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ABSTRACT: Oral pharmaceutical formulations require long-term
physicochemical stability to preserve therapeutic efficacy and
maintain consistent drug quality across diverse storage and
distribution environments. However, maintaining the performance
of moisture-sensitive formulations in harsh and variable environ-
ments remains a persistent challenge. Recent advances in
nanocoating technologies have generated significant interest as
next-generation strategies to improve the stability and long-term
shelf life of oral pharmaceutical formulations, yet challenges in
coating efficiency, scalability, and conformal deposition on complex
tablet geometries remain. Here, we report a scalable cold
atmospheric plasma (CAP)-assisted approach for the direct and
conformal deposition of silicon oxide (SiO,) thin-film nanocoatings
to enhance moisture barrier performance and extend tablet shelf life, using amoxicillin tablets as a model formulation. A systematic
optimization of plasma scan speed and nozzle-to-substrate distance enabled uniform SiO, deposition while minimizing thermal
exposure to the tablet. The optimized SiO, nanocoating was comprehensively characterized to evaluate the long-term moisture
barrier performance and stability under accelerated aging conditions. Compared with pristine tablets, SiO,-nanocoated tablets
exhibited significantly enhanced stability, retaining over 50% of their initial chemical structure, crystallinity, and antibiotic content for
up to 16 days under elevated temperature and humidity (75% RH, 40 °C). Furthermore, the coated tablets maintained broad-
spectrum antibacterial activity against Staphylococcus aureus and Escherichia coli for 8 days, extending functional performance by 6
days relative to pristine controls while preserving cytocompatibility throughout the exposure period. Overall, this work demonstrates
a scalable, conformal, and low-thermal-load plasma nanocoating strategy that substantially enhances the stability and shelf life of
moisture-sensitive pharmaceutical tablets, offering a promising alternative for reliable drug protection in demanding storage and
distribution environments.
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1. INTRODUCTION routes offer advantages such as rapid absorption and precise
Pharmaceutical formulations define the engineered interface drug delivery but are often associated with limitations,
between drug discovery and clinical application, enabling the including cannula-related infections, thrombophlebitis, and
transition of active pharmaceutical ingredients (API) into patient discomfort.” Additionally, such formulations require
stable, effective, and patient-ready therapies.”” Their evolution specialized storage systems and contribute to increased
has shaped global healthcare by enabling precise delivery, logistical complexity and resource demands, including syringes,

controlled release, and reliable pharmacological performance
across increasingly complex and chronic disease landscapes.'
This advancement has driven significant expansion in the
pharmaceutical sector, with the U.S. market valued at $634.3
billion in 2024 and projected to grow at a compound annual
rate of 5.72% through 2030, owing to the rising chronic disease Received:  February 23, 2026
burden, population aging, and broader access to healthcare.’ Revised:  April 10, 2026
Addressing these demands necessitates the development and Accepted:  April 19, 2026
application of diverse administration routes, including oral, Published: April 28, 2026
inhalation, injection, transdermal, nasal, and ocular delivery

systems.4 Among these, injection, transdermal, and inhalation

sterilization procedures, and administration by trained person-
nel.” For example, injectable drugs such as insulin, diazepam,
isoproterenol, and lorazepam have been shown to lose between
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11% and 75% of their intended potency within 4 weeks to 7
months when stored at room temperature (15 to 30 °C).%’

In contrast, oral solid dosage forms, particularly tablets,
account for over 53% of all pharmaceutical formulations and
are widely preferred due to their production efficiency, ease of
administration, high patient compliance, and elimination of the
need for specialized storage or handling.® However, despite
these advantages, oral formulations remain susceptible to
chemical and physical degradation pathways such as hydrolysis,
oxidation, polymorphic transitions, and crystallization, often
accelerated by environmental stressors including moisture,
oxygen, light, heat, and mechanical stress.” !¢ Among these,
environmental hydrolysis, oxidation, and thermal degradation
account for nearly 87% of all reported degradation pathways
across pharmaceutical samples and have been consistently
identified as the dominant mechanisms affecting the stability of
oral APIs, posing major challenges for maintaining efficacy
under real-world storage and handling conditions."’ During
hydrolysis, water vapor absorbed from the environment into
the tablet matrix cleaves labile chemical bonds such as esters,
amides, and f-lactam groups, resulting in potency loss and
altered pharmacokinetics.'” Thermal degradation accelerates
molecular rearrangements, promotes oxidative reactions, and
induces volatilization of sensitive components at elevated
temperatures, further amplifying degradation risks."” These
processes undermine the structural integrity, disintegration
properties, and dissolution performance of oral dosage forms,
reinforcing the need for robust protective strategies to ensure
long-term stability.

To mitigate such degradation risks, pharmaceutical products
employ external protective measures with packaging acting as
the primary barrier against environmental stressors. Blister
packs and foil pouches are widely recognized for their high
effectiveness in protecting tablets from moisture and light,
achieving less than 10% loss in potency.'* However, despite
their protective performance, these formats contribute
significantly to plastic and foil waste, require intricate
manufacturing and sealing processes, and remain susceptible
to mechanical defects."*'> On the other hand, bulk packaging,
such as high-barrier bottles, offers improved sustainability and
operational efficiency by reducing the material consumption
and simplifying the dispensing process.'® Yet, bulk formats
increase the exposure of tablets to ambient air and moisture
durinl% repeated openings, heightening degradation risk over
time.”” For example, in a stability study, Khan et al. reported
that packaged amoxicillin and clavulanic acid content
decreased by approximately 20% within just 24 h under
extremely high humidity, with 33.9% of tablets failing
dissolution tests and 13.6% failing dosage standards.'
Furthermore, regulatory analyses have linked over 25% of
postmarketing quality failures to issues stemming from
packaging defects or environmental infiltration during in-use
conditions.'” These limitations underscore the need for
intrinsic tablet-level protection to maintain stability independ-
ent of external packaging.

In this context, there is growing interest in developing
protective barrier coatings applied directly to tablet surfaces to
regulate dissolution kinetics, enhance bioavailability, and
stabilize the API throughout the product lifecycle.”’ Film-
forming polymers such as hydroxypropyl methylcellulose
(HPMC) and ethyl cellulose have been widely employed to
create protective layers that shield tablets from moisture,
oxygen, and gastric fluids, ensuring reliable protection and
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controlled drug release.”’ While these coatings are typically
applied using spray techniques in pan or fluidized-bed systems,
which provide an effective barrier, achieving uniform coverage
on complex tablet geometries remains challenging.”” More-
over, the use of water or organic solvents during the coating
process can compromise the potency of the moisture-sensitive
APIs, and the relatively thick layers required, often exceeding
150 pm, may hinder dissolution and drug absorption
properties.23 To circumvent these complications, nanoscale
coating technologies have emerged as a compelling and
adaptable strategy, offering ultrathin, conformal layers with
precise control over thickness and composition to enhance
environmental shielding without altering tablet integrity.”* In
particular, physical and chemical vapor deposition techniques
such as atomic layer deposition (ALD), sputtering, and plasma
enhanced chemical vapor deposition (CVD) have been
investigated for their ability to deposit highly uniform,
biocompatible coatings, including alumina (ALO;), titanium
dioxide (TiO,), zinc oxide (ZnO), and biodegradable
polymers, which collectively improve moisture resistance,
inhibit crystallization, and stabilize sensitive APIs against
humidity, oxidation, and thermal stress.”>™>° For example,
ALD-deposited AlO, nanocoatings have been shown to
significantly enhance the stability of amorphous solid
dispersions (ASDs), maintaining their integrity for up to two
years, compared to uncoated ASDs, which crystallized after just
19 days.”® Similarly, TiO, coatings improved the photostability
of vitamin C powders stored under elevated conditions, with
coated samples losing only 2% of their potency over 10 weeks,
whereas uncoated powders lost 9.3%.>" However, translation of
vapor-phase nanocoating strategies to pharmaceutical manu-
facturing remains limited by the inherently slow and batch-wise
nature of ALD and related CVD techniques, where deposition
of pharmaceutically relevant coating thicknesses on the order
of a few hundred nanometers typically requires tens of minutes
to several hours, resulting in tablet-scale throughputs of only
~2—4 units per minute.”> >> The reliance on specialized
vacuum infrastructure and extended processing times can
therefore significantly hinder scalability, necessitating further
innovations to overcome current manufacturing constraints
and enable the routine industrial adoption of nanocoating
strategies to advance tablet stability and performance.’*”’
Recently, cold atmospheric plasma-assisted chemical vapor
deposition (CAP) has emerged as a versatile and scalable
manufacturing technique for developing functional nano-
coatings on diverse substrates.”’~** This technique uses
monomeric precursors activated by an atmospheric plasma
jet to produce conformal, highly cross-linked polymeric
barriers under ambient conditions.*"** Unlike conventional
vacuum-based deposition methods, CAP operates at atmos-
pheric pressure and room temperature, eliminating the need
for solvents and minimizing thermal and mechanical stress on
sensitive APIs."’ Importantly, CAP scalability is enabled
through expansion of the effective treatment area, plasma
head mobility, and parallelization, rather than vacuum chamber
volume, allowing substantially higher areal throughput while
maintaining coating uniformity across multiple tablets.**
Additionally, the ability to form ultrathin, uniform coatings
under mild conditions offers clear advantages for protecting
moisture-sensitive and thermally labile compounds, positioning
CAP as a promising platform for scalable tablet-level
protection. Among available barrier materials, silicon oxide
(SiO,) is particularly well-suited due to its exceptionally low
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Figure 1. CAP-assisted deposition of SiO, nanocoatings on pharmaceutical tablets for enhanced barrier protection using AMOX as a model API
formulation. (a) Schematic representation of the plasma-assisted SiO, deposition process. (b) Illustration showing hydrolytic degradation of the /-
lactam ring in the pristine AMOX. (c) Enhanced barrier protection provided by the SiO, nanocoating, with retention of the f-lactam ring upon

exposure to elevated humidity conditions.

