodamine retention was 

observed.Since there was no fluorescence labelling from the 

unloaded (rhodamine-free) NETri, it was evident that the 

presence of rhodamine in the tissue is what causes the signals 

(Figure7).On the day of injection, the mammary tissue was 

fluorescently stained by intraductal administration of 

rhodamine solution, rhodamine-loaded NETri (including HA), 

or rhodamine-loaded nanoemulsion without HA.Staining 

decreased throughout the course of five days regardless of the 

kind of therapy, however the reduction was more noticeable 

when using the solution than NETri (Figure 7A).More 

precisely, rhodamine-loaded NETri and rhodamine solution 

decreased staining to 35 and 10% of the original intensity, 

respectively. This resulted in a staining signal that was more 

than three times larger utilising NETri (p<0.05) after 120 

hours (Figure 7B).These findings point to the potential 

advantages of combining bioadhesive nanoemulsions with 

intraductal administration to increase mammary retention. It's 

interesting to note that staining from NETri without HA was 

inferior to NETri (which contains HA at 0.25%) and 

comparable to the fluorochrome solution (p > 0.05, Two-way 

ANOVA, and post hoc Tuckey). This highlights the 

significance of HA in the formulation and its function in 

enhancing tissue retention. 

When we removed the breast tissue and examined tissue 

staining under a fluorescence microscope, the fluorochrome 

was still in the tissue, mostly in the ducts and surrounding 

tissues, despite the fact that the rhodamine signal's strength 

had diminished after five days. The rhodamine signal 

remained  strong  in  the  NE-HA  group  (Figure  7C). 
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Figure7. In 

vivomammaryretentionofthefluorescentmarkerrhodamineover120hafterintraductal 
(ID)administrationandhistologicalchanges. 

(A)Representativeimagesofthefluorescencesignal in female rats treated with 0.5% 

rhodamine solution, NETri without HA and NETri loaded with 0.5% rhodamine; 

unloaded NETri was employed for autofluorescence assessment.(B) Decay of 

fluorescenceintensityalong120hafterIDadministration. 

Dataarerepresentedasthemean±SD. Tukey’sstatisticaltest(n=3– 

4)showedsignificantdifferencebetweenNETricomparedtothesolution (a = p< 0.01) and 

NETri compared to the NETri without HA (b = p< 0.01).(C) Fluorescent signal 

remaininginthebreasttissueafter120hofIDadministrationofNETricontaining0.5%rhoda   
mine. The zoom shows a ductal tree with its alveoli, suggesting that the fluorescent signal 

came from insidethe ducts. Bar = 100 µm. (D) Representative image of the mammary tissue 

after ID administration of the NETri obtained by optical microscopy. Bar = 100 µm. 
 

According to the features of the ducts and tissue organisation, 

including the epithelium, adiposetissue with unilocular 

adipocytes, and connective tissue (stroma) that surrounds the 

ducts, ductules (smaller ducts), and alveoli, none of the 

formulations produced inflammatory symptoms in the breast 

tissue [62]. There were lymph nodes, blood arteries, nerves, 

and smooth muscle fibres in the adiposetissue [62], but there 

were no unusually high lymphocytes or other indications of 

inflammatory cell infiltration.There were no abnormalities or 

lesions seen in the duct and alveolar lumen, which was 

likewise    free    of    secretions    or    cells. 

 

 

(Fig. 7D). Although additional assessment of histological 

changes in the mammary tissue and other biochemical 

parameters (like liver function) after longer treatment periods 

would be required to ensure safety, the animals' lack of 

changes in weight, locomotion, and leukocyte count 

(Supplementary Table S1) supports the formulation's potential 

safety when administered through the intraductal route. 

