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Abstract

This study evaluated whether medication-derived electromagnetic waves (MEMW)
generated from a combination of clinically used cardiovascular drugs could produce
early cardiomyogenic responses comparable to direct medication exposure in hu-
man adipose-derived stem cells (ADSCs). ADSCs were assigned to untreated control,
direct-medication (salbutamol, ivabradine, valsartan, and sacubitril), or corresponding
MEMW exposure groups. After 21 days, cellular morphology, crystal violet staining, and
quantitative reverse-transcription PCR were assessed. Both intervention groups showed
modest changes from randomly oriented fibroblast-like morphology toward more elon-
gated and aligned arrangements. POU5SF1 (OCT4), SOX2, and NANOG expression de-
creased, whereas the early cardiac-associated markers GATA4, NKX2-5, and NPPA in-
creased. Changes in the late markers TNNI3 and MYH6 were smaller, indicating early
cardiomyogenic commitment rather than mature cardiomyocyte differentiation. MEMW
exposure therefore produced selected biological responses that broadly paralleled direct
medication treatment under the conditions tested. Independent signal characterization,
sham controls, protein-level validation, and functional assays are required before mecha-
nistic or translational conclusions can be drawn.

Keywords: medication-encoded electromagnetic signals; adipose-derived stromal/stem
cells; cardiac lineage commitment; salbutamol; ivabradine; sacubitril /valsartan; myocardial
regeneration

1. Introduction

Cardiovascular disease continues to account for a major share of global mortality, and
myocardial infarction is a central cause of permanent cardiomyocyte depletion, adverse
ventricular remodeling, progressive heart failure, and reduced functional capacity. Existing
medical, interventional, and surgical treatments improve survival and symptom burden,
but they do not restore the large pool of contractile cells lost after ischemic injury. This
unmet need has kept cardiac regeneration at the center of experimental strategies designed
to support, replace, or rebuild damaged myocardium [1-5].

Adipose-derived stem cells are useful candidates for cardiac repair research because
adipose tissue is accessible, yields a comparatively high number of cells and supports
expansion under routine culture conditions. Beyond multilineage potential, ADSCs secrete
paracrine mediators involved in angiogenesis, cytoprotection, immune regulation and
matrix remodeling. A persistent barrier, however, is that many in vitro protocols generate
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early cardiac marker expression without demonstrating complete electrophysiological,
contractile and structural maturation [6-13].

Approaches used to drive cardiomyocyte-like differentiation include developmental
pathway modulation, epigenetic regulators, small molecules, growth factors, extracellu-
lar matrix systems, mechanical loading, three-dimensional culture and other biophysical
cues. Pharmacological induction remains attractive when candidate compounds have
defined clinical uses and known molecular targets, but prolonged exposure can intro-
duce cytotoxicity, off-target activity, inconsistent response and added complexity during
cell-manufacturing workflows [14-17].

Biological responses to non-ionizing electromagnetic fields have been investigated
in relation to cell behavior, morphogenesis, and therapeutic biophysics [18-21]. The
medication-derived electromagnetic waves (MEMW) concept proposes that electromagnetic
signatures associated with a drug preparation may be delivered to cells without continuous
direct chemical exposure. Previous reports using antibiotic- and anticancer-derived electro-
magnetic spectra described measurable biological responses in bacterial and cancer-cell
models, providing the basis for testing this approach in regenerative biology [22,23].

Salbutamol, ivabradine, valsartan, and sacubitril were selected based on prior work
with ADSCs and their established cardiovascular actions [24]. The combination was used
to compare direct chemical exposure with the corresponding MEMW signal while holding
the medication composition constant. Detailed interpretation of the potentially interacting
pathways is provided in the Discussion.

This study compared untreated ADSCs with cells exposed directly to the four-drug
combination and cells exposed to the corresponding recorded MEMW signal. The signal-
acquisition process itself was outside the experimental scope; the present work evaluated
the biological response to playback of the combined recording. Outcomes included qualita-
tive morphology, crystal violet staining, downregulation of stemness-associated transcripts,
and expression of early and late cardiac-associated genes. The aim was to determine
whether MEMW could serve as a non-contact conditioning cue while avoiding claims of
mature cardiomyocyte generation [24].

