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This study presents the design, development, and optimization of multifunctional Doxorubicin (Dox)-
loaded Indocyanine Green (ICG) proniosomal gel-derived niosomes, using Design of Experiments (23
factorial model). Herein, the multifunctional proniosomal gel was prepared using the coacervation
phase separation technique, which on hydration forms niosomes. The effect of formulation variables
on various responses including Zeta potential, Vesicle size, entrapment efficiency of Dox, entrapment
efficiency of ICG, Invitro drug release at 72nd hour, and NIR hyperthermia temperature were studied
using statistical models. On the basis of the high desirability factor, optimized formulation variables
were identified and validated with the experimental results. Further, the chemical nature, vesicle
morphology, surface charge, and vesicle size of optimized proniosomal gel-derived niosomes were
evaluated. In addition, the effect of free ICG and bound ICG on NIR hyperthermia efficiency has been
investigated to demonstrate the heating rate and stability of ICG in the aqueous environment and
increased temperature conditions. The drug release and kinetic studies revealed a controlled biphasic
release profile with complex mechanisms of drug transport for optimized proniosomal gel-derived
niosomes. The potential cytotoxic effect of the optimised formulation was also demonstrated invitro
using HelLa cell lines.

Over several decades, delivering the drugs directly into the target tissues without harming the neighboring tissues
has been the biggest challenge in the treatment of cancer. Targeted drug delivery is an approach that is especially
attempted to overcome these challenges'~>. Among various methods, vesicular drug delivery systems have gained
special attention due to their capability to (1) enhance bioavailability and stability of the drug, (2) encapsulate
both hydrophilic and hydrophobic drug, (3) prolong the circulation lifetime, and (4) achieve targeted delivery
of drugs while minimizing the toxicities. In general, niosomal approach was applied to have a sustained release
of low therapeutic index and low water solubility drugs®. Despite their advantages, vesicular systems such as
liposomes and niosomes suffer from physical instability and premature leakage of drugs’=. These limitations
pertaining to niosomes and liposomes can be addressed by a proniosomal approach due to their stability and
non-aggregation behavior during storage'’.

Proniosomes gels are liquid crystalline gels composed of a mixture of surfactants, cholesterol, and lecithin.
These are often lamellar and closed bilayer vesicles in structure, which on hydration form niosomes. The presence
of hydrophilic, amphiphilic, and lipophilic moieties in the structure aids the incorporation of drug molecules in
it. In general, proniosomes behave similar to liposomes in-vivo, possessing high metabolic stability and prolonged
circulation time. The parenteral proniosomal preparations are found to be advantageous over conventional par-
enteral preparations or constant intravenous infusions in achieving patient compliance, as they can offer constant
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plasma concentration, improved efficacy, and reduced toxicity'"'2. Proniosomes are highly stable physically and
can be easily stored, distributed, sterilized, and separated into unit doses for parenteral delivery*.

Recently, a multifunctional approach including various treatment strategies with imaging modality has gained
a special focus due to their capability to track the treatment progress in-vivo. In several works, NIR dye Indocya-
nine green (ICG) is used as a fluorescent imaging agent due to its high contrasting ability and high sensitivity.
ICG is also an ideal photosensitizer for laser mediated photo-thermal therapy to elevate the local temperature by
absorbing the laser energy around ~ 800 nm'#'>. The dual-functional probe of ICG with integrated photothermal
and optical imaging capability has attracted this NIR dye for the present work'®. In this work, an anthracycline
derivative Doxorubicin (Dox) was chosen as a model chemotherapeutic drug, owing to its narrow therapeutic
index, low solubility, and increased risk of toxicity with higher peak plasma levels'”. The aim of the current work
is to incorporate Indocyanine Green and Doxorubicin into proniosomes in order to achieve a combined effect of
chemotherapy and photothermal therapy, while increasing the therapeutic index of doxorubicin. In this study,
23 factorial experiments were adopted to study the effect of cholesterol, egg lecithin, and span 60 content on
various responses, including zeta potential (Y)), vesicle size (Y,), entrapment efficiency of Dox (Y3), entrapment
efficiency of ICG (Y,), Invitro drug release at 72nd hour (Y;) and NIR hyperthermia temperature (Y,) by using
design of experiments (DoE) Design-Expert version 12.0.5.0 (Stat-Ease. Inc, Minneapolis, MN)'8.

Materials and methods

Chemicals used. Doxorubicin Hydrochloride was obtained as a gift sample from NATCO Pharma Ltd.,
Chennai. Indocyanine Green, MP biomedicals, LLC, France, Span 60 (W/O emulsifier), Egg Lecithin (emulsify-
ing and stabilizing agents), and Cholesterol (emulsifying agent and they can readily absorb water to form stable
emulsions), SRL, was obtained from SISCON, Chennai. Dialysis Membrane was obtained from Himedia Labo-
ratories, Mumbai. All the reagents and chemical substances used were of analytical and pharmaceutical category.

Experimental design. 2° factorial design was adopted based on the preliminary experiments to screen
and identify the optimized Dox-loaded ICG proniosomal gel-derived niosomes. The concentration of Span 60
(A), Cholesterol (B), and Egg Lecithin (C) were chosen to study their effect on zeta potential (Y,), vesicle size
(Y,), entrapment efficiency of Dox (Y;), entrapment efficiency of ICG (Y,), Invitro drug release at 72nd hour
(Y5) and NIR hyperthermia temperature (Y¢). The factors were studied at two levels, 0 and 1, indicating the low
and high levels, and the optimized formulation was accomplished with the help of the design of experiments
(DoE), Design-Expert version 12.0.5.0. The actual and coded levels of variables are represented in Table 1, and
the experimental design of 2 factorial is presented in Table 2.

