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Triggered drug delivery systems have revolutionized the adminis-
tration of therapeutics by enabling precise and controlled release.
Herein, we present radiofrequency (RF)-responsive core—shell
microsphere systems composed of acetalated dextran (Ac-D) and
carboxymethyl nanocellulose (CMC) integrated with nanoscale
graphene oxide (GO) and encapsulating curcumin as a model drug.
These hybrid systems leverage the RF-absorbing properties of
carbon-based nanomaterials, specifically GO, which acts as a
nanoscale thermal transducer within the microscale carriers. Upon
exposure to a reduced RF input (1-7 watts), 1-200 MHz, localized
heating induced by embedded GO facilitated the release of the
encapsulated drug. Drug release kinetics revealed over 98% curcu-
min release within 60 minutes under RF stimulation with minimal
passive release in its absence, confirming the structural stability of
the microspheres under physiological conditions. The RF-triggered
release mechanism was further supported by swelling behavior
(~60-70%) and surface charge differences in GO-loaded particles,
indicating enhanced water penetration and matrix disruption.
These findings establish the nanoscale integration of GO as a key
enabler for non-invasive, RF-triggered drug delivery, offering
spatiotemporal control. This system holds promises for future bio-
medical applications, particularly for topical and localized therapy,
and warrants further investigation through in vivo studies.

1. Introduction

Effective triggered drug delivery remains a significant chal-
lenge due to the lack of precision, stability, and efficacy in
existing drug carrier systems for treating complex diseases
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such as cancer, diabetes, arthritis, stroke, and asthma.'™® This
underscores the need for advanced drug delivery systems such
as smart carriers, designed to address these shortcomings.
Research on smart carriers has primarily focused on improv-
ing drug efficacy and diffusion by optimizing the matrices
used while minimizing side effects.”® These systems often
require specific conditions, such as internal stimuli (e.g., pH,
enzymes, or redox gradients)'® or external triggers (e.g., mag-
netic fields, light, temperature, or high-energy radiation),"* to
achieve controlled ‘on-demand’ drug release (Table S1t).'?
Among these, external stimuli are more commonly used for
invasive treatment when rapid intervention is necessary. In
particular, electromagnetic fields, and more specifically radio-
frequency (RF) waves, have emerged as promising triggers for
externally controlled drug release.

RF-triggered drug delivery offers an innovative solution to
overcome major limitations of conventional systems, such as
uncontrolled biodistribution, off-target release, and systemic
toxicity."*'* This innovative approach offers a way to address
the limitations of conventional drug delivery methods, such as
systemic side effects from off-target release, uncontrolled drug
distribution, nonspecific biodistribution, and adverse reac-
tions due to overdose."'® However, for RF-induced heating
and drug release to be effective, specific materials like gra-
phene oxides (GO) nanosheet, gold nanoshells’’” or graphitic
carbon'® are required within the system to absorb the RF
energy and transfer it to the drug carrier."®?® Unlike other
carbon-based nanomaterials, such as carbon nanotubes
(CNTs), GO is highly dispersible in aqueous media due to its
abundant oxygen-containing functional groups (e.g., hydroxyl,
carboxyl, and epoxy), that facilitates its integration into hydro-
philic polymer matrices like acetalated dextran and carboxy-
methyl cellulose. These functional groups not only enhance its
biocompatibility but also enable non-covalent interactions
with therapeutic molecules, improving drug loading and stabi-
lity.>" Moreover, GO has been shown to possess efficient RF
and photothermal energy absorption properties due to its 2D
structure and delocalized n-electron system, making it an excel-
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lent nanoscale thermal transducer.”” Compared to CNTSs,
which often require complex surface functionalization to
achieve biocompatibility and dispersion, GO provides a safer
and more readily processable alternative for biomedical
applications.>*** To improve GO’s long-term performance,
physiological stability, and biocompatibility, it is often coated
with biocompatible polymers. Sasidharan et al.>® studied the
use of carboxylated graphene for RF-induced hyperthermia to
target radiation-resistant cancer cells (K562R). By conjugating
transferrin, an iron-transport protein to carboxyl-functiona-
lized graphene, they enhanced RF absorption and thermal con-
ductivity, ultimately causing cancer cell death. However, one
major concern with modified graphene systems is their
limited biodegradability, which can lead to long-term toxicity
and hinder their clinical translation.’®?” In another study,
Koyakutty et al.”® developed RF-responsive stannous-doped
alginate nanoparticles loaded with doxorubicin and coated
with polyethylenimine (PEI). These particles, designed for
both RF-induced thermal ablation and drug release, showed
potential for treating liver tumors.*® Traditional RF therapy
often requires high power (>100 W) over extended periods,
which can result in healthy cell damage and significant side
effects.> > Several studies also indicates that graphene oxide
(GO) exhibits low toxicity at appropriate doses, particularly
when embedded within a biocompatible matrix. For instance,
Liao et al. demonstrated minimal cytotoxicity of GO at concen-
trations below 50 pg mL™".*? Similarly, Fadeel et al. high-
lighted that rational surface engineering and matrix encapsu-
lation can significantly enhance its safety profile.* Based on
these insights, we sought to investigate electromagnetic
heating methods that require minimal RF power, incorporat-
ing GO at concentrations below 50 pg mL™" in our system to
ensure biocompatibility.

Multi-layered microparticles, such as core-shell or bicom-
partmental particles, are particularly well-suited for the con-
trolled and sustained release of drugs when coupled with
appropriate stimuli for topical applications.*>*® Drug carrier
systems with a core-shell structure have demonstrated signifi-
cant potential in providing precise and prolonged drug
release. Conventional topical delivery platforms frequently
exhibit inadequate retention at the target location, uncon-
trolled drug release, and restricted skin penetration which
reduces their therapeutic efficacy. Through our study we have
attempted to address these constraints. The core shell architec-
ture of microspheres offers drug stability and prevents its pre-
mature release. Also, the larger size enables localized depot
formation on surface of the skin, improving the site-specific
retention and lowering the systemic absorption. Above all, the
RF-triggered release mechanism facilitates the on-demand
cancer drug administration under external control thereby reg-
ulating the drug release in response to therapeutic needs. This
feature enhances the precision and effectiveness of the pro-
posed therapeutic strategy by addressing several limitations
associated with conventional topical delivery systems.
Polysaccharide derivatives like acetalated-dextran, cellulose etc.
are ideal due to their biocompatibility, high degradability, and
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non-toxic nature, making them highly adaptable for bio-
medical applications.’” Therefore, utilizing a matrix system
composed of acetalated-dextran and cellulose, created through
a simple double emulsion technique appears to be promising.
A combination of dextran derivative, widely used in pharma-
ceutical drug carriers, and cellulose, known for its high poro-
sity and surface area, can be considered as excellent candi-
dates as core-shell drug carriers for enhancing the treatment
outcome.***°

Curcumin, a hydrophobic polyphenolic compound, is
widely recognized for its potent anticancer activity against
various cancer cell types such as skin,*® prostate’’ and breast
cancer.”” Numerous studies have shown that curcumin
induces apoptosis by targeting multiple molecular signaling
pathways and effectively inhibits critical steps in cancer pro-
gression, including metastasis, and angiogenesis. However, it
is challenging to broaden the utilization of it considering its
poor aqueous solubility, limited systemic bioavailability, and
rapid elimination from the body. To overcome these limit-
ations, we have employed curcumin as a model therapeutic
agent to evaluate the performance of our RF triggered respon-
sive drug delivery system. To further render the system respon-
sive to external stimuli, graphene oxide (GO) was incorporated
into the drug carriers. Among the various RF-responsive
materials discussed, GO is particularly effective in absorbing
radiofrequency waves and generating heat even at low power
inputs. This is due to the presence of monolayer sp*> hybri-
dized carbon and disruptions in the zn-electron cloud within
these carbonaceous structures.*® Numerous studies have high-
lighted the biocompatibility of graphene derivatives for various
biomedical applications.**** Therefore, incorporating GO into
a biodegradable polysaccharide-based system enhances the
responsiveness of the drug carriers to RF stimuli, offering a
more advanced approach to electromagnetic field-triggered
drug release.

