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Formulation and evaluation of isosorbide
dinitrate-loaded flash-release dispersible
sublingual wafers
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Sanjana S. Prakash,a,c Avichal Kumar,a,c Raksha Paib,c and Rushikesh Shindea,c

This study aimed to design flash-release dispersible sublingual wafers of isosorbide dinitrate (ISDN) by lyo-

philisation (LYO) by applying the principles of Quality by Design (QbD). Sublingual wafers and films were

developed by LYO and solvent casting (SC) techniques, respectively, via a 23 factorial design using hydro-

xypropyl methylcellulose E15 as polymer and propylene glycol as plasticizer. Scanning electron

microscopy (SEM) revealed the porous nature of these wafers with sub-micron-sized pores, while atomic

force microscopy (AFM) indicated their homogeneous surface with minimal irregularities (<3.5 nm).

Fourier transform infrared (FTIR) spectroscopy proved the chemical integrity of ISDN in the polymer

matrix. Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) conclusively indicated amorphi-

sation of ISDN in the hydrophilic polymeric matrix in the wafers. Structural analysis was performed with a

surface area and pore size analyser using liquid nitrogen as adsorbent and revealed that the wafers dis-

played significantly higher (p < 0.05) specific surface area (13.428 m2 g−1) and pore volume (∼0.013 cc

g−1) values compared to the films. Density analysis by the gravimetric method further indicated that the

density of the films (1.44 ± 0.23 g cm−3) was found to be significantly higher (p < 0.04) than that of the

wafers (0.633 ± 0.012 g cm−3), confirming the denser microstructure of films and the porous nature of

wafers. Wafers developed by optimising the LYO process displayed significantly shorter (p < 0.0001) disin-

tegration time (3.1 ± 0.5 s) and time taken for 80% drug release (46 ± 0.2 s), compared to films produced

by the SC technique. ISDN sublingual wafers exhibited a transmucosal flux that was comparable (p >

0.05) to that from the drug solution, indicating the potential to elicit a quick onset. The sublingual wafers

that were found to rapidly disperse and quickly dissolve are likely to evade first-pass metabolism and elicit

a prompt onset. The studies indicate that the developed sublingual wafers will be a promising platform for

prophylactic management of cardiac emergencies.

Introduction

Cardiovascular diseases have been responsible for approxi-
mately one-third of deaths globally. Among cardiovascular ill-
nesses, ischemic heart disease (IHD) is reported to be the
most prevalent.1 IHD is known to manifest as myocardial
infarction and ischemic cardiomyopathy. The incidence of
IHD is expected to increase in the coming years due to the
increased prevalence of obesity, diabetes, metabolic syndrome,
and an ageing population. Rapid urbanisation and globalisa-
tion in lower and middle-income countries have led to

increased deaths and disabilities due to IHD. Isosorbide dini-
trate (ISDN) is one of the drugs of choice prescribed to
manage symptoms of angina, coronary heart disease, and
heart failure.2 The drug stimulates the soluble intracellular
enzyme guanylyl cyclase, which upregulates the levels of cyclic
guanosine 3′,5′-monophosphate (cGMP). The increase in
cGMP activates cGMP-dependent protein kinase, causing
vasorelaxation by phosphorylating proteins that regulate the
uptake of calcium into cells.3 ISDN is known to play a unique
anti-anginal role, mediating nitric oxide release when adminis-
tered orally. The drug has been employed in prophylactic man-
agement of IHD, especially with those with unstable angina,
acute myocardial infarction, and heart failure.4 Acute adminis-
tration of ISDN is crucial to elicit a quick onset that could offer
timely protection against angina pectoris, chronic heart
failure, and pulmonary congestion. However, on oral adminis-
tration, ISDN exhibits a short half-life (45 min), peak concen-†Equal first author.
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trations (6 min), and a short duration of action lasting for 10
to 60 min.5 In addition, the drug is known to exhibit poor oral
bioavailability (22–29%) as it is prone to extensive first-pass
metabolism in the liver and enzymatic degradation in the
gastrointestinal tract. Moreover, oral administration would be
quite challenging for those patients who have lost conscious-
ness during an angina attack. Therefore, sublingual
ISDN administration would be preferred via a prophylactic, as
this approach is known to overcome the first-pass effect and
has the ability to elicit a rapid response to offer timely protec-
tion against angina. ISDN is known to be the most preferred
nitrate as it quickly relieves pain in angina sufferers
within minutes of its sublingual dosing. Considering the
urgent clinical need to elicit a quicker onset and mitigate
extensive first-pass metabolism, fast-disintegrating tablets,6

orodispersible films,7 and sublingual strips8 have been
developed. In this context, the present investigation aims to
develop and evaluate novel flash-release sublingual dispersible
wafers using the freeze-drying process. Lyophilisation (LYO)
involves lowering the temperature of the solution by deep
freezing to a temperature ranging from −50 to −80 °C followed
by freeze-drying the frozen gel under reduced pressure. The
vaporisation of frozen drug-loaded material is facilitated by a
gradual increase in temperature during the process. The
fast-melting tablets developed by this technology are known to
disintegrate and dissolve rapidly when inserted under the
tongue.9

Wafers are thin polymeric strips having a thickness of less
than 500 μm that can dissolve within seconds at the site of
insertion.10 The wafers have proved to be a vital drug delivery
platform in prophylactic management of angina pectoris, as
they can be easily inserted into the sublingual region without
the need for water once the patient is able to sense the signs
of cardiac distress. On insertion, the high mucosal vasculature
will enable quicker onset and improved transmucosal
absorption that can evade the pathological manifestations
arising from cardiac ischemia. In this context, the present
investigation aims to develop fast-dissolving wafers of ISDN
employing Design of Experiments (DoE). DoE is an
integral and essential tool employed within the broader
framework of Quality by Design (QbD). QbD aims to build
quality in the product during pharmaceutical development.
Therefore, we plan to elucidate the effects of these
parameters. These include the processing method, volume of
casting solution, and surface area of casting plates on the
Critical Quality Attributes (CQAs) of the wafers, namely
the disintegration time (DT) and time taken for 80% of the
drug to be released (t80%). The other focus of the current
investigations was to validate the mathematical models gener-
ated by optimising the process parameters in view of develop-
ing a wafer formulation with the most desirable CQAs.
The proposed lyophilised wafer that will be able to quickly
release ISDN to mitigate cardiovascular emergencies is a novel
and first-of-its-kind development, as no such investigations
have been reported for ISDN to date, to the best of our
knowledge.

