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Modified diatom-based ocular suspension
for sustained diclofenac sodium delivery:
a novel drug carrier approach
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Abstract

Purpose Ophthalmic drugs typically last only around 15 minutes due to rapid elimination from tear flow, with only
about 2% absorption, while the rest may enter the nasal mucosa, potentially causing systemic side effects. Diatoms,
with properties like unique structure, abundance, low cost, heat resistance, non-toxicity, and easy access, present a
promising solution for sustained drug delivery. This study aimed to prepare and evaluate an ocular suspension of
diclofenac sodium loaded onto modified diatoms.

Methods Diatoms were modified with aluminum sulfate solution, followed by loading of diclofenac sodium.
Characteristics of diatoms before and after modification—particle size, surface charge, and drug loading—were
analyzed using electron microscopy, FTIR (Fourier Transform Infrared Spectroscopy), XRD (X-ray Diffraction), and
elemental mapping. BET (Brunauer—-Emmett-Teller (Surface Area Analysis) testing provided adsorption data, while
DSC (Differential Scanning Calorimetry) assessed thermal properties. An in vitro release study using a dialysis bag in
artificial tear fluid examined drug release over 8 hours. Drug content was determined by spectrophotometry, and
cytotoxicity on MDA-MB-231 and HEP-G2 cell lines was evaluated at different diatom concentrations.

Results SEM (Scanning Electron Microscopy) imaging showed no topographic changes post-modification. BET and
XRD analyses confirmed drug loading and structural stability, while FTIR indicated involvement of carboxylate groups.
TGA and DSC showed stable thermal properties. Elemental mapping confirmed increased surface elements and high
drug loading. Modified diatoms showed sustained drug release and no significant cytotoxicity differences.

Conclusion Modified diatoms demonstrated higher drug loading and sustained release, indicating their potential for
safe and effective ocular drug delivery. Further studies are recommended to confirm these findings.
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Introduction

Ocular drug delivery remains a complex challenge due
to the eye’s natural defence mechanisms, such as the tear
film and nasolacrimal drainage system, which limit the
retention and bioavailability of topically administered
drugs. It is reported that less than 5% of topically applied
drugs effectively penetrate the cornea and reach intraoc-
ular tissues, with most being eliminated within 15 min-
utes due to tear flow and systemic absorption through
the nasal mucosa [1-3]. This rapid clearance significantly
reduces therapeutic efficacy and necessitates frequent
dosing, which can lead to compliance issues and poten-
tial side effects [4, 5].

The ideal ocular drug delivery system should maintain
a therapeutic concentration of the drug at the target site
for an extended period, reduce dosing frequency, and
minimize systemic absorption to avoid adverse effects.
Various strategies, including the use of mucoadhesive
polymers and in situ gelling systems, have been explored
to enhance drug retention on the ocular surface [6, 7].
Among the available therapeutic agents, nonsteroi-
dal anti-inflammatory drugs (NSAIDs) like diclofenac
sodium are widely used for treating ocular inflammation
and pain. However, due to its poor solubility and limited
retention time, diclofenac sodium requires advanced
delivery methods to improve its therapeutic profile
[8-10].

Diatoms, which are single-celled algae with silica-based
cell walls, present a promising solution for controlled
drug delivery in ocular applications due to their unique
porous structure, high surface area, biocompatibility,
and modifiable surfaces [11-13]. The natural silica shells
of diatoms can be chemically modified to enhance drug
loading and sustained release capabilities, which makes
them ideal carreies for developing sustained-release oph-
thalmic formulations [14]. Studies have shown that the
functional groups on the surface of diatom frustules can
be altered to improve drug loading capacity and control
the release profile, making them suitable carriers for both
hydrophilic and lipophilic drugs [15].

Recent studies have demonstrated the potential of
diatom-based systems in ophthalmic drug delivery. For
instance, one study highlighted the biocompatibility and
sustained release properties of diatom biosilica in ocular
formulations, showing enhanced drug retention on the
corneal surface [13]. Similarly, Another study explored
the use of diatoms for controlled drug release, report-
ing prolonged therapeutic effects and reduced dos-
ing frequency compared to conventional formulations
[16]. Additionally, bioactive molecules were successfully
incorporated into diatom-derived carriers, demonstrat-
ing their ability to enhance drug stability and bioavail-
ability [17]. These findings support the application of
diatom-based drug delivery systems in ophthalmology,
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reinforcing the rationale for the present study, which
aims to optimize drug loading and release characteristics
through chemical modifications of diatoms.

This study aims to evaluate the feasibility of using
chemically modified diatoms as a carrier for diclofenac
sodium in an ophthalmic suspension. Specifically, we
hypothesize that modification of diatoms will lead to an
increased drug loading capacity, prolonged drug reten-
tion on the ocular surface, and a more sustained drug
release profile over an extended period. These improve-
ments could potentially reduce the required dosing fre-
quency and enhance therapeutic efficacy compared to
conventional ocular formulations.

Methods and materials

Materials

The study used diatoms, which underwent purification,
heat treatment at 550 °C for four hours, and sieving to
obtain particles smaller than 75 um. Aluminum sulfate
hexadecahydrate (Al,(SO,);-16 H,0O), sodium hydrox-
ide, and potassium phosphate monobasic (sourced from
Sigma) were used in the modification process. Addi-
tionally, absolute ethanol and diclofenac sodium were
used for drug-loading processes. Distilled water, sodium
acetate, calcium chloride, sodium chloride, and sodium
bicarbonate (all supplied by Merck, Germany) were also
included among the reagents necessary for the experi-
mental procedures. The diatoms used in this study were
sourced from Iranian Nanomaterials Pioneers Company
(Iran). Prior to use, they underwent purification through
heat treatment at 550 °C for four hours, followed by
sieving to obtain particles smaller than 75 pm, ensur-
ing consistency in size and structure. Diclofenac sodium
(purity 299%) was purchased from Darou Pakhsh Phar-
maceutical Mfg. Co. (Iran). Other reagents, including
aluminum sulfate hexadecahydrate (Al,(SO,) ;-16 H,0),
sodium hydroxide (NaOH), and potassium phosphate
monobasic (KH,PO,), were obtained from Samchun
Chemicals (Iran) and were used without further puri-
fication. For the artificial tear fluid preparation, sodium
acetate, calcium chloride, sodium chloride, and sodium
bicarbonate were obtained from Kimia Pars Chemical
Company (Iran). All chemicals and reagents were of ana-
lytical grade to ensure accuracy in drug release testing
and formulation development.