Preparation of Dox-loaded ICG proniosomal gel-derived niosomes. The preparation of Dox-
loaded ICG proniosomal gel was carried out by using a coacervation-phase separation process. Varying con-
centrations of span 60, cholesterol, and egg lecithin were transferred into 15 mL glass bottles. 3 mL of ethanol
was added to previously weighed proniosomal contents, kept at a temperature of about 60 °C with constant
stirring at 500 rpm, until a clear solution was obtained. To this clear solution, 10 mg of Doxorubicin and 1 mg of
Indocyanine Green previously dissolved in methanol (2 mL) was transferred and stirred for 30 min to obtain a

Lowlevel | High level
Variable Coded value | -1 1
Amount of span 60 (A) (uM) 7.5 15.0
Amount of cholesterol (B) (uM) 6.0 8.0
Amount of egg lecithin (C) (uM) 6.0 12.0

Table 1. Actual and coded levels of variables.

Span 60 (A) | Cholesterol (B) | Egglecithin (C) | Dox | ICG
Run |uM M M mg | mg
1 15 6.0 6.0 10.0 | 1.0
2 7.5 6.0 6.0 100 | 1.0
3 15 8.0 12.0 10.0 | 1.0
4 15 8.0 6.0 10.0 | 1.0
5 7.5 8.0 12.0 10.0 | 1.0
6 7.5 8.0 6.0 10.0 | 1.0
7 7.5 6.0 12.0 10.0 | 1.0
8 15.0 6.0 12.0 10.0 | 1.0

Table 2. Experimental design of 2° factorial design.
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homogenous mixture, cooled to room temperature. 5 mL of an aqueous phase (deionized water) was introduced
into the drug-surfactant mixture under probe sonication for 5 min. The coacervate obtained was kept aside
overnight to obtain proniosomal gel'>. When needed, the proniosomal gel is reconstituted with phosphate buffer
(pH 7.4) using a vortex shaker to form niosomes.

Characterization of Dox-loaded ICG proniosomal gel-derived niosomes. Chemical interaction
studies. 'The chemical interactivity between actives and proniosomal contents were investigated from the Fou-
rier Transform Infra-Red Spectrum recorded by using IR Tracer 100 AH (using ATR accessory), Shimadzu,
Japan recorded from 4000 to 400/cm under ambient temperature conditions.

Vesicle morphology.  The vesicle morphology of prepared proniosomes was studied by using FESEM. The sam-
ple for FESEM studies was prepared by drop-casting the niosomal dispersion over the aluminium substrate, fol-
lowed by lyophilization. The Transmission Electron Microscopic (TEM) images of niosomal dispersion coated
on the copper grid were recorded at 200 kV using JEM 2100 plus, JOEL, Japan to analyze the vesicular formation
after hydration.

Vesicle size. 'The average vesicle size of niosomal dispersion was determined by measuring the Brownian
motion using Malvern Zetasizer (Dynamic Light Scattering technique), at room temperature by keeping the
scattering detector angle at 90°. The niosomal dispersion employed for the measurement of vesicle size was
derived by dispersing Dox-loaded ICG proniosomal gel in aqueous media using a vortex shaker.

Zeta potential. The zeta potential values of niosomal dispersion were obtained by using Malvern Zetasizer
(Electrophoretic Light Scattering technique). The niosomal dispersion employed for the measurement of zeta
potential was also derived by dispersing Dox-loaded ICG proniosomal gel in aqueous media using a vortex
shaker.

Entrapment efficiency. The percentage entrapment efficiency (EE) of Dox-loaded ICG proniosomal gel-derived
niosomes were estimated by measuring the unentrapped Dox and ICG present in the supernatant liquid®® by
using UV-Vis-NIR spectrophotometer, Shimadzu at Amax of about 480 nm?*' and 808 nm?, respectively. The
percentage entrapment efficiency (EE) was calculated using the Eq. (1),

Total amount of Dox or ICG — Unentrapped Dox or ICG
X

EE(%) =
%) Total amount of Dox or ICG

100 (1)

NIR-hyperthermia. Dox-loaded ICG proniosomal gel-derived niosomes equivalent to 0.01 mg of Indocyanine
green were weighed and dispersed in 2 mL of phosphate buffer pH 7.4. The so-formed niosomal dispersion was
irradiated with the Infrared light at 808 nm in the UV-Vis-NIR spectrophotometer. The change in temperature
of niosomal dispersion with respect to time was recorded using Neoptix T1™ optical temperature sensor, Qua-
litrol Corp. The maximum hyperthermia potential of Dox-loaded ICG proniosomal gel-derived niosomes was
determined from the data obtained.

Percentage drug release studies and drug release kinetics. In vitro drug release studies were carried out for both
pure drug doxorubicin and Dox-loaded ICG proniosomal gel-derived niosomes (equivalent to 2 mg of Doxo-
rubicin) in 5 mL of phosphate buffer pH 7.4 in a dialysis bag (10 kDa cut off) and immersed into 50 mL of
phosphate buffer pH 7.4. The media was maintained at 37 °C+0.5 °C and agitated at 50 rpm using a magnetic
stirrer. Periodically, 2 mL of the sample was pipetted out and replaced with 2 mL of phosphate buffer pH 7.4. The
percentage drug release was estimated by using UV-Vis-NIR Spectrophotometer at 480 nm. Similarly, the drug
release study was performed for both pure drug doxorubicin and Dox-loaded ICG proniosomal gel-derived
niosomes by replacing phosphate buffer pH 7.4 dissolution medium with 0.1 M acetate buffer pH 5.5. The sink
conditions were maintained throughout the release study by using a volume of dissolution media more than the
saturation solubility**** of doxorubicin hydrochloride. The in-vitro drug release kinetics of Dox-loaded ICG pro-
niosomal gel-derived niosomes were studied using various mathematical models such as Zero order, First order,
Noyes-Whiney model, Korsmeyer-Peppas, Hixson-Crowell, Higuchi diffusion kinetics, and Weibull models®.

