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ABSTRACT: Tenofovir is an antiviral drug indicated for the treatment of infections caused by the human
immunodeficiency virus (HIV) and hepatitis B virus (HBV). TNF is classified as a BCS Class III drug, indicating its ability
to readily dissolve in gastrointestinal fluids with poor permeability across intestinal membranes results in a lower
absorption rate, ultimately restricting its bioavailability. The primary challenges associated to enhancing the
bioavailability of TNF involve intestinal degradation and efflux transport facilitated by Multidrug resistance proteinl.
TNF-loaded proniosomes were formulated using 32 factorial design by applying slurry method of preparation with a
molar ratio of 2.5:1:1.5 for cholesterol, span 60, and maltodextrin, respectively. Maltodextrin-based polymeric
nanoparticles exhibited desirable nano-scale properties, including size, polydispersity index , and zeta potentials, which
fell within acceptable ranges. The successful PNFs (T-PN3, T-PN4, and T-PN7) demonstrated TNF entrapment in the
range of 92.96 to 96.28%. The hydration volume and hydration time of proniosome-based niosomes for delivering TNF
were optimized and the results demonstrated the structural homogeneity of niosomes derived from proniosomes.
Transmission electron microscopy (TEM) analysis indicated that the niosomes exhibit a uniform and smooth surface
morphology. Successful formulations were further characterized for their powder behaviour by angle of repose, TNF
interactions with formulation components by FT-IR and DSC thermal analysis. The T-PN3 and T-PN7 formulations
demonstrated a high in-vitro release rate of approximately 99% in PBS. Additionally, the cellular uptake of TNF from
successful PNFs in NCI-N87 cells ranged from 81% to 83%, indicating that T-PN3 and T-PN7 exhibited superior
performance compared to free TNF and the commercially available tenofovir. Further mechanistic analysis was
conducted using MDR1 efflux studies and western blot techniques. The results demonstrated that both T-PN3 and T-
PN7 effectively inhibited the efflux transport of TNF through MDR1 in MDCK-MDRI1 and Caco-2 cells.
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1. INTRODUCTION

Tenofovir (TNF), an effective and well-tolerated nucleoside reverse-transcriptase inhibitor (NRTI),
exhibits limited absorption leading to reduced oral bioavailability in their available formulations, including
oral tablets, oral powder, and oral solutions [1]. This is primarily attributed to a highly charged phosphonate
group in its structure, which promotes intestinal degradation and efflux transport mediated by MDR1. Food
and Drug Administration (FDA) approved tenofovir disoproxil fumarate (TDF) as a prodrug of tenofovir in
2001, further revolutionizing the management of HIV disease and serving as a critical component of
backbone therapy [2]. With the advancement of antiviral therapy, the management of the hepatitis B virus
(HBV) has also evolved. The FDA approved TDF for the treatment of HBV in 2008, and it is considered to be
one of the most effective treatment options among the eight drugs approved [3, 4]. In 2015, a new
formulation of TNF, tenofovir alafenamide (TAF), another prodrug form, received FDA approval [5]. Both
TNF prodrugs have demonstrated improved oral bioavailability and pharmacokinetics ranging from 20% to
35% increment due to conversion into their active form, Tenofovir-diphosphate, in various animal and
human studies [6-9]. Despite having limited improved bioavailability, TDF and TAF forms appear to be
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associated with various pharmacokinetic obstacles before reaching systemic circulation, such as stomach
acidic pH, exposure to pancreatic & luminal enzymes, higher pHs in the intestinal milieu, and efflux
transportation mediated by ABC transporters such as MDR1 [10, 11]. One of the primary challenges
concerning TNF's bioavailability is the presence of MDR1-associated drug efflux transport, which restricts
transepithelial transport, leading to inadequate absorption and ultimately diminished bioavailability. A
recent study showed that MDRI1 transporters are actively involved in the efflux transport of TDF across
Caco-2 cells [12]. Each obstacle offers a potential opportunity to protect TDF and increase its bioavailability
by ensuring stability across a wider pH range, minimizing enzymatic degradation, and blocking MDR1-
mediated efflux. Given the multitude of obstacles inherent in the existing formulations of TNF, it is
imperative to explore the identification of a novel drug delivery method that can enhance both the
bioavailability and stability.