Equipment

The research involved the use of various instruments
and equipment, including a centrifuge from Eppendorf
(Germany), a nanosizer and zetasizer from Malvern, and
a magnetic stirrer from Schott. Pipettors with a range of
100-1000 pL were also used, along with an oven from
Memmert, and a spectrophotometer provided by Jenway.
For accurate mass measurements, a Sartorius balance
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was employed. Additionally, the procedures required a
dialysis membrane with a 12,000 Da cut-off, volumetric
flasks, and a vortex mixer from Abincol. A shaker, pH
meter, and other necessary laboratory tools completed
the list of equipment used throughout the study.

Experimental procedures

Diatom modification

500 mg of diatoms were suspended in 50 mL of an
aqueous solution of aluminum sulfate (0.02 g/mL of
Al (SO,);-16 H,0O) on a magnetic stirrer. To complete
the modification process, 60 mL of a 0.1 M NaOH solu-
tion was gradually added while stirring. After 6 hours of
stirring, the suspension was centrifuged at 3000 rpm to
precipitate the modified diatoms, which were then dried
in an oven at 40 °C for 6 hours and ground to a powder.
Analyses using Scanning Electron Microscopy (SEM) and
Fourier Transform Infrared Spectroscopy (FTIR) were
performed to characterize the modified diatoms. The dia-
toms were subjected to heat treatment at 550 °C for four
hours to remove organic impurities, enhance structural
stability, and increase surface area for drug adsorption.
This temperature was chosen based on previous stud-
ies, which indicate that heating diatoms above 500 °C
effectively eliminates residual biological material with-
out compromising the integrity of the silica frustules.
Excessively high temperatures (e.g.,>600 °C) can lead
to structural collapse or sintering of the porous frame-
work, reducing the available surface area for drug load-
ing. By maintaining the treatment at 550 °C, we ensured
optimal porosity and thermal stability, which are cru-
cial for effective drug adsorption and sustained release.
The concentration of aluminum sulfate (0.02 g/mL) was
chosen based on preliminary studies indicating that this
ratio provides effective surface modification without
excessive aggregation or precipitation. The 6-hour stir-
ring period was selected to ensure thorough interaction
between diatoms and the modifying agent, allowing suffi-
cient time for aluminum ions to bind to the silica surface
and enhance drug loading capacity. Stirring beyond this
duration did not significantly improve modification effi-
ciency but increased the risk of diatom aggregation. The
temperature of 40 °C for drying was selected to facilitate
solvent evaporation while preventing structural degrada-
tion or pore collapse, ensuring the diatoms retained their
porosity and adsorption capacity for drug loading.

Characterization of diatoms before and after drug
adsorption

Scanning electron microscopy (SEM) SEM, along with
Energy-Dispersive X-ray Spectroscopy (EDS), was used to
examine the morphology and chemical composition of the
samples. The samples were mounted on aluminum hold-
ers with double-sided adhesive carbon tape and coated
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with a thin layer of gold prior to analysis. SEM was per-
formed to examine the surface morphology of unmodified
and modified diatoms. This analysis helps assess whether
surface modification altered the porosity and structural
integrity of the diatoms, which directly impacts drug
loading and release efficiency.

Fourier transform infrared spectroscopy (FTIR) FTIR
spectra were recorded using attenuated total reflectance
(ATR) on a Nicolet iS50 spectrometer, with a scan range
of 4000-400 cm™ and a resolution of 2 cm™. Background
scans were taken prior to sample scanning. Thermal
Analysis was conducted using a Netzsch STA 409 EP
(Selb, Germany) from 20 °C to 1000 °C at a heating rate of
10 °C/min in an inert atmosphere. FTIR spectroscopy was
used to identify functional groups present on the diatom
surface before and after modification. This analysis con-
firms whether chemical modification was successful and
whether diclofenac sodium interacted with the diatom
matrix through specific bonding mechanisms.

X-ray diffraction (XRD) analysis XRD patterns were
obtained with a D8 Advance X-ray Diffractometer. The
parameters were set to scan between 20 =2 to 50°, with a
step size of 0.02° and a total count time of 17.6 seconds per
step. The data were processed using DIFFRAC Plus Com-
mander v.2.6.1 software and analyzed using the PDF-2
database. XRD analysis was performed to determine the
crystallinity of diclofenac sodium before and after load-
ing onto diatoms. Changes in diffraction patterns indicate
whether the drug remains in its crystalline form or trans-
forms into an amorphous state upon adsorption, which
affects its dissolution rate and release profile.

BET isotherm adsorption studies BET analysis was
used to study gas adsorption on the sample surfaces,
allowing for estimation of surface area and pore char-
acteristics. BET analysis was conducted to measure the
surface area and pore volume of diatoms before and after
modification. This characterization is essential to under-
stand how modification affects porosity, which in turn
influences drug adsorption and controlled release proper-
ties.

The formula used for the BET analysis of surface area
is:

The BET equation used to determine the specific sur-
face area of the diatoms is given as:

1 _e-l P
V(& -1 VmC PO VmC

where:
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+ Vs the volume of gas adsorbed at equilibrium
pressure PPD,

« V,, is the monolayer adsorbed gas volume,

+ P,is the saturation pressure of the gas,

+ Cisthe BET constant, related to the energy of
adsorption.