Statistical analysis. The relationship between formulation variables and responses was studied by employing
two factorial designs. The mean values of experimental data were fitted in the following polynomial equations,

Y =B+ F1X1i + BoXo+ B3Xs +¢ )

Y = Bo+ B1X1 + BaXo + B3 X3 + BaX1Xo + Bs X1 X3 + B X2 X3 (3)

where Y represents the predicted responses (zeta potential (Y,), vesicle size (Y,), entrapment efficiency of
DOX (Y;), entrapment efficiency of ICG (Y,), Invitro drug release at 72nd hour (Y5), and NIR hyperthermia
temperature (Yg)), Bo is the arithmetic mean of responses (intercept), B1, B2, B3 are the regression coefficients,
¢ is the model residual, Xj, X;, X3 corresponds to independent variables, and X; X3, X1 X3, X2 X3 corresponds
to the two way interaction effects. ANOVA was carried out to ascertain the statistical significance (p <0.05)
of each coeflicient term. Similarly, a test for lack of fit was performed on the suggested model with a 95%
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confidence interval to check how well the statistical model fit. The regression coefficient (R?) and Adjusted R?
were established to evaluate the goodness of fit of experimental data.

Optimization and validation. Based on the maximum desirability function, optimized formulation variables
for the preparation of Dox-loaded ICG proniosomal gel with high zeta potential (>+ 30), maximum entrapment
efficiency (%), lesser vesicle size, controlled release of drug (%), and maximum NIR hyperthermia temperature
were preferred. The accuracy and suitability of optimized formulation variables was validated by performing
experiments in triplicate, and their mean was compared with the predicted value.

Invitro anti-cancer activity. The in-vitro anti-cancer activity were carried out using HeLa cells cultured in
DMEM/F-12 medium supplemented with 1% penicillin, 1% streptomycin, and FBS (10% v/v), and incubated at
37 °C with 5% CO,. The grown cells were harvested by trypsinization (0.03% w/v EDTA solution and 0.25% w/v
trypsin), and about 1 x 10* cells were seeded in wells of a 12-well plate and incubated for 6 h for cell attachment.
After cell attachment, the wells were treated with 500 pg/mL of bare proniosomal gel (negative control—without
Dox and ICG), 5 pg/mL of doxorubicin hydrochloride (positive control), 50 ug/mL, 100 pug/mL, 200 pg/mL,
300 pg/mL and 500 pug/mL of Dox-loaded ICG proniosomal gel-derived niosomes (DIP) for 24 h along with a
negative control (without treatment). The media was detached after treatment by washing with phosphate buffer
pH 7.4. 200 pL of MTT (4 mg/mL) was added to the wells under a dark environment and incubated for 4 h at
37 °C with 5% CO,. After the incubation period, MTT was carefully removed using 200 uL of DMSO. The cell
viability was estimated by reading the extent of formazan formation in each well with the help of an ELISA plate
reader at 560 nm?*. The cell viability was determined using the following formula (Eq. 4),

o Absorbance (Test)
Cell Viability(%) = - x 100 (4)
Absorbance (Negative Control)

Data were expressed as mean (X) £ standard deviation (SD).

Results and discussion

Chemical interaction studies. The chemical nature and compatibility of Doxorubicin, Indocyanine
Green with other proniosomal contents such as Span 60, Cholesterol, and Egg lecithin were studied from their
vibrational frequencies obtained using FTIR spectroscopy.

Figure 1 shows strong characteristic band of vO-H (3375.81/cm), vC-H Stretching of Methyl and Methylene
(2916.12/cm and 2847.02/cm), vC=0 stretching (1742.03/cm), vC-O stretching (1240.02/cm) and vC-O-C
stretching (1063.60/cm) corresponding to Span 60, Cholesterol and Lecithin. Doxorubicin gives characteristic
bands at 3322.18/cm (vO-H), 1724.97/cm (vC=0), 1283.94/cm (vC-0), 1117.41/cm (vC-O-C) and 1069.71/cm
(vC-N)¥. ICG gives characteristic bands at 3414.71/cm (vO-H), 1748.85/cm (vC=0), 1617.20/cm (aromatic
ring), 1510.75/cm (vC=C), 1408.57/cm (vC-H), 1343.02/cm (defC-H), 1304.19/cm (vC-0O), 1283.94/cm (vC-O),
1117.41/cm (vC-O-C) and 1075.36/cm (vS = O). Dox-loaded ICG proniosomal gel gives a characteristic band for
the functional groups of Span 60, Cholesterol, and Egg lecithin with a slight shift in the wavenumber, indicating
the absence of chemical interaction between the excipients, ICG, and Doxorubicin. The absence of drug and
ICG related bands indicates the effective encapsulation of drug inside the bilayer membrane of proniosomes.
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Figure 1. Fourier Transform Infra-Red Analysis of proniosomal contents.
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Pareto analysis and statistical models. Pareto principle (t-value) utilize the classic 80/20 rule to give
the information needed to prioritize the effort in identifying the most positive impact of factors based on the fre-
quency of occurrence, whereas statistical significance (p-value) gives the confidence that the change in selected
factors has an impact on responses®. The responses such as zeta potential, vesicles size, entrapment efficiency
of DOX, entrapment efficiency of ICG, in-vitro drug release at 72nd hour, and NIR hyperthermia temperature
observed through experimental studies for the formulation variables are presented in Table 3. The statistical
significance of model terms is represented in Table 4. The interactive effects and model diagnostic plots of for-
mulation variables on responses are presented in the supplementary information.

The adequate precisions ratio of various formulations was found to be higher than 4, indicating the desirability
of the model for design space. The predicted regression coefficients of the model were relatively closer to unity,
indicating their goodness of fit. Also, the regression coefficients R? and R2 were relatively very close, indicating the
reasonable agreement between predicted and adjusted regression coefficients. The interactive model was chosen
for the responses zeta potential (Y;), entrapment efficiency of Dox (Y;) and ICG (Y,), Invitro drug release at 72nd
hour (Y;), and NIR hyperthermia temperature (Yy), as it exhibited better descriptive statistics. However, in the
case of vesicle size, the linear order model was observed to have a better mathematical and statistical descriptive.