Materials and methods
Materials

ISDN was procured from Yarrow Chem Products Pvt. Ltd,
Mumbai, India. Hydroxypropyl methylcellulose (HPMC) E15,
sodium starch glycolate (SSG), propylene glycol (PG), and citric
acid (CA) were obtained from S.D. Fine Chemicals, Mumbai,
India. Mannitol was supplied by FMC (India) Pvt. Ltd. All
chemicals and excipients used were of analytical or pharmaco-
peial grade and used as received without further purification.

Preparation of the sublingual wafer of isosorbide dinitrate

Sublingual films and dispersible wafers of ISDN were devel-
oped via a conventional solvent casting technique (SC) and lyo-
philisation, respectively, using HPMC E15 as the polymer and
propylene glycol (PG) as the plasticiser.11 The composition of
the casting solution was optimised after undertaking a series
of preliminary trials. Failure Mode and Effect Analysis (FMEA)
was employed to identify critical process parameters that
would significantly influence the CQAs of the final product
(Fig. 1). The integration of QbD with FMEA in our study pro-
vides a robust framework for formulation development. QbD
systematically builds quality into the product by identifying
critical parameters, while FMEA proactively assesses and prior-
itizes potential failure modes and risks. This combined
approach enhances process understanding, reduces variability,
and ensures a more reliable and efficient development
pathway. It supports risk-based decision making and strength-
ens control strategies, ultimately leading to safer and higher-
quality pharmaceutical products.

An eight-trial 23 factorial design with three variables that
were varied across two levels was set up in Design Expert®
version 13 to optimise the processing parameters in order to
produce the dispersible wafers with the most desirable fea-
tures. The drying method was the first variable (X1), while the
area of the Petri plate used for casting was the second para-
meter (X2), whereas the volume of the casting solution (X3)
loaded into each Petri plate was deployed as the third indepen-
dent variable. The casting solution was prepared by sequen-
tially dispersing the excipients in distilled water under soni-
cation, followed by incorporation of ISDN until a clear solution
was obtained. The composition of the casting solution was
finalised to ISDN (0.2% w/w), HPMC E15 (2% w/w), propylene
glycol (1% w/w), mannitol (0.2% w/w), SSG (1% w/w), and CA
(1% w/w). The effect of the three critical variables on the key
responses, such as DT (Y1) and t80% (Y2), was systematically
investigated. The factors and the corresponding levels have
been listed in Table 1.

The independent variables employed during each trial to
produce a total of eight batches of model formulations are
listed in Table 2. For the four trials employing SC (runs 1, 2, 4,
and 5), accurately measured volumes of casting solutions were
carefully transferred into flat-bottom Petri plates placed on a
horizontal platform under an inverted funnel. The tip of the
funnel was covered with aluminium foil and subjected to
drying at room temperature (RT). The other four trials (runs 3,
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6, 7, and 8) involved casting the solutions in Petri plates that
were subsequently deep frozen for 24 h (ULT Freezer, Inkarp
Instruments, India). After freezing, the frozen gels were loaded
into a lyophiliser (Alpha 1–2 LD Plus, Martin Christ, Germany)
and dried at a temperature of −50 °C and a pressure of
0.028 mbars for a period of 48 h to finally obtain the dispersi-

ble wafers (Fig. 2). The films and wafers thus obtained were
stored in a desiccator before further characterization studies.

Regression analysis

The targeted responses that included DT and time taken for
80% release (t80%) were statistically analysed employing one-
way analysis of variance (ANOVA) at a significance level of 0.05.
The individual parameters were evaluated using the F test, and
polynomial models, as represented in the form of eqn (1), were
generated for each of the responses:

Y ¼ β1X1 þ β2X2 þ β3X3 þ β4X1X2 þ β5X2X3

þ β6X1X3 þ β7X1X2X3
ð1Þ

where Y stands for the measured response, β1–β7 are the
regression coefficients, X1, X2, and X3 are the three main
effects, while X1X2, X2X3, and X1X3 represent the two-way
interactions, whereas the term X1X2X3 would be the three-
way interaction. A backward elimination approach was
employed to eliminate the insignificant terms and refine
the mathematical models so as to include only the signifi-
cant terms. Fit analysis was performed to compare experi-
mental values with those predicted by the mathematical
models. The models generated by regression analysis were
used to construct the three-dimensional plots. Furthermore,
the effects of each of the critical terms on the response
parameters were analysed using the contour plots and box
plots.

Optimisation of the process parameters

The study aimed to optimise the process parameters in order
to formulate wafers with optimal CQAs, such as short DT and
t80%, which are vital to ensure prompt prophylactic protection
in cardiac emergencies. In order to validate the models and
thereby optimise the process parameters and establish a
design space, a new wafer formulation that differed in compo-

Table 1 Factors and the corresponding levels for the development of
isosorbide dinitrate-loaded films and flash-release wafers by conven-
tional solvent casting and lyophilisation techniques

Independent variables Low level High level

X1: processing method Lyoa SCb

X2: area of the Petri plate (cm2) 44.16 66.44
X3: volume of casting solution (mL) 6 12

Dependent variables Constraints

Y1: disintegration time (s) Minimize
Y2: time for 80% dissolution (s) Minimize

a Lyophilisation. b Solvent casting.

Table 2 Model formulations of films and wafers produced by varying
the process variables as per 23 factorial design

Run
Processing
method

Area of Petri plate
(cm2)

Casting solution
volume (mL)

1 SCa 66.44 12
2 SCa 66.44 6
3 LYOb 44.16 12
4 SCa 44.16 12
5 SCa 44.16 6
6 LYOb 44.16 6
7 LYOb 66.44 6
8 LYOb 66.44 12

a Solvent casting (SC) resulted in film. b Lyophilisation (LYO) resulted
in the formation of wafers.