 

Discussion 

The chemotherapeutic drug paclitaxel has been used 

extensively to treat solid tumours, but its potential to cause a 

number of serious side effects is still a drawback that drives 

the quest for alternative delivery methods and administration 

routes in order to preserve effectiveness and reduce systemic 

toxicity [63,64].Our goal in this work was to create a 

nanoemulsion that would allow paclitaxel and elacridar to be 

delivered intraductally and co-incorporated. In this work, the 

composition was carefully chosen and optimised to allow the 

acquisition of certain features that are pertinent to intraductal 

administration  and  the  treatment  of  breast  cancer. 

Our understanding of how formulation makeup affects 

cytotoxicity was aided by cell culture research.We showed 

that tributyrin and PA at 0.5–1% enhanced formulation 

cytotoxicity, but only in MCF-7 cells. In this cell line, Migotto 

et al. also found cytotoxicity increase mediated by tributyrin, 

which resulted in a decrease in the IC50 of anoemulsions of 
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more than 80% [8]. The current work not only supports the 

triglyceride's capacity for cytotoxicity, but it also shows that 

this impact is shown at eight-fold lower concentrations when 

it is added to the NE.In regards to PA, Yeruva and associates 

showed that by inducing G0/G1 arrest, sensitising cells, and 

lowering IC50 values of cisplatin, PA treatment decreased 

viability and enhanced apoptosis in MDA-MB-231 and MCF- 

7 by 33.7% and 12.6%, respectively [65]. Given that the 

observed IC50 of PA to suppress the growth of MDA-MB-213 

cells was 1.5 mM, increases in PA content in the NE may be 

relevant to further enhance cytotoxicity in these cells. The PA 

content in the cell culture medium would only approach this 

amount at the maximum NE concentration (50 mg/mL). 

NETri was more stable after drug loading, even though 

tributyrin and PA-containing nanoemulsions had comparable 

cytotoxicity. To the best of our knowledge, no prior reports 

have examined the connection between the presence of PA 

and decreased NEstability. Depending on the kind of 

surfactant, Fengetal found that certain D-limonene-loaded 

nanoemulsions showed instability (creaming, bigger droplets, 

and high Turbiscan Stability Index) [66]. Perillyl alcohol, an 

almonene component, may need different kinds of surfactant 

systems in order to create stable nanoemulsions. Since it has 

been shown that drug loading into phospholipid-stabilized 

emulsified systems and the compartment in which they 

localise might affect stability, it is also worthwhile to take into 

account the function of drug localisation in the nanoemulsion 

[50].As was already noted, lipophilic medications (such as 

paclitaxel and elacridar) may be found in several parts of the 

nanoemulsion: dispersed/dissolved in the aqueous phase, 

entrapped/dissolved in the oil droplets, and in the surfactant 

interface [49,50,67].Drug localisation at interfaces may affect 

surfactant activity and, therefore, droplet stability because of 

the tiny droplet size and high interface-to-core ratio [50]. It is 

reasonable to assume that PA and elacridar dissolve 

differently because PA is less lipophilic than tributyrin (logP 

of 1.9 versus a predicted logP of 2.9 for tributyrin) [68]. This 

could favour drug incorporation at the surfactant interface in 

the presence of PA, affecting surfactant function and 

nanoemulsion stability. Additionally, tributyrin's increased 

lipophilicity may have made NETri more stable since 

nanoemulsions are susceptible to Ostwald ripening, and 

decreasing the oil phase's aqueous solubility helps to inhibit 

this process [69]. The addition of paclitaxel to NETrii 

enhances cytotoxicity.Despite its many harmful side effects, 

paclitaxel is regarded as an efficient chemotherapeutic 

medication that is used as a cornerstone in the treatment of 

early or metastatic breast cancer. For this reason, nanocarriers 

have been regularly researched to enhance cytotoxicity and 

cancer cell targeting.For instance, Bernabeu and Researchers 

found that adding paclitaxel to nanoparticles functionalised 

with TPGS-b-PCL decreased their IC50 by almost 60% [60]. 

