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The work was a collaboration with Airlangga University
covering the synthesis of stimuli-responsive drug delivery
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the doxorubicin in a burst with a rate constant four orders
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Niosomes co-loaded with doxorubicin and magnetic nanoparticles were synthesised using the thin film
hydration method. The loading efficiency of the doxorubicin was between 60-70%. The hydrodynamic
diameter measured as the average number (mean + standard deviation), using dynamic light scattering,
was found to be 188 + 68 nm, 141 + 86 nm and 169 + 69 nm for the plain niosomes, niosomes loaded
with doxorubicin and niosomes loaded with doxorubicin and magnetic nanoparticles, respectively. The
zeta potential for all three niosome samples was determined to be —26.4 mV + 1.9 mV. The thermally
mediated release of doxorubicin was monitored using fluorescence spectroscopy and found to follow
1st order kinetics. The rate constant for the thermal release was 1.2 x 1076, 1.0 x 10~%and 51 x 10~* min~!
at 298, 313 and 333 K, respectively. The doxorubicin was also released using an alternating magnetic field, this
also followed 1st order kinetics and had a rate constant of 1.7 x 1072 min~*. This is four orders of magnitude
greater than the thermal release at the same temperature (298 K). The work shows the magnetically con-
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trolled, burst release from a drug-loaded niosome delivery system. The release was triggered on demand by
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the application of the alternating magnetic field,
compared to 3% release in 30 days via thermal release.
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Introduction

Niosomes are spherical bilayer structures made from non-ionic
surfactants.' They have a hydrophilic core and a hydrophobic
region within the bilayer and can be used as drug delivery
systems for hydrophilic or hydrophobic drugs.? An illustration
of the niosome structure can be seen in Fig. 1. Nanocarriers
such as liposomes,® niosomes* and polymeric particles® have
many advantages as drug delivery agents.®” Their small size,
between 10-200 nm, enhances tissue penetration and cellular
uptake.® They have a large surface-to-volume ratio, and they can be
modified with a variety of ligands to target specific cell types and to
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resulting in 86% doxorubicin release within 3 hours

modulate their uptake.”'® There are several nanocarrier-based

drug delivery agents currently on the market,"* with the major-
ity focusing on cancer therapeutics.'? This is an important area
as the nanocarrier drug delivery system can help to reduce side
effects and improve tumour targeting. They can target tumour
sites through several mechanisms, including passive and active
targeting. Passive targeting involves enhanced permeability and
retention,"’ leading to the increased uptake of the nanocarriers
in the tumour microenvironment.' Active targeting involves
the modification of the nanocarrier surface with small
molecules,'® proteins and biopolymers, such as antibodies,®
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Fig. 1 An illustration of the niosome structure composed of sorbitane
monostearate (Span60) and cholesterol.
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peptides,”” and nucleic acids.'® These active targeting options
are based on specific binding to receptors overexpressed in the
tumour cells.’® Within the general class of nanocarriers, nio-
somes have some unique properties that are being exploited in
the next generation of drug delivery agents.*® The non-ionic
surfactants used to assemble the niosomes are biocompatible
and biodegradable and do not induce an immune response in
the body.” They are cheaper to produce than liposomes, which
makes them more attractive for commercialisation.”' Niosomes
also offer increased blood circulation time compared to lipo-
somes and protect the drug cargo from degradation.*” The
surfactants used to form the niosomes are both physically and
chemically more stable than their liposome counterparts,
which leads to easier formulation and production.??