Proniosomes are novel drug delivery systems developed to enhance the bioavailability and stability
of drugs with low solubility and/or low permeability. These are dry, free-flowing formulations consisting of
a surfactant, a cholesterol source, and the drug of interest that aims to mitigate the limitations commonly
associated with liposomes and niosomes. Upon hydration, proniosomes transform niosomes, characterized
by a lipid bilayer encapsulating an aqueous core [13]. Proniosomes have demonstrated significant promise in
enhancing oral delivery, increasing bioavailability, and facilitating the gastrointestinal absorption of drugs
that exhibit limited solubility or permeability [14-17]. By considering the notable attributes of proniosomes
compared to other emerging delivery systems, we developed TNF proniosomes to enhance bioavailability
by reducing MDR1-mediated transport efflux. This study involved the preparation of TNF proniosomes
using a slurry method. Cholesterol, maltodextrin, and span 60 were added to ensure stability of the vesicular
membrane, enhance membrane permeability, and act as a non-ionic surfactant agent respectively. To
formulations were optimized by 32 full factorial design using Design-Expert® software version 8 (Stat-Ease,
Inc., Minneapolis, MN, USA). First, proniosomes were physically characterized to understand formulation
integrity, followed by the characterization of niosomal dispersions derived from proniosomes. We evaluated
various characteristics such as size, PDI, zeta potential, hydration properties, drug entrapment efficiency of
the prepared niosomes, and the in-vitro release rate of TNF from the optimized formulations. It was
determined how the selected formulations accumulate TNF in the gastric environment using NCI-N87 cells.

2. RESULTS

2.1 Entrapment efficiency of Niosomes
The entrapment efficiency of niosomes derived from proniosomes was given in (Table 1)

Table 1. % Entrapment efficiencies of T-PN1 to T-PN16

PNFs % EE PNF's % EE

T-PN1 62.76 £3.11 T-PN9 56.68 £ 3.15
T-PN2 60.24 £4.25 T-PN10 65.04 £ 3.67
T-PN3 96.28 £ 3.69 T-PN11 81.28 £2.54
T-PN4 93.72 £4.85 T-PN12 92.28 +£3.47
T-PN5 75.08 £3.18 T-PN13 73.04 £ 3.58
T-PN6 85.36 £3.92 T-PN14 76.72 £ 4.85
T-PN7 9296 + 4.15 T-PN15 72.36 £5.18
T-PN8 84.08 £3.99 T-PN16 89.76 £5.49

2.2 Vesicle size, PDI, and Zeta Potential of PNFs

The results for poly dispersibility index, zeta potential, vesicle size was given in (Table 2)
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Table 2: Results for PDI, ZP and sizes of PNFs

PNF’s Vesicle size PDI VA'Y
T-PN1 0.698 + 0.02 0.471 +0.03 21.3+£1.96
T-PN2 0.751 +0.03 0.385+0.02 19.5+1.57
T-PN3 0.947 + 0.03 0.215+0.01 28.4+2.93
T-PN4 0.931 +0.02 0.201 +0.01 32.8+3.12
T-PN5 0.642 + 0.03 0.396 + 0.02 246+214
T-PN6 0.769 + 0.02 0.281 +0.02 21.2+1.86
T-PN7 1.034 +0.02 0.199 + 0.01 25.7 £2.65
T-PN8 1.123 + 0.03 0.207 +0.02 29.5+2.17
T-PN9 0.783 +0.02 0.408 + 0.03 29.4 £2.58
T-PN10 0.724 £ 0.03 0.375+0.02 33.9+274
T-PN11 1.056 + 0.04 0.296 + 0.01 247 £1.67
T-PN12 0.987 + 0.04 0.198 + 0.01 31.1+£236
T-PN13 0.786 + 0.03 0.382 +0.02 154+1.24
T-PN14 0.654 + 0.02 0.415+0.03 19.6 +1.68
T-PN15 0.891 + 0.03 0.347 +0.02 21.8+£1.55

Results represented in Mean + SD

2.3 Microscopical and TEM analysis

The microscopic TEM images of prepared proniosomes are shown in Figure 1.