Effect of formulation variables on zeta potential. The zeta potential (<+30 mV) is considered as a critical
parameter to maintain the suspension stability of nano-sized particles. The zeta potential determined for vari-
ous formulations ranged from — 35.12 to — 24.56 mV (Table 3). The Pareto chart and 3D-response surface plots
(Design-Expert version 12.0.5.0) indicating the effect of formulation variables on zeta potential values are pre-
sented in Fig. 2a-d. Table 4 indicates that all factors (A, B, C, AB, and AC) except BC had a significant effect on
the zeta potential of Dox-loaded ICG proniosomal gels. The interactive polynomial equation of Y, with coded
factors derived from the responses is shown in Eq. (5).

Entrapment efficiency of | Entrapment efficiency of | Invitro Drug release at | NIR Hyperthermia
Zeta potential (Y,) | Vesicle size (Y,) | Dox (Y5) ICG (Y,) 72nd hr (Y5) temperature (Y,)
Run A B C mV nm % % % °C
1 1 -1 |-1 -29.12+1.51 195.8+3.9 85.37 £1.51 95.74+1.09 47.28+3.56 57.1x1.1
2 -1 |-1 |-1 —2545+2.11 169.7+£2.8 78.42+0.89 88.45+1.34 57.12+2.11 53.6+£1.8
3 1 1 1 —32.54+0.89 276+7.2 52.21+0.91 77.88+2.97 21.01+£1.99 47.6+0.6
4 1 1 -1 -26.16+2.09 212.6+3.2 68.54+2.21 82.95+1.22 31.1+1.34 51.2+0.8
5 -1 |1 1 -31.65+1.71 239.6£5.5 49.82+£0.82 73.21+1.67 24.69+1.67 48.6+1.2
6 -1 1 -1 —24.56+0.91 185.1+34 63.59+1.13 78.84+1.91 44.57+2.11 51.5+£1.5
7 -1 |-1 11 —-32.25+1.23 2254+3.8 74.69+2.91 83.45+2.05 49.22+£1.09 53.8+0.7
8 1 -1 |1 —35.12+1.49 255.0+6.2 79.56+3.01 91.54+2.22 50.23+1.76 56.2+0.6
Table 3. Responses of Dox-loaded ICG proniosomal gel-derived niosomes. Data represented as the mean +SD
(n=3).
p-values of factors Fit statistics
Adjusted Predicted
regression regression Regression Coefficient of
coefficient coefficient coefficient variance (% Adequate
Responses Model A B C AB AC BC (R?) (Rg) (R?) CV) precision
(Zlflt\a,)l"’tem‘al 0.0058* | 0.0063* | 0.0081* 0.0022* | 0.0141* | 0.0379* |0.0850 | 0.9999 0.9994 1.0000 0.1075 355.5386
Xf;i;le size <0.0001* | 0.0001* | 0.0011* | <0.0001* | — - - 0.9938 0.9859 0.9965 1.29 52.1541
Entrapment
efficiency of 0.0093* | 0.0159* | 0.0036* 0.0077* | 0.0680 0.0656 0.0149* | 0.9998 0.9984 0.9999 0.246 224.6999
Dox (%)
Entrapment
efﬁciency of 0.0080% | 0.0063* | 0.0033* 0.0077* | 0.0231* | 0.1112 0.1010 0.9988 0.9988 1.0000 0.101 284.601
ICG (%)
Invitro drug
release at 72nd 0.0201* | 0.0260* | 0.0082* 0.0193* | 0.0807 0.0327* | 0.0270* | 0.9992 0.9927 0.9999 0.9219 102.2501
hour (%)
Hyperthermia
temperature 0.0297* | 0.0552 0.0117* 0.0353* | 0.0353* | 0.1392 0.0438* | 0.9982 0.9839 0.9997 0.2696 71.8132
(°C)

Table 4. Descriptive statistical analysis of models. *Significant p value (<0.05), model term p value (<0.10).
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Figure 2. Effect of formulation variables (a) Pareto chart of zeta potential, (b) Span60*Cholesterol on zeta
potential, (c) Cholesterol* Egg lecithin on zeta potential, (d) Span60*Egg Lecithin on zeta potential [Design-
Expert version 12.0.5.0].

Y; = —29.6063 — 1.12875A + 0.87875B — 3.28375C + 0.50625AB + 0.18875AC — 0.08375BC (5)

From Eq. (5) and Pareto chart (Fig. 2a), it was observed that egg lecithin (C) displayed the strongest negative
effect on the zeta potential of vesicles. The increase in the concentration of egg lecithin promotes negative zeta
potential of proniosomal vesicles due to the domination of negatively charged phosphate moieties of zwitterionic
egg lecithin, favored at neutral pH?. Furthermore, span 60 (A) also showed a significant negative effect on
zeta potential, promoting negative surface potential of proniosomal vesicles due to their preferential surface
adsorption of hydroxyl ions from the aqueous phase®. It was also observed that cholesterol (C) demonstrated
an inverse (or positive) effect on zeta potential. Though the role of amphipathic cholesterol was not understood
completely, several reports highlighted that increased cholesterol content favors their insertion into bilayer
vesicles. The cholesterol occupied within the vesicles reduces repulsive forces of like-charges while increasing
their hydrophobicity. This increase in hydrophobicity decreases the average surface charge density of vesicles™.

The model also indicates that the interactive effect of span60 and cholesterol (AB), span60, and egg lecithin
(AC) showed a significant positive effect on zeta potential. The decreasing negative potential of span60*cholesterol
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t-Value of |Effect|

Vesicle Size (nm)

(AC) interaction could be related to the distortion of vesicular arrangements of non-ionic surfactants, which is
further influenced by increasing hydrophobicity of proniosomal vesicles, exerted with an increase in cholesterol
concentration. Also, the decreasing negative potential observed with span 60*egg lecithin interaction could be
due to vesicular distortions influenced by amplification of electrostatic repulsive force between span 60 and egg
lecithin head groups having a similar charge. The increased electrostatic repulsion within the vesicles could be
due to the high charge density of anionic vesicles™.