Compared to previously reported studies, where the study
has been conducted using kHz range and high power used for
drug release;*®™® herein we have used MHz (1-200) and a
minimized RF power input of 1-10 watts (significantly lower
than ~100 watts), to trigger drug release at a lower power
range. This is certainly advantageous for a drug delivery
system using RF as a trigger. We have designed and developed
RF-responsive polysaccharide-based core-shell microspheres,
incorporating graphene oxide and the model drug curcumin,
using a double emulsion technique. The formation mecha-
nism of these microspheres was examined through in situ
tracking of their morphological properties. Through our study
we have attempted to address the constraints of conventional
topical delivery platforms such as inadequate retention at the
target location, uncontrolled drug release, and restricted skin
penetration which reduces their therapeutic efficacy. The core
shell of architecture microsphere offers drug stability and pre-
vents its premature release. Also, the larger size enables loca-
lized depot formation on surface of the skin, improving the
site-specific retention and lowering the systemic absorption.
Above all, the RF-triggered release mechanism facilitates the
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on-demand cancer drug administration under external control
thereby regulating the drug release in response to therapeutic
needs. This feature enhances the precision and effectiveness
of the proposed therapeutic strategy by addressing several
limitations associated with conventional topical delivery
systems.

2. Materials and methods
2.1. Materials

Dextran having a molecular weight, M, (relative molecular
mass) of 15000-25 000 and polymeric blue dye (poly(9,9-di-n-
octylfluorenyl-2,7-diyl), M,, > 20 000) were bought from Sigma-
Aldrich, India. Softwood pulp (94% alpha CMC, DP-870) was
provided by Aditya Birla, India. Poly (vinyl alcohol) (PVA) (cold,
M,, = 125 000 g mol™") was obtained from Chemical Drug
House (CDH), India. Citric acid was procured from Fischer
scientific USA. Polylactide (molecular weight: 40 000 g mol™)
was obtained from Nature Work. Curcumin (>97.0% Purity)
was purchased from TCI India. Dulbecco’s Modified Eagle’s
medium (DMEM) and Fetal bovine serum (FBS) were pur-
chased from HiMedia Laboratories India. MTT Cell Growth
Assay Kit and Agarose were procured from Sigma-Aldrich
India. HEK293 cell lines were purchased from National Centre
for Cell Science (NCCS), Pune, India. The solubility of curcu-
min in various solvents is as follows, based on established lit-
erature: in water (~0.0004 mg mL™"),*® chloroform (~1.4 mg
mL~")*° and dichloromethane (~0.88 mg mL™").>!

2.2. Preparation of core shell constituents

2.2.1. Synthesis of acetalated dextran. Required precursor
material for fabrication of micropshere, acetalated-dextran
were synthesized following our previous work.”” 1 g of dextran
was charged into a flame dried round bottom flask and purged
with N, for 1 h. Anhydrous DMSO (10 mL) was added to dis-
solve the dextran completely using a magnetic stirrer. After for-
mation of a clear solution, pyridinium-p-toluene sulfonate
(15.6 mg) was added to the solution, followed by the addition
of 3.4 mL of 2-methoxypropene and continued the reaction for
3 h. The reaction was quenched by using 1 mL triethylamine.
The resulting product was precipitated out in water and
washed several times to remove any remaining salts and
unreacted starting materials. The formation of acetalated-
dextran was confirmed from 'H NMR (Bruker Avance,
500 MHz, CDCl,): 1.39 (s, br, 25H), 3.25 (br, 6H), 3.45 (br, 2H),
3.60-4.15 (br, 12H), 4.92 (br, 1H), 5.13 (br, 1H) (Fig. S11).

2.2.2. Preparation of carboxy methyl cellulose (CMC).
Carboxylated nano-fibrillated cellulose (CMC) having DP of
680 was prepared by following a published procedure.*® This
included the hydrolysis of pulp materials in aqueous citric
acid (80) to yield CMC for 5 h using an overhead mechanical
stirrer at 450 rpm.

2.2.3. Modification of graphene oxide (GO). The graphite
powder was modified into the graphene oxide following
Hummar’s method.*® Graphite powder (3 g) was dispersed in
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140 mL of 98% H,SO, under constant stirring and holding all
set up under ice bath. To the resulted dark slurry, NaNO; (3 g)
was gradually added. Subsequently, the mixture was brought
to room temperature and stirred for an hour. Then, the
mixture was stirred for 30 minutes at an elevated temperature
of 80 °C following the addition of 250 mL of water. The above
solution was further diluted by adding 800 mL of water and
followed by slow addition of H,0, to make them graphene
oxides. The synthesized GO was washed multiple times with
deionized water until the pH of the rinsing solution reached
neutral.

2.3. Fabrication of core shell microspheres using emulsion
techniques

The core/shell microspheres were fabricated from the aceta-
lated-dextran and CMC, incorporating GOs into different
phases using double emulsion technique. This follows the dis-
persion of CMC (600 mg) in an aqueous solution of 6 wt%
NaOH (250 mg)/4 wt% urea (180 mg) in 5 mL of distilled water
at low temperature (—50 °C) to form the water phase (W1). The
preparation of oil phase (O) follows the dissolution of aceta-
lated dextran (60 mg) in chloroform (450 pL). 160 puL of CMC
solution from stock solution (W1) was slowly added to the oil
phase followed by the probe sonication (1 min) to generate a
homogenous water-in-oil emulsion. The resultant solution was
poured into an external aqueous PVA solution of 250 mL (W2,
0.5 wt%) to form water (W1)-oil (O)-water (W2) and stirred
under mechanical stirring (450 rpm) at 30 °C for 4 h. Before
the formation of W1 in O, the GOs were added separately into
the desired phase (either in core or in shell) and followed by
one minute probe sonication to get good dispersion. The evap-
oration of solvent (chloroform) resulted in the formation of
solid microspheres. The microspheres were collected by
several washings with water, then lyophilized and stored for
further characterization.

The drug loaded microparticles were also prepared follow-
ing the above steps (Table 1). The drug curcumin 15 wt% and
20 wt% were desirably added to the acetalated-dextran and
CMC phases, respectively from the stock solution in chloro-
form. This approach is supported by reports in the literature
that hydrophobic drugs can be successfully emulsified or dis-
persed in the aqueous phase with the aid of surfactants or sta-
bilizing agents particularly during double emulsion (W/O/W)
based microsphere preparation, where the internal aqueous
phase contains the drug for subsequent encapsulation in the
polymeric shell.>® The controlled single-phase system of aceta-
lated-dextran (system S5) and Polylactic acid (PLA) (system S6)
with drug curcumin and GOs were also fabricated using one-
step emulsion techniques to compare the triggered release
under the RF ablation. This followed the dissolution of curcu-
min (18 wt%) and 8 mg GO in acetalated-dextran (60 mg)
based polymer solution prepared in DCM phase (450 pL) and
PLA (45 mg) based solution prepared in the DCM phase
(500 pL) for S5 and S6, respectively. The resulting oil phase
(~500 pL) was poured into aqueous phase PVA (0.5 wt%) and
mechanically stirred to achieve stable oil in water emulsion
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Table 1 Compositions, particle size and effect on molecular weight after exposure to RF of different GO/curcumin loaded core—shell microspheres

Change in molecular
weight of polymers®

Encapsulation upon RF exposure
efficiency of (g mol™)
Particle size Location of Location of GO content curcumin
System (um) graphene curcumin (%) (EE) % Before After
S1 258 + 30 Shell Shell 4.3 70 £1.5 36904 32495
S2 284 +12 Shell Core 4.5 79+£1.0 36904 34313
S3 269 + 24 Core Shell 5.4 65+ 0.5 36904 36292
S4 278 £ 27 Core Core 5.5 82+0.8 36904 35515
S5 226 +13 Uniformly dispersed Uniformly dispersed 5.4 90 £ 1.3 36904 35702
S6 206 + 11 Uniformly dispersed Uniformly dispersed 5.3 93 +£3.1 46751 46 663

“Molecular weight of Ac-D polymer was determined for S1-S5 and Molecular weight of PLA polymer was determined for S6.

phases. The stirring (350 rpm) continued for 4 h at room temp-
erature till the complete evaporation of solvent (DCM).>*™>®
Another set of control microparticulate systems were also syn-
thesized without the addition of GO. The fabricated micropar-
ticles were dried using lyophilizer and stored in a freezer for
further characterization.