When loaded with a drug molecule, the niosomes have been
shown to slowly release the drug, giving rise to a sustained
release that can be modulated by the formulation.>*** This
controlled release of a targeted drug is of great interest as it can
lead to better therapeutic response and reduced side effects.?
Niosomes release their drug cargo by three main mechanisms:
(1) diffusion or Fickian release, where the drug diffuses out due
to concentration gradients,>” (2) reorganisation of the bilayer
leading to increased diffusion of the drug,?® and (3) degrada-
tion of the noisome, leading to drug release.*® These different
release mechanisms lead to complex models that can be used
to investigate the release kinetics and give insights into the
processes involved.*® Traditional drug delivery systems and
controlled release aim to maintain a constant level of the active
pharmaceutical ingredient (API) in the plasma or a specific area
of the body.?® An alternative to this is the ‘release on demand’
system, where the drug is released quickly when activated. To
this end, niosomes have been designed to give an initial burst
of API followed by slow release, which can take over a few hours
or a few days. Alemi et al, developed a PEGylated niosome
formulation that delivered curcumin and paclitaxel with
20-30% release after 72 hours.”® Ugorji et al., used sorbitane
monostearate (Span60) based niosomes loaded with 5-fluo-
rouracil that showed 50-60% release after 3 hours.>” More
recently stimuli-responsive drug release systems have been
developed that release their drug payload under specific phy-
siological or chemical conditions such as redox activation,®
enzyme levels,*” near IR irradiation,**** ultrasound,®® in low
pH environments®***” and temperature changes.'**® Wang
et al., developed a thermally-responsive polymer-modified lipo-
some carrier that could release its drug content at temperatures
above 37 °C.*° Their system showed 60% API release after only 5
minutes at temperatures above 40 °C.*° Unlike traditional drug
release systems, these stimuli-responsive nanocarriers are
designed to protect their drug cargo until a specific stimulus
is present and then release the drug in a sudden burst. This can
see 100% release in minutes after stimulation, compared to
traditional controlled release that can give 30% release in
72 hours. A specific class of stimuli-responsive nanocarriers
are the magnetoliposomes.’® These incorporate magnetic
nanoparticles (MNPs) into the liposome structure and have
been used for MRI contrast agents*' or the targeting of tumours
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through magnetic field trapping.*” Ma et al, developed ther-
mally sensitive liposomes with hydrophobic MNPs trapped in
the lipid bilayer and the hydrophilic core loaded with doxor-
ubicin (DOX), a chemotherapeutic drug.** They showed the
thermally controlled release of DOX in vitro and in vivo using
murine colon cancer cells (CT26) and female BALB/c mice
models. The thermal release was triggered by a fibre-coupled
laser system operating at 808 nm. The MNPs absorbed the laser
energy and heated up the samples to release the DOX.*?
Magnetoliposomes have also been used in combined magnetic
field hyperthermia (MFH) and chemotherapy.**** In this dual
therapy approach, the MNPs are used to induce the thermal
release of the drug from the liposome structure and, at the
same time, heat the tumour cells and induce cell death through
MFH.46’47

Here, we report, for the first time, a stimuli-responsive
niosome-based system that releases its drug cargo in response
to an alternating magnetic field (AMF). The system is based on
Span60 and cholesterol niosomes with dextran-coated iron
oxide nanoparticles (MNPs) and DOX loaded into the hydro-
philic core. On exposure to an AMF, the NPs produce heat that
induces the niosomes to release the DOX. Fluorescent spectro-
scopy is used to monitor the DOX release. The work covers the
synthesis and characterisation of the MNPs and niosomes and
the kinetic studies for the DOX release at different tempera-
tures and induced by the AMF.

Experimental

Phosphate buffer saline (PBS) tablets were purchased from
Sigma-Aldrich (P4417) and used to prepare a solution of
0.01 M phosphate buffer, 2.7 mM potassium chloride, and
0.137 M sodium chloride. Sorbitane monostearate and choles-
terol was purchased from Sigma-Aldrich (S7010) and (C8667)
respectively. Doxorubicin was purchased from Biosynth
(AD15377). The gel filtration columns were PD10 Cytiva col-
umns with Sephadex G-25 M stationary phase. Iron(u) chloride
tetrahydrate and iron(m) chloride hexahydrate were also pur-
chased from Sigma-Aldrich. Deionised water was produced
using SLS LAB PRO - PURA-Q+, 18 MQ cm. Dextran (D9260)
and dimethyl sulfoxide (472301) were purchased from Sigma,
and chloroform (10784143) was purchased from Fisher
Scientific.

Magnetic nanoparticle synthesis

The magnetic iron-oxide nanoparticles (MNPs) were synthe-
sized under a nitrogen atmosphere. A schematic representa-
tion is shown in Fig. 2, briefly, iron(u) chloride tetrahydrate
(0.0085 moles), iron(m) chloride hexahydrate (0.0175 moles)
and deionized water (75 mL) were combined in a reaction flask.
Nitrogen gas was bubbled through for 10 minutes to remove
any dissolved oxygen. NaOH (4 mol dm ?) was added to adjust
the pH of the mixture. The solution was subjected to contin-
uous stirring during the reaction until the mixture became
basic (pH 11). The black precipitate formed was washed with

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 A schematic representation of the magnetic nanoparticle (MNP) synthesis from iron chlorides followed by dextran coating. The final MNP sample

appeared as a black opaque solution in water at pH 7.