This equation describes multilayer adsorption and is used
to calculate the specific surface area of the diatoms based
on nitrogen adsorption measurements.

In vitro drug release studies
Preparation of drug-loaded diatoms
The preparation of diclofenac sodium-loaded diatoms
was conducted using an adsorption method to ensure
efficient drug loading. A stock solution of diclofenac
sodium (4 mg/mL) was prepared by dissolving the drug
in distilled water containing 10% (v/v) absolute etha-
nol and was further diluted to obtain working solutions
ranging from 1 to 4 mg/mL. For drug loading, 0.05 g of
unmodified diatoms (Dia) or modified diatoms (Modia)
was added to 10 mL of the diclofenac solution in sepa-
rate Erlenmeyer flasks and stirred at 200 rpm at room
temperature to facilitate adsorption. After 6 hours of
stirring, the suspension reached adsorption equilibrium
and was centrifuged at 3000 rpm for 5 minutes to sepa-
rate the drug-loaded diatoms from the supernatant. The
remaining diclofenac concentration in the supernatant
was measured using UV spectrophotometry at 275 nm to
determine drug loading efficiency.

The drug loading capacity (DL%) was calculated using
the following equation:

DLV — < Wdrugloaded) <100

Wtotal

where:
W arug toadea 18 the weight of diclofenac sodium adsorbed
onto the diatoms,
W, o:a1 is the total weight of the drug-loaded diatoms.
This formula determines the percentage of drug incor-
porated into the diatom carriers relative to the total
formulation weight, which is essential for assessing the

efficiency of the drug delivery system.

Release testing

The in vitro drug release profile of diclofenac sodium
from unmodified and modified diatoms was evaluated
using a dialysis bag diffusion method in simulated arti-
ficial tear fluid. The artificial tear fluid was prepared by
dissolving sodium chloride (0.67 g/L), sodium bicarbon-
ate (0.20 g/L), and calcium chloride dihydrate (0.008 g/L)
in distilled water, adjusting the pH to 7.4 to mimic physi-
ological tear conditions. A dialysis membrane (molecular
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weight cut-off: 12,000 Da) was pre-soaked in distilled
water at 70 °C for 1 hour to ensure permeability. For the
drug release setup, 10 mg of drug-loaded diatoms (either
unmodified or modified) was placed inside the pre-
soaked dialysis membrane, which was tightly sealed and
suspended in 50 mL of artificial tear fluid in a beaker. The
system was maintained at 35 °C+0.5 °C under continu-
ous stirring at 100 rpm to simulate ocular conditions. At
predefined time intervals (0, 0.5, 1, 2, 4, 6, and 8 hours),
3 mL of release medium was withdrawn and immediately
replaced with fresh artificial tear fluid to maintain sink
conditions. The collected samples were filtered through
a 0.22 pum membrane filter and analyzed using UV-Vis
spectrophotometry at 275 nm to determine the concen-
tration of released diclofenac sodium. The percentage of
drug released was calculated using the equation below,
where C, is the cumulative amount of drug released at
time t, and C,, is the total drug content in the sample.
Drug release profiles were plotted as cumulative drug
release (%) vs. time (hours) to compare the release kinet-
ics of unmodified and modified diatoms, and further
analyzed using zero-order, first-order, Higuchi, and Kors-
meyer-Peppas models to determine the mechanism of
drug release.

Ct
%Drug Released = (Ctoml>

Validation of the UV spectrophotometry method for
diclofenac

Calibration curve construction A calibration curve for
diclofenac was established with concentrations of 1, 2.5,
5, 10, 20, 30, 60, and 80 mg/L, using spectrophotometric
measurements at 275 nm. Data were analyzed using Ori-
gin software to confirm linearity.

Precision of UV spectroscopy Five concentrations (5,
7.5, 10, 15, and 20 mg/mL) were measured in triplicate
to calculate the precision as Relative Standard Deviation
(RSD%), using the formula:

RSD — Standard Deviation <100
Mean

Accuracy of UV spectroscopy The accuracy was deter-
mined by measuring three replicates of five different con-
centrations on three separate days.

Sensitivity of UV spectroscopy

The Limit of Quantification (LOQ) and Limit of Detec-
tion (LOD) were calculated for a 5 pg/mL concentration
based on three replicates using the following formulas:
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LOQ = 10+ Standard Deviation of Blank Response

Slope of Calibration Curve

LOD — 3.3+ Standard Deviation of Blank Response

Slope of Calibration Curve

Release testing procedure

A dialysis membrane with a 12,000 Da cut-off was
soaked in water at 70 °C for an hour before use. Modi-
fied diatoms containing the drug were placed inside the
membrane, which was submerged in artificial tear fluid
at 35 °C. Release sampling was done every 30 minutes
for 8 hours, measuring absorbance spectrophotometri-
cally. The maximum absorption wavelength (Amax) of
diclofenac sodium was determined to be 275 nm, which
aligns with previously reported values in the literature.
This value was confirmed by scanning a standard solu-
tion of diclofenac sodium (10 pg/mL) in a UV-Vis spec-
trophotometer (200-400 nm range), showing a strong
absorbance peak at 275 nm. The calibration curve con-
structed in this section was used for quantifying diclof-
enac sodium concentrations in the in vitro drug release
study (Section 2.4.2). UV-Vis spectrophotometry was
used to quantify diclofenac sodium concentration in drug
loading and release studies. The accuracy of this method
ensures reliable measurement of drug content, which is
critical for evaluating formulation performance.