When the medication was added to a microemulsion, Pepe et 

al. observed a two-fold decrease in the IC50 value in basal cell 

cancer cells [59]. In SK-MEL-19 cells, Carvalho et al. showed 

that adding paclitaxel to a nanoemulsion decreased its IC50 by 

four times [16].A research by Bu and associates also shown 

that, in comparison to the drug solution, a nanoemulsion based 

on TPGS, Tween 80, and medium chain triglyceride decreased 

the IC50 in MCF-7/ADR cells by 18.9 times [70]. An 

enhanced solubility of lipophilic medicines in the culture 

medium and their distribution to cells and tissues have been 

linked to the cytotoxicity enhancement mediated by 

anoemulsified  carriers  [16,71].More  effective  passive 

diffusion—caused by the presence of surfactants and other 

penetration enhancers as nanoemulsion components—and/or 

specialised processes may be responsible for the enhanced 

delivery [72,73].According to earlier research, 

phosphatidylcholine and surfactants (such so-called sorbates) 

may function as sorption enhancers, changing the structure 

and permeability of biological barriers and enhancing drug 

diffusion through them [72,74–76]. It has been proposed that 

the presence of polysorbates and poloxamers in neurocarriers 

might cause endocytosis across the blood–brain barrier 

because of their affinity for lipoproteins and other biological 

molecules [77]. 

Furthermore, hyaluronic acid has been identified as a CD44 

ligand that may cause cell internalisation by endocytosis 

mediated by CD44 [78]. We have previously shown using 

differential scanning calorimetry that the addition of HA 

raised the glass transition temperature (Tg’) in nanoemulsions 

from -45 to -36◦C, the melting peak temperature (Tpeak) from 

-0.8 to +1.4◦C, and the enthalpy of fusion (∆Hfus) from 214.7 

to 243.0J/g. These findings imply that HA can influence the 

mobility of water near interfaces [12]. These findings suggest 

that the interface or an area near it may contain at least some 

of the polysaccharide content. Previous studies using cationic 

micelles reported that hyaluronan chains do not penetrate into 

the interior of micelles formed with decyl- and 

dodecyltrimethyl-ammonium bromides, and charged groups of 

hyaluronic acid might act as counterions [79,80], even though 

the types of interactions between HA and surfactants forming 

these nanoemulsions were not  further 

investigated.Furthermore, the domains created by the 

hydroxyl groups of hyaluronate were drawn to the hydrophilic 

headgroups of non-ionic and anionic surfactants (such sodium 

dodecyl sulfonate) [80]. Additionally, it was proposed that 

phospholipid-based aggregates' hydrophobic surface may 

interact with HA by binding the hydrophobic sections of the 

HA  chain   [81,82]. 

Further supporting the advantages of nanoemulsified systems 

for the solubilisation and administration of lipophilic 

chemicals like paclitaxel and elacridar, we also showed that 

paclitaxel and elacridar together in the nanoemulsion, but not 

as a solution, enhanced its cytotoxicity. Given that elacridar's 

presence in the nanoemulsion did not impair its capacity to 

inhibit P-gp, the increase in paclitaxel cytotoxicity may be 

linked to enhanced elacridar cell uptake and efflux transporter 

inhibition.It has been shown that MCF-7 and MDA-MB-231 

cells express P-gp, but at far lower levels than resistant cells, 

which may indicate that elacridar helps to block efflux 

[83,84]. Other studies have showed the advantages of co- 

loading nanocarriers with paclitaxel and elacridar to enhance 

cytotoxicity, block efflux, and reverse multidrug resistance. 

For instance, Tonbul et al. found that when elacridar (100 nM) 

was co-encapsulated, the cellular viability dropped by almost 

77%, but paclitaxel-loaded nanoparticles alone at 50 µM 

showed nearly no cytotoxic impact in the EMT6/AR1.0 mouse 

mammary tumour cell line [85].Future research will evaluate 

the cytotoxicity of the formulation in breast cancer cells that 

are resistant to paclitaxel (our group has been working on the 

creation of these cells).Clinically, it would be ideal for 

chemotherapeutic drugs to be associated with inhibitors of 

efflux transporters in order to increase their effectiveness. 