Figure 1. a) Optical photograph of T-PN3 formulation b) Optical photograph of T-PN7 formulation ¢) TEM image of T-
PN3 formulation d) TEM image of T-PN7 formulation.

2.4 DSC Analysis

The DSC curves of different formulations are shown in Figure 2

http://dx.doi.org/10.29228/jrp.814
J Res Pharm 2024; 28(5): 1357-1368

1359



Arvapalli and Areti.
Augumented bioavailability of maltodextrin-based Tenofovir
proniosomes via inhibition of MDR1

Journal of Research in Pharmac
Research Article

Physical Mixture

171.45

62.71 147.38

Free TNF

—— NS TN

150 200

Temperature in °C

Figure 2. DSC thermograms of (a) pure TNF (b) Physical mixture (c) Maltodextrin containing proniosomal formulations

(c) T-PN3 (d) T-PN7.

2.5 In-vitro drug release study

The cumulative drug release results are carried out for selected formulations having good zeta potential,
vesicle size, entrapment efficiency and the obtained results are given in Table 3

Table 3: % CDR release from selected TNF- Proniosomes

F.code % CDR in mins
0 15 30 60 120 240 360 480

T-PN3 0 61.24 £3.5 76.22+6.2 81.27+59 96.27 + 6.9 97.24+71 99.25+ 6.8 99.36+7.8
T-PN4 0 5247 +4.6 68.29£5.7 7548 +6.8 87.56+7.2 91.85+8.6 94.88 +9.3 95.74+8.3
T-PN7 0 59.35+5.1 6743+59 79.81+£6.9 93.84+6.3 98.34+7.4 99.24 +8.7 99.58 + 8.6
T-PN8 0 27.36+3.3 41.85+53 621472 69.18+7.2 7159 6.2 74.69+83  7695+9.1
T-PN11 0 25.74+29 36.85+3.2 4928 £5.2 53.24+6.8 59.38£5.8 62.34+73 65.78+7.3
T-PN12 0 19.24+2.1 29.54+24 4257 +3.8 4923 +5.1 57.21+6.2 63.59 + 6.5 69.25+5.9
Free TNF 0 1524 £2.7 2347 +2.1 36.68 £ 2.6 4215+49 4658 +5.7  49.37+58 51.69 £ 6.3

2.6 In-vitro quantitative cellular uptake of PNFs

The In-vitro quantitative cellular uptake of PNFs of selected formulations are shown in Figure 3.
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Figure 3. Quantitative cellular uptake of TNF-loaded proniosomal formulations in NCI-N87 cells.

2.7 MDR1 efflux activity

The MDRI efflux activity of selected proniosomes are given in (Table 4, Figure 4)

Table 4. Efflux ratio of different sample types in MDCk-MDR1 and Caco-2 cells.

Sample type Efflux ratio in MDCK-MDR1 cells Efflux ratio in Caco-2 cells
Without inhibitor With Inhibitor Without inhibitor With Inhibitor
(colchicine) (colchicine)
Free TNF 0.74 +0.002 0.18 £ 0.003 0.59 +0.004 0.11 +0.002
T-PN3 0.26 £ 0.001 0.02 +0.001 0.17 +£0.002 0.02 +0.001
T-PN7 0.25 £ 0.001 0.02 +0.003 0.19 £ 0.005 0.02 +0.003
Tenofovir 0.56 +0.003 0.05 + 0.004 0.33 +£0.003 0.05 +0.002
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Figure 4. Expression of MDR-1 levels in MDCK-MDR1 and Caco-2 cells after incubating with various PNFs.