2. Materials and Methods
2.1. Experimental Framework

Human adipose-derived stem cells (ADSCs) were allocated to three independent
experimental conditions to investigate the biological effects of pharmacological exposure
and medication-associated electromagnetic signaling. The first condition served as the
untreated reference group and was maintained exclusively in standard culture medium
throughout the study period. The second condition consisted of cells exposed directly
to a combination of cardiovascular agents. The third condition received electromagnetic
wave exposure generated from the identical drug formulation without direct chemical con-
tact. All experimental groups were cultured under equivalent environmental parameters,
including temperature, humidity, atmospheric composition, medium formulation, and in-
cubation duration. Following a 21-day treatment period, cellular responses were evaluated
through microscopic examination, crystal violet staining, quantitative reverse-transcription
polymerase chain reaction (GQRT-PCR), and subsequent statistical analyses.

2.2. Collection and Processing of Adipose Tissue Samples

Subcutaneous adipose tissue was obtained from six healthy female volunteers un-
dergoing elective liposuction at the cosmetic clinic of King Khaled University Hospital.
Inclusion criteria were age >18 years, elective liposuction with sufficient tissue available
for research, ability to provide written informed consent, and absence of medical conditions
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expected to substantially affect ADSC biology. Exclusion criteria were active infection, a
history of malignancy, chronic disease, or inability or unwillingness to provide consent. All
participants provided written informed consent before tissue collection. Immediately after
collection, specimens were transferred into sterile containers containing phosphate-buffered
saline (PBS) supplemented with 1% penicillin-streptomycin. Samples were delivered to the
laboratory within four hours to preserve tissue integrity and reduce variability associated
with prolonged storage.

2.3. Isolation and Expansion of Adipose-Derived Stem Cells

Harvested adipose tissue underwent repeated washing with sterile PBS to eliminate
residual blood components, lipid contaminants, and surgical debris. Following the washing
procedure, samples were subjected to enzymatic dissociation using Collagenase Type II
(500 U/mL; Gibco™, Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. 17101-015).
Digestion was performed overnight at 37 °C under continuous gentle agitation to facil-
itate efficient separation of stromal vascular components from mature adipocytes and
extracellular matrix structures.

At completion of digestion, enzyme activity was terminated through the addition
of an equal volume of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS). The resulting suspension was sequentially filtered through
sterile 100 um and 40 um mesh strainers to remove undigested fragments and obtain a
homogeneous cellular preparation. Filtrates were centrifuged at 300x g for 5 min at room
temperature, producing a stromal vascular fraction pellet enriched with progenitor and
mesenchymal stem cell populations.

The recovered pellet was resuspended in complete culture medium consisting of
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were trans-
ferred into tissue-culture-treated flasks and maintained under standard growth conditions.
Only cells between passages 2 and 4 were included in subsequent experiments to ensure
preservation of stem-cell characteristics and minimize culture-induced phenotypic drift,
consistent with established ADSC isolation protocols reported in previous studies [6-13].

2.4. Maintenance of Cell Cultures

Expanded ADSCs were cultured in low-glucose DMEM supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, and 2 mM L-glutamine. Cell cultures were
maintained at 37 °C within a humidified incubator containing 5% carbon dioxide. Growth
medium was replenished every 48-72 h to maintain nutrient availability and remove
accumulated metabolic waste products. Upon reaching approximately 80-90% conflu-
ence, cells were detached using 0.25% Trypsin-EDTA (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA; Cat. No. 25200-056) and subcultured for continued expansion or
experimental use.

2.5. Verification of Mesenchymal Stem Cell Phenotype

To confirm the mesenchymal identity of isolated ADSCs, immunophenotypic charac-
terization was performed by flow cytometry at passages 2 and 3 and again following estab-
lishment of confluent cultures. Cell monolayers were detached using 0.05% trypsin-EDTA,
washed with buffer solution, and incubated with fluorochrome-labeled monoclonal anti-
bodies targeting established mesenchymal and hematopoietic markers.