Fig. 1 Failure mode and effect analysis (FMEA), illustrating risk analysis for the development of isosorbide dinitrate sublingual wafers. MLRA: multi-
linear regression analysis; ANOVA: analysis of variance; DT: disintegration time; and t80%: time taken for 80% drug release.
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sition from the model formulations was developed. A numeri-
cal optimisation approach utilising the desirability approach
was employed to determine the optimal settings for developing
the new wafer formulation. The new wafer formulation with
optimal CQAs was developed by lyophilisation on setting con-
straints to minimise DT and t80% (Table 1). Feasibility studies
and grid searches were executed to optimise the process para-
meters in order to develop a new wafer formulation with the
most desirable CQAs. The new formulations developed were
evaluated to acquire the experimental data before comparison
with that predicted by the mathematical models generated to
deduce the prediction error.

Evaluation of sublingual formulations

The films and wafer samples were subjected to various
physicochemical evaluations, including weight variation, thick-
ness, surface pH, porosity, DT, and in vitro dissolution.

Weight variation. Weight variation was evaluated by cutting
1 × 1 cm2 pieces from three distinct areas of the samples and
measuring their weight with an electronic analytical balance
(Shimadzu BL-220H, Kyoto, Japan). The average weight of
the samples was calculated before presenting the results as
the mean ± standard deviation (S.D.) based on three
measurements.12

Thickness. The thickness of the samples was determined
using a digital vernier calliper (Mitutoyo 500-196-30 Digital
Calliper, Kawasaki, Japan). Three different points on each
sample were used to assess the uniformity in thickness, and
results were expressed as mean ± S.D.13

Folding endurance. The folding endurance (FE) of the
samples was evaluated by repeatedly folding each sample at
the same spot until it fractured. The FE was determined by
recording the number of folds made at the same spot before
the sample breaks. The FE was determined for three different
samples of each formulation, and the results were reported as
mean ± S.D.14

Surface pH. Surface pH is a crucial factor that determines
the tendency of the sample to cause irritation on sublingual
application. The pH of the samples was measured by placing
them in a Petri dish with 0.5 mL of phosphate buffered saline
(PBS, pH 6.8). The sample was immersed and allowed to equi-
librate in PBS for approximately 40 s. After equilibration, the
electrode of a pH meter was brought into contact with the
surface of the sample to determine the pH in triplicate using a
digital pH meter (Digisun Electronics, Hyderabad) at 37 ±
2 °C.12

Disintegration time. The rate at which the drug is released
from the samples depends on the time it takes to disintegrate.

Fig. 2 Schematic representation of the formulation process of isosorbide dinitrate-loaded sublingual systems, including casting solution prepa-
ration (a–c) and subsequent drying steps to obtain sublingual films and wafers.
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The DT of ISDN-loaded formulations was assessed in a Petri
dish containing PBS buffer (pH 6.8). The Petri dish was placed
on the hot plate of a magnetic stirrer (Remi, 1-MLH, Mumbai)
set to 50 rpm, and the temperature was maintained at around
37 ± 0.5 °C. The time taken for the samples to fragment into
pieces was noted as the DT and was reported as the mean ± S.
D. of three determinations.15

Drug content. The amount of ISDN in the samples was
determined by dissolving the samples in ethanol. The 1 ×
1 cm2 film pieces were dissolved in 10 mL of ethanol and sub-
jected to sonication.16 The resulting solution was filtered
through a 0.45 μm Whatman filter paper. The filtrate was suit-
ably diluted with phosphate buffer (pH 6.8) in a volumetric
flask. The assay of the different model formulations was deter-
mined by employing the slope of the standard calibration
curve generated in triplicate by ultra-fast liquid chromato-
graphy (UFLC).17

In vitro dissolution studies. The in vitro dissolution of the
samples was carried out using USP dissolution apparatus type-
V (Electrolab TDT-08L, Mumbai) with 200 mL of pH 6.8 PBS as
the dissolution medium, maintained at 37 ± 0.5 °C. The
samples were affixed on the disc using a clamp and placed
under the paddle with the dissolution medium agitated at 50
rpm during the study.11 The withdrawn samples were suitably
diluted and analysed at a detection wavelength of 210 nm and
a run time of 10 min by UFLC.18 Furthermore, the percentage
dissolution efficiency (%DE) was calculated based on the area
under the drug release profile curve (eqn (2)). Higher values of
%DE indicate the potential of the formulation to generate a
pulsatile or a flash drug release:

%DE ¼
Ð t
t0
ytðdtÞ

y100 � t
� 100 ð2Þ

where ‘t0’ is the initial and ‘t’ is the final time point of the dis-
solution study, ‘yt’ is the percentage of drug dissolved at any
time ‘t’, and ‘y100’ is 100% dissolution (maximum dissolution).

Characterisation of optimised wafers

Drug-excipient compatibility analysis. Drug–polymer com-
patibility was assessed using a Fourier transform infrared
(FTIR) spectrophotometer (Jasco 450 Plus spectrophotometer,
ECC 450, Easton, MD, USA). The FTIR spectra of ISDN, the
physical mixture, and the samples were recorded by mixing
the samples thoroughly with potassium bromide in a glass
mortar. The resulting samples were then loaded into an IR
diffuse reflectance sampler and exposed to infrared radiation
before scanning in the range of 4000 and 1000 cm−1 to record
the IR spectra.19

Differential scanning calorimetry. Differential Scanning
Calorimetry (DSC) is employed to evaluate the solid state of
ISDN in the formulations. Thermal analysis of ISDN, the physi-
cal mixture, and the optimised wafer was performed using a
differential scanning calorimeter (DSC-60-Shimadzu, Tokyo,
Japan). About 10 mg of each sample was transferred to a
sealed aluminium container and heated gradually at a rate of

10 °C min−1 in the temperature range of 30–130 °C while
purging with nitrogen (50 mL min−1). The degree of crystalli-
nity (Xc) of the sample was calculated relative to ISDN using
eqn (3):20

Xc ¼ ΔH
ð1� wÞ � ΔH°

ð3Þ

where ΔH is the experimental heat of fusion of the sample, ΔH
° is the heat of fusion of crystalline ISDN, and w is the weight
fraction of ISDN in the sample.

X-ray powder diffraction. The XRD patterns were determined
using a Bruker D8 Advance X-ray diffractometer, which has a
2.2 kW Cu anode X-ray source and a fine-focus ceramic X-ray
tube, operating at 40 kV and 40 mA with a total power of
1.6 kW. Crystallinity of the samples was assessed by comparing
the peak heights in the diffractograms of the samples relative
to ISDN, used as a reference. The relative degree of crystallinity
(RDC) was computed using eqn (4):20

RDC ¼ Isample

Irefer
� 100 ð4Þ

where, Irefer is the intensity of the reference characteristic peak
of ISDN, while Isample is the intensity of the sample peak at the
same 2θ values as the reference.