3. DISCUSSION

Proniosomes exhibit considerable potential for the encapsulation and delivery of a diverse range of
drugs. They have been widely employed for the purpose of drug delivery and targeting, encompassing
various administration routes such as oral, parenteral, dermal, transdermal, ophthalmic, vaginal, mucosal,
pulmonary, and nasal routes [14]. The utilization of proniosome powders, which are composed of
maltodextrin, has been found to enhance the efficacy of oral administration for lipophilic or amphiphilic
drugs. This is achieved through their stable carrier properties. The use of maltodextrin as a carrier facilitates
enhanced drug loading capacity and provides increased flexibility in adjusting the proportion of surfactant
and other constituents. Maltodextrin possesses a notable surface area and exhibits a porous structure,
rendering it a suitable medium for the formulation of proniosomes [34]. Several drugs have been effectively
formulated via proniosomal formulations. These drugs include vinpocetine, mefenamic acid, lornoxicam,
oxybutynin chloride, tolterodine tartrate, risperidone, and estradiol [37-44]. Hence, proniosomal
formulations present a versatile drug delivery strategy that exhibits compatibility with a diverse array of
pharmaceutical compounds.

The entrapment efficiencies of sixteen proniosomal formulations (T-PN1 to T-PN16) were compared based
on a three-level experimental design. The volume of the hydrating medium slightly influenced the %
entrapment efficiency. It was found that as the volume of hydrating medium increased from 6 to 15 mL, the
% EE decreased. Maltodextrin showed relatively lower PDI values, which denotes the maximum consistency
in the niosomal distribution, whereas mannitol investigates the higher PDI score, indicating a diversified
niosomal network. The enormous size of the prepared niosomes, which is the primary cause of significant
variations in the size distribution as against smaller vesicles, is what causes the heterogeneity of the particle
sizes in all niosomal preparations. Larger vesicles, on the other hand, are more likely to entrap drugs. The
ZP values for each of the produced niosomes (T-PN1 to T-PN16) were considerable and showed no signs of
substantial variation. TEM examination of the niosomes produced from proniosomes revealed spherical
vesicles. A discrete and separate collection of vesicles was observed with no evidence of aggregation or
agglomeration. It was noted that niosomes had a smooth surface. The DSC data revealed that pure TNF
displayed an endothermic abrupt peak at 279.36 °C having a peak value of -31.69 Mw, which represents the
melting temperature of TNF. The lack of a distinct peak indicates thatthe drug's physical state
has transformed from crystal to amorphous form, demonstrating its increased solubility and quicker
disintegration. An in-vitro study of drug release was conducted with the help of drug dissolution apparatus
I USP. The release profiles of TNF from PNFs containing capsules are shown in Figure 6. The results

http://dx.doi.org/10.29228/jrp.814
J Res Pharm 2024; 28(5): 1357-1368

1362



Arvapalli and Areti. Journal of Research in Pharmac
Augumented bioavailability of maltodextrin-based Tenofovir g