water vapor transmission rate, strong chemical inertness, and
established biocompatibility.”**”* In addition to its robust
barrier performance, SiO, is cost-effective and compatible with
a wide range of pharmaceutical excipients, making it an
attractive choice for large-scale applications. With this
background, the present study demonstrates the application
of CAP-assisted deposition technology to develop a SiO,
nanocoating on a model formulation containing amoxicillin
trihydrate, a B-lactam antibiotic, aiming to achieve enhanced
barrier protection and improved pharmaceutical stability
(Figure la). Systematic characterization of the SiO, nano-
coating was conducted to optimize plasma-processing
parameters to achieve effective moisture-barrier performance
without compromising the integrity of the underlying API. The
barrier performance of the optimized SiO, nanocoating was
systematically evaluated over the storage period under
accelerated aging and extrapolated ambient conditions, in
terms of structural integrity, functional stability, rapid release
and dissolution behavior, pharmacokinetic bioavailability,
antibacterial efficacy, and biocompatibility, to establish its
effectiveness in preserving the quality and therapeutic perform-
ance of the nanocoated tablets, as shown in Figure 1b,c. To the
best of our knowledge, this study is the first demonstration of
CAP-assisted SiO, nanocoating as a scalable, efficient, and
environmentally adaptable approach for enhancing the stability
and shelf life of moisture-sensitive oral dosage forms.

2. MATERIALS AND METHODS

2.1. Materials

The SiO, precursor hexamethyldisilazane (HMDSN), employed in
this study for enhanced barrier protection, was obtained from Sigma-
Aldrich (MO, USA). Amoxicillin trihydrate A66 USP and penicillin
potassium V S00 mg tablets (Rising Pharmaceuticals, NJ, USA),
kindly provided by the Purdue College of Pharmacy (IN, USA), were
used as a representative formulation to model plasma-assisted
deposition of SiO, for enhanced pharmaceutical stability. The
amoxicillin trihydrate tablets contained amoxicillin trihydrate
(AMOX) as the API, along with several excipients, including
microcrystalline cellulose and hypromellose as fillers and binders,
sodium starch glycolate and crospovidone as disintegrants,
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magnesium stearate as a lubricant, and Red 30 and titanium dioxide
(TiO,) in the polymeric film coating. The penicillin potassium V
uncoated tablets contain penicillin as the APIL, along with several
excipients, including anhydrous dibasic calcium phosphate, magne-
sium stearate, microcrystalline cellulose, and anhydrous trisodium
citrate. Uncoated aspirin 325 mg tablets were obtained from
HealthA2Z (NY, USA), containing aspirin as the active ingredient
and corn starch as the only inactive ingredient. Tryptic soy broth
(TSB), phosphate-buffered saline (PBS), agar, sodium chloride
(NaCl), Mannitol salt agar (MSA), and eosin methylene blue
(EMB) agar were obtained from Sigma-Aldrich (MO, USA) and used
as standard media for microbial culture and enumeration. All
chemicals and culture media were used as received without further
modification.

2.2, Cold Atmospheric Plasma-Assisted SiO, Nanocoating

All SiO, nanocoatings for enhanced barrier performance against water
vapor transmission were applied onto pharmaceutical tablets using a
cold atmospheric-pressure plasma jet system (Plasmatreat PE39,
NRW, Germany) comprising a high-frequency plasma generator and a
dual-channel precursor delivery unit with independently adjustable
flow rates. Compressed air was used as both the plasma-forming gas
and the carrier gas for precursor delivery, enabling the generation of a
stable reactive plasma plume under ambient conditions. The plasma
gas was delivered to the plasma head at a flow rate of 35 L-min”",
operated at a frequency of 23 kHz and an applied voltage of 260 V,
resulting in a plasma power output of 560 W. Simultaneously, the
carrier gas transporting vaporized precursors into the plasma glow
region was maintained at a flow rate of 10 L-min~’, while the SiO,
precursor itself was introduced at a flow rate of 10 g-h™, ensuring
stable delivery and consistent interaction within the active plasma
zone. The entire plasma head assembly was mounted on a robotic
platform with precision-controlled three-dimensional motion, en-
abling accurate control of the scan speed and nozzle-to-sample
distance to ensure uniform and reproducible coating deposition across
the tablet surface.

As a proof of concept, the proposed deposition technology was
demonstrated using a model amoxicillin tablet containing a broad-
spectrum f-lactam as the API. To immobilize the tablets within the
plasma-coating region during deposition, a custom 3D-printed tablet
fixture with integrated vacuum channels was fabricated via stereo-
lithography. A fixture consisting of an array of channels, with an
independent vacuum line converging to a single outlet maintained at
—30 kPa to securely hold the tablets, was designed using Autodesk
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Figure 2. CAP-assisted deposition of SiO, nanocoating on AMOX tablets. (a) Deposition setup showing the plasma head with precursor inlet
directed into the plasma plume and the tablet fixture equipped with negative pressure to secure tablets during deposition. Images of the tablets
including (b) top view and (c) side view of the pristine tablet, and (d) top view and (e) side view of the SiO,-nanocoated tablets.

Inventor (CA, USA).*® Next, the 3D-printed mold was mounted onto
an X—Y stage within the plasma deposition region, followed by the
sterile placement of tablets in the designated slots and activation of
the vacuum system. To ensure uniform coverage on either face, tablets
were first coated on one face and then inverted, followed by plasma
deposition on the opposite face. The complete plasma generation
setup, integrated with a custom-developed 3D-printed fixture for
tablet immobilization, is shown in Figure 2a.

To ensure thermal compatibility and prevent degradation of the
API in the formulation during deposition, it is necessary to identify
the plasma process parameters that enable efficient SiO, deposition
while preserving the tablet integrity. To achieve this, the scan speed of
the plasma head was varied from 100 to 250 mm-s™" in 50 mm-s™’
increments, and the nozzle-to-substrate distance was adjusted from 30
to 75 mm in 15 mm intervals. To achieve uniform surface coverage,
the robotic system was programmed to perform two complete scans
across the tablet surface with a step size of 1 mm between consecutive
line passes. Substrate surface temperature was continuously
monitored with a surface—contact thermocouple (NI USB TCOl,
National Instruments, TX, USA) to assess the extent of thermal
exposure during deposition.

2.3. Surface Wettability Assessment of CAP-Nanocoated
Tablets

To evaluate the effect of different plasma deposition conditions on
surface wettability and potential enhancement of resistance to
moisture transmission, water contact angle (WCA) measurements
were performed on pristine and SiO,-nanocoated tablets under each
plasma parameter combination. The sessile drop method was used
with an optical contact angle goniometer (DSA100, KRUSS GmbH,
Hamburg, Germany). A 2 uL droplet of deionized water was
dispensed onto the tablet surface, and the contact angle was calculated
using the Young—Laplace contour fitting method.

2.4. Morphological and Elemental Composition

To investigate the effect of plasma deposition on the tablets and
distribution of SiO, nanocoating, a series of chemical and micro-
structural analyses were performed. A field emission scanning electron
microscope (Quanta 3D microscope, ThermoFisher, MA, USA),
operated at 20 kV and 0.21 nA, and equipped with an integrated
energy-dispersive X-ray spectroscopy (EDS) system operated at 15
kV, was used to examine the surface morphology and elemental
composition of the tablets before and after application of SiO,
nanocoating. SEM imaging was performed at magnifications of
100 (0°), 500X (0°), 2000 (0°), and 10,000x (0°). Additionally,
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the functional groups and chemical bonds on the surface of SiO,-
nanocoated tablets were characterized by using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR). Key
vibrational band spectra were acquired using a Nicolet iS5 FTIR
spectrometer (Thermo Fisher Scientific, MA, USA) equipped with an
iD7 diamond ATR accessory.