deionized water until pH 7 and dispersed in 30 mL of fresh
deionized water. The dextran (MW = 10000 Da) coating was
then added following the procedure below. Dextran (5 g) was
mixed with deionised water (20 mL) resulting in a 25% solution
by weight which was added to a flask along with all the MNPs
(30 mL). This was mixed in an ultrasonic bath for 5 minutes.
Ammonium hydroxide solution (2 M) was added dropwise until
a pH of more than 10 was achieved. The flask was then set to
heat in an oil bath at 75 °C for 1 hour with stirring. Once cool,
the solution was decanted into a sample vial and washed with
deionized water using magnetic precipitation until a pH of
7 was achieved. This resulted in a black solution. A sample
(1 mL) was removed and magnetically precipitated, the clear
liquid was decanted, and the remaining black magnetic pre-
cipitate was dried under nitrogen until constant mass. This
gave a MNP concentration of 17.3 mg mL™'. The ATR-FTIR
spectra of the clear liquid removed showed no dextran was
present in this wash. The ATR-FTIR spectra of the black
precipitate showed the presence of magnetite and dextran. This
observation supports the synthesis of dextran coated iron-oxide
nanoparticles. The MNPs were subjected to TEM analysis with
EDX and electron diffraction (FEI Titan3 Themis 300: X-FEG
300 kV S/TEM with S-TWIN objective lens, monochromator
(energy spread approx. 0.25 eV), multiple HAADF/ADF/BF STEM
detectors, FEI Super-X 4-detector EDX system).

Niosome synthesis

The niosomes were synthesised using the thin film hydration
method, Fig. 3. Sorbitane monostearate (8.82 mg) and choles-
terol (5.88 mg) were dissolved in chloroform (2 mL) in a 25 mL
round bottomed flask. The chloroform was slowly removed
under reduced pressure using a rotary evaporator. Once dried
the sample was maintained on the rotary evaporator under
vacuum for 30 minutes at 60 °C to form a thin film. The film
was hydrated in 3 mL of the MNPs with an iron oxide concen-
tration of 0.15 mg mL " in deionised water and 140 pL of DOX
(5 mg mL™' in DMSO) for 1 h at 60 °C with stirring. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 A schematic representation of the niosome synthesis. NS, DOX,
MNP and SEC stand for niosome, doxorubicin, magnetic nanoparticles and
size exclusion respectively.

niosome suspension was then sonicated for 5 minutes resulting
in a cloudy pink solution with some obvious larger precipitates,
this is referred to as the raw niosome solution. Finally, a 1 mL
sample of the raw niosome solution was cleaned by passing
through a PD10 column using PBS buffer as the mobile phase.
The column eluent was collected in 1 mL fractions immediately
after the raw noisome solution was loaded (1 mL). These were
labelled fraction 1-25. The 4th, 5th and 6th fractions appeared
cloudy and were combined to give a final 3 mL sample of the
cleaned niosomes. This final solution was analysed with UV-vis
spectroscopy and DLS to confirm the encapsulation efficiency
of doxorubicin and the colloidal properties of the suspension.
This synthesis produced the niosomes with the hydrophilic
core loaded with MNPs and DOX (NS-DOX-MNP).

The synthesis was repeated but with the MNP solution
replaced with deionised water (3 mL) plus 140 pL of DOX
(5 mg mL~" in DMSO) to produce the DOX-loaded niosomes
(NS-DOX) and a sample with no MNPs and no DOX was
produced by hydrating with just deionised water (3 mL) and
DMSO (140 pL) to produce unloaded niosomes (NS). An illus-
tration of the samples are shown in Fig. 4.

The synthesised niosome samples were characterised using
dynamic light scattering (DLS) carried out on a Zetasizer
NanoZS (Malvern Instruments) equipped with a 4.0 mwW
He-Ne laser operating at 633 nm with a photodiode detector
at a 90° detection angle. The NS solutions were used directly

Soft Matter, 2025, 21, 6197-6206 | 6199
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Fig. 4 An illustration of the niosome samples prepared. NS, DOX and
MNP stand for niosome, doxorubicin and magnetic nanoparticles res-
pectively.

from the PD10 column (3 mL) with a 500 uL disposable cuvette.
The Z-average and polydispersity values are quoted as well as
the number average distribution and standard deviation (SD).
The zeta-potential of the samples was analysed using a folded
capillary zeta cell. Values are reported as the mean + SD of
three measurements.

DOX loading calculation

The DOX loading efficiency (EE%) is the percentage of the
available DOX that was loaded into the core of the niosomes
(eqn (1)). This is based on the fluorescent emission of the DOX
molecule. The loaded niosome sample (100 pL) is dispersed in
DMSO (900 pL) and the fluorescent intensity recorded at A
590 nm with 1 480 nm excitation. This was compared to the
same sample made from the raw niosome solution (100 pL)
prior to going through the column, dispersed in DMSO
(900 pL). The raw niosome solution has all the DOX present,
either inside the niosomes or free in solution so this represents
100% of the DOX present. The sample that is passed through
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the PD10 column has the free DOX removed, leaving only the
DOX loaded inside the niosome core.