2.4. Characterizations

The prepared specimens were characterized by their structure,
composition and drug release kinetics study. The morphologi-
cal and layered structures were observed using field emission
scanning electron microscopy (FESEM) (JEOL JSM-7800F
Prime). The FESEM image analysis for particle size and layer
thickness was done by Image] software. The layer compo-
sitions were confirmed using a micro-Raman spectrometer
(GL127DW, U.K.) attached to an optical microscope of 20x
magnifying lens. The samples and their cross-sections were
irradiated with a laser of 785 nm, keeping the scanning range
from 2000 to 100 cm™". The Raman spectra were collected fol-
lowing point-by-point mapping at different spots on the
sample. The layer compositions were further verified from the
confocal laser scanning microscope (CLSM Leica TCS SP8)
where a blue dye poly(9,9-di-n-octylfluorenyl-2,7-diyl) was
added to acetalated-dextran layer during the fabrication of
microsphere. Additionally, the surface charges and {-potential
of the microsphere were determined by using SurPass3 electro-
kinetic analyzer (Anton Paar GmbH, Graz, Austria) at pH 7.4.
During the measurement, the pH was maintained by adding
0.05 M NaOH and 0.001 M KClI solutions. Powder X-ray diffrac-
tion (PXRD) analysis of microspheres was done in Ultima IV
diffractometer (Rigaku) equipped with CuKa as an X-ray
source. The measurements were taken in the 26 range of 5-50°
at a 4° min~" scanning speed with a 0.02-degree step size. The
surface chemical composition of the microspheres was deter-
mined using PHI 5000 Versa Probe III X-ray photoelectron
spectrophotometer (Physical Electronics) having an Al Ko X-ray
source and Ar ion gun. The high-resolution XPS spectra were
deconvoluted using XPSPEAK4.1 software. A linear background
was applied, and peaks were fitted using a mixed Gaussian-
Lorentzian (GL) function. The software provides the chi-square
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(¥*) value as an indicator of the goodness of fit. R* values are
not directly reported by XPSPEAK4.1. Thermal stability of
microspheres was determined by using thermogravimetric
analysis (TGA, TA Q500, TA Instruments, USA) with the temp-
erature scan from room temperature to 750 °C at 10 °C min~"
in N,. Surface tensions and interfacial tensions of different
phases were determined by Du Noiiy ring method employing a
tensiometer (K100, Kriiss) (Table S1f). The Ac-D solution in
chloroform exhibited surface tension of 20.188 mN m™" and
CMC solution in water produced a surface tension of
17.32 mN m™". The interfacial tension between different layers
were determined by following literature reported eqn (1).>**°

= (V7= vrm)” (1)

The drug encapsulation efficiency (EE) was determined by
dissolving 5 mg of microspheres in 1 mL of DCM. The result-
ing mixture was centrifuged for 3 min at 3000 rpm to settle
down the CMC, and the supernatant (drug-containing DCM
phase) was collected. The solvent from the supernatant was
evaporated by using vacuum. Then, 1 mL of ethanol was
added to dissolve out the drug and the drug concentration
were determined using UV-Visible-NIR Spectrophotometer
(SHIMADZU UV-3600 I Plus) at 427 nm.®" Before determining
the corresponding Anma.x for each concentration, a calibration
curve of curcumin was constructed in ethanol solution. All
experiments were performed in triplicates for each sample.

Swelling in the microparticles at predefined time intervals
(used for the drug release study) was observed under an
optical microscope. A change in size of particles due to the
absorption of water in the presence of RF was determined by
taking ~50 particles at different time intervals and calculating
their swelling index with respect to the time. The swelling
index provides an indication of microspheres’ capacity to
absorb water.

Electric transport measurements of AcD/CMC and AcD-GO/
CMC were determined by electrically contacting the samples
(pellets of samples were prepared using hydraulic press)
where R is the resistivity, L is the length of the conductor, A is
the area of sample. The contact electrodes were made using
commercial silver paste. Following applying two probes

This journal is © The Royal Society of Chemistry 2025
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between the outer current contacts with a B2912 source-
measure unit, current voltage measurement was taken in 2
probe configuration using Probe station (form factor) in
ambient condition using Keysight B2912B source meter.*®
Electrical conductivity (6) was calculated using the equation
mentioned below:

L(cm)

Sem ) = S eme tohm)

(2)

2.5. Drug release study

To investigate the drug release kinetics with and without the
presence of RF stimulation, two set of experiments were con-
ducted. Initially, the drug loaded microspheres (5 mg) were
dispersed in a vial containing 1 mL of distilled water
(0.035 mM) of pH 7.4 at 37 °C. At predetermined time inter-
vals, 0.5 mL of the solution was collected from the vial and
replaced with equal volumes of fresh distilled water of pH 7.4.
The collected solution was lyophilized, and the curcumin con-
centrations were determined using  UV-Visible-NIR
Spectrophotometer at 427 nm by adding 0.5 mL of ethanol to
it, since a calibration curve for curcumin was constructed in
ethanol.

Further, these microspheres were exposed to RF fringing
field generated from the parallel RF applicator, as shown in
Fig. S2, Video S1.f The required RF field was amplified by
setting up the frequencies from 140-160 MHz through an RF
amplifier. The drug release kinetics study under RF was
carried out by dispersing 5 mg of microspheres in distilled
water (500 pL) of pH 7.4 in ceramic crucible by applying power
ranging from 1-7 W to reach the desired temperatures, ie.,
35-40 °C. The temperature in the system was measured using
a FLIR camera (FLIR Systems Inc., A700). After settling down
the particles at every time interval (5, 10, 20, 30, and
60 minutes), the supernatant (250 pL) containing the released
drug were collected and crucible replenished with an equal
amount of distilled water (0.035 mM) of pH 7.4. The concen-
tration of each sample at different time intervals were deter-
mined using UV-Visible-NIR Spectrophotometer at 427 nm
using the above-mentioned procedure and their cumulative
release percentage was calculated with respect to time.
Furthermore, initial morphological changes in the micro-
spheres due to the RF ablation were observed using an optical
microscope (Nikon Eclipse 80i) with magnification lenses of
10x.

Additionally, we have performed a set of control experi-
ments to investigate the stability of the microsphere at room
temperature 25 °C and at 40 °C. This was performed by disper-
sing two sets of microspheres (S1), 5 mg each in 1 mL of dis-
tilled water (pH 7.4, ionic strength: 0.001 M) at 25 °C as well
as at 40 °C. At predetermined intervals, the sample was col-
lected and monitored by UV-Visible-NIR spectrophotometer at
427 nm for 60 min using previously mentioned process.
Besides, 5 mg of microspheres (S1) were dispersed in agarose
gel (100 pL) to validate their stability in gel formulation, with
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and without RF exposure. The dispersed sample was trans-
ferred into the crucible pan and placed on the parallel plate
applicator. The crucible having particles in gel exposed to RF
following the same frequency used before. However, the par-
ticles in the gel required less than 1 W energy to reach the
temperature 35-40 °C. The experiment continued for 1 h and
the morphological changes were observed using an optical
microscope.