To directly visualize the coating morphology, cross-sectional
imaging was performed using an optical microscope (Leica
Biosystems, Wetzlar, Germany), with tablets sectioned along the
cross plane.

2.5. Mechanical Integrity and Dissolution Assessment

To assess the mechanical stability of the SiO, nanocoating on the
tablets, the US Pharmacopeia (USP) <1216> Tablet Friability was
performed. In this test, ten pristine and SiO,-nanocoated tablets, each
weighing approximately 6.5 g, were placed in a friability drum and
rotated for 100 revolutions at 25 + 1 rpm. After completion, the
tablets were carefully dedusted, photographic images were obtained to
assess visual changes and reweighed to determine the percentage
weight loss according to pharmacopeial guidelines.*”**

Additionally, to evaluate the influence of the SiO, nanocoating on
tablet disintegration and drug release kinetics, dissolution testing was
conducted on both pristine and SiO,-nanocoated tablets. For this test,
each tablet was placed in 1 L of phosphate buffer (pH 6.8),
maintained at 37 + 0.5 °C and agitated at 50 rpm. At predetermined
time intervals (S, 10, 20, 40, and 60 min), 1 mL aliquots were
withdrawn and immediately filtered through 0.22 ym syringe filters to
remove particulates. The filtrates were then analyzed in triplicate
using UV—visible spectroscopy (NanoDrop One® ThermoScientific,
MA, USA), with spectra acquired over a wavelength range of 190—
400 nm, to assess API concentration, monitoring absorbance at
wavelengths corresponding to relevant chromophores.

2.6. Accelerated Stability Assessment of SiO,-Nanocoated
Tablets

To evaluate the enhanced stability of the optimized SiO, nanocoating
and its effectiveness in limiting moisture ingress into the tablet and
mitigating hydrolytic degradation of the API, an accelerated aging
study was conducted under controlled stress conditions of 40 °C and
75% relative humidity (RH), in accordance with International
Council for Harmonization guidelines.” Initially, a high-humidity
chamber was established using a saturated NaCl solution placed
within a sealed desiccator, which was housed in a laboratory oven
maintained at 40 °C"”. The chamber was allowed to equilibrate for 1
week prior to sample introduction to maintain stable humidity
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conditions throughout the study. Next, the pristine and optimized
SiO,-nanocoated tablets were placed in the chamber and subjected to
accelerated aging. Tablets were retrieved at predefined time points,
namely, 0, 2, 4, 8, 16, and 32 days of incubation, for further
characterization to evaluate the progression of physical and chemical
changes over time. Photographic images of the tablets retrieved at
different time points were captured to evaluate visual changes in the
physical integrity of the tablets. Additionally, image-based analysis was
performed using Image] software by quantifying the number of
damaged pixels relative to the total tablet area, expressed as a
percentage of surface damage. The analysis was carried out by
isolating the tablet region from the background, followed by
identifying surface irregularities associated with cracking, pitting,
and discoloration as damaged regions. These regions were quantified
relative to the total visible tablet surface to obtain a normalized
measure of damage across all time points. In parallel, visual
disintegration and wetting behavior were assessed by immersing
each tablet in 10 mL of deionized water and capturing time-lapse
images at 0, 15, and 30 s to compare disintegration screening kinetics
and surface integrity.

To further investigate changes in the chemical characteristics of the
pristine and optimized SiO,-nanocoated tablets under accelerated
aging, chemical stability was assessed by using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR).
Spectra were acquired using a Nicolet iSS FTIR spectrometer
(Thermo Fisher Scientific, MA, USA) equipped with an iD7 diamond
ATR accessory. Key vibrational bands of the f-lactam ring and other
API-specific functional groups were monitored to detect chemical
degradation from prolonged exposure to elevated temperature and
humidity. Additionally, to evaluate potential changes in the crystalline
structure of the API following exposure to elevated temperature and
humidity, powder X-ray diffraction (XRD) analysis was performed on
tablets collected at each predefined time point. Diffraction patterns
were recorded using a PANalytical Empyrean diffractometer (Malvern
Panalytical, Malvern, UK), equipped with a Cu Ka radiation source (4
= 1.5406 A), operated at 45 kV and 40 mA, and fitted with a D/teX
Ultra detector. For this test, samples were finely ground, mounted on
stainless-steel holders, and scanned across a 26 range of 0° to 40° to
detect shifts in diffraction peaks, peak broadening, or changes in
intensity indicative of recrystallization or phase transitions.*’

2.7. Drug Concentration Analysis

To characterize the chemical species released upon dissolution of
pristine and SiO,-nanocoated tablets during the accelerated aging test,
the dissolution solutions were analyzed using UV—vis spectroscopy.
For this test, tablets retrieved at different aging time points were
dissolved in a pH 6.8 phosphate buffer solution, maintained at 37 °C,
and agitated at 75 rpm for 60 min in accordance with United States
Pharmacopeia (USP) guidelines. Progressively, the resulting dis-
solution solutions were analyzed by acquiring UV—vis spectra from
190 to 400 nm to observe changes in absorbance, as described
previously.

To qualitatively examine the individual chemical components
contributing to the changes in the observed absorbance features, high-
performance liquid chromatography coupled with UV—vis detection
(HPLC-UV) was employed. The analysis was performed on solutions
obtained from pristine and SiO,-nanocoated tablets collected on day 8
of the accelerated aging study, with UV—vis detection at wavelengths
characteristic of the API chromophores. A standard amoxicillin API,
AMOX-d, (Cayman Chemical, MI, USA), was used as a control in
this study to distinguish peaks associated with f-lactam absorption
bands from those of degradation products. For this test, each tablet
was individually dissolved in 1000 mL of pH 6.5 PBS buffer, agitated
on a plate shaker at 75 rpm for 60 min at room temperature, and
appropriately diluted for HPLC-UV. The analysis was performed on
an Agilent 1200 Rapid Resolution liquid chromatography system
coupled to an Agilent 6460 triple quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA), using a Waters
Atlantis T3 column (2.1 X 75 mm, 3.5 um; Waters Corporation,
Milford, MA, USA) for chromatographic separation. Here, the mobile
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phase consisted of HPLC grade water with 0.1% formic acid (v/v) as
phase A and HPLC grade acetonitrile with 0.1% formic acid (v/v) as
phase B, employing a linear gradient that began with 0% B for the first
minute, increased linearly to 100% B between 1 and 8 min, held at
100% B from 8 to 8.5 min, then returned to 0% B at 9 min and
maintained until 15 min, with a constant flow rate of 0.3 mL-min~!
throughout.

Furthermore, to quantify the concentration of the primary fragment
(API) following accelerated aging, pristine and SiO,-nanocoated
tablets collected at each time point were analyzed by using liquid
chromatography coupled with tandem mass spectrometry (LC—MS/
MS). Samples were prepared and chromatographically separated using
the same dissolution and HPLC conditions described above, and the
resulting eluents were introduced into the mass spectrometer for
analysis. The mass spectrometer was operated in the positive
electrospray ionization (ESI') mode with multiple reaction
monitoring for analyte detection, using a source gas temperature of
325 °C with a nitrogen gas flow of L-min~’, a nebulizer pressure of 35
psi, and a sheath gas temperature and flow rate of 300 °C and 9 L-
min~, respectively. The capillary voltage was maintained at 4000 V,
along with the nozzle voltage of 1000 V, and a delta electron
multiplier voltage (AEMV) of 400 V. Quantification of API (AMOX)
was performed using an internal standard method with deuterated
AMOX-d, spiked into each sample, and a calibration curve generated
from serial dilutions of AMOX-d,, with all data acquired and
processed using Agilent Mass Hunter Quantitative Analysis software
(Version 10.1).

2.8. Bactericidal Efficacy

To evaluate the bactericidal efficacy of API in pristine and SiO,-
nanocoated tablets following accelerated aging, in vitro antibacterial
assays (as described in Figure S1 of the Supporting Information) were
conducted using representative Gram-positive and Gram-negative
bacterial strains, Staphylococcus aureus (ATCC 25923) and Escherichia
coli (ATCC 25922), respectively.*® Bacterial cultures were initially
revived from frozen stocks and grown overnight in sterile TSB (30 g
L") at 37 °C. Overnight cultures were subsequently harvested by
centrifugation, washed three times with sterile PBS, and resuspended
to an optical density at 600 nm (ODygg ) of 0.20, corresponding to
an approximate concentration of ~10° CFU-mL™". Prior to the time-
dependent antibacterial activity assays, the minimum inhibitory
concentration (MIC) of amoxicillin in pristine and SiO,-nanocoated
tablets was determined for both S. aureus and E. coli.