Dox concentration after purification
Dox concentration before purification

EE% = 100

DOX release study

The release of DOX from the niosomes was monitored using
fluorescent spectroscopy (Horiba Fluoromax-4P TCSPC). The
excitation source was 544 nm, and the fluorescent emission
recorded from 570-800 nm. Once eluted from the PD10 col-
umn, the 3 mL sample was sealed in a quartz cuvette, and the
fluorescent spectra were recorded in the spectrometer. The
sample was then stored at a set temperature (333 K, 313 K or
298 K) for the required period of time (up to 30 days). The
fluorescent spectra were recorded for the samples as a function
of time and compared.

For the AMF-initiated release, an induction heating coil was
fitted around the fluorescent cuvette. The coil operated at
125 kHz and had a field intensity of 1000 A m™" at its centre.
The coil was made from 2.2 mm wide hollow copper tubing
with a 1.1 mm internal diameter. Cooling water was pumped
through the coil at a rate of 10 mL per minute to maintain room
temperature at all times. The coil was 41 mm in height with an
internal diameter of 17 mm and an external diameter of 20 mm
and consisted of 6.5 turns. The drive voltage was 12 V, resulting
in a current of 10.5 A. The coil design was based on that
reported by Drake et al. and shared the same drive circuit.*®

Magnetite
(hkl)
m
3 ) 220
31—
2 4 [ ] 222
400
422
1 511
440
(d
0 10 1/nm

0 4 8 12
Diameter (nm)

Fig. 5 Showing the TEM data for the magnetic nanoparticles (MNPs). (A) Standard TEM showing a larger area view, scale bar 200 nm. (B) Zoomed in TEM
image, scale bar 50 nm. (C) High resolution TEM showing individual MNPs and the lattice lines, scale bar 10 nm. (D) Close up view of lattice lines with a
d-spacing of 0.296 nm corresponding to the 220 crystal face in magnetite. (E) Raman spectra the dried MNP taken with a 633 nm laser. (F) ATR-FTIR
spectra of the dried MNPs. (G) Size distribution of the MNPs estimated from TEM image analysis. The line is a normal distribution curve fitted to the
histogram data (dots) with an average of 5.80 nm and a standard deviation of 2.08 nm. (H) electron diffraction data collected from image A, with the rings

indexed to the (hkl) lattice parameters for magnetite.
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Results and discussion

The MNP synthesis produced a black, magnetically responsive
dispersion of nanoparticles with an average diameter of
5.80 nm and a standard deviation of 2.08 nm, estimated from
TEM image analysis. Fig. 5 shows the TEM data (A-D), along
with the electron diffraction pattern indexed to magnetite (H).
Image 5D shows a close-up view of lattice lines with a d-spacing
of 0.296 nm corresponding to the 220-crystal face in magnetite.
EDX data showed the presence of Fe in all samples. Vibrational
spectroscopy analysis of the MNPs dried at 40 °C under a N,
flow are shown in Fig. 5E and F. The ATR-FTIR spectra (F)
shows the expected peaks for dextran.’” Magnetite shows
no peaks in the range 2000-1000 cm™ " the magnetite spec-
tra should be dominated by the Fe-O bands at 621 and
574 cm '.*®°! The peak at 1632 cm ' seen in (F) can be
assigned to the water v2 bending mode, and the two peaks at
1497 cm " and 1392 cm ™' are characteristic of dextran,*® they
can be assigned to the ¥(H-C-OH) and v(C-O-C) respectively.>
The MNPs were washed with water until the washings showed
no evidence of the presence of free dextran, as shown by the
FTIR spectra for the washings. The first wash showed the
expected dextran peaks; subsequent washes showed a reduc-
tion in these peaks, showing that free dextran was being
removed from the MNPs. Eventually, the washings showed no
evidence for the presence of dextran. The MNPs were then
redispersed in fresh water, and a sample was removed for
drying at 40 °C under N, flow to constant mass. The fact that
the ATR-FTIR spectra for these dried MNPs still show charac-
teristic peaks for dextran provides evidence to support the
synthesis of dextran-coated MNPs. The Raman spectra for the
same sample, Fig. 5(E) shows a peak at 680 cm ™" characteristic
of magnetite. The absence of hematite Raman peaks at
219 em™" and 280 cm™' of equal intensity supports the
assumption that the MNPs are the magnetite phase. The
presence of maghemite phase would give a second peak or a
shoulder at 710 em™*.>* The Raman spectra, combined with the
observation that the material was a black colour and magneti-
cally responsive, along with the electron diffraction pattern (H),
all confirm the synthesis of the magnetite phase.