In vitro cytotoxicity testing

The cytotoxicity of unmodified and modified diatoms
was evaluated using MDA-MB-231 (human breast can-
cer) and HEP-G2 (human liver cancer) cell lines to assess
their biocompatibility. The cell lines were obtained from
the American Type Culture Collection (ATCC, USA)
and were maintained under standard culture conditions
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin (100 U/mL), and 1% L-glutamine. The cells
were incubated at 37 °C in a 5% CO, atmosphere under
humidified conditions.

For the cytotoxicity assay, cells were seeded into
96-well plates at a density of 1x10* cells per well and
allowed to adhere for 24 hours. After adherence, cells
were treated with different concentrations of diatoms
(unmodified and modified) at 25, 50, 100, and 200 pg/mL
for 24 and 48 hours, while control wells contained only
culture medium without treatment. Following incuba-
tion, 20 pL of MTT reagent (5 mg/mL in PBS) was added
to each well and incubated for 4 hours at 37 °C. The
resulting formazan crystals were dissolved in 100 uL of
dimethyl sulfoxide (DMSO), and absorbance was mea-
sured at 570 nm using a microplate reader to determine
cell viability. The percentage of viable cells was calculated
to assess the cytotoxic effects of the diatom formulations.
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Results

Physicochemical characterization

SEM imaging findings

SEM microscopy and the morphology of the diatoms
are depicted in Fig. 1. Column 1 (Dia) shows the typical
skeletal structure of unmodified diatoms, with frustules
exhibiting orderly pores on the surface, which are ideal
for drug loading. In Column 2 (Modia), after modifica-
tion, no significant topographical changes are observed,
except for surface salt deposits. Column 3 (Dia + Dic)
illustrates diatoms loaded with diclofenac, revealing
slight occlusion of the pores, indicating a minimal drug
load. In contrast, Column 4 (Modia+Dic) demonstrates
modified diatoms loaded with diclofenac, showing exten-
sive pore coverage, suggesting a significant drug load.
A comparison of the columns confirms the presence of
diclofenac on both types of diatoms, and between Col-
umns 3 and 4, it is evident that the modification notably
increased the drug loading capacity of the diatoms.

Elemental mapping analysis

In the elemental mapping analysis, drug-loaded unmodi-
fied diatoms (Dia + Dic) were compared with drug-loaded
modified diatoms (Modia + Dic). As shown in Fig. 2, the
modified diatoms with diclofenac (Modia+ Dic) display
increased percentages of elements such as sulfur, oxygen,
aluminum, and chlorine, confirming surface modification
and increased drug loading on the modified diatoms.

X-ray diffraction (XRD)
XRD diffraction patterns for diclofenac (Dic), unmodified
diatoms (Dia), modified diatoms (Modia), drug-loaded
unmodified diatoms (Dia + Dic), and drug-loaded modi-
fied diatoms (Modia + Dic) are presented in Fig. 3. The
XRD pattern of the unmodified diatoms shows a typical
silica structure with reflections at 26 =20-25°, confirm-
ing an amorphous hydrated silica (opal A) structure.
Diffraction peaks at 20 =20.8, 26.6, and 36.5 correspond
to quartz, while peaks at 20=8.8, 17.7, 19.7, 25.4, 26.6,
and 34.8 correspond to illite. The diffraction pattern
of modified diatoms remains consistent with unmodi-
fied diatoms, indicating no structural changes during
the modification process. No diclofenac peaks in the
Dia + Dic diffractogram, is possibly due to the low con-
tent of absorbed drug or its amorphous form.

The particle size of the developed formulation can be
estimated using X-ray diffraction (XRD) data by applying
the Scherrer equation:

KX
" Bceosh

where:
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Modia+dic

Dia+Dic

Fig. 1 Confirms the effectiveness of modification, as the modified diatoms exhibit greater drug loading than the unmodified ones
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Fig. 2 Elemental Mapping Analysis test results for diatom + diclofenac (Dia + Dic) and modified diatom + diclofenac (Modia + Dic) samples

« Dis the crystallite size,

« Kis the shape factor (typically 0.89),

+ \is the X-ray wavelength,

+ P is the full-width at half maximum (FWHM) of the
diffraction peak (in radians),

+ 0is the Bragg angle.

By applying this equation to the characteristic peaks
observed in the XRD patterns, the estimated crystallite
size of diclofenac-loaded modified diatoms (Modia + Dic)

can be calculated. Determining particle size is critical for
drug delivery, as smaller particles enhance drug dissolu-
tion rates and bioavailability.

FTIR spectra

The chemical structure and functional groups in diclof-
enac (Dic), unmodified diatoms (Dia), modified diatoms
(Modia), drug-loaded unmodified diatoms (Dia+ Dic),
and drug-loaded modified diatoms (Modia+Dic) were
characterized using FTIR spectroscopy. Each peak
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fied diatoms, showing diclofenac peaks for aromatic groups at 1453 and
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Fig. 5 Thermal stability (TGA) results of modified diatoms (Modia) and
modified diatom + diclofenac (Modia + Dic) samples

represents absorption at a specific wavenumber, indicat-
ing the presence of functional groups (Fig. 4). The FTIR
spectrum of diatoms exhibited characteristic bands at
455 cm™, 799 ¢cm™, and 1064 cm™, corresponding to
symmetric and asymmetric Si—-O-Si bonds in diatom
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silica, along with quartz and illite impurity bands from
heat treatment. Modification with aluminum sulfate
slightly increased the intensity of HOH (1634 ¢cm™) and
OH (3373 cm™) absorption bands. After drug loading,
weak bands at 1453 cm™, 1506 cm™, and 1628 cm™ con-
firmed the presence of diclofenac sodium, verifying suc-
cessful drug incorporation into the diatom matrix.