The antibody panel included the positive markers CD13-APC, CD29-PE, and CD73-PE
(clone AD2; BD Biosciences, San Jose, CA, USA; Cat. No. 550257), together with the
negative markers CD14-PE (clone M5E2; BD Pharmingen™/BD Biosciences, San Jose, CA,
USA; Cat. No. 555398), CD31-FITC (clone WM59; BD Pharmingen™ /BD Biosciences, San
Jose, CA, USA; Cat. No. 555445), and CD45-FITC (clone HI30; BD Pharmingen™/BD
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Biosciences, San Jose, CA, USA; Cat. No. 555482). Parallel samples stained with matched
isotype controls were used to determine nonspecific background fluorescence and establish
gating thresholds. Data were acquired using a BD FACS Canto II flow cytometer, with
at least 10,000 cellular events recorded for each sample. Phenotypic assessment followed
approaches used in prior ADSC differentiation and drug-response work [24].

2.6. Cardiomyogenic Differentiation Strategy

For induction experiments, ADSCs were seeded at an initial density of 2000 cells/ cm?.
Untreated control cultures continued to receive standard growth medium without addi-
tional interventions. Cells assigned to the pharmacological treatment arm were exposed to
a combination of Valsartan (10 uM; HY-18204), sacubitril (20 uM; HY-15407), ivabradine
(10 uM; HY-B0162A), and salbutamol (10 uM; HY-B1037) purchased from MedChemEx-
press (MCE; Monmouth Junction, NJ, USA). Selected concentrations were based on pub-
lished in vitro investigations demonstrating measurable biological activity while avoiding
substantial cytotoxic effects [25-27].

A separate experimental arm was exposed to the electromagnetic recording gener-
ated from the same medication combination. Treatment conditions were maintained for
21 consecutive days. This culture period was selected to allow sequential activation of
cardiac-lineage transcriptional programs and to remain consistent with the prior ADSC
medication-induction protocol [24]. The 21-day period was intended to assess early lineage
commitment and was not assumed to produce mature cardiomyocytes. At the end of the
induction period, cultures were examined morphologically and processed for crystal violet
staining and gene-expression analysis.

2.7. Electromagnetic Wave Exposure Procedure

Signal acquisition and playback were performed as a two-stage process. Electro-
magnetic spectral signatures associated with the medication preparations were recorded
using a DigiScan device (Vitatec, Baar, Switzerland) and stored in proprietary software
without manual spectral modification. The combined recording was then transferred to
a DigiConPro VITATEC system (Model D131001), which reproduced the signal through
the manufacturer-provided antenna assembly. According to the system configuration
used in this study, the composite signal covered an approximate bandwidth from 1 Hz
to 4 GHz. The device operated in calibrated automatic mode. Field strength, waveform
decomposition, spatial uniformity, and signal stability were not independently measured
in this experiment.

The exposure apparatus was housed in a cell-culture incubator maintained at 37 °C
and 5% CO;. Antenna units were kept in fixed positions above and below the six-well
culture plates to provide a consistent exposure geometry. Control and chemically treated
cultures were maintained in a separate incubator under the same environmental set-
tings to minimize unintended exposure. MEMW was applied for 5 h per day over
21 consecutive days, following previously described medication-spectrum electromagnetic
methods [22,23].

2.8. RNA Extraction and Quantitative Gene Expression Analysis

Total cellular RNA was isolated from untreated, medication-treated, and electromagnetic-
wave-exposed cultures using the InnuPREP RNA Mini Kit (Analytik Jena, Jena, Germany)
according to the manufacturer’s instructions (Table 1). RNA yield and purity were assessed
spectrophotometrically using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) by measuring absorbance ratios at 260/280 nm.
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Table 1. Primer panel used for qRT-PCR assessment of stemness-associated and cardiomyogenic
gene expression. Targets are grouped by analytical purpose. Stemness-associated markers were used
to monitor the shift away from an undifferentiated state, early cardiac genes were used to assess
lineage specification, late cardiac transcripts were used to evaluate progression toward maturation,

and GAPDH was used for normalization.