The niosomes were synthesised following the thin film
hydration method (Fig. 3).>*>® The surfactants were dissolved
in chloroform with a mass ratio of 3:2 (Span60: cholesterol)
and a thin film formed on the inside of the round bottom flask
by the slow evaporation of the solvent. The thin film was
rehydrated at 60 °C with water, water and DOX or water, DOX
and MNP to produce the plain niosomes (NS), niosomes loaded
with DOX (NS-DOX) or niosomes loaded with DOX and MNPs
(NS-DOX-MNP) respectively. The initial rehydration resulted
in a raw niosome samples that appeared as a cloudy white
solution for the NS and a cloudy pink solution for the NS-DOX
and NS-DOX-MNP. The raw niosome solutions showed
evidence of aggregation and some large precipitates could be
seen. The DLS analysis for the raw NS-DOX-MNP sample gave
Z-average = 533 nm and a PDI of 0.848. In order to clean the
solutions, they were passed through a PD10 size exclusion

This journal is © The Royal Society of Chemistry 2025
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column using PBS as the mobile phase. The raw niosome
sample (1 mL) was added to the column and eluted with PBS.
The initial eluent was a clear colourless solution, as expected.
Eluent volume 4-6 mL appeared cloudy, after this volume the
eluent became clear again. A PD10 column with PBS was also
run loaded with DOX only. Using UV-vis analysis of the eluent it
could be seen that the DOX eluted between 8 mL and 30 mL.
This is consistent with the size exclusion principle. Using the
PD10 column it is possible to separate the niosomes loaded
with DOX from any free DOX in solution (not inside the
niosomes). The DOX loading efficiency is the percentage of
the available DOX that was loaded into the core of the nio-
somes. This is based on the fluorescent emission of the DOX
molecule. If no DOX was inside the niosomes then the elution
volume 4-6 mL would not have DOX present. This would simply
be the niosomes. Any free DOX would pass down the column
slower and elute after 8 mL of PBS. A sample of the eluted
niosomes (100 pL) was dispersed in 900 pL of DMSO. This
destroys the niosome structure and releases DOX in the DMSO
solvent. The fluorescent intensity of this solution can then be
used to estimate the encapsulation efficiency (EE) of the DOX
(the % of available DOX that was encapsulated inside the
niosomes). This was found to be 67% for the NS-DOX sample
and 61% for the NS-DOX-MNP sample, demonstrating that the
presence of MNP doesn’t interfere with the loading of the
chemotherapeutic drug.

Dynamic light scattering was used to characterise the aver-
age diameter and size distribution of the niosomes in solution.
The data can be seen in Table 1. The Z-average niosome size is
the intensity weighted hydrodynamic size determined by the
cumulants method, the polydispersity index (PDI) represents
the width of this distribution.’® This is the ISO recommend
method for representing DLS data. It can be seen that the
Z-average niosome diameter was around 310-360 nm and PDI
ranged from 0.4-0.6. The intensity average particle size can be
dominated by large particles. The scattering data can be
transformed into an average number of niosome sizes by
applying Mie’s theory.”” This gives a more accurate size dis-
tribution for complex samples with a small amount of large
particles (> 600 nm). The number average size distribution for
the niosome samples can be seen in Table 1, along with the
standard deviation. This shows that the samples are mostly
composed of niosomes with an average diameter below 200 nm
(96-99%) and a few larger niosomes. The zeta potential for all
three niosomes was determined to be —26.4 mV + 1.9 mV.
This compares well with the 212 nm diameter and zeta

Table 1 Colloidal properties determined by dynamic light scattering data
for the purified niosomes

% of NS
Z-Average/ Number Standard below
Sample nm PDI average/nm deviation/nm 200 nm
NS 363.6 0.57 187.8 68.18 98
NS-DOX 309.4 0.335 140.7 86.22 99
NS-DOX-MNP 358.3 0.403 169.3 69.02 96
Soft Matter, 2025, 21, 6197-6206 | 6201
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potential —27 to 24 mV quoted by Miatmoko et al. for the same
surfactants and synthesis method but a different APL"®

The stability of the niosomes was investigated by measuring
the change in Z-average and PDI over the course of 1 month
with the samples stored under standard conditions and room
temperature. This revealed only a 5% variation in both values
over the time period, suggesting the samples are stable under
these conditions.