Effect of formulation variables on vesicle size.  Vesicle size is one of the critical factors to achieve longer circula-
tion time in-vivo, by evading the reticuloendothelial system. The vesicle size determined for various formula-
tions ranged from 169.7 to 276 nm (Table 3). The Pareto chart and 3D-response surface plots (Design-Expert
version 12.0.5.0) showing the effect of formulation variables on the vesicle size are presented in Fig. 3a—d. Table 4
indicates that all factors (egg lecithin > span 60> cholesterol) exerted a significant positive effect on vesicle size
of Dox-loaded ICG proniosomal gels. The linear polynomial equation of Y, with coded factors derived from the
responses is shown in Eq. (6).

Pareto Chart (a) —— (b)
[C-Egg Lecithin 7 I 276
2892 _ Vesicle Size
A: Span 60 X1 = A: Span 60
B: Cholesterol X2 = B: Cholesterol
C: Egg Lecithin
Coded Factor
B rositive Effects C: Egg Lecithin = 0.000
21.69 | B Negative Effects 280
260
240
A-Span 60
14.46 = £ 220
£
k4 200 |
]
v
° 180
B-Cholesterol §
>
7.23 | ] 1%
Bonferroni Limit 5.06751
t-Value Limit 2.77645
0.00 | & — _ . = [ (]
T I I T | T T A: Span 60
1 2 3 4 5 6 7
B: Cholesterol g
Rank o
Vesicle Size (nm) (C) Vesicle Size (nm) (d)
160.7 I 276 1697 I 276
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X2 = C: Egg Lecithin
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A: Span 60 = 0.000

C: Egg Lecithin

X1 = A: Span 60
X2 = C: Egg Lecithin
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Vesicle Size (nm)

B: Cholesterol A: Span 60

C: Egg Lecithin

Figure 3. Effect of formulation variables (a) Pareto chart of vesicle size, (b) Span60*Cholesterol on vesicle size,
(c) Cholesterol* Egg lecithin on vesicle size, (d) Span60*Egg Lecithin on vesicle size [Design-Expert version
12.0.5.0].
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Y, =219.90 + 14.95A + 8.42B 4 29.10C (6)

From Eq. (6) and Pareto chart (Fig. 3a), it was observed that egg lecithin (C) displayed the strongest positive
effect on vesicle size. The mean vesicle size was greatly increased with an increase in lecithin content. This could
be possibly due to the long saturated (18C) and unsaturated (18C) hydrocarbon chain of egg lecithin molecules,
which increases the bilayer thickness of proniosomal vesicles. Furthermore, the increased mean vesicle size
with an increase in span 60 could have been resulted due to the formation of a large micellar structure. The
Eq. (5) also revealed a positive effect of cholesterol on mean vesicle size. It is expected that at low concentration,
the cholesterol reduces the mean vesicle size due to close packing of surfactant monomers. Whilst, at high
concentration, cholesterol enters the bilayer vesicle structure, increasing their chain order with hydroxyl group
heading towards aqueous layer and aliphatic chain arranges themselves to the hydrophobic chains. This usually
results in increased hydrophobicity of vesicles, which imparts a strain in the bilayer structure. Thus, to establish
the thermodynamic stability of vesicles, the mean vesicle size is increased with high cholesterol content!®%3!,

Effect of formulation variables on entrapment efficiency of doxorubicin. Entrapment of drug or other cargo mol-
ecules is considered the most pivotal factor in drug delivery carrier systems. The entrapment efficiency (%) of
doxorubicin for various formulations ranged from 49.82 to 85.37% (Table 3). The Pareto chart and 3D-response
surface plots (Design-Expert version 12.0.5.0) indicating the effect of formulation variables on entrapment effi-
ciency of Dox are presented in Fig. 4a-d.

Table 4 indicates that all factors (A, B, C, and BC) except AB and AC had a significant effect on entrapment
efficiency of doxorubicin in Dox-loaded ICG proniosomal gels. The interactive polynomial equation of Y; with
coded factors derived from the responses is shown in Eq. 7.

Y3 = 69.025 + 2.395A — 10.485B — 4.955C — 0.560AB — 0.580AC — 2.57BC (7)

From Eq. (7) and Pareto chart (Fig. 4a), it was observed that cholesterol (B) displayed a maximum negative
effect on entrapment of doxorubicin. The increase in cholesterol concentration strongly affects the entrapment
efficiency of doxorubicin, as both cholesterol (log P, +7.02) and doxorubicin (log P, + 1.41) exhibits positive log P
values (hydrophobic character). The positive partition coeflicient values of cholesterol and doxorubicin indicate
their higher affinity towards the hydrophobic layer. The increased tendency of cholesterol molecules (high log
P) to occupy the spaces within the hydrophobic layer competes with the drug that needs to be entrapped; this
leads to the expulsion of drugs from the bilayer vesicles'®*!~3. The other possible reason behind the decreased
entrapment efficiency could be due to the disruption of bilayer structure at higher cholesterol content®?. Also,
egg lecithin showed a significant negative effect on entrapment efficiency of doxorubicin due to their preferential
uptake of cholesterol molecules that is highly lipophilic than doxorubicin®*. The poor entrapment of doxorubicin
in the egg lecithin-rich environment could also be due to the formation of mixed micelles with surfactants*. The
interactive effect of cholesterol and egg lecithin (BC) was also observed to possess a significant negative effect, as
the interaction of cholesterol with egg lecithin rigidifies the membrane and offers superior mechanical strength
to the bilayer membrane, which hinders the entrapment of doxorubicin into the bilayer membrane. However,
span 60 featured a significant positive effect on the drug entrapment and, their increased entrapment efficiency
of doxorubicin with increased non-ionic surfactant content could be due to the formation of a larger number of
proniosomal vesicles with an increasing dimension of hydrophobic bilayer!*3,

Effect of formulation variables on entrapment efficiency of Indocyanine Green. The entrapment efficiency (%) of
Indocyanine Green (ICG) for various formulations ranged from 73.21% to 95.74% (Table 3). The Pareto chart
and 3D-response surface plots (Design-Expert version 12.0.5.0) indicating the effect of formulation variables on
entrapment efficiency of ICG are presented in Fig. 5a—d. Table 4 indicates that all factors (A, B, C, and AB) except
BC and AC had a significant effect on the entrapment efficiency of ICG in Dox-loaded ICG proniosomal gels.
The interactive polynomial equation of Y, with coded factors derived from the responses is shown in Eq. (8).