Morphological and surface topographical analysis. Scanning
electron microscopy (SEM) and bright field microscopy were
utilized to analyse the surface morphology and topographical
features of the samples. SEM images under appropriate resolu-
tion were acquired using a scanning electron microscope
(Tescan Vega 3, Brno, Czech Republic). The samples were
mounted on double-sided adhesive tape and then coated with
approximately 200 nm of gold under a reduced pressure of
0.0133 Pa. This process was carried out for 5 min using an ion
sputtering device set to a voltage of 10 kV.21 In addition, a tri-
nocular research microscope (Model: BX 53, Olympus,
Germany) was used to study the surface morphology of the
samples. The samples were placed on a glass plate and illumi-
nated under a bright light source.22

Atomic force microscopy. Atomic force microscopy (AFM)
was utilised to capture high-resolution 3D images of wafers
containing ISDN. The surface roughness parameters Ra, Rq,
and Rz of ISDN wafers were assessed with AFM (Innova SPM
Atomic Force Microscope, USA). Surface roughness (Ra) is the
arithmetic average of the absolute values of surface height
deviations from the mean plane, while root mean square
roughness (Rq) represents the SD of the height values within
the examined area whereas maximum surface profile height
(Rz) measures the average vertical distance between the highest
peaks and lowest valleys relative to the mean plane.23

Structural characterisation. The pore structure characteriz-
ation of films and wafers of ISDN was performed using liquid
nitrogen as an adsorbent in a Nova Station v11.05 high-speed
surface area and pore size analyzer (Quantachrome
Instruments). The surface area was calculated by the gas
adsorption method following the standard Brunauer–Emmett–
Teller (BET) method, and the pore diameter and pore volume
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were determined from adsorption isotherms using the Barrett–
Joyner–Halenda (BJH) method.24 The density of the ISDN films
and wafers was determined by the gravimetric method
reported in the literature.25

Wetting time. Wetting times were assessed by determining
the time required for samples to completely take up water and
wet the whole surface. Whatman filter paper measuring 5.5 cm
in diameter was placed on Petri plates. About 10 mL of a solu-
tion of methyl orange maintained at a temperature of 37 ±
0.5 °C was added to the plate. The time taken for the samples
placed on the filter paper to become wet was recorded in tripli-
cate and averaged to obtain the wetting time.26

Ex vivo permeation studies. Ex vivo permeation studies were
performed using a Franz diffusion cell (Orchid Scientific,
India). The receptor chamber was filled with freshly prepared
simulated salivary fluid (SSF), while fresh porcine buccal
mucosa was mounted between donor and receptor compart-
ments with the epithelial side facing the donor chamber. The
wafer was placed on the donor chamber while the SSF in the
receptor was maintained at 37 ± 2 °C under magnetic stirring
at 600 rpm. Samples were withdrawn every 10 min over 1 h, fil-
tered through a 0.45 µm membrane, and replaced with equal
volumes of fresh medium. The drug concentration was deter-
mined by UFLC, and the amount of ISDN permeated was cal-
culated using a calibration curve in SSF.18 The steady state flux
was deduced from the slope of the linear portion of the plot of
the amount of ISDN permeated per cm2 on the Y axis versus
time on the X axis.

Stability studies. The optimised ISDN wafers were first evalu-
ated for different parameters, then wrapped in butter paper
and kept in aluminium pouches at RT for 3 months. After
storage, the percentage drug content (DC), FE, DT, moisture
loss of the wafers, and t80% were assessed at 1, 2, and
3 months and compared to the results obtained before the
storage period.11

Analytical method

The samples generated during the studies were analysed by a
UFLC system (Prominence, Shimadzu Analytical Pvt. Ltd)
equipped with a UV-visible detector (SPD-20A) and a manual
injector. The elution was carried out on an Intek Chromasol
Coral C18 BDS column (150 mm × 4.6 mm, 5 µ, 130 Å). The
mobile phase comprising a mixture of methanol and water in
the ratio of 40 : 60 v/v was set to a flow rate of 1 mL min−1. The
samples measuring 20 μL were analysed at a detection wave-
length of 210 nm and a run time of 10 min. The chromato-
gram of each of the samples was recorded using Lab Solutions
software.

Statistical analysis

The experimental design was set up, and the results
obtained were statistically analysed using Design-Expert®
software version 13.0.5.0. A p-value of less than 0.05 was
considered to be statistically significant. The statistical ana-
lysis of the data generated was performed using GraphPad
Prism version 6.

Results and discussion

Sublingual wafers and films of ISDN will be the ideal drug
delivery platform to meet the urgent clinical need in prophy-
lactic management of cardiac emergencies, including
angina pectoris. The formulations that disperse quickly are
likely to facilitate rapid dissolution of the drug in saliva,
generating a pulsed dose that can be quickly absorbed
through the sublingual mucosa to elicit a faster onset of
action and thereby offer timely protection against cardiac
emergencies. In addition, these formulations help to over-
come first-pass metabolism and substantially improve the
bioavailability.27

Design of experiments

A 23 factorial design was employed to optimise the drying para-
meters in order to obtain sublingual films and wafers.
Preliminary studies indicated that the drying technique (A),
area of the casting plate (B), and casting solution volume (C)
were found to be the critical factors influencing the quality
attributes of the resulting formulations. The effects of these
critical process parameters on CQAs of the final products,
such as DT (Y1) and t80% (Y2), were systematically analysed
using ANOVA. Eight different formulations of ISDN, which
included four films and four wafers, were produced by SC and
lyophilisation, respectively, as per the design. Lyophilisation
has been identified as an effective drying technique to
produce potential quick-acting, fast-dissolving wafers.28 In
addition, freeze drying enhances product stability, extends
product shelf life, and allows storage at RT.29 An ideal lyophili-
sation process has the potential to retain the original physical
and chemical integrity of the product, achieve minimal
residual moisture, and ensure long-term stability.30 During lyo-
philisation, sublimation of the resulting ice under highly
reduced pressure results in a highly porous three-dimensional
structure.31