su roavaliadiity Research Article
proniosomes via inhibition of MDR1

demonstrated that T-PN3, T-PN4, and T-PN7 among all PNFs, showed a burst release of TNF during the
first 15 minutes in the range of 52.47 to 61.24 % and then a relatively slow release for about 60 minutes.
During the next 60 minutes, a fast release of TNF from these PNFs was observed until 120 minutes, followed
by a consistently stable release until the end of the period, about 480 minutes. At the end of 480 minutes, T-
PN3 and T-PN7 released the highest release of TNF of 99.36 and 99.58 %, respectively. In contrast, other
PNFs, T-PN8, T-PN11, and T-PN12, showed fast release in the range of 42.57 to 62.14 % up to 60 minutes,
followed by a relatively stable release until the end of the dissolution period. The maximum cellular
absorption of TNF from T-PN3 and T-PN7 was 83.56 % and 81.72 % which is higher than that of tenofovir,
showing 73.41% at 4 hours. By contrast, Free TNF and physical mixture showed a similar TNF accumulation
of 31.3%, and 34.8% at 4 hours, indicating a poor uptake into NCI-N87 cells. According to these results,
proniosomal delivery significantly accelerated the accumulation of TNF from a variety of formulations in the
cellular environment. Further, the morphology of NCI-N87 cells was observed and no significant
morphological deformation of its original structure was observed following treatment with free TNF, T-PN3,
T-PN7, physical mixture, and tenofovir, indicating that there is no affect of PNFs on metabolic and
functional activities of the cells even after 24 h of treatment. Proniosomal formulations T-PN3 and T-PN7
achieved maximum transport across MDCK-MDR1 cells from apical to basolateral (A to B) regions at 74.9%
and 68.5 %, respectively. As a result of the lower transport of TNF across basolateral to apical regions (B to
A), the lower efflux ratios of 0.24 and 0.25 were reported for T-PN3 and T-PN7 respectively. Interestingly,
the lowest efflux ratios of 0.17 and 0.19 were observed in intestinal Caco-2 cells for T-PN3 and T-PN7,
respectively. Based on these results, proniosomal formulations displayed superior A to B transport when
compared with a standard tenofovir formulation in MDCK-MDR1 and Caco-2 cells. The cellular penetration
of TNF relies on the architectural composition of the proniosomes. Upon exposure to an aqueous
environment, TNF proniosomes undergo hydration, resulting in the spontaneous formation of niosomes.
Hydrophilic maltodextrin encapsulate the aqueous core of TNF, while hydrophobic cholesterol organize into
a lipid bilayer, thereby providing stability to the niosomal structure. Proniosomes' lipid bilayer fuse with the
cell membrane due to their structural similarity. The fusion of proniosomes enables the direct delivery of
their contents into the cell cytoplasm, bypassing the endocytic pathway [33]. In addition maltodextrin
exhibits mucoadhesive properties, enabling it to adhere to mucous membranes and cell surfaces, facilitating
non-specific cellular interactions. Maltodextrin interacts with mucin glycoproteins, the primary constituents
of mucus found in mucous membranes. The mucoadhesive properties of maltodextrin are advantageous in
drug delivery as they enable extended interaction with target cells and enhance the retention of drug
formulations at the administration site [33, 34].

4. CONCLUSION

Based on the analysis and data obtained from the present study, the preparation, optimization,
characterization, and potential application of proniosomal formulations (PNFs) as a nanoparticulate
tenofovir carrier were well explored. It is recommended that PNF formulated with maltodextrin was proven
to be a suitable oral drug delivery vehicle that can be adopted to overcome the current pharmacological
limitations of TNF therapy. Further in-vitro release and cellular accumulation of TNF in NCI-N87 cells
proved the efficacy of maltodextrin-based proniosomal formulations T-PN3 and T-PN7. These two
formulations were further proved for the delivery of TNF by blocking the MDR1-mediated efflux transport
mechanism in MDCK-MDR1 and Caco-2 cells. The findings of the study could provide a foundation for the
creation of more effective oral medication delivery systems as a whole. The results obtained from the
Tenofovir proniosomes have been favorable, suggesting future experiments be carried out to examine the
suitability of proniosomes with a broader range of drugs that have defined drawbacks for enhanced and
effective therapy.

5. MATERIALS AND METHODS
5.1 Materials

Tenofovir was procured from Macleods Pharmaceuticals, Mumbai, India. Cholesterol, Span 60,
Maltodextrin and Mannitol were of analytical grade procured from Sigma Aldrich Chemicals, USA, Gibco,

BRL (Grand Island, NY), Sisco Research Laboratories (SRL) Pvt. Ltd.,, Mumbai, India, Merck Chemicals,
Mumbai, India.
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5.2 Preparation of TNF-loaded PNFs

The slurry technique was chosen to prepare TNF-loaded Proniosomal formulations (PNFs) by utilizing
maltodextrin or mannitol as a carrier [9]. Initially, TNF was first digested in an equivalent solution of
chloroform and methanol, followed by the required amounts of span 60 and cholesterol Table 5. The
contents were mixed thoroughly using a shaker, and with the help ofa rotary flash evaporator
(Buchirotavapor R-3000, Flawil, Switzerland), the solution was thoroughly dried at 80 rpm under a vacuum
(16 mm Hg) at 40 °C until the material in the flask became a powdered and free-flowing substance. They
were kept in containers that were firmly covered and kept in a refrigerator (4 °C).