2.6. Drug release kinetics and mathematical modelling

To elucidate the mechanism and kinetics of drug release from
the prepared formulations (S1 and S4), the release data were
fitted to various established mathematical models.®* The
cumulative percentage of drug released versus time data,
obtained from the release studies, were subjected to linear
regression analysis. The following kinetic models were
employed:

+ Zero-order model: the cumulative drug release (Q;) was
plotted against time (¢). The zero-order release rate constant K,
is determined from the slope of the plot.

Q: = Qo + Kot (3)

« First-order model: the logarithm of the percentage of
drug remaining log(100 — Q,) was plotted against time (¢). The
first-order release rate constant K; = —(slope) x 2.303.

3 Kyt
log(100 — Q;) = log(loo 2.303) (4)

« Higuchi model: the cumulative percentage of drug
released (Q,) was plotted against the square root of time (£°).
Higuchi rate constant Ky is determined from the from slope of
the plot.

Qt — KHtO's (5)
+ Ritger-Peppas model

M _ gt 6)

For each model, the coefficient of determination (R*) was

calculated to assess linearity and goodness of fit. Release expo-

nent (n) indicating the release mechanism are derived from

the slope. The rate constant K, = 10™°P* and the physical

significance of the best-fitting parameters was interpreted to
infer the dominant release mechanisms.

2.6. Assessment of cytocompatibility of microspheres

Cell viability of the microsphere (S1) was assessed by MTT
assay using HEK293 cells.® Briefly, HEK293 cells were cultured
at 37 °C in a monolayer of DMEM with 10% (v/v) FBS in a
humidified 5% CO, environment. Subsequently, healthy
HEK293 cells were seeded in well plates (5 x 10* cells per well)
with 200 pL of the media and allowed to grow overnight. Five
concentrations of a freshly prepared suspension of system
S1 microsphere were next added to the cells: 50 pg mL™",
250 pg mL™Y, 500 pg mL™!, 750 ug mL™", and 1000 pg mL™".
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Following a 24-hour cell incubation period, cell viability was
assessed. After the completion of the exposure period, the
medium was entirely withdrawn, and 200 pL of MTT
reagent (0.25 mg mL™") was added after the cells had been
cleaned once with PBS. After 3 h, the MTT reagent was
removed and 100 pL of DMSO was added to dissolve forma-
zan crystals formed due to interaction of cells with MTT
reagent. Cells incubated with cell culture medium alone
were used as positive control. Absorbance readings were
measured at 570 nm and % cell viability was calculated as
mentioned below:

Cellviability % — absorbance of treated cells «100  (7)
7= absorbance of control cells

GO inCMC

s

Emulsi(;n
(W1/0)

View Article Online
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3. Results and discussion
3.1. Fabrication of Ac-D/CMC based core-shell microspheres

3.1.1. Methodology and process optimization. The drug
carrier, core-shell microspheres composed of nanofibrillated
CMC and acetalated-dextran (Ac-D) were fabricated by using
emulsion techniques (Fig. 1). Prior to the fabrication of the
microspheres, the precursor polymer, Ac-D soluble in organic
solvent, was synthesized from dextran (water-soluble). The
modification of dextran followed the protection of hydroxyl
end groups with the acetal groups, making them more hydro-
phobic, increased solubility in organic solvents, and pH
responsive.®®®® The conjugation of the acetalated groups was
confirmed from the proton NMR as shown in Fig. S1.f It was

W1/0/W2 Emulsion and
solvent evaporation

CMC Acetalated
in water dextran (Ac-D)
in Chloroform
o T 4
?OOH CIOOH lo} GO inAc-D
| [ \ Primary
COOH o O Emulsion W1/0/W2 Emulsion and  A¢-D-GO/CMC
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Fig. 1 (a) Schematic representation of formation of GO loaded core—shell microsphere systems, (b) optical images taken at different time intervals
after the addition of primary emulsion to water containing PVA. (i) 0 h (ii) 1 h (iii) 2 h (iv) 3 h and (v) 4 h respectively, (c) schematic representation of

plausible mechanism of the formation of core—shell microsphere system.
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found that ~75% of total hydroxyl groups were converted into
acetalated groups with the formation of cyclic to acyclic ratio
of 1.58: 1 in the modified polysaccharides.®® Other precursors,
CMCs were extracted from the pulp following an acid hydro-
lysis process in citric acid and confirmation of the formation
of the nano-fibrillated CMCs was reported in our previous
works.*®7°

Fabrication of core-shell microsphere was carried out using
double emulsion technique.””””> Porous and spongy nano
CMC was used as a hydrophilic core material encapsulated by
hydrophobic Ac-D layer to make the core-shell microspheres
completely biodegradable, biocompatible, renewable and an
ideal platform for capturing and releasing drugs (hydrophobic/
hydrophilic) in controlled rate at desired places. The prepa-
ration of emulsion phasel (Water (W1) in Oil (O)) was carried
out by pouring the dissolved CMCs in NaOH/urea solution in
oil phase (O) containing the Ac-D in DCM (Fig. 1). The mixture
was further probe sonicated to get a homogenous emulsion
phase. The resulting emulsion phase (W1/O) was transferred
into a PVA solution (W2) to get the stabilized emulsion dro-
plets. The slow evaporation/diffusion of solvent (Chloroform)
from Ac-D in the first emulsion phase into the W2 resulted in
the shell hardening, thereby entrapping the CMCs as core in
the microsphere.

3.1.2. Mechanism of core-shell formation. The mechanism
of formation of core-shell microspheres was further assessed
following in situ observation of emulsion droplets using an
optical microscope at different time intervals after the addition
of primary emulsion to the phase containing PVA (Fig. 1b).
The phase separation followed by migration of coacervate
phases towards each other was observed in the optical images,
as can be seen from Fig. 1b(i-iv). Images were captured over
time starting from 0 h to 4 h at different intervals showing the
formation of multiple small droplets within a large droplet
and their subsequent coalescence towards their respective
phases. The formation mechanism of core-shell microspheres
was further verified by using the spreading coefficient
theory.”"”* The solvent evaporation from double emulsion dro-
plets can result in three states, namely, partial wetting, com-
plete wetting, and dewetting. The formation of core-shell mor-
phology is a result of a complete wetting phenomenon. This
can be estimated from the interfacial tensions (y) between
immiscible liquid droplets, designated as inner phase (I:
CMC), middle phase (M: Ac-D) and outer phase (O: water)
(Table S2t). From these values, spreading coefficient (S) of
each phase can be calculated (Table S2}). For example, a
general equation for calculating the spreading coefficient of
middle layer, Sy is given below in eqn (8).%°

Sm = 7110 (ym + 7Mm0) (8)

From the calculation, we have obtained Sy < 0, S; > 0 and
So < 0, thus meeting the criteria for complete wetting. This
further indicated that the hydrophilic inner layer (CMC) was
being completely engulfed by the hydrophobic middle layer
(Ac-D), as desired. Additionally, higher volume ratio between

This journal is © The Royal Society of Chemistry 2025
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chloroform and water during the formation of primary emul-
sion can further drive the successful entrapment of CMC in
Ac-D layer.” 1t is well documented that during the formation
of kinetically entrapped core-shell structure, the component
with higher volume typically forms the shell by enclosing the
lower volume component as core.”> Finally, gradual evapor-
ation of chloroform from the middle layer solidified the shell
to produce core-shell microspheres (Fig. 1c).