The composition of the casting solution remained
unchanged across all experiments performed. HPMC E-15 was
employed as the hydrophilic polymeric carrier, while SSG was
used as the superdisintegrant. Low molecular weight HPMC is
widely utilised in the development of orodispersible films and
wafers.32 HPMC E-15 is generally preferred for producing
wafers because its low cross-linking density enables quick dis-
integration and instantaneous release of the contents.33 SSG is
a chemically modified and cross-linked starch commonly
employed as a superdisintegrant in sublingual films.11

Carboxymethyl substitution on specific hydroxyl groups
improves water penetration, while the degree of cross-linking
determines swelling and lowers polymer viscosity.34 PG was
used as a plasticiser, while mannitol served as the sweetener.
With two hydroxyl groups per molecule, PG increases
hydration, resulting in improved flexibility due to its plasticis-
ing effect.35 Mannitol plays a vital role as a sweetener that exhi-
bits good stability in dilute acid or alkali solutions and is
resistant to oxidation when exposed to air.36 Citric acid was
used as a saliva-stimulating agent, as it can stimulate the sali-
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vary gland and thereby indirectly promote dissolution of drugs
in the sublingual region of the oral cavity.33

Physicochemical characterisation of formulations

The physicochemical properties of the sublingual films and
wafers are captured in Table 3. The average weight of the films
and wafers measuring 1 × 1 cm2 was found to range from
0.086 ± 0.05 mg to 0.090 ± 0.05 mg and from 0.081 ± 0.07 mg
to 0.086 ± 0.02 mg, respectively. The consistent weight of the
formulations suggests that the LYO, as well as SC, were able to
produce wafers and films that had consistent weight.37 Weight
variation can directly influence the content uniformity of each
formulation, which will be crucial in ensuring dose precision
of potent medications like ISDN.

The average thickness of the sublingual films was found
to range from 0.07 ± 0.002 to 0.12 ± 0.001 mm, while that of
the wafers varied between 0.10 ± 0.003 and 0.18 ± 0.001 mm,
respectively. The relatively higher thickness of the wafers
can be attributed to the porous nature of the wafers com-
pared to the denser films. The production of wafers by subli-
mation of the frozen polymeric gels under reduced pressure
will eventually result in thicker, relatively porous wafers
compared to the relatively thin and dense films that were
produced by the SC technique.31 A thickness of less than
1 mm was reported in the earlier literature for the esomepra-
zole sublingual wafers produced by a conventional solvent
casting technique.11

The relatively greater thickness of the wafers can be attribu-
ted to the porous nature of the wafers compared to the denser
films. The production of wafers by sublimation of the frozen
polymeric gels under reduced pressure eventually results in
thicker, relatively porous wafers compared to the relatively thin
and denser films that were produced by the SC technique.31 A
thickness of less than 1 mm was reported in the earlier litera-
ture for the esomeprazole sublingual wafers produced by a
conventional solvent casting technique.11

The FE studies revealed that the wafers produced were
elastic and exhibited strong mechanical properties. The FE
values for the films and wafers were found to range from 72 ±
3 to 80 ± 1 and 256 ± 2 to 280 ± 3, respectively. The superior
physico-mechanical properties of the wafers justified the
choice of the hydrophilic polymer used for the fabrication of

orodispersible formulations. PG served as a plasticiser, enhan-
cing the elasticity of the wafers, positively imparting high FE.
PG is known to reduce the stiffness of the polymer matrix,
which helps prevent brittleness and breakage.35 Plasticisers
like PG are known to reduce the glass transition temperature
to impart flexibility to films and wafers.38,39

Impact of process parameters on disintegration time

The mathematical model to illustrate the influence of different
independent variables on DT is represented by eqn (5):

Y1 ¼ 12:01� 8:80A� 0:700Bþ 0:4075C þ 0:1500AB ð5Þ
The F-value of the model was found to be 2691.42, indicating

the equation generated for DT was statistically significant (p <
0.0001). The Fisher F test revealed a very low probability value
(pmodel > F less than 0.0001), which indicated the predictor
model generated was highly significant. The value of the deter-
mination coefficient (predicted R2 = 0.9980) was found to be in
reasonable agreement with the adjusted determination coeffi-
cient (adjusted R2 = 0.9993), indicating insignificant (p > 0.05)
lack-of-fit of the model (Table 4). The actual values were found
to be in close agreement with the predicted values, indicating
that the model exhibits a good fit with no significant deviation
between experimental and predicted responses (Fig. 3a).

The DT of the films was found to range from 19.80 ± 0.51 to
22.12 ± 0.3 s, while the DT varied from 2.20 ± 0.5 to 4.31 ± 0.2
s for the wafers. The drying process used was found to emerge
as the most significant factor affecting the DT. The average DT
of wafers was found to be significantly lower (p < 0.0001) com-
pared to the DT of the films produced. The model indicates
the overwhelming influence (p < 0.0001) of the drying process
(A) employed on DT. Furthermore, the DT was found to be
negatively affected by the drying surface area (B), although the
effect was relatively less influential (p < 0.003). The drop in the

Table 3 Physicochemical parameters of the isosorbide dinitrate sublingual films and wafers

Run Technique (X1) Weight (mg) Thickness (mm) FEc Surface pH Moisture loss (%) DCd (%) DTe (s) t80%
f (s)

1 SCa 0.089 ± 0.05 0.08 ± 0.006 80 ± 1 6.24 ± 0.8 0.51 ± 0.05 95.30 ± 1.23 20.12 ± 0.1 330 ± 0.1
2 SCa 0.090 ± 0.05 0.07 ± 0.002 73 ± 5 6.31 ± 0.1 0.51 ± 0.07 95.12 ± 1.32 19.80 ± 0.5 260 ± 0.5
3 LYOb 0.082 ± 0.02 0.18 ± 0.001 267 ± 5 6.23 ± 0.1 0.52 ± 0.01 97.23 ± 1.34 4.31 ± 0.2 66 ± 0.2
4 SCa 0.087 ± 0.09 0.12 ± 0.001 76 ± 5 6.54 ± 0.3 0.53 ± 0.02 94.72 ± 1.54 22.12 ± 0.3 430 ± 0.1
5 SCa 0.086 ± 0.05 0.10 ± 0.003 72 ± 3 6.73 ± 0.2 0.61 ± 0.01 95.80 ± 1.62 21.20 ± 0.4 378 ± 0.2
6 LYOb 0.081 ± 0.07 0.11 ± 0.004 256 ± 2 6.76 ± 0.7 0.63 ± 0.06 96.12 ± 1.52 3.21 ± 0.8 53 ± 0.1
7 LYOb 0.083 ± 0.04 0.10 ± 0.003 280 ± 3 6.71 ± 0.5 0.53 ± 0.07 99.79 ± 1.68 2.20 ± 0.5 42 ± 0.3
8 LYOb 0.086 ± 0.02 0.09 ± 0.002 279 ± 1 6.80 ± 0.3 0.64 ± 0.06 94.57 ± 1.78 3.12 ± 0.2 29 ± 0.4