AMF release study

The NS sample appeared as a cloudy white solution whereas the
DOX loaded samples (NS-DOX and NS-DOX-MNP) showed the
expected red tinge associated with the DOX. The fluorescent
spectra from these samples were recorded (480 nm excitation,
500-800 nm emission) with the spectra matching that expected
for pure DOX.>® These showed a fluorescent peak centred on
Amax 590 nm with a shoulder at A,,x 560 nm and a weak
shoulder at A 650 nm, see Fig. 6A. The two DOX-loaded
samples were placed inside a magnetic coil operating at
125 kHz with a field intensity of 1000 A m ™' at its centre. The
coil design was based on that reported by Drake et al and
shared the same drive circuit.*® Inside the niosomes the DOX is
self-quenching with lower fluorescent intensity.®® The fluores-
cent intensity should increase over time if the DOX is released
from the niosome core (see Fig. S1-S4, ESIt). If the DOX
remains inside the niosome then the fluorescent intensity
should remain constant. It can be seen (Fig. 6B), that on the
activation of the AMF the fluorescent intensity at 590 nm for
the NS-DOX-MNP sample started to increase, reaching a Alsq,
of 10k CPS after 10 minutes and eventually plateauing
at around a Alsq, of 90k CPS after 200 min. Conversely, the
NS-DOX sample showed only a small increase over time, reach-
ing a Al of 1k CPS after 10 minutes and plateauing at around
a Al of 10k CPS after 200 min.
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The release of DOX from the niosomes is a measure of the
diffusion of the DOX across the Span60 bilayer. Assuming that
the plateau region seen in Fig. 6B represents the final concen-
tration of free DOX then the 1st order rate equation of the
diffusion of DOX can be written as:

L (A’1590) ey »
Alax
where Ao, is the change in fluorescent intensity at 590 nm at
time ¢, Al L.y is the final Alsqo = 90000 CPS, k is the 1st order
rate constant (min~ ') and ¢ is the reaction time (min). Plotting
Ln[1 — (A'T500/Almay)] against time (¢) should produce a straight
line fit with gradient = —k. These kinetic plots for NS-DOX~-
MNP and NS-DOX are shown in Fig. 7. They show that the 1st
order kinetic plot is a good fit to the NS-DOX-MNP sample
(R* = 0.9803). This suggests that the release of the DOX out of
the niosome follows a Fickian mechanism and is diffusion
controlled with a high initial rate tailing off as the concen-
tration of DOX inside the niosomes drops.>’ The rate con-
stant for the DOX release in the NS-DOX-MNP sample is
k = 1.7 x 107> min~". The same plot can be seen for the
NS-DOX sample. This has no MNPs present and so is expected
to show no AMF induced heating. The plot shows very
little change in the fluorescent emission over time suggesting
very little DOX release is occurring. The 1st order plot does not
fit as well to this sample (R* = 0.7459). This poor fit is mostly
for the early stage of the reaction with time less than
20 minutes. The overall rate constant for the NS-DOX sample
is k = 2.0 x 10°® min~". The difference between the two
samples is the addition of the MNPs. In the presence of the
AMF these heat the inside of the niosome structures. This
heating appears to increase the rate of diffusion of the DOX

across the bilayer, with over 60% of the total DOX released in
just 60 minutes compared to only 7% released for the NS-DOX
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g s 40000 ® NS-DOX-MNP
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Fig. 6 (A) Fluorescent spectra of NS-DOX-MNP recorded with 480 nm excitation and 500—-800 nm emission. (B) Time dependent plot of the change in
fluorescent intensity at 590 nm (Alseg) where Alsgo = ((Is90) — (g00)) — ((°lse0) — (Ulsoo)), Use0 and Uggg are the fluorescent intensity for time t at 590 nm

and 800 nm respectively and °/so0 and ®lgoq are the fluorescent intensity for time = 0 at 590 nm and 800 nm respectively. The best fit line shown in B for

the NS-DOX-MNP data is a 1st order kinetic plot with a rate constant (k)

= 0.017 min~! and a final Alsgg value (Almay) = 90 000 CPS. The fluorescent

intensity at 200 min for the NS-DOX-MNP sample shows 86% of the total DOX present has been released.
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Fig. 7 1st order kinetic plots for NS—DOX-MNP sample (left) and the NS-DOX sample (right). Aseq is the change in fluorescent intensity at 590 nm =
((590) — (1500)) — ((Clse0) — (Clgoo)), Where Ylsgg and Ylgog are the fluorescent intensity for time t at 590 nm and 800 nm respectively and %/seo and ®lgqo are

the fluorescent intensity for time = 0 at 590 nm and 800 nm respectively.

sample. The NS-DOX-MNP sample went on to release 100% of
the loaded DOX in 200 minutes, whereas the NS-DOX sample
only released 20% of the DOX at 200 minutes and showed no
further release with time.