A concentration gradient of amoxicillin, ranging from 0 to 10 ug:
mL™" in 0.5 yg-mL™" increments, was prepared to identify the lowest
concentration that inhibited visible bacterial growth. For the
bactericidal assay, 200 uL of the diluted bacterial suspension was
added to each well of a sterile 96-well plate, followed by the addition
of the dissolved, appropriately diluted tablets collected at each
stability time point. After 6 h of incubation at 37 °C, bacterial
suspensions were serially diluted in PBS and plated onto selective and
differential MSA plates for S. aureus and EMB plates for E. coli. For
samples with lower bacterial concentrations, 20 uL of the API exposed
bacterial suspension was plated by using the spread plate technique.
The resultant plates were further incubated for 18 h at 37 °C to
enumerate the colony-forming units (CFUs) and assess the residual
bacterial viability. Progressively, after identifying the appropriate MIC,
the change in bactericidal potency of the pristine and SiO,-
nanocoated tablets retrieved from each time-stored sample was
evaluated by comparing CFU counts with the established MIC
threshold, using a consistent plating and serial dilution protocol across
all conditions, as described previously. All experiments were
conducted in biological triplicates, with two technical replicates per
condition (n = 6).

2.9. Biocompatibility Analysis

Finally, to validate the biocompatibility characteristics of the SiO,-
nanocoated tablets before and after accelerated aging, in vitro
cytotoxicity assays (as described in Supporting Information Figure
S2) were performed using ileocecal epithelial (HCT-8, ATCC CCL-
244, VA, USA) cells. Cells between passages 8 and 10 were
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Figure 3. Optimization of the CAP-assisted SiO, nanocoating on AMOX tablets. (a) Photographic image of the deposition process showing a
thermocouple embedded within the tablet fixture to monitor surface temperature, connected to a data logger. (b) Temperature profiles recorded at
different plasma heads at a fixed scanning speed of 100 mm-s™" over time. (c) Heatmap depicting surface temperature variations as a function of
nozzle-to-substrate distance and scanning speed. (d) Set up for surface water contact angle measurement using the sessile drop method post
deposition. (e) Representative image of the water contact angle measurement on a coated tablet. (f) Heatmap depicting the surface water contact
angle across various nozzle-to-substrate distances and scanning speeds.

maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (Invitrogen Inc., Carlsbad,
CA). Cultures were maintained in T-75 flasks at 37 °C in a humidified
incubator with 5% CO, until reaching approximately 80% confluence
over 3 days. Cells were then detached using trypsin/EDTA
(Invitrogen Inc.,, CA, USA), washed, resuspended in fresh medium,
and diluted to a final concentration of 5000 cellss-mL™" for subsequent
cytotoxicity evaluation. Two complementary biocompatibility assays
were performed. First, the impact of the API on cellular metabolic
activity was assessed via a tetrazolium salt-based MTT assay. For this,
100 puL of the diluted cell suspension was seeded into 96-well plates
and allowed to adhere for 24 h before the addition of pristine and
SiO,-nanocoated tablets from each time-stored sample at a
concentration of 25 ug-mL™'. Following a 24 h exposure period,
the materials were removed, and the MTT assay was conducted
according to the manufacturer’s protocol. In brief, 10 yL of MTT
reagent was added to each well and incubated for 3 h, after which 200
UL of the detergent reagent was introduced. Plates were then agitated
for 2 h at room temperature, and absorbance was measured at 570 nm
by using a CLARIOstar microplate reader (BMG Labtech, NC, USA).
To further assess changes in cell viability and morphology upon
exposure of tablets from each time point, a live/dead staining assay
was performed using the LIVE/DEAD Cytotoxicity Kit (Thermo-
Fisher, MA, USA). The procedure for cell seeding and material
exposure followed the same protocol as that used for the MTT assay,
as described previously. After 24 h of incubation with APIs under
accelerated aging conditions, samples were collected, and cells were
stained with fluorescent dyes to distinguish viable from nonviable cells
based on membrane integrity. Fluorescence imaging was performed
using an optical Ti2 Eclipse microscope (Nikon, NY, USA) equipped
with appropriate filter sets under a 10X objective, and images were
processed using NIS-Elements D software.
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3. RESULTS AND DISCUSSION

3.1. Deposition of SiO, Nanocoating

Figure 2a illustrates the CAP-assisted setup used for the direct
deposition of SiO, nanocoatings onto pharmaceutical tablets.
During deposition, the HMDSN precursor is exposed to high-
energy electrons and reactive plasma species, leading to
molecular bond fragmentation and the generation of reactive
intermediate radicals.”’ These plasma-generated species
subsequently undergo plasma-assisted polymerization, result-
ing in the formation of a highly cross-linked SiO, network
conformally deposited on the tablet surface within the plasma
exposure zone.'""”*" Figure 2b—d shows representative
images of AMOX tablets before and after CAP-assisted SiO,,
nanocoating. Optical inspection indicates that both pristine
and coated tablets retain the characteristic pink coloration
associated with the TiO,-based film coating, along with intact
edges and well-defined “A” and “66” imprints across the curved
surfaces. These observations confirm that the CAP-assisted
deposition process preserves the macroscopic appearance and
structural integrity of the tablets with no visible damage or
deformation.

It is critical to consider that the application of functional
coatings on pharmaceutical tablets is inherently constrained by
the thermal sensitivity of APIs as many degrade at temper-
atures between 160 and 250 °C.°"** As such, careful
optimization of the plasma deposition parameters is essential
to ensure thermal compatibility with the tablets while
maintaining the structural and functional integrity of the
SiO, nanocoating. To achieve this, a surface—contact
thermocouple was positioned near the plasma deposition
region to monitor the rise in the tablet surface temperature in
real time while systematically varying the scan speed of the
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Figure 4. Morphological and elemental characterization of pristine and optimized SiO,-nanocoated tablets. SEM images at various magnifications
of (a) pristine and (b) SiO,-nanocoated tablet surfaces. (c) Surface elemental mapping of the pristine sample and (d) SiO,-nanocoated tablet
showing the distribution of carbon, oxygen, silicon, and titanium atoms. (e) EDX spectra of the pristine surface and (f) SiO,-nanocoated surface,
with (g) the corresponding elemental composition weight percentage of C, O, Si, and Ti.

plasma jet (100 to 250 mm-s™' in SO mm-s™" increments) and
the nozzle-to-substrate distance (30 to 75 mm in 15 mm
intervals) (Figure 3a). The surface temperature of the tablet as
a function of varying plasma head heights and scan speeds is
shown in Figure 3b. Overall, increasing the plasma-to-substrate
distance at a constant scan speed of 100 mm-s~" resulted in a
clear reduction in the surface temperature. At a distance of 30
mm, the tablet surface temperature reached a peak of ~141 °C
during plasma exposure, whereas at the maximum tested
distance of 75 mm, the surface peak temperature remained
substantially lower at ~92 °C (Figure 3b), indicating a
significantly reduced thermal load under these conditions. To
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further quantify the extent of increase in baseline temperature
due to plasma exposure, the average surface temperature
during the coating process across all plasma deposition process
combinations is visualized as a heatmap in Figure 3c. As
observed, tablets treated at longer nozzle-to-substrate distances
of 60 to 75 mm exhibited minimal temperature increases, with
surface temperatures remaining below 60 °C across all scan
speeds, for the duration of ~20 s. On the other hand, at an
intermediate distance of 45 mm, a moderate rise in
temperature was recorded, ranging from 50 to 68 °C, without
a substantial increase in overall surface temperature across all
scanning speeds. Moreover, at the shortest distance of 30 mm,
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although the relative change in temperature remained
comparable, the absolute surface temperatures exceeded 110
°C across all scan speeds, indicating a higher thermal load that
may compromise API stability.