All data are expressed as mean ± SD (n = 3). a Solvent casting resulted in films. b Lyophilisation resulted in wafers. c Folding endurance. dDrug
content. eDisintegration time. f Time taken for 80% drug release.

Table 4 Results of regression analysis and polynomial coefficients for
each critical parameter attribute

Responses F-Value p-Value Predicted R2 Adjusted R2

Y1 2691.42 <0.0001 0.9980 0.9993
Y2 6557.73 <0.0001 0.9997 0.9992
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thickness of the formulation with an increase in the surface
area could be the possible reason for the decrease in DT. On
the other hand, factor C was found to have a positive impact
on DT, though the effect was found to have the least effect (p <
0.017). The predominant influence of lyophilisation on the DT
of the wafers was clearly evident from the Pareto chart, box
plot, and 3D plots (Fig. 4).

The porous nature of the wafers will normally facilitate
quick diffusion of the fluid into the tortuous microstructure of
the wafers and enable quicker hydration of the hydrophilic
groups in the polymer matrix, enabling rapid disintegration
compared to the denser films.31 Thus, when exposed to saliva,
the wafers allow rapid fluid uptake that will facilitate the quick
breakdown or disintegration of the wafers.40 It is notable that
the pores in wafers play a pivotal role in allowing the ingress of

fluids into the wafer structure, thereby expediting the process
of disintegration.

This porous nature substantially contributes to the rapid
breakdown of the wafer upon contact with saliva in the sublin-
gual cavity, which probably facilitates efficient drug absorption
through the sublingual mucosa to elicit a rapid onset of
action. The DT for wafers having a thickness of ∼1 mm was
reported to be within 30 s, which will result in accelerated
drug dissolution as per the earlier literature.11 Moreover, in
the case of films, it was observed that the DT tends to increase
proportionally with an increase in film thickness. The DT for
films was found to be more than 20 s. This time was signifi-
cantly higher (p < 0.0001) compared to that observed with
wafers.

Impact of process parameters on dissolution

The mathematical model to illustrate the influence of different
independent variables on t80% is represented by eqn (6):

Y2 ¼ 198:50� 151A� 33:25Bþ 15:25C þ 21:25AB ð6Þ
The F-value of 6557.73 demonstrates strong statistical sig-

nificance (p < 0.0001) of the mathematical model generated
for t80%. The Fisher F test, yielding a very low probability value
(pmodel > F value less than 0.0001), indicated the high level of
statistical significance of the predictive model generated for
t80%. The value of the determination coefficient (predicted R2

= 0.9992) was in good agreement with the adjusted determi-
nation coefficient (adjusted R2 = 0.9997), as the difference was
less than 0.2, which highlights the lack-of-fit of the model was
insignificant (p > 0.05). The actual values were found to be in
close agreement with the predicted values, indicating that the

Fig. 3 Correlation plots of actual versus predicted values for the
dependent variables: (a) disintegration time and (b) time to 80% drug
dissolution (t80%). Each point represents an experimental run, and proxi-
mity to the diagonal line indicates strong agreement between experi-
mental and model-predicted results.

Fig. 4 Influence of lyophilisation depicted using a (a) Pareto chart, (b)
box plot, and (c) 3D surface response, with comparison to (d) solvent
casting on disintegration time.

Fig. 5 Influence of lyophilisation depicted using a (a) Pareto chart, (b)
box plot, and (c) 3D surface response, with comparison to (d) solvent
casting on time taken for 80% drug release.
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model exhibits a good fit with no significant deviation
between experimental and predicted responses (Fig. 3b).

The dissolution was found to be dependent on factors A, B,
with factor C having an insignificant effect. The ANOVA results
indicated that A, B, and AB with p < 0.0001 had a positive effect
on in vitro drug release (Table 4). Factors A were found to have
the most pronounced effect on the t80% value, followed by

factor B, which in turn was followed by the interaction effect
AB. The dominating effect of lyophilisation on t80% of the
wafers is quite evident in the Pareto chart, box plot, and 3D
plots (Fig. 5).

The HPLC chromatogram plot confirms specificity with
retention time (5.62 min) captured in Fig. 6a with the linearity
plot as shown in Fig. 6b. The dissolution profiles of the wafers

Fig. 6 (a) HPLC chromatogram and (b) linearity plot of isosorbide dinitrate; dissolution profiles of lyophilised ISDN: (c) wafer and (d) film formu-
lations. (e) Desirability plot indicating optimal values of casting solution volume and surface area. (f ) Overlay plot indicating the design space (yellow)
and the parameter settings for the development of an optimal batch of wafers by lyophilisation.
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(Fig. 6c) and the films (Fig. 6d) of ISDN were also acquired. It
was observed that 50% of the drug was released within 10–35 s
from the wafer formulations, which was found to range from
94.88 ± 0.018% to 99.41 ± 0.015% inside a minute. However,
for the films, 50% of the drug was released between 14 and
20 min, and at 30 min, the release varied between 83.19 ±
0.018% and 92.81 ± 0.018%. The mean t80% values for wafers
were found to be significantly lower (p < 0.0025) compared to
the films produced. Disintegration is considered to be the rate-
determining step in the dissolution of soluble therapeutic
agents.41 The porous microstructure of the wafer was found to
play a vital role in fluid penetration, which accelerated disinte-
gration, resulting in rapid dissolution.11

Optimisation of the formulation

The desirability approach is one of the common methods that
can be employed to optimise the process parameters.