However, because transporters are not only expressed in 

tumours, increasing the cytotoxic effect of paclitaxel may 

result in a proportionate increase in systemic adverse effects 

and toxicity [86]. This issue can be resolved by local 
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administration   into   the   mammary   ducts. 

The main reason hyaluronic acid (HA) was added to the 

nanoemulsion was because of its bioadhesive qualities 

[12,87,88], however this naturally occurring anionic polymer 

has other functions. As previously stated, it is a ligand of 

CD44; due to its overexpression in a number of cancer types, 

it is a potential target to improve the specificity of therapies 

directed at tumour cells [12,89]. Since the NE without HA 

promoted retention that was comparable to the solution, we 

showed in vivo that the inclusion of HA in the nanoemulsion 

was necessary to extend the local retention of rhodamine.Our 

findings contradict those of Barbault-Foucheretal, who 

showed that HA had the ability to adhere to mucosa in an 

ocular drug delivery system based on poly-ε-caprolactone 

nanospheres. This might be because HA does not adhere to the 

precorneal mucin layer covalently [87].Mucins play a crucial 

role in protecting and lubricating ducts coated with epithelium 

[90], and their presence in the mammary ducts is a significant 

characteristic of the pathway that supports the use of 

bioadhesive nanocarriers.To our knowledge, this is the first 

proof that HA presence in the nanoemulsion was really 

required for this effect, and that a four-fold lower HA content 

was enough. We have previously shown that HA-modified 

nanoemulsions were able to extend breast tissue retention of a 

hydrophilic probe [12]. The formulation did not alter the 

breast tissue's histological features, indicating that it does not 

encourage local adverse responses throughout the study 

period. 

 

3. MaterialsandMethods 

Materials 
Croda Health Care, located in Edison, New Jersey, USA, 

generously provided the tripartin. 2-dipalmitoyl-sn-glycero-3- 

phosphoethanolamine (DPPE) and soy phosphatecholine (PC) 

were acquired from AvantiPolar Lipids (Alabaster, AL, USA), 

while propylene glycol and glycerol were acquired from Synth 

(São Paulo, SP, Brazil).The supplier of paclitaxe and lacridar 

was Cayman Chemical Company (Ann Arbour, MI, USA). 

Sigma (St. Louis, MO, USA) provided the polysorbate 80, 

tetrazolium dye3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazoliumbromide (MTT), trichomerin (Tri), and 

perillyl alcohol (PA). Other specific chemicals and their 

corresponding methods are detailed. Unless otherwise noted, 

ultrapure water was used. 

NanoemulsionDevelop 

ment 
The oil phase and surfactant combination 

(PC:DPPE:polysorbate80:propyleneglycol:glycerol3:0.2:1:0.5 

:0.45, w/w/w/w/w)at1:1(w/w, making up 20% of the 

formulation) were combined to create nanoemulsions. 

Because DPPE has been shown to promote the absorption of 

nanoparticles by cancer cells, we included phospholipids in 

the surfactant blend to decrease surfactant-based irritation 

[91,92].The aqueous phase (80% of the formulation) was then 

washed to 40 ◦C and added to the combination while vortex 

mixing for 30 seconds. The formulations were then sonicated 

for 10 minutes at a rate of 58 seconds on and 30 seconds off in 

an ice bath (VCX-500, Sonics, Newtown, CT, USA). 

The NanoZS90 (Zetasizer, Malvern, UK) apparatus was used 

to measure the particle diameter, polydispersity index (PDI), 

and zetapotential after a 1:100 (w/w) nanoemulsion dilution 

with water. An R/S Plus controlled stress rheometer with the 

RC75-1  geometry  (Brookfield  Engineering  Laboratories, 

Middleboro, MA, USA) and a controlled temperature of 25◦C 

was used to examine the rheological behaviour of the 

formulations.In the studies, shearrates ranging up to 2000s−1 

were   used  [48]. 