Thermal Analysis (TGA)

Thermal decomposition properties of modified diatoms
with and without diclofenac were analyzed by TGA.
The thermograms in Fig. 5 show a two-stage weight-
loss process beginning at 180 °C, attributed to dehydra-
tion. Unmodified modified diatoms start losing weight
at 180 °C, followed by a gradual decrease up to 310 °C,
with a total weight loss of approximately 2.1% at 1000 °C.
Modified diatoms with diclofenac show a faster weight-
loss rate after 180 °C, continuing until 370 °C, after which
the rate slows (Fig. 5). Total weight loss for drug-loaded
modified diatoms reaches approximately 2.1% at 1000 °C.
Comparing the weight loss between the modified dia-
toms and drug-loaded modified diatoms shows that the
drug-containing structure decomposes faster, suggesting
higher thermal sensitivity in the presence of the drug.
TGA was used to assess the thermal stability of modified
diatoms and drug-loaded formulations. This helps deter-
mine whether the modification process alters the thermal
resistance of diatoms and whether the presence of diclof-
enac sodium affects the degradation temperature.

BET adsorption isotherm analysis

BET analysis results, shown in Fig. 6, reveal a reduction
in pore size after drug loading on modified diatoms, indi-
cating effective drug encapsulation.

The BET analysis revealed that the equilibrium time
for both unmodified and modified diatoms was 6 hours,
indicating sufficient interaction between the adsorbent
and the drug molecules. This suggests that beyond this
duration, additional adsorption was minimal, confirming
that 6 hours is an optimal time frame for drug loading.
This finding aligns with previous studies on silica-based
carriers, which report similar adsorption equilibrium
times for porous materials with high surface areas.

Differential Scanning Calorimetry (DSC)

DSC analysis of diclofenac, modified diatoms, and modi-
fied drug-loaded diatoms are shown in Fig. 7. For diclof-
enac, two endothermic peaks appear around 30 °C and
300 °C, with an exothermic peak at 280 °C. Endother-
mic activity resumes at about 480 °C. The DSC curves
for modified diatoms and drug-loaded modified diatoms
are similar to each other but differ from pure diclofenac,
showing a gradual endothermic increase starting at about
50 °C, with minor fluctuations and a small endothermic
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Fig. 7 DSC diagram for diclofenac (Dic), modified diatoms (Modia) and
modified diatom + diclofenac (Modia + Dic) samples

Table 1 Data obtained from different concentrations of
diclofenac solution for calibration diagram

Absorbance
C (ug/ml) A1l A2 A3 RSD
2.5 0.087 0.088 0.089 1.13636
5 0.168 0.168 0.168 0
10 0232 0234 0234 0.49487
20 0.657 0.658 0.660 0.23203
30 1 1 1 0
40 132 1.321 1.321 0.043720
80 2.531 2526 2523 0.15995

peak near 190 °C in drug-loaded modified diatoms. DSC
was employed to study the thermal behaviour of diclof-
enac sodium, modified diatoms, and drug-loaded dia-
toms. This technique identifies phase transitions, such

as melting or decomposition, providing insights into the
physical state of the drug within the carrier.

Drug release testing

Calibration curve

A calibration curve was established for diclofenac over
a concentration range of 1-80 pg/mL, with absorbance
measured at 275 nm. This process was repeated three
times for accuracy, and results were recorded for both
water-ethanol and artificial tear solutions. The average
values for each concentration are shown in Table 1. The
calibration curves for both solutions were then generated
(Figure 8 and 9). The validation of the UV spectropho-
tometry method confirmed its accuracy and precision for
diclofenac quantification. The calibration curve demon-
strated strong linearity (R*>0.99) over the tested concen-
tration range, indicating reliable measurement capability.
Additionally, the low relative standard deviation (RSD%)
values confirmed the reproducibility of the method.
These findings validate the suitability of the UV spectro-
photometry technique for analysing diclofenac sodium in
the release and drug loading studies.

UV spectroscopy accuracy and precision results

The accuracy and precision of the UV spectroscopy
method for diclofenac in artificial tear solution are pre-
sented in Table 2.

Measurement of drug loading

The relationship between diclofenac sodium concentra-
tion and drug loading on diatoms is shown in Fig. 10. As
diclofenac concentration increases, the drug loading on
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Fig. 8 Diclofenac calibration curve in water-ethanol solution with standard deviation error bars (n=3, mean=+SD)

2.5+
8 20 Equation y=a+b%
c Plot E
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'5 Intercept 0.01445+0.01201
) Slope 0.03078 + 3.49665E-4
o 107 Residual Sum of Squares 0.00366
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Fig. 9 Diclofenac calibration curve in artificial tear fluid with standard deviation error bars (n=3, mean +SD)

Table 2 Accuracy and Accuracy of UV Spectroscopy Method for 100 100
Diclofenac in Artificial Tears 99 1 99 =
Absorbance 2? ] X 23 °\;
C Al A2 A3 RSD o =02
1 0037 0036 0037 157459 < 961 96 3
' ' ' ’ ® 95 - 295 =
25 0.075 0.075 0.075 0 S w
o 71 L7 §
5 0.162 0.163 0.163 0.35493 a =
o 6 -6 ©
10 0316 0316 0.315 0.18290 _g 5 5 7
20 0.638 0.638 0.637 0.090504 § 4 4 §
30 0.946 0.947 0.946 0.06101 3] [ 3 |_|CJ
40 1.294 1.294 1.294 0.000 5] [ 5
80 2449 2446 2452 0.12250 1] .
0 —il i ﬂ Lo
1 2 3 4

diatom surfaces also increases, reaching its highest load-
ing percentage at maximum diclofenac concentration.
Additionally, with increased diclofenac concentration,  Ffig, 10 Results related to encapsulation and drug loading in diatorns
encapsulation efficiency improves as expected due to the  (N=3,+5D)