To assess the coating’s effectiveness as a moisture barrier,
water contact angle measurements were performed on all SiO,-
nanocoated tablets across the plasma optimization parameters
tested, as shown in Figure 3d. Initially, the pristine tablets
exhibited a hydrophilic surface with a contact angle of 61.5°,
which increased substantially following CAP-assisted SiO,
deposition (Supporting Information Figure S3). On the
other hand, the SiO,-nanocoated tablets processed at a lower
scan speed of 100 mm-s™' and a shorter nozzle-to-substrate
distance of 30 mm exhibited higher hydrophobicity than those
treated under faster or greater standoff conditions (Figure 3e).
This behavior is attributed to the increased plasma residence
time and higher effective plasma density at the tablet surface,
which promote enhanced precursor fragmentation and cross-
linking. These effects result in the formation of a thicker and
denser SiO, nanocoating, providing a more effective moisture
barrier with improved water-repellent properties.”® To further
quantify the change in contact angle under varying plasma
conditions, the measured values were visualized as a heatmap,
as shown in Figure 3f. At nozzle-to-substrate distances of 60 to
75 mm, the SiO,-nanocoated tablets did not exhibit significant
hydrophobicity, with contact angles below 90° across scan
speeds of 150 to 250 mm-s~'. However, at the lowest scan
speed of 100 mm-s~', contact angles ranged from approx-
imately 96.4° to 102° across the higher nozzle-to-substrate
distances, deviating from the otherwise hydrophilic response
observed at higher nozzle-to-substrate distances. On the other
hand, at an intermediate distance of 45 mm, a consistent
increase in hydrophobicity was observed, with contact angles
exceeding 100° at lower scan speeds and reaching up to 105.8°
at 150 mm-s™". At the shortest nozzle-to-substrate distance of
30 mm, coatings exhibited high contact angles across all scan
speeds. Although these processing conditions resulted in
enhanced hydrophobicity, they were consistently associated
with elevated surface temperatures, which may potentially limit
their applicability for thermally sensitive APIs. Based on the
observed trends, a nozzle-to-substrate distance of 45 mm and a
scan speed of 150 mm-s~' are identified as the optimized
plasma processing parameters. Under these conditions, the
SiO, nanocoating achieves enhanced barrier protection, as
evidenced by a high contact angle of 105.8°, while maintaining
a moderate average surface temperature of 60.2 °C, and a
minimal exposure time of 20 s during the SiO, nanocoating
deposition process. This processing temperature is well below
those typically required for conventional coating techniques,
such as hot-melt and fluidized pan coating, which often operate
at average temperatures in the range 75—100 °C.

3.2. Surface Characterization of SiO, Nanocoating

The surface morphological characteristics of pristine and
optimized plasma-assisted SiO,-nanocoated tablets were
examined using SEM. Overall clear and distinct morphological
differences were evident between the pristine and SiO,-
nanocoated tablet surfaces across progressively higher
magnifications. In particular, the pristine tablet exhibited a
compact and relatively homogeneous surface, characterized by
smooth, tightly packed particle domains and minimal surface
asperities, which are indicative of the mechanical compression
process used during tablet formation>” (Figure 4a). In contrast,
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the SiO,-nanocoated tablets displayed a uniformly distributed
granular surface morphology, consistent with the formation of
a continuous nanoscale coating under the optimized plasma
deposition conditions (Figure 4b). This homogeneous SiO,
layer remained clearly discernible at higher magnifications,
confirming the effectiveness of the CAP-assisted process in
generating a uniform, conformal nanoscale coating without
compromising the integrity of the underlying formulation at
either the micro- or macroscale.

To further validate the homogeneous distribution of the
SiO, nanocoating, elemental surface mapping for carbon,
oxygen, titanium, and silicon was performed on pristine and
SiO,-nanocoated tablets. Titanium was included in the
elemental analysis as it is inherently present in the tablet
from a commercially applied polymeric film coating introduced
during manufacturing. As expected, the pristine tablets showed
clear signals for carbon, oxygen, and titanium, with no
detectable silicon on the surface (Figure 4c). In contrast, the
application of the optimized SiO, nanocoating resulted in a
pronounced and uniformly distributed silicon signal across the
tablet surface (Figure 4d). This uniform silicon distribution
confirms the effectiveness of the plasma-assisted process in
achieving consistent and conformal SiO, coverage without
localized aggregation or surface defects. Additionally, a
marginal reduction in the relative signals of carbon, oxygen,
and titanium was observed, consistent with surface coverage by
the deposited SiO, layer. To further quantify the change in the
elemental composition between the pristine and SiO,-nano-
coated tablets, the obtained EDS spectra were deconvoluted to
extract the relative atomic percentages of carbon, oxygen,
titanium, and silicon (Figure 4ef). As observed, the SiO,-
nanocoated tablet exhibited a 6.8% reduction in the carbon
content and a 12.2% reduction in titanium, along with a 2.5%
increase in oxygen and a 4.5% increase in silicon relative to the
pristine tablet (Figure 4g). To further characterize the
functional groups on the surface of the SiO,-nanocoated
tablets, FTIR analysis was performed. As shown in Supporting
Information Figure S4, the nanocoating exhibits distinct peaks
at 1177 em™, 804 cm™}, and 475 cm ™}, corresponding to Si—
O-Si stretching, bending, and rocking bands resgectively,
which are key characteristics of SiO, networks.”* These
compositional shifts, supported by elemental mapping and
chemical bond characterization, collectively confirm the
successful deposition and uniform integration of the SiO,
nanocoating onto the tablet surface. The coating thickness
was measured to be 403.551 + S52.188 nm (Supporting
Information Figure SS), further validating the optimized
plasma-assisted process parameters.

3.3. Mechanical Integrity and Dissolution Characterization

To assess the mechanical stability of the SiO, nanocoating on
the tablet, friability was measured for both the pristine and the
SiO,-nanocoated tablets. As observed in Supporting Informa-
tion, Figure S6, both the pristine and SiO,-nanocoated tablets
showed no significant change in the visual appearance before
and after friability testing. Additionally, to quantitatively assess
coating integrity, tablet mass was measured before and after
friability testing for both the pristine and SiO,-nanocoated
tablets to determine the percentage weight loss. As observed,
the overall weight loss of the SiO,-nanocoated tablets was
0.07%, comparable to that of the pristine samples (0.12%), and
both values were well below 1%, which is within the acceptable
limit for coated pharmaceutical products as specified by USP
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Figure 5. Visual dissolution characterization of pristine and optimized CAP-assisted SiO,-nanocoated AMOX tablets exposed to accelerated aging
conditions (40 °C, 75% RH). (a) Photographic images of pristine tablets and (b) SiO,-nanocoated tablets subjected to accelerated aging conditions
retrieved at 0, 2, 4, 8, 16, and 32 days. (c) Rapid disintegration screening images of pristine tablets retrieved from each time point, captured at 0, 15,
and 30 s after immersion, and (d) corresponding dissolution images of SiO,-nanocoated tablets at the same time intervals.

<1216> guidelines.47 Furthermore, no flaking, chipping, or
visually apparent surface damage was observed on the SiO,-
nanocoated tablets at either the macroscopic or microscopic
level. These results clearly elucidate the mechanical robustness,
adhesion, and durability of the SiO, nanocoating under
handling and transport conditions.

Additionally, to investigate changes in tablet disintegration
and dissolution behavior induced by SiO, nanocoating, time-
dependent UV—vis absorption analysis was performed on
dissolution media collected at defined time points. As shown in
Supporting Information Figure S7a, the spectra exhibited
characteristic absorbance peaks at 228 and 272 nm
corresponding to the f-lactam and carbonyl chromophores
of AMOX, which increased monotonically in intensity over
time for the pristine tablets, consistent with progressive drug
dissolution.” Similarly, the SiO,-nanocoated tablets displayed
comparable peak positions and temporal intensity evolution,
indicating no apparent alteration in disintegration or diffusion
behavior (Supporting Information Figure S7b). To further
quantitatively compare the dissolution profiles, the absorbance
intensities at 228 and 272 nm were tracked over time
(Supporting Information Figure S7c). As observed, both
pristine and SiO,-nanocoated tablets exhibited similar
absorbance profiles from S to 60 min with negligible
differences in final intensity. Collectively, the preserved
friability and unchanged dissolution response confirm that
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the SiO, nanocoating maintains both the mechanical integrity
and the intrinsic dissolution characteristics of the tablet
formulation under physiological buffer conditions.

3.4. Accelerated Stability Test and Characterization

To assess the stability of the optimized plasma-assisted SiO,
nanocoating and its effectiveness in preventing moisture
ingress and mitigating hydrolytic/thermal degradation of the
API formulation, an accelerated aging study was performed
under elevated temperature and humidity conditions. For this
test, the pristine and SiO,-nanocoated tablets were subjected
to accelerated aging conditions and tested at predetermined
time points (0, 2, 4, 8, 16, and 32), enabling direct comparison.
Photographic images of the tablets, captured at various time
points throughout the study, are presented in Figure Sa. As
observed, the pristine tablets exhibited visible surface cracking,
reaching 0.73% as early as 24 h under accelerated aging
conditions, with the extent of damage progressively worsening
over time. By day 32, these tablets demonstrated significant
softening, surface peeling, pronounced discoloration, and
14.22% overall surface damage, indicating moisture ingress
into the tablet excipients. This behavior could be attributed to
the absorption of moisture by the excipients, particularly the
disintegrants, which swell and exert internal pressure causing
the TiO,-based polymeric film coating to crack.”” In contrast,
the SiO,-nanocoated tablets remained largely intact through-
out the 32 day study period. Surface cracking was not observed
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Figure 6. Chemical and structural characterization of pristine and CAP-assisted SiO,-nanocoated AMOX tablets subjected to accelerated aging (40
°C, 75% RH) over 32 days. FTIR spectra of characteristic AMOX functional groups (carboxylate, amide, and f-lactam ring), retrieved at 0, 2, 4, 8,
16, and 32 days for (a) pristine and (b) SiO,-nanocoated tablets, with (c) corresponding changes in the f-lactam ring intensity. PXRD patterns of
(d) pristine and (e) SiO,-nanocoated tablets over the same time course, and (f) summary of the reduction in diffraction peak intensity for the three
major characteristic peaks of AMOX, relative to the pristine day 0 sample.