As explained in the next subsections, this nanoemulsion 

preparation procedure was modified twice in order to evaluate 

the impact of the composition of the aqueous and oil phases 

on the nanoemulsion properties. 

 

 

InfluenceofOilPhas 
eonNEFormation 

Three kinds of oil phases were studied in order to evaluate the 

impact of tributyrin (Tri) and perilyl alcohol (PA) on emulsion 

characteristics:tricaprylin and tricaprylin with either tributyrin 

or perillyl alcohol (with a final concentration in the mixture 

ranging from 0.5 to 5%). nanoemulsion). Before adding the 

aqueous phase and sonicating, the oil phase was mixed with 

the surfactant mixture. Before further testing, homogeneous 

formulations were stored at room temperature and shielded 

from light for up to seven days to see if they remained 

preliminary stable (showing no symptoms of aggregation, 

phase separation, or screaming).Aqueous Phase Influence on 

Ne Formation Next, it was determined how the NE properties 

were affected by the addition of hyaluronic acid (HA, low 

molecular weight, 10 KDa, Lifecore Biomedical, Chaska, 

MA, USA).Before being incorporated into the aqueous phase, 

it was dissolved in PBS to achieve final concentrations of 

0.125, 0.25, and 0.5%. As stated, the formulas were sonicated. 

Before undergoing further testing, homogeneous formulations 

were stored at room temperature and shielded from light for 

seven days to see whether they remained stable.Short-Term 

Stability, Drug Incorporation, and Release Before the aqueous 

phase addition, paclitaxel and elacridar were dissolved in 

specific oil phase:surfactant mixes. Based on earlier research 

on drug solubility in micro and nanoemulsions [16,27,59], two 

concentrations of paclitaxel (0.5% and 1%) and ofelacridar 

(0.1% and 0.07%) were examined, and their impact on the 

physicochemical properties was evaluated. Using NanoZS90 

(Zetasizer, Malvern, UK) equipment, droplet diameter, 

polydispersity index (PDI), and zeta potential were measured 

after a 1:100 (w/w) dilution of the nanoemulsions with water. 

Selected unloaded NEs and those with elacridar were chosen 

based on their characteristics. Paclitaxel (0.5% w/w, 5.9 mM) 

and (0.07% w/w, 1.2 mM) underwent a short-term stability 

test. For ninety days, the three batches of formulations were 

stored at room temperature (maintained by air conditioning set 

at 25 ◦C), shielded from light, and examined under a 

microscope (Leica, Wetzlar, Germany) and visually for 

indications of aggregation, phase separation, or 

creaming.Additionally, as previously mentioned, droplet size, 

PDI,   and   zeta   potential   were   evaluated. 

The formulation was placed in the recipient compartment of 

Franz diffusion cells in small dialysis bags (14,000 Dacutoff, 

Sigma-Aldrich, St. Louis, MO, USA) in phosphate buffered 

saline (PBS) + 1% polysorbate 80, pH7.4, at 

37◦Cunderstirring (150 rpm) as previously described [93] to 

assess whether paclitaxel and elacridar were released from the 

chosen NE.At predeter, aliquots of the receptor phase (0.25 

mL) were taken out. mined time intervals (3–24 hours), and a 

Shimadzu HPLC equipment with a PhenomenexC18 column 

was used to analyse the samples [16,59].At 228 nmusing 

mobile phase, which is constituted of 55:45 (v/v), Paclitaxel 

was measured.water and acetonitrile at a flow rate of 20 µL of 
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injection at room temperature (25 ◦C) at a rate of 1.0 mL/min. 