higher ratio of loaded drug. For modified diatoms, drug

loading efficiency is significantly higher, reaching around

Concentration of DS (mg.ml™")
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50%, confirming that the modification process enhances 100 10
drug encapsulation. 90 1 [ 90 ~
These results were much better for modified diatoms . 80 1 - 80 ?
and showed that the rate of drug encapsulation was % 70 - - 70 £
modified when using diatoms and subsequently the drug £ 4, [ 60 2
loading rate was higher and reached about 50%. As a A& 50 | [ 5 =
result, the results show that modification of diatoms by g %
the mentioned method increases drug enclosure by this 3 40 1 [ 40 3
structure (Fig. 11). 30 - 30 §
In the drug loading diagram for the modified diatoms, 20 - - 20 W
an increase in the percentage of the loading degree is 10 4 o
observed. This indicates a greater amount of drug loading o . [ &
as the concentration of the diclofenac sodium solution 1 2 3 4

increases. However, in this graph, while the concentra-
tion of the diclofenac sodium solution rises, there is a
decreasing trend in the encapsulation efficiency. This
is due to the increase in the numerator being less than
the corresponding increase in the denominator, which
results in a lower value for the fraction. Consequently,
despite the increase in the total drug loading observed
in the loading degree diagram at higher concentrations,
the overall fraction data becomes smaller, leading to a
decrease in encapsulation efficiency.

Drug release from drug-loaded diatoms

The drug release from each formulation was monitored
over 8 hours, with three replicates performed for each
release test. The corresponding absorption values are pre-
sented in the table columns. Regarding the drug release
method, as shown in the diagrams, the unmodified dia-
toms exhibit a rapid drug release rate in the initial hours,
especially at lower concentrations. This rate declines over
time, likely due to the reduced amount of drug present,
as the percentage of drug loading and encapsulation in
this system is less than 10%. In contrast, for the modi-
fied diatoms, the drug release process is relatively slow at
first, followed by increases at a nearly constant rate over
8 hours. Afterward, the release continues to rise over
the subsequent 8 hours. Therefore, when compared to
unmodified diatoms, the drug release from modified dia-
toms is slower, which suggests a higher durability of the
drug’s effect and greater efficiency when using the loaded
form as opposed to the unmodified form (Table 3).

In vitro cytotoxicity testing

The cytotoxicity of both unmodified and modified dia-
toms was evaluated on MDA-MB-231 and HEP-G2 cell
lines at concentrations of 25, 50, 100, and 200 pg/mL
over 24 and 48 hours. The results showed no significant
impact on cell viability for either diatom type, indicating
low cytotoxicity for both unmodified and modified dia-
toms (Fig. 12).

Concentrartion of DS (mg.ml™")

Fig. 11 Results related to encapsulation and loading of drugs in modified
diatoms (N=3,+SD)

Table 3 It presents the absorbance values and corresponding
drug release percentages at different time intervals. The results
confirm that modified diatoms release diclofenac more gradually
than unmodified diatoms, demonstrating their potential for
sustained ocular drug delivery

Time Absorbance Drug Absor- Drug Re-
(hours)  (Unmodified) Release (%) bance lease (%)
(Unmodified) (Modified) (Modified)
0 0.000 0.0 0.000 0.0
0.5 0.250 152 0.180 9.5
1 0420 287 0310 173
2 0.680 458 0.500 276
4 0.890 62.1 0.730 418
6 1.020 783 0.890 56.2
8 1.150 924 1.010 68.5
100 I Dia(1mg/mi)
Dia(2mg/ml)
3 95 4 I Dia(3mg/ml)
2_, I Dia(4mg/ml)
) 902
7]
3 20;
& 15
2 10
S
o ;]
04
0 2 4 6 8
Time (h)

Fig. 12 Drug release curve from modified diatoms at different concentra-
tions (N=3,+SD)

In-vitro cytotoxicity test

Cytotoxicity of modified diatoms and diatoms was per-
formed on two cell lines MDA-MB-231 and HEP-G2 at
four different concentrations of 25, 50, 100 and 200 pg/ml
of modified diatoms and diatoms at two different times of
24 hours and 48 hours. The results were that the modified
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Fig. 13 Cytotoxicity assessment of diatoms (Dia) and modified diatoms (Modia) on MDA-MB-231 and HEPG2 cell lines, evaluated 24 and 48 hours after
exposure. Statistical analysis was conducted using ANOVA, with all datasets compared to the negative control (HBSS with a pH of 7.4). HBSS-HEPES (pH
74) served as the negative control. The error bars represent the standard deviation (S.D.)

diatoms and diatoms did not show a significant change in
cell viability confirming that both diatoms and modified
diatoms had low cytotoxicity (Fig. 13).

Discussion

The SEM analysis provided valuable insights into the
morphological stability of the diatoms following chemi-
cal modification. The observation of salt residues and
fuller pore coverage in the modified diatoms, compared
to the limited drug loading on unmodified diatoms, indi-
cates that the chemical treatments with aluminum sulfate
and sodium hydroxide improved drug loading capacity.
This suggests that modified diatoms are well-suited to act
as controlled drug release systems, as the reduced pore
size shown by BET analysis also confirms increased drug
retention capacity. These findings are consistent with
studies that emphasize the role of surface modification in
enhancing the drug adsorption efficiency of natural silica
structures, such as diatoms [11, 18—20].

The SEM images revealed that the modified diatoms
retained their porous structure after chemical treat-
ment, with increased surface deposits indicating suc-
cessful drug loading. The morphology of the diatom
frustules plays a crucial role in drug release kinetics, as

their porous architecture governs adsorption and diffu-
sion processes. Previous studies on porous silica-based
carriers have demonstrated that a well-preserved pore
network enhances sustained drug release by modulating
diffusion rates and preventing burst release [21]. Simi-
larly, nanotube-based carriers have shown that surface
area and pore structure significantly impact drug reten-
tion and controlled release profiles [22].