The prediction will be more reliable when the desirability
value approaches 1.0. The desirability plot and overlay plot
areas are depicted in Fig. 6e and f, respectively. The predicted
and experimental values, along with the corresponding predic-
tion error, are captured in Table 5. The prediction error for DT
and t80% of the optimised formulation was observed to be

−0.26 to 1.30. The low prediction error values confirmed the
validity of the mathematical models and clearly highlighted
the prognostic ability of the models generated by multilinear
regression analysis (MLRA) and ANOVA. Furthermore, the %
DE of the optimised sublingual wafer (83.5 ± 3.5%) was found
to be significantly higher (p < 0.002) compared to the sublin-
gual film (62.5 ± 2.5%) developed. The superior dissolution
performance of the wafer can be attributed to the porous struc-
ture of the hydrophilic matrix generated during lyophilisation,
considerably amplifying the surface area, which in turn
enables faster disintegration and quicker dissolution.

The desirability plot (Fig. 6e), depicting the casting solution
volume and the surface area, attains the maximum value of
1.0. (plot coloured with red indicating higher values of desir-
ability, while blue indicates low desirability values). The
overlay plot (Fig. 6f) displays the yellow area that represents
the design space, with the selected point indicating the
optimal settings of lyophilisation (10.14 mL of casting solution
spread across an area of 61.85 cm2) that could produce wafers
with a DT of 3.06 s and t80% (46.12%).

Characterisation of optimised wafer formulationDrug–
polymer compatibility analysis. The FTIR spectrum for ISDN
displayed prominent peaks at 2965.98, 1381.75, and
1066.44 cm−1 (Fig. 7a). The peak at 2965.98 cm−1 can be
related to C–H stretching vibrations, and the peak at
1381.75 cm−1 corresponds to NO2 stretching, while the peak at
1066.44 cm−1 can be assigned to C–C stretching. Earlier
studies reported FTIR peaks of ISDN at 2932, 1622, and
1083 cm−1, which authenticated the spectral data generated.37

The presence of these characteristic peaks in the physical
mixture confirmed the chemical integrity of ISDN in the
mixture. Furthermore, the characteristic peaks of ISDN
appeared at 2056.71, 1344.12, and 1093.44 cm−1 in wafers,
further confirming the chemical integrity of ISDN in the
wafers and ruling out the possibility of any chemical inter-

Table 5 Comparison of the experimental values of the response para-
meters/product quality attributes of wafer formulations developed
employing optimal settings with predicted values

Optimal settings
A : B : C Response

Exptb

value
Predc

value
Prediction
error (%)

A: Lyo,a B: 61.85 cm2, C:
10.14 mL

Y1 (s) 3.1 3.06 1.30
Y2 (s) 46 46.12 −0.26

a Lyophilisation. b Experimental values. c Predicted values.

Fig. 7 Physicochemical characterisation of isosorbide dinitrate (ISDN), physical mixture (PM), and wafers: (a) FTIR spectra displaying characteristic
peaks, (b) DSC thermograms, and (c) XRD patterns indicating crystallinity.
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action between ISDN and excipients during the process of fab-
rication of wafers.42

Differential scanning calorimetry. The DSC scan revealed a
prominent endothermic peak at 73.68 °C, with enthalpy of
fusion (ΔHf ) of −96.14 J g−1. These findings were found to
match the melting transition temperature (72 °C) that was pre-
viously reported.42 Likewise, the physical mixture also exhibi-
ted an endothermic peak at 72.27 °C, with reduced intensity
(ΔHf; −38.19 J g−1), suggesting that nearly 79.41% of ISDN is
likely dispersed in semicrystalline form in the mixture
(Fig. 7b). The broad band devoid of any sharp peaks signifies
that the drug is likely to be dispersed in an amorphous state
in the hydrophilic polymer matrix.43 The LYO process is
known to render ISDN more amorphous in the polymer matrix
during the fabrication process.

X-ray powder diffraction. The PXRD patterns revealed three
prominent peaks at 2θ values of 17.3°, 20°, and 24° that dis-
played intensities of 4990, 6238, and 3002 counts, respectively,
indicating the crystalline nature of ISDN (Fig. 7c). The peaks

were in agreement with the reports as per the previous study,
confirming the crystalline nature of the drug.42 The diffracto-
gram of the physical mixture displayed peaks at 17.3°, 20°, and
24° with intensities of 4209, 5339, and 2768 counts, respect-
ively, indicating nearly 85% of ISDN existed in crystalline
form. However, the diffractogram of wafers displayed only one
characteristic low-intensity (300 counts) peak of ISDN at 24°,
indicating a substantial drop in percentage crystallinity to
nearly 9.9% of ISDN. These results collectively confirm the suc-
cessful dispersion of ISDN into the wafer in a nearly amor-
phous form. The dispersion of ISDN in a nearly amorphous
state in the hydrophilic matrix is likely to improve the drug dis-
solution, which in turn could generate a pulsatile release on
contact with dissolution media or saliva.

Morphological and surface topographical analysis. Bright
field microscopy revealed the distinctive morphology and topo-
graphy of the wafers (Fig. 8a), while SEM images at low and
high magnification (Fig. 8b) illustrated a porous polymeric
network. Microstructural analysis showed uniformly distribu-

Fig. 8 Morphological characterisation of the wafers using (a) bright-field microscopy, (b) scanning electron microscopy, and (c) 3D topographic
views by atomic force microscopy.
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ted sub-micron pores throughout the hydrophilic wafer matrix.
These pores facilitate rapid fluid penetration, significantly
reducing DT by enabling quick fluid uptake. This porous archi-
tecture promotes the wafer’s rapid breakdown upon contact
with saliva, likely resulting in pulsatile drug release. Such
burst release may enhance absorption and induce a timely
onset of therapeutic action.44

AFM is a useful tool to evaluate the suitability of wafers for
transmucosal application.45 AFM was utilized to analyze the
three-dimensional structure and surface roughness at small
and large scales. The surface roughness values of Ra, Rq, and
Rz were found to be 0.75, 0.99, and 11.6 nm, respectively, indi-
cating a highly smooth surface with minimal irregularities.
These findings were further confirmed by 3D surface mor-
phology images obtained from AFM (Fig. 8c). The AFM images
indicated the suitability of wafers for sublingual or transmuco-
sal application.