This investigation aims to study the in vitro release behavior
of the drug under electromagnetic fields in the RF range. To
make the above particulate systems RF responsive, we incor-
porated ultrathin graphene oxide (GO) into microsphere fol-
lowing the same procedure as stated above. Graphene oxide is
a two-dimensional carbonaceous ultrathin (thickness is in nm)
material with excellent thermal conductivity and can generate
heat waves when exposed to RF fields.”*”> We hypothesized
that the RF heating would lead to microspheres’ swelling and
pore formation, eventually accelerating the release of
entrapped drugs from the microspheres into the surrounding
system through disintegration. Additionally, ultrathin GO has
high surface area, biocompatibility, and inherent surface func-
tionalities, which facilitated their better dispersion in the
matrix along with improved drug loading. These attributes
make GO an ideal RF responsive tar to be incorporated in drug
carriers.”®”” Before the addition of the GOs, we modified the
GOs using Hummer’s method®® and the comparative charac-
teristic properties, such as structure and morphology, were
depicted in Fig. S3.f The incorporation of GOs in different
layers as core (Ac-D/CMC-GO) and shell (Ac-D-GO/CMC)
materials were attributed to the varying responsiveness of the
embedded GOs towards the RF field (Fig. 1a, Table 2). In order
to determine its RF permittivity, electrical conductivity of the
microsphere was evaluated. According to multiple studies, GO
exhibits electrical conductivity between 10> and 1077 (S
em™1),”%”® while Ac-D/CMC and Ac-D-GO/CMC displayed 2.89
x 107"? and 1.51 x 10™® S em ™, respectively (Table S31). This
implies that higher electrical conductivity of Ac-D-GO/CMC
may enable them to readily conduct RF waves, whereas Ac-D/
CMC with lower electrical conductivity would severely impede
RF wave propagation, hence acting as an insulator.

3.2. Determination of layer compositions

The formation of the core-shell microsphere, layer compo-
sitions, and the distribution of the encapsulated materials
were evaluated using characterization techniques such as
FESEM, Raman, PXRD, and XPS. The FESEM analysis
revealed that both types of microspheres (size: 280 =
20.5 um) exhibited a sphere-shaped morphology having a
porous core (Fig. 2). A clear distinction between the spheres

Table 2 Composition, particle size, and location of GO

System Particle size Location of GO
Ac-D/CMC-GO 237 £ 47 pm Core
Ac-D-GO/CMC 262 £ 51 pm Shell

Nanoscale, 2025,17,17057-17074 | 17063


https://doi.org/10.1039/d5nr00983a

Published on 03 July 2025. Downloaded on 6/12/2026 3:06:35 AM.

Communication

View Article Online

Nanoscale

Fig. 2 FESEM images of GO loaded core—shell microsphere systems. (a) and (b) for FESEM and cross-sectional FESEM images of Ac-D-GO/CMC
(GO in the shell), (c) and (d) for FESEM and cross-sectional FESEM images of Ac-D/CMC-GO (GO in the core) respectively.

having GO in the core and the shell was evident from the
FESEM analysis. Ac-D-GO/CMC (GO in the shell) micro-
sphere (Fig. 2a), exhibited wrinkled sheets on their outer
surface distributed throughout the surface of the particles,
whereas Ac-D/CMC-GO (having GO in the core) produced
smooth surfaces indicating complete entrapment of GOs in
the core (Fig. 2c). This can also be seen from the cross-sec-
tional images of the microsphere (Fig. 2d) where the GOs
were embedded into the inner layers of the porous matrix of
the CMCs. TGA analysis was carried out to assess the
amount of entrapped GOs. The results showed that around
4.4 wt% GO (i.e., encapsulation efficiency of GO: 55%) was
loaded in the case of Ac-D-GO/CMC, whereas it was 5.6 wt%
(i.e., encapsulation efficiency of GO: ~70%) for Ac-D/
CMC-GO systems. This difference could be due to the
reduced thickness of the solid shell layer in comparison to
the porous core layer. Moreover, the layer compositions of
microspheres (Ac-D/CMC) were further verified by caging a
blue light emitting polymeric dye poly(9,9-di-n-octylfluore-
nyl-2,7-diyl) in the shell layer (Ac-D), during the fabrication
process. The entrapped polymeric dye can be seen under the
CLSM with intense blue colors in the shell layer only

17064 | Nanoscale, 2025, 17, 17057-17074

(Fig. S47), indicating the formation of well phase separated
core-shell microspheres during the solvent evaporation
emulsion technique.

The layer composition and distribution of GO in the micro-
spheres were also analyzed using Raman spectroscopy, with
point-by-point mapping of each layer and the results were dis-
played in Fig. 3 and Fig. S5. For comparison, Fig. S5 shows
the Raman spectra for Ac-D/CMC micropshere without GO. A
characteristic peak at 1101 em™ ", corresponding to p-(1,4)-gly-
cosidic linkage,®® indicated that the core primarily consisted
of CMC. Peaks in the 1440-1470 cm™' range for -CH, stretch-
ing and at 977 cm™" for -C-O-H bending confirmed that the
shell was made of Ac-D.>® The -CH, stretching and -C-O-H
bending vibrations at ~970 cm™" were found in both the core
and shell, likely due to Ac-D adsorption onto porous CMC sur-
faces during solvent evaporation. No CMC-related peaks were
observed in the shell, further confirming no CMC migration to
that layer. The spectra in Fig. 3a and d for GO loaded micro-
pshere having peaks at 1592 and 1599 cm™" for GO in the core
and shell respectively, corresponded to the G-band of GO,
slightly shifted from the neat spectrum (1586 cm™"), indicating
its interaction with Ac-D. In Fig. 3d, the Ac-D/CMC-GO micro-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Raman spectra of (a) Ac-D-GO/CMC (GO in shell) and (d) Ac-D/CMC-GO (GO in core) and (b and c) show their corresponding optical

images taken during the point-by-point mapping.

spheres show no dextran peaks in the core, but a peak at
1599 em ™' confirmed the presence of GO in the core. Overall,
Raman spectra evidently affirmed the layer compositions indi-
cating the formation of core-shell microsphere and the
uniform distribution of GO in the respective layers.

PXRD analysis was performed on both Ac-D-GO/CMC and
Ac-D/CMC-GO samples and compared with pristine GO, Ac-D,
and CMC to confirm the presence of GO at desirable locations
(Fig. 4). Due to overlapping diffraction patterns, XRD could not
clearly differentiate between the core and shell structures. Ac-
D produced a broad signal (15-28°),%' masking the character-
istic CMC peak at ~22°. Nevertheless, the PXRD pattern of the
Ac-D-GO/CMC sample displayed a strong diffraction peak at
~10.3°, corresponding to the (001) plane of GO.** A weaker
~10.3° peak in the Ac-D/CMC-GO sample indicated the GO’s
presence in the core, as the X-ray penetration was limited in
the core region. This confirmed the successful fabrication of
core-shell microspheres, with GO positioned either in the core
or shell as intended.
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Fig. 4 PXRD analysis for GO incorporated core—shell microspheres.
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3.3 Determination of surface functionalities