Various nanocarrier systems, such as nanotubes and
nanoparticles, have been widely explored for sustained
drug delivery due to their high surface area, tunable
porosity, and controlled release properties. Studies have
shown that polymer-based nanoparticles and inorganic
nanotubes provide effective drug encapsulation and
prolonged release [23]. Additionally, biopolymer-based
nanoparticles have demonstrated enhanced mucoadhe-
sion and drug bioavailability for ophthalmic applications
[24]. Similarly, nanotube-based carriers have been inves-
tigated for their ability to modulate drug release kinetics
and improve therapeutic efficacy [25].

The XRD patterns of unmodified and modified diatoms
displayed characteristic amorphous silica and quartz
peaks, confirming that the structural integrity of dia-
toms was maintained after chemical modification. This
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preservation is essential, as it ensures that the diatoms
remain effective as drug carriers without compromis-
ing their porosity or adsorption capacity. Additionally,
the presence of minor peaks corresponding to illite and
quartz suggests that trace mineral compositions in the
diatoms do not interfere with their suitability for phar-
maceutical applications. These results align with previous
studies where modified diatoms retained their structure
post-modification while demonstrating enhanced drug-
loading efficiency [26—28]. Moreover, the observed peaks
corresponding to illite and quartz support findings that
trace mineral compositions do not detract from the dia-
toms’ suitability for pharmaceutical applications [29].

Analysis of pure diclofenac sodium revealed sharp
crystalline peaks, characteristic of its highly ordered
structure. However, after adsorption onto diatoms, these
peaks diminished or disappeared, indicating a transition
to an amorphous or partially disordered state. This effect
was more evident in modified diatoms (Modia+ Dic)
compared to unmodified ones (Dia+Dic), suggesting
that surface modification enhances drug adsorption and
disrupts the crystalline nature of diclofenac. The trans-
formation into an amorphous state is beneficial, as it
reduces lattice energy, thereby increasing solubility and
dissolution rate, which are critical factors for improving
drug bioavailability.

These findings are consistent with studies on silica-
based drug carriers, where adsorption onto porous
materials promotes crystallinity reduction, enhancing
dissolution and sustained release properties [30]. The
stronger interactions in Modia + Dic, likely due to func-
tional groups introduced during modification, contrib-
ute to improved drug retention and controlled release
kinetics. This suggests that modified diatoms serve as an
effective carrier for ophthalmic drug delivery, offering a
stable, sustained-release formulation that could poten-
tially reduce dosing frequency and improve therapeutic
outcomes.

The FTIR analysis confirmed that the structural integ-
rity of diatoms was maintained after chemical modi-
fication, as key silica bands remained unchanged. The
appearance of carboxylate (-COO~) groups in the spec-
tra of drug-loaded samples provided direct evidence of
diclofenac binding. Interestingly, the absence of a distinct
secondary amine (N-H) peak in drug-loaded diatoms
suggests a spatial rearrangement of diclofenac molecules,
likely due to preferential interactions between carboxyl-
ate groups and the modified diatom surface. These obser-
vations align with previous studies on silica-based drug
carriers, where surface functionalization promoted sta-
ble drug adsorption through electrostatic and hydrogen
bonding interactions [31, 32].

Comparing the FTIR spectra of pure diclofenac sodium,
unmodified diatoms (Dia), modified diatoms (Modia),
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and drug-loaded diatoms (Dia+Dic and Modia + Dic)
revealed key drug-carrier interactions. The carbonyl
(C=0) stretching peak at 1570 cm™ and N-H bending
at 1550 cm™, characteristic of diclofenac sodium, shifted
or decreased in intensity after adsorption. This shift sug-
gests stronger electrostatic interactions and hydrogen
bonding between diclofenac and functional groups pres-
ent on modified diatoms. Additionally, the broadening of
the Si—O-Si stretching peak at 1064 cm™ in drug-loaded
modified diatoms indicates chemical interactions within
the silica framework, further confirming effective drug
incorporation.

These spectral changes support the hypothesis that
modification enhances drug loading efficiency, rein-
forcing the role of functional groups in sustained drug
release. Previous studies on porous silica-based carriers
have demonstrated that controlled surface modifications
lead to improved drug retention and extended-release
profiles, which are particularly beneficial for ophthalmic
drug delivery [33]. The observed structural interactions
in Modia+Dic suggest that surface-modified diatoms
provide a stable platform for prolonged drug release,
improving formulation stability and therapeutic efficacy.

The TGA and DSC analyses provided further validation
of the formulation’s thermal properties, revealing that
drug-loaded modified diatoms (Modia+Dic) exhibited
slightly reduced thermal stability compared to unloaded
samples. The initial mass loss around 180 °C was attrib-
uted to dehydration, while the faster decomposition rate
in drug-loaded diatoms suggests that drug incorporation
alters thermal stability. However, the similarity in decom-
position patterns between modified and unmodified dia-
toms indicates that the structural integrity of the diatom
framework remains largely unaffected, supporting the
idea that modified silica materials can withstand mod-
erate thermal fluctuations without compromising drug
release efficacy [34].

The increased thermal sensitivity of drug-loaded dia-
toms can be attributed to several factors. First, diclof-
enac sodium has a lower decomposition temperature
than silica, making the drug-encapsulated formulation
more prone to degradation at lower temperatures. Sec-
ond, surface modification enhances drug adsorption,
introducing additional functional groups that may alter
the silica network, thereby affecting the thermal stabil-
ity of the composite. Lastly, the porous nature of diatoms
facilitates the volatilization of diclofenac, leading to an
earlier onset of decomposition compared to bulk diclof-
enac. These findings align with previous studies on meso-
porous silica-based drug carriers, which report similar
trends in thermal stability and controlled drug release.
Future studies should explore the effect of different drug
concentrations on thermal stability to further optimize
formulation robustness [35].
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The relationship between diclofenac concentration
and drug encapsulation efficiency observed in this study
aligns with findings from previous research on modi-
fied diatoms. Higher diclofenac concentrations resulted
in increased drug loading, supporting the theory that
surface modification enhances the number of active
adsorption sites on diatoms, thereby optimizing the
encapsulation process. This improved adsorption con-
tributes to the sustained drug release profile, as observed
over the 8-hour testing period, suggesting that modified
diatoms could serve as an effective delivery system for
prolonged therapeutic action [13, 36].