Using a mobile phase made of acetonitrile:water (60:40, v/v) 

at a rate of 1 mL/min and UV detection at 249 nm, elacridar 

was tested at a temperature of 20µL at room temperature 

(25◦C).Drug quantification was done using calibration curves 

of elacridar (2–20 µg/mL, R2> 0.993) or paclitaxel (0.2–100 

µg/mL, R2> 0.995) produced in methanol.Qt=Q0+K0t, 

Higuchikinetics (Q=Kht1/2), and first-order kinetics 

(logQt=−Kt/2303) were used to fit the data. +logQ0), where 

Q0 is the starting amount of drug in the solution, K0 is a zero- 

order kinetic constant, Kh is the Higuchi dissolving constant, 

and Qtre is the absolute amount of drug release in time (in 

hours) [93]. After 30 days of storing the chosen nanoemulsion 

(NETri) at room temperature (kept by air conditioning set at 

25◦C) and shielded from light, we also measured the drug 

content to determine if the medications would be degraded. 

Drug concentrations of 7 (elacridar) or 10 (paclitaxel) µg/mL 

were theoretically obtained by HPLC following NE dilutions 

(triplicates, separate dilutions for paclitaxel and elacridar as 

the former was integrated at a greater level) with 

methanol.Tests for Cytotoxicity: 2D and 3D 

ModelsAssessment of Cytotoxicity in Cell Monolayers (2D 

Model) The impact of nanoemulsion composition and drug 

inclusion on the viability of two breast cancer cell lines 

(MCF-7 and MDA-MB-231, ATCC, Manassas, VA, USA) 

was investigated since component selection affects drug 

delivery and cytotoxicity [44,94]. The cells were kept in 

culture in DMEM/F12 medium supplemented with 10% 

Antibiotics and foetal bovine serum at 37◦Cina5%CO2 

atmosphere.When  they  arrived 

The cells were trypsinised at around 80% confluence and then 

plated at a density of 10,000 cells/well on 96-well culture 

plates. For 48 hours [95,96], cells were exposed to the chosen 

unloaded NEs, drug-loaded formulations, or paclitaxel 

solution at concentrations ranging from 0.07 to 73.2 µM of 

paclitaxel and 0.006 to 25 mg/mL of formulations. As 

suggested by Mosmann [97], MTT was used to assess cell 

viability. As controls, untreated cells and cells treated with 

doxorubicin, PBS (the NE's vehicle), and DMSO 

(doxorubicin's solvent) were used. Using trypanblue, the 

concentration required to lower cell viability to 50% (IC50) 

was verified.In short, cells were treated with the 

nanoemulsions at the IC50 as established by MTT; after 

treatment, they were counted in Neubauer's chamber and 

stained with 0.4% trypanblue (1:1v/v).Trypan blue-stained 

cells were deemed nonviable.Assessment of Cytotoxicity in 

Spheroids (3D  Model) 

 

MCF-7 and MDA-MB-231 spheroidswere acquired by the use 

of the liquid overlay approach, which prevents adherence to 

the plate surface [10,93]. As a result, 96-well microplates 

were made, with 50 µL of 1% agarose solution in each well 

[93]. Five x 103 cells per well were then seeded, centrifuged 

for seven minutes at 1000 RPM, and then incubated at 37◦C in 

an incubator with 5% CO2 [93]. 

 

Serial dilutions of paclitaxel solution (beginning at 73µM), 

unloaded NE (NE without paclitaxelorelacridar), NE with 

paclitaxel,  or  NE  were  used  to  treat  the  spheroids. 

 

for 72 hours with elacridar and paclitaxel. According to the 

manufacturer's instructions, spheroids were next sent to a 

viability evaluation (CellTiterGlo®3D, Promega, Madison, 

WI, USA) using luminescent measurement of ATP levels. 