XPS was performed on both microspheres to further analyze
the surface elemental compositions and their tentative
locations. XPS is ideal for indirectly characterizing core-shell
structures due to its excellent surface sensitivity (depth of
penetration: 5-10 nm). The data was compared with pristine
Ac-D and GO, excluding CMC, as it was primarily confined to
the core. Pure CMC typically shows three distinct peaks in the
C 1s spectrum at binding energies of approximately 284.8 eV,
286.3 eV, and 287.8 eV, corresponding to C-C/C=C, C-O, and
C-O-C bonds, respectively (Fig. 5a). In all samples, two main
peaks were observed at 284.8 and 285.9 eV, attributed to C-
H/C-C and C-O bonds arising from Ac-D. In the Ac-D-GO/CMC
microspheres (with GO in the shell), an additional peak
around 287 eV, corresponding to the C=O bond in GO, was
detected, confirming GO’s presence in the shell. The broader
C 1s spectra in Ac-D-GO/CMC as compared to the pristine Ac-D
and Ac-D/CMC-GO, may originate due to the exposure of gra-
phitic sp® C on the surface, causing the peak to merge with the
main spectrum, further indicating GO’s predominance in the
shell. In contrast, no such C=0 peak was detected when GO
was located in the core of Ac-D/CMC-GO. This finding was
further supported by O 1s spectra analysis (Fig. 5b). A predo-
minant peak at ~530.1 eV was observed in all samples, corres-
ponding to C-OH bonds in Ac-D. Pristine GO exhibited peaks
at 530.2 eV (C-OH) and 533.4 eV (C=0). In Ac-D-GO/CMC, an
additional peak at ~533.2 eV, corresponding to C-O-C/C-OH
from GO, confirmed its presence in the shell. No such peak
was detected in Ac-D/CMC-GO, where GO was confined to the
core. These results confirmed the successful formation of
core-shell microspheres with GO in the shell for Ac-D-GO/
CMC and in the core for Ac-D/CMC-GO particles. For compari-
son, the y* values for the C 1s spectra of AcD, GO, AcD/
CMC-GO, and AcD-GO/CMC were found to be 0.62, 0.73, 0.82,
and 0.78, respectively. Similarly, for the O 1s spectra, the
corresponding y* values were 0.73, 0.95, 0.79, and 0.86,
respectively. These values (<1) confirm the overall consistency
and robustness of the peak fitting across all samples.
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Fig. 5 XPS analysis of synthesized microspheres (a) comparative C 1s spectra of neat Ac-D, neat GO, Ac-D/CMC-GO and Ac-D-GO/CMC, (b) com-
parative O 1s spectra between neat Ac-D, neat GO, Ac-D/CMC-GO and Ac-D-GO/CMC.

Surface charge is an important characteristic property of
microsphere made from materials such as Ac-D and CMC with
rich hydroxyl groups. The surface charges of Ac-D, Ac-D/
CMC-GO and Ac-D-GO/CMC were determined by measuring
their surface (-potentials at pH 7.4 (Fig. S61). Ac-D based
microsphere without GO were taken as a control, showing a
{-potential of —30 mV, due to electronegative acetal groups
contributing to a negative charge, in line with the previously
reported literature.”” Nevertheless, Ac-D-GO/CMC having GO
in the shell exhibited significantly higher negative surface
charges (—90 mV) in comparison to Ac-D/CMC-GO having GO
in the core (—55 mV). The electronegative functional groups
(-OH, -COOH etc.) that were created on the surface of the gra-
phitic lattice during the oxidation process were assumed to be
responsible for the enhancement of the negative zeta potential

values, especially when GO was in the shell.®>**

Conversely, a
minimal change of surface charge was evident when GO was

in the core.

3.4. Encapsulation of drug in the microspheres

To investigate the RF sensitivity of the microspheres, we
designed and created five sets of GO-containing microspheres
encapsulated with a model drug, curcumin (CUR) so that the
release of curcumin triggered by RF can be assessed. The
locations of GO and CUR were illustrated in Table 1 and
Fig. S7.7 The morphological micrographs of the microparticles
and their cross-sectional images were shown in Fig. 6. This
was purposefully done to evaluate the role of GO location in
RF conductance and drug release. In the first two systems (S1
and S2), GO was located in the shell, whereas the CUR was
entrapped either in shell or in core. However, the second sets
(S3 and S4) had GO in the core with CUR either in shell or in
core. Furthermore, in order to investigate the role of core-shell
architectures and the type of matrix in triggering drug release

17066 | Nanoscale, 2025, 17, 177057-17074

as shown by the Ac-D-GO/CMC and Ac-D/CMC-GO micro-
spheres, two additional sets of microspheres were further
created. System S5 was composed of AC-D, GO and CUR
without any core shell architecture and S6 consisted of a
hydrophobic biodegradable polymer such as PLA (as matrix)
along with GO and CUR, uniformly distributed throughout the
matrix. PLA was selected as a hydrophobic matrix as an
alternative to the hydrophilic porous spongy core such as
CMC, to understand the role of matrix in dissipating RF and
triggering the drug release. Presumably, due to the distri-
bution of GO throughout the bulk of microparticles, the
surface of S5 and S6 particles appeared to be smooth as shown
in Fig. 6e and f.

CLSM analysis (Fig. S81) further confirmed the CUR’s local-
ization, with CUR remaining in the shell when encapsulated
there, however, uniformly distributed throughout the micro-
spheres when entrapped in the core, likely due to CUR’s hydro-
phobicity and its affinity for the hydrophobic shell, i.e., Ac-D
layer.

Before performing an in vitro release study, the encapsula-
tion efficiencies of CUR for S1-S6 were evaluated and tabulated
in Table 1. It was found that the encapsulation efficiencies of
CUR for S1 (~68%) and S3 (~65%) were slightly lower than
that for S2 (~79%) and S4 (~82%), probably due to the
reduced thickness of the Ac-D layer favoring less drug-polymer
interaction and also porous CMC core capable of trapping
higher amount of CUR. However, compactness and hydropho-
bicity of S5 (~90%) and S6 (~93%) promoted enhanced encap-
sulation efficiency.

3.5. Radiofrequency (RF) triggered drug release

3.5.1. RF-triggered drug release profiles. Release profile of
curcumin with or without RF exposure was monitored to
examine the efficacy of various microsphere systems (Table 1)

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 FESEM images of different GO/curcumin systems loaded with their cross sections. S1(a), S2(b), S3(c), S4(d), S5(e), S6((f)) and (a-i, b-i, c-i, d-i,

e-i, and f-i, represent their corresponding cross-sectional images).

under external stimulus (Fig. 7). Without an external stimulus
(RF) the drug release from the various systems was minimal
(<2% within 60 minutes) owing to the stability of acetalated-
dextran layer under physiological pH. However, when these
systems were irradiated with a 5 W, 142 MHz radiofrequency
(optimized condition), a rapid drug release (>60% drug release
within 10 min for S1) was noticed, clearly indicating the role
of RF in triggering the drug release. The drug release profile
was found to be in the following order: S1 > S2 > S4 > S3 > S5 >
S6, i.e., a progressive reduction of cumulative drug release was
observed from S1 to S6, exhibiting the importance of the
location of GO and drug along with matrix type in accelerating
the drug diffusion. In case of S1 and S2 having GO in the shell
exhibited faster drug release under RF exposure as compared
to the S3 and S4 systems containing GO in the core. This could
be attributed to the increased absorption and conduction of
waves due to the easy accessibility and availability of GO in the

This journal is © The Royal Society of Chemistry 2025

shell, though GO content in the core was slightly higher (1%
more).®” It is noteworthy that the S4 system having drug and
GO both in the core, sped up the drug release as compared to
the S3 system having GO in core and drug in shell. This indi-
cated an enhanced interaction between drug and GO upon
exposure to RF, when they were in the same compartment,
thus accelerating the drug release. Upon exposure to RF, the
swollen hydrophilic cellulosic core may undergo oscillation,
hence rupturing the core and triggering the drug release from
core. Nevertheless, GO loaded Ac-D based (S5) and PLA-based
monophasic microparticles (S6) without having any core shell
morphology showed only 50% and <8% drug release within
60 minutes, respectively under the same conditions as stated
above (Fig. 8). Besides, affinity of hydrophobic drug towards
relatively hydrophobic PLA matrix may further slower the drug
release. In addition to this, we performed a set of control
experiments to investigate the stability of the microsphere at
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Fig. 7 (a) Applicator used for RF ablation (b) thermal imaging using IR camera during RF heating (c) RF heating response of samples.
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Fig. 8 The drug release profile from the core—shell microspheres (a) S1-S6 without and with (b) RF exposure.

room temperature 25 °C and 40 °C. The results demonstrated
that the microsphere remained stable under both conditions,
with no drug release observed at 25 °C and only 2.7% release
at 40 °C (Fig. S9t). These findings further confirm that RF
stimulation is the primary factor contributing to the substan-
tial drug release within this time span.