The final absolute fluorescent intensity recorded at 4 = 590 nm
represents the concentration of DOX in the PBS solution after
being released from the niosomes (see Fig. S5, ESIT). Using the
calibration curve for pure DOX in PBS (see Fig. S3, ESIt), this
can be estimated to be 0.04 mg mL™"' [DOX], in the 3 mL
volume. This means a total of 0.12 mg of free DOX. The total
amount of DOX added at the start of the synthesis was 0.14 mg
(assuming 60% encapsulation). This gives an estimate of 86%
of total DOX released over 200 minutes during the AMF
exposure.

Thermal release of DOX

The diffusion-controlled release of DOX from the niosomes
would be expected to show a temperature dependence. At
higher temperatures the diffusion process should occur at a
faster rate due to the surfactant molecules having increased
thermal motion and increased bilayer fluidity.*" It has been
shown that the permeability of surfactant bilayers reaches a
maximum at the surfactant chain-melting temperature, this is
the solid-liquid phase transition for the bilayer structure, in the
case of Span60 this transition occurs around 58 °C.** See
Blicher et al. for a more in-depth discussion of the temperature
dependence of lipid membrane permeability.®* In order to
investigate the temperature dependence of the diffusion and
permeability of DOX across the niosome bilayer NS-DOX-MNP
samples were prepared and incubated at different tempera-
tures. In order to investigate this, three more NS-DOX-MNP
samples were made following the same method. The samples
were sealed in a 3 mL fluorescent cuvette and stored at different
temperatures. The fluorescent signal was recorded as a func-
tion of time. Three temperatures were used (298 K, 313 K and
333 K). Immediately after the SEC column the three samples all
showed the same fluorescent spectra that matched that

This journal is © The Royal Society of Chemistry 2025

observed before, the major peak centred on Apax 590 nm with
a shoulder at 4 560 nm and a weak shoulder at A 650 nm and is
characteristic of DOX. As expected, over time the fluorescent
peak at 590 nm showed an increase in intensity. This was most
pronounced at the higher temperatures. The NS-DOX-MNP
sample at 333 K showed a steady increase in fluorescence that
reached a plateau at 100% release after 6 days. The 313 K, NS—
DOX-MNP sample reached 100% after 20 days. The 298 K
sample showed the slowest release, reaching 1% released after
6 days, 2% released after 13 days and about 3% released after
20 days. The release profiles can be fitted with 1st order kinetic
plots using eqn (1) and the data can be seen in Fig. 8 and
Table 2. The modelling of the thermal release at physiological
temperature (37 °C) shows that 10% of the DOX will be released
after about 5 days with 100% release reached at about 200 days
at this temperature (see Fig. S6 for the release profile, ESIt).
The rate of thermal release of DOX is controlled by the
temperature of the system and is independent of the MNP

120 -
] °
100 L A
80 ]
8 0298 Kelvin
@ 60 | A 313 Kelvin
3 @333 Kelvin
o 40
5
a) 20
=3
0 =] ] [} 0
-20 : : .
0 10000 20000 30000
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Fig. 8 Thermal release of DOX from NS—DOX-MNP system maintained
at a constant temperature inside an oven at 298, 313 and 333 K along with
the 1st order kinetic fits to the data based on the rate constants shown in
Table 2. The rate constants were calculated from eqgn (1).
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Table 2 The 1st order rate constants (k) for the release of DOX from
NS-DOX-MNP samples and the R? values obtained from fitting egn (1) to
the thermal release data and the magnetic release data (AMF)

Temperature 1st order rate

(K) constant (min ) R?