Marker Group Target Gene Amplicon (bp) Forward Primer (5'-3') Reverse Primer (5'-3')
NANOG 164 TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG
Stemness SOX2 151 GCCGAGTGGAAACTTTTGTCG GGCAGCGTGTACTTATCCTTCT
FOO 511541;1 144 CTTGCTGCAGAAGTGGGTGGAGGAA CTGCAGTGTGGGTTTCGGGCA
NKX2-5 142 AAGTGCGACGAGGCAACTG GGTCTTGACCTGCGTGGA
Early Cardiac NPPA 167 CCGATGCAGACGATTCAACC CTGCTGCTGCTGCTGTTG
GATA4 158 CCTACCCAGCCTACATGGACT ACATATCGAGATTGGGGTGTCT
) MYH6 174 CCAACACCAACCTGTCCAAG CAGCTTGTCAAAGGAGCCG
Late Cardiac TNNI3 189 AGGACCTCACCAAAGATCGC GCTCCTCGGTGTCCTCGT
Reference GAPDH 87 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

For complementary DNA synthesis, 100 ng of purified RNA from each sample was
reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA; Cat. No. 00709629) on a ProFlex thermal cycler, following
the manufacturer’s instructions. Quantitative real-time PCR (qQRT-PCR) was performed
using Power SYBR™ Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA;
Cat. No. 4367659) on a QuantStudio™ 3 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA; Cat. No. A28567). Each run included appropriate negative controls
to exclude contamination.

All qRT-PCR reactions were performed in technical triplicate. Relative transcript abun-

dance was calculated using the comparative 2~AACt

method. Expression was normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the sole endogenous reference

gene, and reported as fold change relative to the untreated control group.

2.9. Crystal Violet Staining and Morphological Evaluation

Cell morphology was assessed at the completion of the 21-day experimental pe-
riod using crystal violet staining. Following removal of culture medium, cell mono-
layers were gently washed with phosphate-buffered saline to eliminate residual serum
proteins and non-adherent cellular material. Cultures were subsequently fixed with 4%
paraformaldehyde for 10 min at room temperature to preserve cellular architecture and
attachment patterns.

After fixation, samples were rinsed thoroughly with PBS and incubated with 0.1%
crystal violet solution for 20 min under ambient laboratory conditions. Crystal violet binds
to cellular proteins and nucleic acids, allowing visualization of adherent cell populations
and overall monolayer organization. Excess stain was removed by repeated washing
with distilled water until background staining was minimized and clear cellular contrast
was achieved.

The stained cultures were allowed to air dry before microscopic examination. Rep-
resentative fields from each experimental group were documented using an inverted
phase-contrast microscope under identical imaging parameters. Qualitative assessment
focused on cell distribution, adherence, orientation, alignment, and treatment-associated
morphology. No cell counting, cell-density measurement, or quantitative image analysis
was performed.
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2.10. Statistical Analysis

All experimental procedures were conducted using three independent biological
replicates to ensure reproducibility and minimize random variation. Quantitative results
were compiled and analyzed using GraphPad Prism software (Version 9.0; GraphPad
Software, San Diego, CA, USA). Data are presented as mean =+ standard deviation (SD)
unless otherwise specified.

Data distribution was assessed using the Shapiro-Wilk normality test before group
comparisons. For datasets meeting parametric assumptions, the three groups were
compared using one-way ANOVA with multiple-comparison testing. When paramet-
ric assumptions were not met, the Kruskal-Wallis test followed by Dunn’s post hoc
multiple-comparison procedure was used.

All statistical tests were two-tailed, and a probability value below 0.05 was considered
indicative of statistical significance. Statistical outcomes were interpreted within the context
of biological relevance and experimental consistency across replicates.