Y4 = 84.007 + 3.02A — 5.787B — 2.487C — 0.825AB 4 0.17AC — 0.1875BC (8)

The Eq. (8) and Pareto chart (Fig. 5a) displayed the strongest negative effect of cholesterol on entrapment
of ICG. The negative effect of cholesterol could be due to their higher affinity towards the hydrophobic layer,
in comparison to the ICG (log P, +4.17)'*3!. Also, cholesterol at higher concentrations disrupts the bilayer
structure, leading to the expulsion of ICG*%. Furthermore, egg lecithin also displayed a significant negative
effect on entrapment of ICG, as it can promote the formation of mixed micelles and preferentially uptake
cholesterol molecules into the bilayer structure®. In contrary, span 60 featured a significant positive effect on
the entrapment efficiency of ICG, which could be due to the formation of the increased number of vesicles
with reduced hydrophobicity, allowing the accommodation of both lipophilic and hydrophilic drugs in larger
fractions®. The interactive effect of span 60 and cholesterol (AB) revealed a significant negative effect on the
entrapment of ICG. The increasing cholesterol concentration with decreased span 60 imparts an imbalance in the
vesicular structure. In order to achieve a thermodynamically stable form with strengthened bilayer structures,
the vesicle radius usually increases. This increase in bilayer rigidity diminishes their micro fluidity, leading to
poor entrapment efficiency of ICGY.

Effect of formulation variables on drug release. Percentage cumulative drug release is yet another important
factor in the design of drug delivery systems, as controlled delivery of cargo molecules is a much-needed design
to minimize drug-induced systemic toxicities and maximize the therapeutic benefit in cancer therapy. The per-
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Figure 4. Effect of formulation variables (a) Pareto chart of Entrapment Efficiency (EE) of DOX, (b)
Span60*Cholesterol on EE of DOX, (c) Cholesterol* Egg lecithin on EE of DOX, (d) Span60*Egg Lecithin on EE
of DOX [Design-Expert version 12.0.5.0].

centage drug release of doxorubicin for various formulations ranged from 21.01 to 57.12% (Table 3) at the 72nd
hour. The Pareto chart and 3D-response surface plots (Design-Expert version 12.0.5.0) indicating the effect of
formulation variables on drug release (%) of doxorubicin are presented in Fig. 6a-d. Table 4 indicates that all
factors (A, B, C, BC, and AC) except AB had a significant effect on the percentage drug release of doxorubicin
from Dox-loaded ICG proniosomal gels. The interactive polynomial equation of Y; with coded factors derived
from the responses is shown in Eq. (9).

Y5 = 40.6525 — 3.2475A — 10.310B — 4.365C — 1.04AB + 2.58AC — 3.1275BC 9)

From Eq. (9) and Pareto chart (Fig. 6a), it was observed that Cholesterol (B) displayed the strongest
negative effect on percentage drug release of doxorubicin from the proniosomal gel. The large negative effect
of cholesterol indicates that increased cholesterol content decreased the percentage of drug release. In general,
higher cholesterol content in proniosomal formulation not only stabilizes the membrane but also increases the
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Figure 5. Effect of formulation variables (a) Pareto chart of Entrapment Efficiency (EE) of ICG, (b)
Span60*Cholesterol on EE of ICG, (c) Cholesterol* Egg Lecithin on EE of ICG, (d) Span60*Egg Lecithin on EE
of ICG [Design-Expert version 12.0.5.0].

hydrophobicity of vesicles. This increased hydrophobicity of vesicles decreases the permeability of the drug across
the bilayer membrane, retarding the drug release from the proniosomal vesicles®. It was also found that egg
lecithin played a significant effect in hindering the drug release, as lecithin at higher concentration decreases the
thermodynamic activity of the drug, due to the formation of cylindrical micelles. These micelle structures formed
have a tendency to trap the drug molecules within themselves, retarding their release. Also, the absorption of
higher water content by lecithin into the core decreased the release rate of doxorubicin®®. Furthermore, span 60
also pose a significant effect on retardation of drug release, as it has a similar tendency like egg lecithin to form
micellar structures at higher concentration. The interactive model also highlights that there was a significant
interaction between cholesterol and egg lecithin (BC). The negative effect of cholesterol and lecithin interaction
could be due to the rigidification of lecithin molecules by cholesterol at higher concentrations, making their
bilayer membrane-less leaky and poorly permeable, hindering their drug release characteristics*>*. However,
the interactive effects of span 60 and lecithin (AC) were observed to have a positive effect on the drug release
characteristics. This increased drug release could be due to the formation of a more permeable layer, as the double
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Figure 6. Effect of formulation variables (a) Pareto chart of Percentage Drug Release, (b) Span60*Cholesterol
on Percentage Drug Release, (c) Cholesterol*Egg lecithin on Percentage Drug Release, (d) Span60*Egg Lecithin
on Percentage Drug Release [Design-Expert version 12.0.5.0].

bonds present in egg lecithin tend to undergo conformational rotation and assemble with non-ionic surfactants
(span 60) to form loose junctions®.

Effect of formulation variables on NIR hyperthermia. ~Generally, the heat generation from NIR-based dyes are
concentration- dependent, and their heat capacity varies in both free and bound-ICG'. NIR-induced Hyper-
thermia temperature has been considered as one of the critical parameters, as the effect of hyperthermia is
dependent on the aggregation concentration of ICG. The hyperthermia temperature of various formulations
ranged from 47.6 to 57.1% (Table 3). The Pareto chart and 3D-response surface plots (Design-Expert version
12.0.5.0) indicating the effect of formulation variables on NIR Hyperthermia are presented in Fig. 7a-d.