298 1.2 x 107 0.8841
313 1.0 x 10°* 0.9952
333 5.1 x 10°* 0.9884
AMF 1.7 x 1072 0.9803

presence. At 333 K the rate constant k is 5.1 x 10~ * min~ ", leading to
100% DOX released after approximately 6 days. At room temperature
(298 K) the rate constant k is 1.2 x 10~ ° min ', this is 400 times
smaller. The 1st order fit to the release data at 298 K is poor, but
suggest that only 3% of the DOX is released after 20 days. By
contrast, the magnetically (AMF) controlled release of DOX from
the same niosome system has a rate constant k of 1.7 x 10> min ™ ;
this is four orders of magnitude quicker than the thermal
release measured at 298 K and leads to 100% DOX release after
just 3 hours. It is worth pointing out that during the magnetic
release, the overall temperature of the sample does not change,
remaining at about 298 K (room temperature in the spectro-
meter). Using an Arrhenius plot, we can use the thermal release
data to predict what the temperature would be for the system
with an equivalent rate constant to the magnetic release, a plot
of Ln k against 1/T, (where k is the 1st order rate constant and T
is temperature), should produce a straight line fit.** This can be
seen in Fig. 9.

The linear fit is for the thermal release data only. Based on
the measured 1st order rate constant for the magnetic release
data, the Arrhenius plot suggests that the diffusion of DOX out
of the niosomes under magnetic control is occurring at a rate
equivalent to the rate at 353 K (80 °C). As the actual temperature
of the sample remains at 298 K this data supports the

1/T(K")
2.40E-03 2.80E-03 3.20E-03 3.60E-03
0 n 1 I 1 n J
-2 1 O AMF
-4 4 \EI\ B Thermal
N, - Linear (Thermal)
-6 4
X
c -84 "
= N
-10 -
12 4 y=-17387x +45.173
R*=0.9003
-14 4 -
-16 4

Fig. 9 Arrhenius plot for the thermal release data showing the inverse
linear dependence of the rate constant for the diffusion of DOX from
inside the NS-DOX-MNP samples, on the temperature of the system (k is
the 1st order rate constant (min~) and T is temperature in Kelvin). The
linear fit is for the thermal release data only. The AMF data point shows the
predicted temperature of the magnetic release (AMF) rate constant based
on the linear fit.
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assumption that the MNPs are heating the internal core of
the niosome to around 80 °C due to induction heating via the
AMF, this leads to increased diffusion of the DOX across the
Span60 bilayer and release into the surrounding solution. The
heating is limited to the hydrophilic core containing the MNPs
and so the overall temperature of the sample remains
unchanged. The MNPs couple to the AMF and produce heat
through Brownian and Néel relaxation mechanism.®® This
heats the surrounding liquid. Since the MNPs are in the
internal core of the niosomes, this heat is restricted to this
small volume and the internal core quickly reaches a tempera-
ture of 80 °C. The heat increases diffusion of DOX and pro-
motes thermal relaxations within the Span60 bilayer, resulting
in increased DOX release.

Conclusions

The synthesis of the niosomes went as planned as evidenced by
the appearance of the samples (cloudy white solution for the NS
sample and cloudy red solution for the DOX loaded samples,
NS-DOX and NS-DOX-MNP). The zeta potential for all three
niosome samples was determined to be —26.4 mV £+ 1.9 mV
and the Z-average niosome diameter as measured by DLS was
around 310-360 nm with a PDI ranging from 0.4-0.6. The
number average diameter was found to be (average + standard
deviation) 188 + 68 nm, 141 + 86 nm and 169 + 69 nm for the
NS, NS-DOX and NS-DOX-MNP samples, respectively. The
loaded DOX could be released from the core of the niosomes
by diffusion across the surfactant bilayer and this could
be modelled using 1st order kinetics with rate constants of
1.2 x 10 ®*min™%, 1.0 x 10"* min~" and 5.1 x 10~* min~" at
298 K, 313 K and 333 K respectively. The release of DOX from
the NS-DOX-MNP sample could also be triggered by the
application of an external, alternating magnetic field. With
the magnetic field activated the rate constant increased to
1.7 x 10~% min~’. This is four orders of magnitude greater
than the thermal release at the same temperature (298 K). The
work shows the magnetically controlled, burst release from a
drug loaded niosome delivery system. The release was trig-
gered, on demand, by the application of the alternating mag-
netic field resulting in 100% doxorubicin release within 3 hours
compared to 3% release in 30 days with no magnetic field. For
comparison, in the DOX-magnetoliposome system developed
by Hardiansyah et al., the thermal release and the magnetic
release showed a five times difference in rate and when the
magnetic system reached 100% release of DOX the thermal only
system (no MNPs) showed 80% release of DOX.**

Future work will focus improving the niosome synthesis to
lower the average size to around 200 nm and to improve the
size distribution. We will also modify the niosome structure
and niosome surface using different surfactant formulations
and polymer systems to control the surface charge and drug
diffusion kinetics, as well as looking at the drug release in the
presence of live cells and combining the magnetically induced
drug release with magnetic field hyperthermia in a dual-
modality therapy.
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