Table 5a. Composition of TNF proniosomal formulations

Components Code of formulation
(In mg)
T-PN1 T-PN2 T-PN3 T-PN4 T-PN5 T-PN6 T-PN7 T-PN8
TNF 25 25 25 25 25 25 25 25
Cholesterol 10 10 10 10 15 15 15 15
Span 60 15 30 15 30 15 30 15 30
Maltodextrin 200 200 300 300 200 200 300 300

Table 5b. Composition of TNF proniosomal formulations

Components Code of formulation
(In mg)
T-PN9 T-PN10 T-PN11 T-PN12 T-PN13 T-PN14 T-PN15 T-PN16
TNF 25 25 25 25 25 25 25 25
Cholesterol 10 10 10 10 15 15 15 15
Span 60 15 30 15 30 15 30 15 30
Mannitol 200 200 300 300 200 200 300 300

5.3 Experimental design and optimization

A complete 32-factorial design was devised with the help of Design-Expert® software to assess the
impact of different factors on the qualities of TNF-loaded PNF. Three variables were evaluated at two levels
(Table 6).

Table 6. 32 factorial design for the optimizing TNF-loaded PNFs.

Factors Level

Independent variables

X1 = Quantity of Cholesterol (mg) 10 15
Xz = Quantity of Span 60 (mg) 15 30
X3 = Quantity of carrier (mg) 200 300
Dependent variables

Y1 =% EE

Y, =PDI

Y;=ZP

Y:=% CDR
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5.4 Characterization of Proniosomes
5.4.1 Determination of TNF % Entrapment efficiency in niosomes

The TNF-loaded niosomes and the unbound TNF were segregated by centrifugation. 1 mL portion
niosomal dispersion was centrifuged at 20,000 rpm for one hour at 0 °C. The remnant was mixed with
phosphate buffer (pH 6.8) and centrifuged once more after the supernate was discarded. To confirm that the
unbound medication was completely evacuated from the crevices between the niosomes, the washing
operation was performed twice. To measure the unbound TNF spectrometrically in phosphate buffer at 264
nm, the obtained supernate portions were adjusted to 10 mL by adding phosphate buffer (pH 6.8). This
percentage is calculated by deducting the quantity of unbound drug from the total drug infused in 1 mL
niosomal dispersion:

C —C,

%EE = X 100

t
Where C; and C; represent concentrations of total TNF and unbound TNF, respectivley.

5.4.2. Determination of Vesicle size (PS), Polydispersity index (PDI), and Zeta potential (ZP)

With the use of Zetasizer (NANO-S Malvern Instrument, Worcestershire, UK), the vesicle size was
determined for the various niosomal formulations that use the photon dynamic light scattering technique
(DLS). Niosomes (0.2 mL)were then dissolved with 1.9 mL of ultrapure water, and then put in an
expendable size cuvette for analysis. Samples were subsequently analyzed at 25 °C with a 173 ° scattering
angle. In triplicate, the PDIand average particle size were calculated. A foldable capillary cell was
utilized for zeta potential determination, measurements were taken using the same concentration of
niosomal dispersion, and measuring the zeta potential of the samples [10].

5.4.3. Microscopical and Transition Electron Microscope (TEM) analysis

By using optical microscope with a magnification of 1000x, the niosomal dispersion was observed for
vesicle structure. JEOL transmission electron microscopy (TEM; Model: JEM-2100F, Tokyo, Japan) was used
to analyze specific TNF-loaded niosomal dispersions.