until day 16, and only minimal discoloration was noted by day
32, with overall surface damage reaching 2.73%, indicating that
the SiO, nanocoating effectively mitigated moisture ingress
and maintained the tablet’s structural integrity (Figure Sb). To
further substantiate the observed visual change in the stability
conditions, the rapid disintegration behavior of the tablets was
assessed at each time point by monitoring the tablets at 0, 15,
and 30 s (Figure Sc). Overall, the pristine tablets upon
progressive aging showed delayed and inconsistent immediate
disintegration and wetting, with the tablets floating in the
medium. Such failure in disintegrant characteristics can
promote hydrolytic degradation of amoxicillin as moisture
exposure facilitates cleavage of the f-lactam ring, ultimately
diminishing its antimicrobial activity.”® In contrast, SiO,-
nanocoated tablets showed rapid immediate disintegration
profiles through day 8, with minimal discoloration and no
floating observed (Figure Sd). These results suggest that the
SiO, nanocoating provides protection against moisture-
induced changes, helping to preserve rapid dispersion, surface
appearance, and color under elevated temperature and
humidity for up to 8 days without significantly affecting the
function of disintegrants and other excipients.

To further assess changes in the chemical stability of the API
in the formulation under accelerated aging, FTIR analysis was
performed on both pristine and SiO,-nanocoated tablets
collected at different time points. As shown in Figure 6a, the
API in pristine tablets at day O exhibited clear characteristic
signatures of AMOX, including the f-lactam carbonyl (C=0)
stretch at 1769 cm™!, the amide C=0 stretch at 1688 cm™,
and the asymmetric stretch of the carboxylate (COO™) group
at 1587 cm-1.">°" However, under accelerated humidity and
temperature conditions, a significant reduction in the
characteristic vibrational bands was observed, with notable
changes occurring within 2 days, as shown in Figure 6a.
Possible degradation of AMOX under these conditions
primarily results from hydrolysis of the f-lactam ring, leading
to a measurable decrease particularly in the intensity of the
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1769 cm™' peak. These vibrational peaks continued to
deteriorate in samples retrieved from days 4 to 16, with
irregular and inconsistent spectral features appearing by day
32. In contrast, the API in SiO,-nanocoated tablets exhibited
significantly enhanced chemical stability, with no noticeable
reduction in the f-lactam peak intensity until day 8 of exposure
as shown in Figure 6b. However, after 16 days of incubation, a
considerable decrease was observed, which continued to
decline through day 32. To further quantify the reduction in
the f-lactam peak, the peak intensities are summarized in
Figure 6¢. As observed, the API from pristine tablets showed a
33% reduction by day 2, increasing to 66% and 83% by days 8
and 32, respectively. This sharp decrease aligns with the
hydrolytic ring opening, suggesting a potential loss of antibiotic
potency. In contrast, the API in SiO,-nanocoated tablets
demonstrated significantly enhanced chemical stability, with no
noticeable reduction in f-lactam peak intensity until day 2.
Upon further incubation under accelerated aging conditions, a
17% decrease was observed by day 4, followed by a 38%
decline by day 8, and continued to gradually decrease until day
32, indicating the retention of chemical integrity of the API in
SiO,-nanocoated tablets.

To assess changes in the crystalline structure of the API in
the tablets upon exposure to accelerated aging conditions,
PXRD analysis was performed on pristine and SiO,-nano-
coated tablets retrieved at different time points. As observed in
Figure 6d,e, both the API from pristine and SiO,-nanocoated
tablets exhibited clear diffraction peaks at 12.14°, 15.10°
17.17°, 18.04°, and 16.22°, corresponding to the (021), (111),
(112), (023), and (102) planes of AMOX, respectively.”®
Notably, in the pristine samples, although the characteristic
peaks remained identifiable, the peak intensity gradually
decreased over time, suggesting a progressive loss of long-
range crystalline order, likely due to environmental exposure
and moisture ingress (Figure 6d). On the other hand, the API
from SiO,-nanocoated tablets maintained consistent diffraction
peak intensities across all major diffraction planes through day
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Figure 7. Chemical characterization of individual species associated with AMOX in pristine and CAP-assisted SiO,-nanocoated tablets subjected to
accelerated aging (40 °C, 75% RH). HPLC retention time chromatograms with UV—Vis detection at 230 and 360 nm for (a) AMOX Standard,
and AMOX in (b) pristine and (c) SiO,-nanocoated tablets upon exposure to 8 days of accelerated aging. LC/MS characteristic spectra of AMOX
in (d) pristine and (e) SiO,-nanocoated tablets retrieved at 0, 4, 8, 16, and 32 days during accelerated aging. (f) Quantified AMOX concentration
at each time point in the accelerated aging study, calculated against the standard calibration curve. (g) Theoretical projection of AMOX
concentration over 350 days under ambient conditions (25 °C, 40% RH) based on first-order degradation kinetics.

8, with no significant reduction observed, as shown in Figure
Ge. Beyond day 8, a gradual decrease in peak intensity was
observed, indicating the onset of minor alterations in the
crystal structure, though the overall long-range order remained
better preserved than that in the pristine counterparts under
identical aging conditions. To further quantify the observed
changes in peak intensities, the average peak intensity
reduction relative to the day 0 pristine tablet was determined
from the three major diffraction peaks, providing a measure of
alterations in the crystalline domain dimensions under
accelerated aging conditions. As shown in Figure 6f, the API
from pristine tablets exhibited an initial decrease in average
peak intensity of 22.77% by day 2, reaching 35.08% by day 8,
followed by a sharp decline to ~54.58% by day 32, indicating
progressive crystalline breakdown over time. In contrast, the
SiO,-nanocoated API tablets maintained a relatively consistent
~21% reduction in peak intensity until day 8, gradually
increasing to 41.24% by day 32, indicating enhanced crystal
structure stability under accelerated aging conditions. These
results clearly demonstrate that the optimized SiO,-nano-
coated tablets preserve the chemical integrity and crystalline
structure of the API for up to 8 days under accelerated aging
conditions.

3.5. Drug Concentration Analysis

To identify changes in the chemical features of the pristine and
SiO,-nanocoated tablets subjected to accelerated aging, UV—
vis spectroscopy was performed on dissolution solutions to
track variations in characteristic absorbance features. As
observed, API from pristine tablets at day O exhibited distinct

absorbance maxima at 228 and 272 nm, corresponding to the
P-lactam ring and carbonyl functional groups of AMOX,
respectively” (Supporting Information Figure S8a). With
progressive aging, a gradual reduction in J-lactam peak
intensity was observed, accompanied by the emergence of a
broad absorbance at 358 nm, attributed to phenol hydrox-
ypyrazine (ADP6), a known AMOX degradant.’”®" The
intensity of this degradant-associated peak increased approx-
imately 4-fold between days 2 and 8, followed by a further 2-
fold rise by day 16, and continued increasing by day 32, as
summarized in Supporting Information Figure S8b. This
spectral evolution reflects a progressive loss of native AMOX
absorbance features, concurrent with the growth of ADP6-
related bands, consistent with the conjugated double-bond
structure shown schematically in Supporting Information
Figure S8c. In contrast, the API in the SiO,-nanocoated
tablets retained the f-lactam and carbonyl peaks with minimal
change until day 8, with no detectable ADP6 signal during this
period (Supporting Information Figure S8d). However, the f3-
lactam peak intensity decreased, while a new absorbance band
at 358 nm emerged and progressively increased through day 32
(Supporting Information Figure S8e). These results indicate
that the SiO, nanocoating limits the moisture-driven chemical
degradation of the API in the tablet under accelerated aging
conditions, supporting the trends observed in the FTIR and
XRD analyses discussed previously.