Table 4 indicates that all factors (B, C, AB, and BC) except A and AC had a significant effect on hyperthermia
from Dox-loaded ICG proniosomal gels. The interactive polynomial equation of Y, with coded factors derived
from the responses is shown in Eq. (10).
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Figure 7. Effect of formulation variables (a) Pareto chart of NIR-Hyperthermia, (b) Span60*Cholesterol on
NIR-Hyperthermia, (c) Cholesterol*Egg Lecithin on NIR-Hyperthermia, (d) Span60*Egg Lecithin on NIR-
Hyperthermia [Design-Expert version 12.0.5.0].

Ys = 52.45 4 0.575A — 2.725B — 0.900C — 0.900AB — 0.225AC — 0.725BC (10)

The effect of variables on hyperthermia is comparable to their effect on drug release, indicating their
hyperthermia dependence on the availability of the free drug for enhanced NIR hyperthermia effect. Further,
the negative effect of cholesterol, egg lecithin, span 60*cholesterol (AB), and cholesterol*egg lecithin (BC) could
be correlated with the increased hydrophobicity and decreased permeability of bilayer membrane. However, in
order to achieve the clinical benefit, the drug delivery carrier is expected to retard the release of ICG, as free
drug undergoes rapid renal elimination and low targeting ability in-vivo. It is noteworthy to design a carrier
system with slower drug release characteristics, as the NIR induced hyperthermia efficiency of Dox-loaded ICG
proniosomal gel-derived niosomes doesn’t vary profoundly.

Scientific Reports|  (2023) 13:1697 | https://doi.org/10.1038/s41598-023-28891-8 nature portfolio



www.nature.com/scientificreports/

Optimization and validation. The optimization of formulation variables is highly desirable to obtain
the most stable pharmaceutical product with high-quality robustness. However, achieving multiple desired
responses simultaneously is quite impossible, as every response is related to variables in a unique way of its own
and interferes with the desirability of other responses. Herein, statistical models such as linear regression and
interactive model were used for the understanding of variables influence over the responses. Following numeri-
cal optimization analysis, the combination of formulation variables with high desirability has been chosen for
validation. The desirability of each factors and the overall desirability of the optimised formulation was shown
in the Fig. 8. The predicted and experimental values of responses for chosen Dox-loaded ICG proniosomal gel-
derived niosomal (DIP) formulation are highlighted in Table 5.

The estimated errors (%) between the predicted and experimental values were considerably smaller, indicating
the desirability of the optimization process. The optimized formulation (DIP) was further investigated to study
the morphological and surface characteristics, drug release (%) characteristics and release kinetics, and in-vitro
cytotoxicity studies.

Vesicle morphology. FESEM and TEM images of DIP are depicted in Fig. 9a and b. FESEM images of lyo-
philized DIP revealed spherical and slightly aggregated proniosomes, wherein the aggregation of vesicles could
be aroused during lyophillization or dropcasting process of sample preparation. FESEM images also visualises
some bright vesicles at certain regions due to charging effect. This charging effect could be due to the presence
of high non-ionic span 60 contents in these regions. A similar effect was observed in earlier studies using span
60 as a primary carrier®’. Further, the TEM image taken for DIP proniosomal gel-derived niosomes revealed
a multi-lamellar spherical vesicle with core and bilayer structure, indicating the formation of niosomes upon
dispersion with aqueous media.

Desirability

A:Span 60

B:Cholesterol

C:Egg Lecithin

Zeta Potential

Vesicle Size

Entrapment Efficiency of DOX

Entrapment Efficiency of ICG

NIR Hyperthermia

% Drug release at 72nd hour

Combined

0.000 0.250 0.500 0.750 1.000

Solution 1 out of 32

Figure 8. Desirability bar graph for each factor and combination of all responses [Design-Expert version
12.0.5.0].

Factor Coded value | Actual value (uM) | Response Predicted value | Experimental value* | % Error

Span 60 0.728 13.98 Zeta potential (mV) —28.054 —28.49+1.01 0.037

Cholesterol -0.303 6.697 Vesicle size (nm) 202.582 195.36+4.22 3.24

1 Entrapment efficiency of

Egg lecithin —-0.882 6.354 Dox (%) 78.121 77.24+1.45 0.198
Entrapment Efficiency of
1CG (%) 90.174 91.21+£0.91 0.099
Invitro drug release at 72nd 42.994 40714321 0.438
hour (%)
NIR Hyperthermia 54.636 56.17+0.94 0.165

temperature (°C)

Table 5. Prediction and validation of optimized formulation (DIP). *Data represented as the mean + SD
(n=3).
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Figure 9. Vesicle morphology, (a) FESEM image and (b) TEM image of DIP.

Zetapotential and vesicle size. Theaverage zeta potential (Fig. 10) of DIP proniosomal-derived niosomes
determined using the ELS technique was found to be — 28.49 +7.29 mV. The average vesicle size (Fig. 11) of DIP
proniosomal-derived niosomes determined using the DLS technique was found to be 195.36+44.11 nm, and
their PDI value of 0.051indicates the monodisperse nature of DPI proniosomal-derived niosomes.

The wide range of zeta potential could be related to the varying vesicle size observed under FESEM and DLS
techniques. The PDI value below 0.1 indicates that prepared proniosomal-derived niosomes are highly stabilized
and monodisperse, which could be due to both steric and electrostatic stabilization of niosomes exhibited by the
larger hydrophobic chain length and dominant phosphate moieties of egg lecithin in the formulation®’.
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Figure 10. Zeta potential of DIP proniosomal gel-derived niosomes.
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Figure 11. Vesicle size of DIP proniosomal gel-derived niosomes.
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NIR hyperthermia measurement. The heat generation capability of the free and bound form (DIP) of
Indocyanine green (~ 10 pg/mL) dispersed in phosphate buffer pH 7.4 was recorded and depicted in Fig. 12 gen-
erated using Origin(Pro) 8.5*.. The NIR hyperthermia measurement was performed by irradiating the sample
at 808 nm using a UV-Vis-NIR spectrophotometer and recording the change in temperature of the test sample
using a Neoptix T1™ optical temperature sensor. The free drug exhibited an increased rate of NIR heating and
achieved a heating efficiency of about 58.1 °C at 240 s. Whereas the formulation DIP exhibited a slightly slower
rate of heating than free ICG and achieved a maximum of about 56.2 °C at 330 s. It was also observed that the
temperature-induced in both free ICG and bound ICG samples decays over time. This decay in temperature
could be due to the degradation of ICG or loss of fluorescence activity of ICG at increased temperature and
aqueous environment. It was also observed that bound ICG exhibited a lower degradation rate than free ICG,
which indicates that degradation rate due to the aqueous vehicle is minimal inbound ICG, as it is protected by
the hydrophobic environment of niosomal dispersion!*1542,