Structural characterisation. The nitrogen adsorption–desorp-
tion isotherms of both wafer and film formulations revealed a
type IV pattern with H3 hysteresis loops, indicating the pres-
ence of mesoporous structures. The nitrogen sorption data for
wafers and films are presented. The film exhibited a specific
surface area of 9.523 m2 g−1 with an average pore diameter of

3.343 nm and total pore volume of ∼0.010 cm3 g−1, reflecting a
denser and more compact structure (Fig. 9a). In contrast, the
wafer displayed a specific surface area of 13.428 m2 g−1 and
pore diameter of ∼2.039 nm, with relatively higher pore
volume (∼0.013 cc g−1), indicating a relatively porous matrix
that could initiate a rapid release (Fig. 9b). The higher surface
area and pore volume in the wafer compared to the film can be
attributed to the preservation of mesopores and the formation
of voids during the lyophilisation, as corroborated by SEM evi-
dence.24 Density analysis further supported these findings, as
the density of the films (1.44 ± 0.23 g cm−3) was found to be
significantly higher (p < 0.04) than that of the wafers (0.633 ±
0.012 g cm−3), further confirming the denser structure of films
and the porous nature of wafers. The film, prepared by SC,
transforms into a dense three-dimensional cross-linked
network with reduced porosity, which accounts for its lower
pore volume. In contrast, the wafer produced by lyophilisation
exhibits a more relaxed polymer alignment with greater struc-
tural flexibility, enabling significant pore expansion during the
drying process.

Ex vivo permeation. Ex vivo permeation studies using
porcine buccal mucosa showed that ISDN sublingual wafers
displayed a steady-state flux of 3.77 ± 1.58 μg cm−2 min−1,

Fig. 9 Nitrogen adsorption–desorption isotherms and corresponding Barrett–Joyner–Halenda (BJH) pore size distribution curves of (a) film and (b)
wafer formulation. (c) Ex vivo permeation data of the optimised batch and drug solution at 37 ± 2 °C. Data are presented as mean ± S.D. (n = 3).
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which was found to be comparable (p > 0.05) to the flux from
ISDN solution (3.26 ± 1.41 μg cm−2 min−1). These findings
indicate that the wafer formulation can facilitate ISDN per-
meation more efficiently compared to the solution. The
results, depicted in Fig. 9c, highlight the robust performance
of the sublingual wafer in delivering the drug through the
mucosal membrane. Notably, these wafers are expected to
rapidly disperse in the sublingual cavity, enabling quick drug
release. The soluble form of the drug in the sublingual cavity
is likely to be quickly absorbed to offer timely protection
against cardiovascular risks. In addition, by virtue of the
ability to bypass first-pass hepatic metabolism, the wafers are
likely to improve the systemic availability of ISDN. Overall, the

study supports sublingual wafer delivery as a promising
approach for rapid and effective ISDN administration.

Wetting time. A simulated wetting test was performed to
determine the water absorption time. Studies indicated that
wetting correlated well with DT. Wetting time was found to be
20.3 ± 0.3 s for films, as depicted in Fig. 10(a–c), which was
found to be significantly higher (p < 0.0001) compared to that
of the lyophilised wafers, which was found to be 2.1 ± 0.5 s as
illustrated in Fig. 10(d–f ). The shorter wetting time can be
attributed to quick diffusion and water intake into the porous
microchannels of the wafers.46 The better wettability can be
ascribed to the porous microstructure of the hydrophilic
matrix of the wafers developed by lyophilisation. Shorter
wetting time would result in quicker disintegration, which in
turn would hasten the in vitro dissolution.47 This rapid disinte-
gration is primarily due to improved capillary action and the
wafer’s capability to absorb and distribute the medium
throughout its structure effectively. These observations high-
light the importance of optimising wetting time when design-
ing formulations that need rapid disintegration, as it deter-
mines their overall performance and effectiveness.48

Stability studies. The optimised sublingual ISDN wafers
maintained stable physical and chemical properties during 90
days of storage at room temperature. No significant changes
were observed in FE, moisture loss, DT, and DC, and all
measured parameters were not statistically significant (p >
0.05), as depicted in Table 6. These results indicate that the

Fig. 10 Visual representation of the wetting time of the developed sublingual (a–c) film and (d–f ) wafers.

Table 6 The mean values of folding endurance, moisture loss, disinte-
gration time, and drug content of optimised isosorbide dinitrate-loaded
sublingual wafers at the end of 3 months at room temperature

Storage interval
(days) FEa

Moisture loss
(%) DTb (s) DCc (%)

0 280 ± 2 0.53 ± 0.07 2.58 ± 0.1 99.73 ± 1.63
30 280 ± 5 0.53 ± 0.01 2.58 ± 0.5 99.72 ± 1.62
60 278 ± 1 0.52 ± 0.04 2.60 ± 0.2 99.69 ± 1.53
90 274 ± 2 0.51 ± 0.02 2.64 ± 0.1 98.76 ± 1.48

*All data are expressed as mean ± SD (n = 3). a Folding endurance.
bDisintegration time. cDrug content.

RSC Pharmaceutics Paper

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Pharm.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 4
:2

2:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00274e


formulation is stable and suitable for long-term storage
without loss of quality or performance.

Conclusions

Fast-dissolving polymeric wafers of isosorbide dinitrate were
successfully developed by optimising lyophilisation process
parameters, including the drying surface area and volume of
the casting solution. The sublingual wafers, produced by
freeze-drying, exhibited the most desirable critical quality attri-
butes, including rapid disintegration and quick dissolution.
The porous microstructure of the wafers and the amorphous
nature of the drug in the hydrophilic polymeric matrix were
found to be crucial in facilitating rapid fluid uptake, which
resulted in faster disintegration and generated a pulsed drug
release. The polymeric wafers will instantaneously dissolve in
the sublingual cavity, and thus are likely to elicit rapid onset,
minimising ischemic damage during cardiac distress when
patients might lose consciousness. Moreover, the developed
wafers will overcome the challenges associated with oral
administration, such as poor bioavailability due to first-pass
metabolism. The platform technology that can be deployed in
emergency medicine is likely to induce a paradigm shift in the
prophylactic management of cardiac emergencies such as
angina. Future studies need to focus on scale-up and large-
scale production, followed by validation of the promising
technology for wider clinical applications.
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