To validate the identified spectral changes from UV—vis and
resolve the individual chemical species associated with AMOX
degradation under accelerated aging, HPLC-UV analysis was

8304 https://doi.org/10.1021/acsanm.6c00822

ACS Appl. Nano Mater. 2026, 9, 8294—8310

920z ¥snbny gz uo Jasn AINN INAYN Aq Jpd ZZ280009Ue/L 109 ¥9/7628/81/6/4Pd-al0iLE/g)wuee/B10"soe"sqnd woij papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig7&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c00822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

performed. For this test, dissolution solutions from pristine and
SiO,-nanocoated tablets collected at day 8 of accelerated aging
were analyzed, along with a standard amoxicillin (AMOX-d,)
as the reference. As observed, the chromatograms were
recorded at two characteristic wavelengths, 230 and 360 nm,
corresponding respectively to the f-lactam absorption band of
amoxicillin and the absorbance region associated with its major
degradation product, ADP6.”" Particularly, the AMOX-d,
standard showed a dominant retention peak at approximately
5.7 min, corresponding to the intact AMOX parent compound
(Figure 7a). The corresponding UV trace at 230 nm showed a
sharp, well-defined peak at the same retention time, confirming
strong p-lactam absorption, whereas the 360 nm trace
remained featureless, consistent with the absence of chromo-
phoric degradants in pure AMOX-d,. On the other hand, the
pristine tablet subjected to accelerated aging for 8 days showed
a markedly different chromatographic profile compared with
AMOX-d,, as shown in Figure 7b. The primary retention peak
was broader and less defined with additional peaks appearing
between 5 and 7 min and at longer retention times. These
changes were observed in both the 230 and 360 nm traces and
indicate partial degradation of the f-lactam structure, with a
new absorbance peak near 360 nm, consistent with the
formation of conjugated degradation products under humid
conditions. In contrast, the SiO,-nanocoated tablet retrieved at
the same aging period exhibited a chromatographic profile
nearly identical to that of AMOX-d,, as shown in Figure 7c.
The major retention peak was observed at approximately 5.6
min with comparable intensity and sharpness, and the 360 nm
trace remained featureless throughout the run. The absence of
secondary peaks and chromophoric bands confirms that the
SiO, nanocoating effectively prevented the chemical degrada-
tion of the f-lactam moiety and maintained the structural
integrity of the API during accelerated exposure.

To assess the extent of API concentration retention in SiO,-
nanocoated tablets compared to pristine controls under
accelerated aging conditions, a quantitative LC/MS-based
assay was performed. All API in pristine and SiO,-nanocoated
tablets exhibited a characteristic chromatographic retention
time of 5.7 to 5.8 min, consistent with the AMOX-d, internal
standard (shown in Supporting Information Figure S9). To
further characterize the molecular composition and verify the
structural integrity after chromatographic separation, mass
spectrometry was performed on all pristine and SiO,-
nanocoated tablet samples. As shown in Figure 7d,e, all API
in tablets retrieved at various time points exhibited four
consistent characteristic peaks, confirming the reproducibility
of the fragmentation pattern. In particular, the ion at m/z 353
corresponded to the protonated AMOX molecule, reflecting
the near-complete mass after the loss of one water molecule,
while the peak at m/z 114 was attributed to fragmentation of
the thiazolidine ring. Additionally, the ion at m/z 212 resulted
from cleavage between the f-lactam ring and side chain,
producing p-hydroxyphenyl glycine, and a less prominent peak
at m/z 366 represented intact AMOX, likely arising from the
protonated parent ion in the sample.’® However, a pronounced
reduction in the intensity of all characteristic peaks was
observed for the API in pristine tablets recovered from later
time points, indicating a decline in the detectable AMOX ions
in the sample during progressive degradation under accelerated
aging conditions (Figure 7d). In contrast, the API in SiO,-
nanocoated tablets maintained consistent peak intensity with
minimal reduction observed until day 8, confirming enhanced
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chemical stability under identical conditions, as shown in
Figure 7e.

To further quantify the observed peak intensity changes, the
AMOX concentration in the medium was calculated from the
corresponding standard calibration curve and is summarized in
Figure 7f. As observed, both the pristine and SiO,-nanocoated
tablet exhibited an initial API concentration of approximately
36 mg-mL™, validating that the plasma deposition process did
not significantly alter the initial concentration of the
formulation. On the other hand, during progressive incubation
at elevated temperature and humidity, the API in pristine
tablets showed a marked reduction in the antibiotic
concentration to 14.36, 14.90, 11.76, and 9.84 mg~mL_1 on
days 4, 8, 16, and 32, respectively. In contrast, the SiO,-
nanocoated tablets retained higher concentrations, measuring
29.89 mg-mL ™' on day 4, followed by 22.47 mg:mL~’, 18.95
mg-mL™", and 18.76 mg:-mL™" on days 8, 16, and 32. These
results demonstrate significant retention of the initial API
concentration in the SiO,-nanocoated tablets, with substan-
tially higher levels even after 8 days of accelerated aging.

To project the long-term performance of the SiO,-
nanocoated tablets, the measured effective concentration
under elevated conditions was used to estimate the available
concentration when stored under ambient conditions of 25 °C
and 40% RH (as described in Supporting Information Note 1).
These calculations predict the amount of intact AMOX that
may remain accessible under standard storage conditions,
offering insight into the expected retention of the effective
concentration over time. The reaction rate constants were
derived from the measured concentrations assuming first-order
kinetics.”” These constants were applied to the humidity
corrected Arrhenius equation to estimate the decline in
available concentration and predict concentration profiles at
room temperature (as described in the Supporting Information
Equations S1—S3).°%°® The extrapolated data to 350 days,
presented in Figure 7g, showed a 90% decline to the initial
concentration within 17 days and a 50% concentration
reduction at 112 days for the API in pristine tablets. In
contrast, the SiO,-nanocoated tablet demonstrated markedly
enhanced stability, maintaining 90% of its initial API
concentration for 37 days and delaying the 50% reduction
point to 224 days. This approximate 2-fold extension in shelf
life conferred by the SiO, nanocoating confirms its
effectiveness in preserving the chemical and structural integrity
of the API in tablets under projected ambient conditions.

To demonstrate the generalizability of the SiO, nanocoating
strategy beyond the AMOX formulation, accelerated aging
combined with UV—vis stability analysis was conducted on
penicillin V and aspirin as chemically distinct model APIs. For
penicillin V, both pristine and SiO,-nanocoated tablets were
exposed to 40 °C and 75% RH for 8 days, and UV—vis
absorption spectra were collected over time to monitor
chemical changes. As observed in Supporting Information
Figure S10a, in the pristine tablets, two characteristic
absorption peaks were observed at ~220 nm and ~270 nm,
corresponding to the A-lactam and carbonyl groups,
respectively.”* After 8 days of accelerated aging, an absorption
band at ~350 nm was observed and attributed to the formation
of penicillanic acid (PA), a known degradation product of
penicillin V.° In contrast, the SiO,-nanocoated tablets
retained the B-lactam and carbonyl peaks without additional
bands, confirming that the SiO, nanocoating effectively
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Figure 8. Antibacterial efficacy of AMOX in pristine and CAP-assisted SiO,-nanocoated tablets. MIC analysis of AMOX in pristine and as-prepared
SiO,-nanocoated tablets against (a) S. aureus and (b) E. coli. (c) Representative plate images of antibacterial efficacy of AMOX against S. aureus and
E. coli for pristine and CAP-assisted SiO,-nanocoated tablets subjected to accelerated aging (40 °C, 75% RH) conditions at MIC. Quantitative
assessment of antibacterial efficacy over the aging period for (d) S. aureus and (e) E. coli. (Staphylococcus aureus: S. aureus, Escherichia coli: E. coli).

preserved the molecular structure and prevented degradation
under these conditions (Supporting Information Figure S10b).

Similarly, aspirin, a common nonsteroidal anti-inflammatory
drug used to treat pain, fever, and inflammation, was subgected
to the same accelerated stability conditions for 32 days.”® The
as-procured aspirin tablets exhibited a characteristic absorption
peak at ~ 230 nm, which corresponds to the parent aspirin
molecule, as shown in Supporting Information Figure $10c.%7
After stability exposure, an additional absorption band
emerged near 300 nm, indicating the formation of salicylic
acid through hydrolytic degradation.’® In comparison, the
SiO,-nanocoated aspirin tablets retained the original absorp-
tion profile with no detectable peak near 300 nm,
demonstrating complete suppression of the degradation
pathway (Supporting Information Figure S10c).°” These
findings collectively validate the broader applicability of
CAP-assisted SiO, nanocoating as a protective barrier that
maintains chemical stability in diverse moisture-sensitive
pharmaceutical formulations.