Several studies have reinforced these findings. For
instance, Zhang et al. [37] demonstrated that surface-
modified diatoms significantly improved drug retention
and bioavailability for diclofenac sodium [37]. Another
study utilizing diatom nanoparticles (DNPs) with dual
modifications (PEG and CPP coatings) for cancer ther-
apy found that enhanced biocompatibility and cellular
uptake contributed to extended drug release and thera-
peutic effectiveness [38]. These results suggest that modi-
fied diatoms have potential not only for ophthalmic drug
delivery but also for broader pharmaceutical applications
requiring sustained release formulations.

The drug release profiles observed in this study corre-
late with the morphological characteristics of modified
diatoms. SEM analysis confirmed that the porous struc-
ture was preserved after modification, enabling gradual
diffusion-based drug release rather than an immediate
burst effect. The enhanced drug loading in modified dia-
toms can be directly linked to surface modifications
that improve adsorption efficiency. Previous studies on
porous silica carriers have reported similar findings,
where maintaining a high surface area and controlled
pore structure leads to prolonged drug release, reinforc-
ing the potential of diatom-based carriers for sustained
ophthalmic drug delivery [14].

Elemental mapping analysis further validated the
success of surface modification and drug loading.
The increased presence of sulfur, oxygen, aluminum,
and chlorine in modified diatoms with diclofenac
(Modia + Dic) confirmed successful surface functional-
ization. The increase in aluminum content is attributed
to the aluminum sulfate treatment, which introduces
active adsorption sites through electrostatic interactions.
Similarly, oxygen enrichment suggests the formation of
hydroxyl (-OH) and carboxyl (-COO~) groups, which
strengthen interactions with diclofenac sodium. The
presence of sulfur and chlorine further supports success-
ful drug adsorption, as these elements are inherent com-
ponents of diclofenac sodium.

Previous research on silica-based and porous car-
riers has demonstrated that surface modifications
enhance drug adsorption efficiency [39]. Specifically,
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aluminum-based modifications have been reported to
increase ionic interactions with drug molecules, improv-
ing drug retention and controlled release properties.
Similarly, studies on mesoporous silica nanoparticles
have shown that functional groups such as carboxylate
and hydroxyl groups contribute to sustained drug release,
further supporting the potential of modified diatoms as
an effective drug carrier system [40].

These findings support the hypothesis that elemental
changes in modified diatoms result from surface func-
tionalization, which enhances drug adsorption through
electrostatic interactions, hydrogen bonding, and
increased surface area [41]. Future research should fur-
ther explore the binding mechanisms using advanced
spectroscopic techniques such as X-ray photoelectron
spectroscopy (XPS) to precisely determine drug-diatom
interactions. These insights will aid in further optimizing
diatom-based carriers for enhanced drug delivery perfor-
mance and clinical applications.

Limitations and future studies

While this study highlights the potential of modified
diatoms for ocular drug delivery, several limitations
should be acknowledged. The study was conducted in
vitro, and the formulation’s performance in vivo remains
unexplored. Further investigations are needed to assess
biological interactions with ocular tissues, potential irri-
tation, and long-term stability. Additionally, while the
drug loading and release profiles were promising, future
research should explore the impact of alternative sur-
face modifications or coatings on drug encapsulation
efficiency.

Ensuring the biocompatibility and safety of modified
diatoms is essential for their ophthalmic application.
While this study demonstrated low cytotoxicity in vitro,
further in vivo evaluations are necessary to assess ocular
tolerance, healing response, inflammation potential, and
long-term safety. Previous research on nanoporous silica
carriers has shown that in vitro compatibility does not
always predict in vivo outcomes, as factors such as tear
film interaction, enzymatic degradation, and immune
response activation can influence performance. There-
fore, future research should include animal model stud-
ies to evaluate corneal retention, intraocular pressure
changes, and histopathological effects, followed by clini-
cal trials to confirm therapeutic efficacy.

Beyond drug release and cytotoxicity evaluations, rig-
orous quality control testing is crucial to ensure the
safety and efficacy of ophthalmic formulations. Essential
assessments include sterility testing to prevent microbial
contamination, clarity tests to eliminate visible particu-
late matter that could cause ocular irritation, and metal
particle analysis to detect any residual metal content that
may pose toxicity risks. Incorporating these evaluations
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will provide a comprehensive safety profile for diatom-
based drug carriers, ensuring their suitability for clinical
applications.

Future studies should also focus on optimizing diatom
surface chemistry to enhance ocular retention and drug
bioavailability. Functionalizing diatoms with bioadhe-
sive polymers or mucoadhesive coatings may improve
their residence time in the eye, leading to more sus-
tained drug release. Additionally, investigating the use
of diatom-based carriers for other ophthalmic drugs or
combination therapies could expand their applications in
sustained ocular drug delivery, making them a versatile
platform for future therapeutic advancements.

Conclusion

In conclusion, the results of this study underscore the
potential of modified diatoms as a promising drug deliv-
ery system, with applications in ophthalmology and
possibly in other areas such as oncology. The structural
stability, increased drug loading capacity, and controlled
release profile observed with modified diatoms support
their use as effective carriers for delivering therapeutic
agents in a sustained manner. However, to fully confirm
the clinical efficacy and safety of this system, further in
vivo studies and long-term stability assessments are
recommended.
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