5.4.4. Differential Scanning Calorimetry (DSC)

DSC study was carried out for pure tenofovir and selected PNFs to detect fluctuations in their melting
points. A definite quantity of 6-10 mg of samples (tenofovir and optimized TNF-loaded PNFs) were
analyzed with the help of a DSC-60 differential scanning calorimeter [13]. The apparatus entailed the
calorimeter (DSC 60), thermal analyzer (TAWS 60), flow controller (FCL 60), and operating software (TA 60).
Briefly, the samples were positioned in aluminium crucibles, and a blank crucible was employed for
reference, with nitrogen constantly flowing at 20 mL/min. During the analysis, a temperature between 50-
330 °C was used at a heating rate of 10 °C/min, and nitrogen was utilized as a gasification agent.

5.4.5. In-vitro release studies

TNF-loaded PNFs' solubility was contrasted against that of pure TNF. The USP type II dissolution
equipment was used for the dissolution investigations (paddle method). A hard gelatin capsule containing
samples (TNF-loaded PNFs and pure TNF) amounting to 25 mg of TNF was used. The experiment was
carried out using a dissolving media that contained 730 mL of 0.1N HCl (pH 1.2), 270 mL of 0.2 M tribasic
sodium phosphate (pH 6.8), followed by 7 more hours of testing. The temperature was held at 37+1°C while
mixing at a speed of 100 rpm. Samples (5ml) were taken out at different times (15, 30, 60, 120, 240, 360, and
480 min), followed by filtering with a 0.45 pm filter membrane, and then assessed at 264 nm . The dissolution
tests were carried out three times.
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5.4.6. In vitro cellular uptake of TNF-PNFs

To proceed, NCI-N87 gastric cells were planted in 6-well plates (2 x 105 each) in order to
quantitatively determine the cytoplasmic drug concentration. The Dulbecco’s Modified Eagle’s Medium
(DMEM) was changed out for new medium following the incubation time, and Free TNF, T-PN3, T-PN7,
and physical mixture were introduced to get a desired concentration of TNF equal to 10 pM. This was
followed by a 4-hour incubation period at 37 °C. After incubating, the medium was removed, and the cells
underwent two PBS washes to get rid of the free proniosomal form. Following a recovery centrifugation at
1000 rpm, the recovered cells were suspended in PBS with 1x triton-100 solution. Subsequently, an ultrasonic
lyser was used to lyse the cells for five minutes in a water bath. Then the cell lysate was centrifuged to
remove cell debris at 15,000 g and the supernate was withdrawn. The amount of TNF in the collected
supernate was quantified with the help of High performance liquid chromatography (HPLC).

5.5. MDR1 efflux activity

In achieving bioavailability, multidrug resistance, or resistance to chemically unrelated drugs
entering the cytoplasm, poses the greatest challenge. In 12-well CostarTranswell plates (Corning Inc.),
MDCK-MDR1 and Caco-2 cells were implanted (3 x 105 cells each) onto polycarbonate membranes. Cells
were incubated for 3 days, forming confluent monolayers. With the help of a Millicell-ERS device from
Millipore, the integrity of the monolayer was evaluated by measuring the transepithelial electrical resistance
(TEER) across the monolayer. The adsorbing permeability and sensitivity for MDR1-mediated efflux were
assessed in independent studies through the addition of free TNF, and proniosomal formulations T-PN3, T-
PN7, and tenofovir at a concentration of 10 uM equivalent to TNF, with or without 5 uM colchicine (MDR1
inhibitor). The apical chamber was filled with all of the test samples. An analysis of propranolol (non-
substrate) and colchicine (substrate) demonstrated the MDR efflux transporter's efficiency. Three replications
of cell monolayers were maintained at 37°C for two hours while being shaken (at 160 rpm). After
being incubated, samples were taken from the basolateral and apical chambers, and their test substance
levels were measured using HPLC. Values for mass transfer A to B, and B to A, for various formulations,
with or without inhibitor were calculated using quantitative estimation [11, 12].
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