3.6. Antibacterial Activity

To assess changes in bactericidal potency under accelerated
aging conditions, an in vitro antibacterial analysis was
performed. The antibacterial activity of the released antibiotic
against a 10° CFU-mL ™" suspension of S. aureus and E. coli was
evaluated using a minimum inhibitory concentration (MIC)
assay. Both pristine and SiO,-nanocoated tablets were
dissolved in designated media, and the resulting solutions
were serially diluted to obtain API concentrations ranging from
0 to 10 ugmL™" in 0.5 pug-mL™" increments. These dilutions
were then introduced into the bacterial suspensions for
assessment. As shown in Figure 8a, the control groups for S.
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aureus exhibited no significant change in bacterial population
without antibiotic API exposure. In contrast, at 0.5 ,ug-mL_l, a
10° CFU-mL™' reduction was observed, and at higher
concentrations, bacterial populations were reduced to un-
detectable levels, indicating complete bacterial elimination. On
the other hand, no significant reduction in the E. coli bacterial
population was observed until 1.5 ug-mL™', after which a
progressive reduction was observed (Figure 8b). A complete
10° CFU-mL™' reduction at the bacterial population was
observed in concentrations above S.5 ug-mL™". The difference
in the response between S. aureus and E. coli is attributed to
differences in their cell wall structures. S. aureus, with a thick,
multilayer peptidoglycan cell wall, is more susceptible to lower
concentrations of AMOX, which targets the synthesis of this
structure (as shown in Supporting Information Figure
S112).°%%” In contrast, E. coli has an additional outer
membrane that acts as a barrier, limiting the permeability of
AMOX and requiring higher concentrations to achieve
comparable inhibition of bacterial growth (Supporting
Information Figure S11b).°*® These results clearly indicate
that the SiO,-nanocoated tablets show no significant change in
antibacterial potency compared to that of the pristine tablets.
Additionally, based on these findings, 1 yg-mL™" and 6.5 ug-
mL™! were identified as the MICs for S. aureus and E. coli,
respectively, and were therefore used for the accelerated
stability analysis.

To further assess changes in the potency of the API in the
tablets under accelerated aging conditions, antibacterial tests
were conducted on both pristine and SiO,-nanocoated tablets
collected at different time points. As shown in Figure 8¢, the
pristine tablets exhibited a clear reduction in antibacterial
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Figure 9. Biocompatibility characteristics of pristine and CAP-assisted SiO, nanocoated tablets under accelerated aging conditions (40 °C, 75%
RH). (a) MTT cell viability assay of HCT-8 cells after exposure to pristine and SiO,-nanocoated tablets retrieved at various time points normalized
against the control. (b) Live—dead fluorescence staining images of pristine and SiO,-nanocoated tablets retrieved on days 0, 8, and 32.

potency against S. aureus by day 8 and against E. coli by day 2.
In contrast, the SiO,-nanocoated tablets retained antibacterial
activity against both S. aureus and E. coli through day 8,
indicating that the plasma-deposited SiO, nanocoating
effectively preserved the API's antimicrobial efficacy during
accelerated aging. To quantify this observation, the individual
CFUs from the selective plates were enumerated for each
bacterial population and are represented in Figure. 8d,e. As
shown in Figure 8d, the S. aureus bacterial population exposed
to 0.5 ug'mL™" of antibiotic exhibited a consistent ~10° CFU-
mL™! reduction after 4 days of accelerated testing. However, a
drastic reduction in antibacterial potency was observed with
the pristine tablets after 8 days of incubation under controlled
stress conditions. In contrast, the SiO,-nanocoated tablets
retained antibacterial properties up to day 8, after which a
significant decline was observed. On the other hand, with the
E. coli, a drastic loss of the antibacterial potency was observed
with the pristine antibiotic within 2 days of incubation under
high temperature and humidity conditions (Figure S8e).
However, as expected, the SiO,-nanocoated tablet exhibited
a marked preservation of antibacterial activity observing a
complete 10° CFU-mL™" reduction for up to 8 days, after
which a significant decline in potency was observed. These
results further substantiate the effectiveness of the SiO,
nanocoating in preserving the antimicrobial efficacy of API in
tablets for up to 8 days under accelerated aging conditions.

3.7. Biocompatibility Analysis

Finally, to validate the biocompatibility characteristics of the
SiO,-nanocoated tablets and its sustained cytocompatibility
under accelerated aging conditions, an in vitro assay was
performed using physiologically relevant human gut epithelial
HCT-8 cells. Initially, the change in metabolic activity of
mammalian cells upon exposure to the SiO,-nanocoated tablets
was assessed using a standard MTT assay with pristine tablets
collected at various time points serving as controls. In this
assay, the tetrazolium MTT salt is reduced by mitochondrial
dehydrogenases in metabolically active cells, leading to the
formation of insoluble purple formazan crystals.”” The quantity
of formazan is directly proportional to the percentage of cell
viability of the mammalian cells exposed to the API tablets
retrieved from each time point of the accelerated aging test. As
shown in Figure 9a, cells exposed to both pristine and SiO,-
nanocoated tablets exhibited viability above 90%, confirming
the sustained biocompatibility of the SiO, nanocoating even
after exposure to elevated temperature and humidity
conditions for 32 days. On the other hand, to visualize
changes in cell viability and morphology upon exposure of

tablets from each time point, a live/dead staining assay was
performed. In this assay, the green-fluorescent dye (calcein
AM) permeates viable cells and is converted by intracellular
esterases into calcein, producing intense green fluorescence,
while the red-fluorescent dye (ethidium homodimer) enters
only compromised cells with damaged membranes, binds to
nucleic acids, and emits red fluorescence to indicate cell
death.”® As shown in Figure 9b, a high green to red
fluorescence ratio was observed for the pristine tablets at
various time points under accelerated aging conditions from
day 0 to day 32. A similar green/red fluorescence ratio was
observed for the SiO,-nanocoated tablets, confirming the long-
term cytocompatibility characteristics of the developed coating
technology.

Opverall, these results clearly demonstrate that the developed
CAP-assisted SiO, nanocoating technology provides an
effective moisture barrier that preserves the chemical integrity,
structural stability, and antimicrobial potency of thermally
sensitive APIs under accelerated aging conditions. In addition
to performance, the scalability of this approach is supported by
both, its high processing throughput and low material
consumption, as quantified under the fabrication conditions
employed in this study. Precursor usage corresponds to a
material cost of ~0.6 cents per tablet, underscoring the
economic feasibility of CAP-assisted deposition at scale (as
described in Supporting Information Note 2). Moreover, the
atmospheric-pressure operation of CAP enables compatibility
with continuous roll-to-roll configurations, with areal through-
puts corresponding to effective coating rates of ~ 183 tablets
per minute for tablet-scale geometries, indicatin§ suitability for
manufacturing-relevant production volumes.*”** By enabling
direct, low-thermal-load deposition and maintaining compat-
ibility with pharmaceutical substrates, this approach holds
promise for broader application to other moisture-sensitive
drug products and for seamless integration into existing
manufacturing processes. Prior to widespread adoption by the
pharmaceutical industry, this technology should be further
evaluated through USP-regulated stability testing in physio-
logically relevant media and extended to in vivo animal studies
to comprehensively assess its translational potential and
industrial applicability. Given the introduction of a plasma-
based coating process, regulatory translation will require a
demonstration that critical quality attributes such as dis-
solution, bioavailability, and stability remain unchanged under
c¢GMP-compliant manufacturing conditions. In parallel,
process-level validation, including control of plasma parame-
ters, coating uniformity, batch-to-batch reproducibility, assess-
ment of residual species and potential leachables, and

https://doi.org/10.1021/acsanm.6c00822
ACS Appl. Nano Mater. 2026, 9, 8294—8310

920z ¥snbny gz uo Jasn AINN INAYN Aq Jpd ZZ280009Ue/L 109 ¥9/7628/81/6/4Pd-al0iLE/g)wuee/B10"soe"sqnd woij papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c00822/suppl_file/an6c00822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c00822?fig=fig9&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c00822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

subsequent clinical evaluation under FDA regulatory guidance,
supports practical industrial implementation. With the
enhanced stability performance demonstrated in this study
and the potential to extend tablet shelf life, this technology
may offer meaningful economic and humanitarian benefits by
improving drug durability and global accessibility of vulnerable
drug products, reducing waste, and increasing access to
pharmaceutical products in resource-limited areas around the
world.

4. CONCLUSIONS

This work demonstrates the use of CAP-assisted scalable
manufacturing technology to deposit SiO, nanocoatings onto
oral pharmaceutical formulations, providing an effective barrier
that enhances stability and protects against moisture and
thermal degradation. Systematic optimization of the plasma
scan speed and nozzle-to-substrate distance was performed to
achieve uniform SiO, nanocoating formation, ensuring
effective humidity-barrier protection without compromising
the integrity of the API in the formulation. Results revealed
that the optimized CAP-assisted SiO, nanocoating retained
over 50% of the initial API’s chemical integrity and antibiotic
concentration for 16 days, maintained antimicrobial efficacy for
8 days, and sustained cytocompatibility under accelerated
aging conditions, compared with rapid degradation and
potency loss in pristine counterparts. Collectively, these
findings validate the potential of the developed plasma-assisted
nanocoating approach to extend the shelf life and stability of
moisture-sensitive drugs under demanding storage and
distribution environments. Moreover, the demonstrated
process scalability and compatibility with existing pharmaceut-
ical formats position this technology as a promising platform
for advancing tablet coating strategies toward routine industrial
application.
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