3.5.2. Drug release mechanism. To elucidate the under-
lying mechanism governing drug release, cumulative release
data were fitted to established kinetic models, namely first-
order, Higuchi, and Ritger-Peppas models (Fig. S10t). Two
representative microsphere systems were investigated: S1,
where curcumin and GO are co-localized in the Ac-D shell, and
S4, where both components are embedded within the CMC
core. These spatial configurations were selected to evaluate the
influence of drug and GO location on release kinetics and RF
responsiveness. Quantitative drug release studies demon-
strated clear differences between S1 and S4 as discussed in
previous section (3.5.1, Fig. 8). S1 exhibited a pronounced
burst release (~65% in 5 minutes, ~98% by 60 minutes),
whereas S4 showed a more gradual release (~16% in

17068 | Nanoscale, 2025,17,17057-17074

5 minutes, ~81% by 60 minutes). The rapid release in S1 is pri-
marily attributed to the shell localized positioning of both the
drug and GO. In this arrangement GO, being the primary RF-
responsive agent, is in direct contact with the applied RF field,
enabling efficient energy absorption and localized heating
through dielectric loss and eddy current mechanisms.®® This
interaction facilitates rapid loosening of the Ac-D matrix,
enhances drug diffusion, and accelerates release. Conversely,
in S4, both drug and GO are embedded deep within the CMC
core. As a result, RF penetration and energy transfer to GO are
delayed, causing a slower initial response. The hydrophilic
CMC matrix also needs to swell before effective diffusion can
occur, contributing to the lag phase in release.*®

To further understand the diffusion of the drug from the
polymeric microspheres under RF heating, we have used
different kinetic models such as zero order, first-order,
Higuchi, and Ritger-Peppas models for S1 and S4 systems only
(Fig. S10, Table S4t), as mentioned above. The analysis con-
firmed distinct mechanistic pathways influenced by GO
location and matrix properties. For S1, where curcumin and

This journal is © The Royal Society of Chemistry 2025
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GO were encapsulated in a hydrophobic Ac-D shell, the poor
fits of the first-order (R* = 0.89) and Higuchi (R* = 0.71) models
indicate that the release did not purely follow concentration-
driven or diffusion-limited kinetics. However, good fitting with
the Ritger-Peppas model in two stages revealed a biphasic
mechanism. The similar burst release is also seen at the first
stage, well fitted by Ritger-Peppas model, as reported by
others:"*** Stage 1 (0-20 min) showed Fickian diffusion (R* =
0.97, n < 0.25), while stage 2 (20-60 min) exhibited a slower
and restricted release (R*> = 0.98, n < 0.10), probably due to
drug stabilization by Ac-D matrix and potential GO-drug inter-
actions as well, since majority of the drug had already diffused
out during the initial phase (stage 1). In contrast, S4, contain-
ing curcumin and GO in a hydrophilic CMC matrix, exhibited
strong fits across First-order (R* = 0.97), and Higuchi (R*> = 0.96)
models, indicating sustained, consistent release. The Ritger—-
Peppas model (R* = 0.97, n = 0.64) too showed good fit for S4
system and confirmed anomalous transport involving both
diffusion and polymer matrix swelling. These model-derived
insights strongly correlate with our experimental observations
(Fig. 9) and hypothesized mechanism, i.e., shell-localized GO
systems (S1) enabled rapid RF response and drug release due
to high exposure and minimal diffusion barriers, whereas
core-localized GO systems (S4) exhibited sustained release gov-
erned by diffusion and matrix swelling.

3.5.3. Morphological analysis of microspheres post RF
exposure. Post RF exposure, morphological analysis was per-
formed on these systems using FESEM (Fig. 9) and optical
images (Fig. S111). The results indicated that the microspheres
could not retain their structural integrity after exposure to the
RF waves leading to their rupture and rapid release of the
entrapped drug from its matrix, especially for S1 and S2

“*100 um
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systems. It can also be pointed out that the protective shells
were not solely peeled off or degraded, rather the whole micro-
spheres got disintegrated, probably due to the bursting out of
the swollen microspheres (discussed later). Nevertheless, in
the case of S5, the surface of the spheres was observed to form
cracks leading to minimal drug release within 60 minutes of
RF exposure. Interestingly, no such crack or disintegration was
noticed for S6 comprised of PLA (Fig. 9f and S11f}). Moreover,
the spherical structure of the S6 particles remained intact with
minute pore formation seen on their surface, thereby restrict-
ing the burst release of curcumin (<8%). To validate the role of
GO in RF responsiveness, microspheres devoid of GO were
also fabricated and irradiated with RF. As expected, no change
of morphology or shape was evident (data not shown).
Additionally, stability study using microspheres from S1
system incorporated into a gel formulation was performed to
simulate conditions relevant to topical drug delivery. The for-
mulation was evaluated both with and without RF stimulation.
Under ambient conditions without RF, the microspheres
remained structurally stable within the gel, showing no signs
of degradation or morphological changes over time. In con-
trast, upon RF exposure, the microspheres exhibited structural
(physical) rupture, as confirmed through optical microscopy
(Fig. S12%). These observations support the conclusion that the
RF-responsive microspheres maintain integrity under normal
conditions but respond effectively to external RF triggers, vali-
dating their potential for topical drug delivery applications
with controlled, on-demand release.

To rule out the chemical change of Ac-D (shell) upon
exposure to RF, GPC (Table 1) and NMR analysis of the disinte-
grated microspheres were performed. No change of character-
istic peaks corresponding to Ac-D was noticed in the NMR

Fig. 9 Representative FESEM micrographs for (a-S1, b-S2, c-S3, d-S4, e-S5, f-S6) after RF treatment during drug release profile study.

This journal is © The Royal Society of Chemistry 2025
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spectrum and negligible change in the molecular weight was
observed in the samples after RF exposure (Fig. S137), indicat-
ing no significant change in chemical structure of the poly-
meric materials occurred upon RF exposure.

To establish the effect of RF in rupturing the microsphere
and subsequent drug release, change in temperature of the
medium and swelling index (Fig. S14}) of these particles were
also recorded. As shown in Fig. 7c, a maximum increment in
temperature from 25 °C to 41 °C was observed for S6 samples.
We have applied the same range of RF power to all systems to
maintain temperature but for the S6 we observed slightly
higher temperature due to a good, percolated network of gra-
phene in PLA matrix. This could be due to the presence of rela-
tively hydrophobic PLA matrix, which would tend to bind
minimum water on its surface and bulk as well (exhibiting
minimum swelling index, Fig. S14f), thus generating
maximum energy dissipated as heat arising from high dielec-
tric loss upon RF treatment.®® This could further be facilitated
by their densely packed matrix comprised of higher molecular
weight polylactide chains (M;, of PLA: 46 571 g mol™") in com-
parison to Ac-D (M,, of Ac-D: 36 904 g mol™"). Nonetheless, the
temperature change was insufficient to disintegrate the PLA
due to its higher thermal stability (T}, (melting temperature):
150 °C, T, (glass transition temperature): 60 °C and Ty
(thermal decomposition temperature): 290-380 °C), as
reported in literatures.®””*® For all the other systems (S1-S5),
the maximum-recorded temperature was only 40 °C, measured
within the stipulated period. The minimal temperature incre-
ment ruled out the significant impact of temperature on their
ruptures, since all the thermal transitions for the employed
polymers were much above 40 °C (T, and T4 for Ac-D are
170 °C and 290 °C, respectively,®® whereas Ty of CMC:
266 °C*). Moreover, a mild temperature increment further
implied that the RF assisted heating hardly contributed to the
rupture of susceptible chemical bonds in the microspheres,
since around 90 °C was required for breaking the acetal bonds
in Ac-D under neutral pH using water as solvent.’® Desirably,
the mild heat generated during RF exposure should not harm
the healthy tissues/cells, making it an attractive tool for trig-
gered’ drug release in vivo. Moreover, to determine the poten-
tial loss of GO after RF exposure, we have also conducted
control experiments by subjecting synthesized microspheres
(Ac-D/CMC-GO and Ac-D-GO/CMC) to RF. Subsequently, TGA
analysis was performed on exposed particles (Fig. S15t) to
show marginal loss in GO content following RF exposure. This
further highlighted the stability of GO within the microspheres
and eliminated the possibility of leaching out of GO due to RF
exposure, which can be considered as an advantage for drug
delivery applications.