This was followed by an absorbance measurement in a 

luminescence reader (560 nm).Assay for Glycoprotein-PI 

Inhibition 

 

The Pro-Glo™ Assay (Promega, Madison, WI, USA) and 

standardised recombinant P-gp membranes were used to 

measure the transporter activity in order to determine if 

elacridarin inclusion altered the NEability to block ATP 

hydrolysis and P-gp-mediated transport, as previously 

reported [27,44]. Elacridar-containing and elacridar-free 

nanoemulsions were evaluated at final concentrations between 

0.25 and 10 mg/mL. Verapamil, an L-type calcium channel 

blocker, stimulated membranes expressing P-gp, while sodium 

orthovanadate (Na3VO4) served as a background control and 

a gauge of P-gp-independent ATPase activity to inhibit P-gp 

ATPase. An alluminometer was used to measure the NEs' P- 

gp inhibitory effects, and the results were translated to P- 

gpAT.Paseactivity based on a calibration curve made using 

0.375–3 mM ATP standards. Based on ATP levels in 

membranes treated with Na3VO4 and untreated membranes, 

the baseline activity was, for comparison, 0.07 nmol 

consumed ATP/µgP-gp/minute.A Fluorescent Marker's In 

Vivo Mammary Retention Mediated by the Selected 

Nanoemulsion 

In the past, female Wistar rats (7–8 weeks) were kept in 

housing where they had unrestricted access to food and 

water.The animal chamber was kept between 22 and 23°C 

with a light-dark cycle (12:12 hours). Every experiment was 

carried out in compliance with the National Council for 

Animal Experimentation's (CONCEA) criteria and authorised 

by the University of São Paulo's AnimalCare and Use 

Committee (protocol number #69/2016, São Paulo, Brazil). 

Rats were anaesthetised before to treatment by inhaling 

isoflurane (2–2.5%) to eliminate abdominal hair with the help 

of 

 

VEET®cream, the duct orifice was exposed by gently rubbing 

the region with cotton soaked in alcohol [8,12].The rhodamine 

(0.5%) nanoemulsions, which were made by dissolving the 

dye (0.5%, w/w) in the surfactant:oil phase combination, were 

intraductally delivered (20µL) using a 33G needle (Hamilton, 

Bonaduz, Switzerland) connected to a 0.1 mL syringe. Three 

pairs of nipples were chosen based on the ease of access.The 

IVIS Spectrum system (Perkin-Elmer Life Sciences, Waltham, 

MA, USA) at CEFAP-ICB-USP was used to measure the in 

vivo   fluorescence   intensity   for   120   hours. 

 

With a binning value of 8–2 and an exposure length of 0.5 s, 

the fluorescence intensity at the mammary tissue was 

measured using an absorption filter at 465–540 nm.Following 

the experiment, the mammary tissue was either (i) embedded 

in optimal tissue organisation or (ii) fixed for histology to 

evaluate  NE-mediated  changes  in  tissue  organisation. 

Using a cryostat (Leica CM 1850 UV) to cut a 9 µm piece of 

the compound to determine the persistence of the rhodamine- 

loaded  NE  fluorescent  signal  in  the  mammary 

 

ducts. Tissues were then examined.Axioscan7 (Germany, 

Zeiss).Analyses of Statistics 

The ANOVA test and either the Tukey or Sidak post-hoc test 

(GraphPad Prism software, San Diego, CA, USA) were used 
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to statistically analyse the data. When p < 0.05, values were 

deemed substantially different. 

Conclusions 
 
In this work, we optimised the composition of the 

nanoemulsion for the co-incorporation of elacridar and 

paclitaxel. We demonstrated that the chosen nanocarrier (i) 

exhibited appropriate properties and short-term stability, and 

(ii) enhanced the cytotoxicity of paclitaxel, which was further 

enhanced in 2D and 3D models by the addition of elacridar. 

Additionally, elacridar decreased the amount of nanoemulsion 

required to block P-gpATPase activity.To extend the in vivor 

retention of rhodamine (incorporated in NEGRI), 

nanoemulsion modification with HA was crucial.These 

findings show that even in triple negative breast cancer cell 

lines, the nanoemulsion created here can carry paclitaxel and 

elacridar to cancer cells and increase its lethal impact. This 

finding's primary significance is that there are few therapy 

choices available for triple negative breast cancer, which 

opens up new avenues for the study of novel therapeutic 

approaches for the condition. 
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