Invitro drug release and drug release kinetics. The in-vitro drug release studies (Fig. 13) of pure drug
doxorubicin performed under phosphate buffer pH 7.4 and acetate buffer pH 5.5 showed that the drug release is
higher and complete in slightly acidic medium than the physiological pH. This type of release pattern is mainly
due to the limited solubility of drug doxorubicin hydrochloride in the physiological pH*. The study aimed to
restrict the release of drug in the physiological medium, so as to reduce the adverse effects on non-targeted
tissues invivo. The in-vitro drug release studies of DIP proniosomal gel-derived niosomes revealed restricted
drug release in the phosphate buffer pH 7.4, while at pH 5.5, there is a significant enhancement in the release
of drug doxorubicin, due to its enhanced solubility in slightly acidic pH conditions. In both pH conditions, a
controlled release of doxorubicin was observed. At pH 7.4, it was observed that about 37.14% of doxorubicin
was released at the first phase within 18 h of the start of in-vitro drug release study and about 40.71% of doxo-
rubicin was released at the end of the 72nd hour. In contrast, at pH 5.5, about 76.14+1.32% and 87.71+1.97%
of doxorubicin was released at 18th hour and 72nd hour respectively. The release pattern highlights that the
formulation DIP possesses a biphasic release of drug with loading and maintenance dose at both pH conditions.
Further, the release study also revealed that the membrane is not a rate limiting factor for the drug release. The
in-vitro cumulative percentage drug release of doxorubicin from DIP proniosomal gel-derived niosome at pH
5.5 and 7.4 was fitted into various mathematical pharmacokinetic models (Supplementary Information), and the
goodness of fit was indicated by regression coefficients (Table 6). Among the various models, the Weibull model
represented a regression value close to 1, indicating the heterogeneous matrices of DIP proniosomal gel-derived
niosomes with high and low diffusivity regions. Also, the  value obtained from the Weibull model was found to
be higher than 1, indicating the complex mechanics involved in the drug transport**.

Invitro anti-cancer activity. The invitro anti-cancer activity of DIP proniosomal gel-derived niosomes
was performed on HeLa cells and the results are reported in Fig. 14 generated using Origin(Pro) 8.5. The treat-
ment of HeLa cells with 500 pg/mL of bare proniosomal gel doesn’t significantly affect their percentage viabil-
ity. In contrast, the positive control doxorubicin hydrochloride (5 pg/mL) showed a significant reduction in
viability of HeLa cells. Further, DIP proniosomal gel-derived niosomes has showed dose dependent toxicity on
HeLa cells. The percentage cell viability was found to be 96.23 +2.84, 10.12 + 1.65%. 48.23 +1.72%, 20.22 + 1.50%,
10.31£1.96%, 8.13+2.29%, and 5.23 £2.45% after the treatment of 500 ug/mL of bare proniosomal gel, 5 pg/

Temperature (°C)

—®— Free-ICG
—o— DIP
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Figure 12. NIR Hyperthermia of Free-ICG and DIP proniosomal gel-derived niosomes.
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Figure 13. Percentage drug release of Doxorubicin hydrochloride and DIP proniosomal gel-derived niosomes
[Origin(Pro) 8.5].

Release kinetic models
Korsemeyer
First order | Zero order | Peppas Higuchi diffusion | Hixson Crowel | Noyes-Whiney | Weibull
SampleID | R? R? R? N R? R? R? R? )
DIP@7.4 0.5946 0.5439 0.9227 |0.348 0.8147 0.615 0.9436 0.9991 | 1.147
DIP@5.5 0.7857 0.5755 0.9302 | 0.3713 | 0.8388 0.7397 0.7986 0.9834 | 1.5004

Table 6. Drug release kinetics of Dox-loaded ICG Proniosomes.

mL of pure doxorubicin hydrochloride, 50 pg/mL, 100 pg/mL, 200 pug/mL 300 pg/mL and 500 ug/mL of DIP
proniosomal gel-derived niosomes respectively at the end of 24th hour. The significant reduction in cell viability
describes the in-vitro cytotoxic potential of DIP proniosomal gel-derived niosomes. The IC50 value of DIP pro-
niosomal gel-derived niosomes was found to be 31.61 pug/mL.

Conclusion

Non-ionic surfactant-based vesicular systems are one of the effective nanocarrier systems that can accommodate
multiple cargo molecules with the both hydrophilic and lipophilic profiles. These vesicular systems are generally
biocompatible and are not sequestered in the liver. In this study, we have developed a proniosomal gel, as it can
offer better stability and reduced tendency to form aggregates during storage. The statistical models revealed that
the formulation variables and their interactions played a critical role in the modulation of responses. Following
numerical optimization analysis, the combination of formulation variables with high desirability has been chosen
and validated. Further, the surface characteristics such as morphology, vesicle size, polydispersity index, and
zeta potential revealed the spherical vesicular structure of niosomal dispersion with optimum vesicle size and
surface charge. The drug release studies and release kinetics revealed a biphasic release profile of optimized
DIP proniosomal gel-derived niosomes with complex drug release kinetics. Overall, the physical stability, high
entrapment efficiency, NIR induced hyperthermia potential, and controlled drug release of DIP proniosomal
gel-derived niosomes describes their potential to act as a multifunctional drug delivery system towards the
management of tumors. In addition, the evaluation of diagnostic potential of such proniosomal gel-derived
niosomes shall make them a potential candidate for theranostic applications.
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