Besides, swelling index of the systems (S1-S6) were
measured in water to determine whether the core shell micro-
spheres underwent considerable swelling upon their exposure
to RF or not. The results displayed in Fig. S14bt clearly demon-
strate that a significant swelling (~60-70%) was noticed upon
exposure to RF of 20 minutes for all the core-shell micro-
spheres (S1-S4), probably due to the presence of hydrophilic
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porous cellulosic core. However, marginal swelling (~10%) and
almost no swelling (<5%) were observed for S5 and S6 samples
(Fig. S14bf¥), respectively, further correlating with their slug-
gish drug release profiles and enhanced heat accumulation for
S6, as mentioned above.

3.5.4. Mechanistic insights into RF-triggered release.
Considering all the findings described above, it can be
suggested that upon absorbing the RF waves, GO facilitated
the spreading of the energy throughout the matrix, especially
when GO was in the shell of the spheres. Specifically, the local-
ization of GO and its interaction with RF waves (in the core or
shell) play a pivotal role in RF-triggered drug release and the
overall responsiveness of the microspheres. When located in
the shell, GO was directly exposed to RF waves, facilitating the
effective conversion of RF energy into localized heating, thus
accelerating the drug diffusion. Conversely, GO in the core
may undergo partial shielding, thus minimizing the direct RF
interaction, resulting in an extended-release profile. Thus,
systems with GO in shell (S1 and S2) exhibited faster drug
release due to enhanced RF wave absorption and energy con-
duction, whereas systems with GO in the core (S3 and S4) dis-
played slower release profiles due to limited penetration of
electromagnetic wave. This enhanced interaction led to faster
energy transfer and rapid disintegration of the microspheres.
Additionally, the force that radiofrequency (RF) exerted on
these negatively charged polymeric systems may cause dielec-
tric polarization, which in turn may account for dielectric loss
through energy dissipation as heat.”" Dielectric loss is key to
RF-induced heating, depending on GO localization. The shell-
localized GO may maximize the RF absorption and energy dis-
sipation, thus accelerating the drug release, while core-loca-
lized GO was shielded by the polymer matrix, leading to rela-
tively slower release. The dielectric loss and the permittivity
can also be correlated with the ionic interactions with water
and the mobility of water molecules in the polymeric particles
(dispersed phase), respectively. As per the report published by
Henry et al.,”* the hydrated polymeric particles with more
bound water molecules due to higher polarity, may exhibit less
dielectric loss, but higher permittivity. Consequently, swollen
hydrophilic particles (S1) may facilitate the spreading of RF
wave and produce less heat as compared to the ones with least
swelling (S6). In other words, it can be stated that the rapid
spreading of the vibration became easier through the swollen
spongy cellulosic core (hydrophilic), which allowed faster
ingression of water molecules through the expanded pores,
contributing to the rupture of the whole core shell micro-
spheres, thereby expelling the drug (Fig. 10).

The micropshere rupture upon RF exposure was evident
from the FESEM analysis (Fig. 9a). Complete disintegration of
the microspheres was evident for S1 and S2 samples only,
where GO remained in the shell, indicating the ease of RF
absorption by GO and its conductance through the swollen cel-
lulosic core. Consequently, a rapid release of drug was realized
from these two systems (S1 and S2, Fig. 9a and b respectively)
only, implying the impact of the GO location in triggering the
drug release. Conversely, when GO was in the core, slower dis-

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Schematic representation of the effect of RF on a microsphere.

integration leading to sluggish drug release was observed due
to inefficient penetration of electromagnetic field to the
embedded GO particles. Moreover, the core-shell morphology
of the microspheres certainly facilitated a strong interaction of
RF waves with GO, when located in the thin shell of Ac-D
(~2 pm, Fig. 1 and 2). The dense packing of GO in the thin Ac-
D shell would increase the volumetric density of GO, resulting
in improved electrical properties, which may potentially foster
a higher interaction with RF waves. On the other hand, GO
within the core remained uniformly distributed throughout
the porous cellulosic core without forming a percolated
network.”® As a result, a burst release of drug was noticed in
the former cases (S1 and S2) only. However, owing to the dense
polymeric matrix, the RF-GO interaction was probably less
effective when GO was incorporated into Ac-D or PLA micro-
particles, restricting the penetration and oscillation of RF
waves, as reported in literature.”® Between Ac-D and PLA,
former being the relatively more hydrophilic (contact angle of
Ac-D: ~50°% and PLA: ~80°°°) as evident from their swelling
study (Fig. S147), Ac-D may show higher permittivity through
bound water molecules,” which may ease in spreading RF
waves in comparison to PLA. Nevertheless, this was not
sufficient for rapid drug release, as the dense matrix of Ac-D/
PLA also restricted the access of water and RF waves into them.
This highlighted the importance of porous cellulosic core in
the core-shell structure of the microspheres, which could
effectively enable the non-invasive, on-demand drug delivery.
Further, cytotoxicity of the microsphere was evaluated by con-
ducting the cell viability study of S1 by MTT assay using

This journal is © The Royal Society of Chemistry 2025
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HEK293 cells. The microspheres exhibited cytocompatibility at
concentrations ranging from 50 to 1000 pg mL™", as shown in
Fig. S16.1 The cell viability of ~97% was observed for highest
concentration (1000 pg mL™") affirming their cytocompatibility
and thus can be considered safe for normal healthy cells.
Therefore, the summary of our investigation proposes that
these microspheres could be effectively utilized as a tool for
triggered drug delivery applications stimulated by low power
RF within a notably short duration of time with an improved
cytocompatibility. These microspheres can be administered
through methods including topical applications such as
creams, gels, or patches. Topical delivery using microsphere
offers enhanced drug availability, stability and reduced side
effects.

4. Conclusion

In this study, we have demonstrated that radiofrequency (RF)
fields can effectively trigger drug release from biopolymer-
based core-shell microspheres composed of carboxymethyl
cellulose (CMC) and acetalated dextran (Ac-D). These micro-
spheres were fabricated using a double emulsion technique
and were co-loaded with nanoscale graphene oxide (GO)
serving as the RF-responsive component and curcumin as a
model hydrophobic drug. The mechanism of core-shell for-
mation was investigated through in situ morphological analysis
and interfacial tension measurements between the polymer
phases. Raman and XPS analyses confirmed the successful
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encapsulation and uniform distribution of both GO and curcu-
min within the microsphere matrix. The resulting micro-
spheres, composed of biodegradable and biocompatible poly-
saccharides, exhibited excellent structural stability in physio-
logical and achieved drug encapsulation
efficiencies greater than 50%. Upon RF stimulation, the GO-
loaded microspheres exhibited rapid and controlled drug
release, with more than 90% of the drug released within
60 minutes. This release behavior is attributed to GO-mediated
localized heating, which induces structural disruption, pro-
motes water penetration, and correlates with a high swelling
index (~60-70%) and measurable surface charge differences.
Overall, this work highlights the critical role of nanoscale GO
as a functional transducer within a microscale delivery system,
enabling non-invasive, externally triggered, and spatiotem-
porally controlled drug delivery. The developed system holds
strong potential for real-world biomedical applications particu-
larly in topical formulations such as creams, gels, or patches,
where localized and on-demand drug release is desirable.
Future work will focus on in vivo evaluation and formulation
optimization to advance these materials to confirm the long-
term safety and biocompatibility of the system, especially for
clinical translation.
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