3. Results
3.1. Isolation and Characterization of ADSCs

ADSCs were successfully isolated from adipose tissue using collagenase-based enzy-
matic digestion. After culture expansion, the cells adhered to plastic and showed robust
proliferative behavior. Under phase-contrast microscopy, the majority of cells displayed
the expected spindle-shaped, fibroblast-like morphology with tapered processes. The
cultures showed variable cell size and cytoplasmic texture, but there was no evidence of
extensive detachment, vacuolization or degenerative morphology, supporting successful
ADSC expansion under standard conditions (Figure 1).

Figure 1. Morphology of cultured ADSCs on day 7 after isolation. Representative phase-contrast im-
age showing plastic-adherent ADSCs with fibroblast-like, spindle-shaped morphology and elongated
cellular processes at 40 x magnification. Scale bar = 50 pum.

Flow cytometric analysis confirmed a mesenchymal phenotype. ADSCs showed strong
expression of CD73, CD13 and CD29, whereas hematopoietic and endothelial markers
were minimally expressed. Mean positive expression values were 97.82 £ 1.2% for CD73,
94.32 £ 2.1% for CD13 and 96.53 + 1.8% for CD29 (Figure 2). In contrast, CD14, CD31
and CD45 expression remained very low at 0.81 £ 0.3%, 1.21 & 0.4% and 0.91 £ 0.3%,
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respectively (Figure 3). These data confirmed that the expanded cells met the expected

ADSC phenotype and were not substantially contaminated by hematopoietic, monocytic or
endothelial populations.
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Figure 2. Positive surface marker profile of ADSCs. Representative flow cytometry plots demonstrate
high expression of CD29, CD13, and CD73, confirming the mesenchymal phenotype of the isolated
ADSCs. Colors are used for visualization only and have no biological significance. Positive staining
was determined exclusively by the rectangular gate.
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Figure 3. Negative lineage marker profile of ADSCs. Representative flow cytometry plots demonstrate
minimal expression of CD14, CD31, and CD45, indicating negligible contamination by monocytes,
endothelial cells, or hematopoietic cells. Colors are used for visualization only and have no biological
significance. Positive staining was determined exclusively by the rectangular gate.

3.2. Morphological Response to Medication Treatment and MEMW Exposure

Untreated ADSCs retained a typical fibroblast-like appearance, with randomly dis-
tributed polygonal-to-spindle-shaped cells. The medication and MEMW groups showed
modest increases in cellular elongation, parallel orientation, and alignment relative to the
untreated control. Apparent differences in the number of cells per field were not quantified
and are therefore not interpreted as changes in cell density or proliferation. Crystal violet

staining was used only for qualitative morphological visualization. Representative images
are shown in Figure 4.

https:/ /doi.org/10.3390/app16157783


https://doi.org/10.3390/app16157783

Appl. Sci. 2026, 16, 7783 8 of 14

Control Medication combination MEMW

Figure 4. Morphological comparison of ADSCs under control, medication-treated, and MEMW-
exposed conditions. All images were acquired at 40 x magnification under identical imaging settings.
Treated cultures showed modest differences in cellular elongation and alignment. Crystal violet

staining was used for qualitative visualization only and not for cell-density quantification. Scale
bars = 50 um.

3.3. Regulation of Stemness-Associated Genes

gqRT-PCR analysis showed reduced expression of the stemness-associated transcripts
POUSF1 (OCT4), SOX2, and NANOG in medication-treated and MEMW-exposed ADSCs
relative to untreated controls (Figure 5). This pattern is consistent with a shift away from an
undifferentiated state but does not, by itself, establish a specific differentiated phenotype.
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Figure 5. Expression of stemness-associated genes after treatment. Relative expression of NANOG,
SOX2, and POUS5SF1 (OCT4) was measured by qRT-PCR in control, medication-treated, and
MEMW-exposed cells. Values were normalized to GAPDH and expressed relative to untreated
controls. Statistical comparisons used one-way ANOVA with multiple-comparison testing for para-
metric data or the Kruskal-Wallis test with Dunn’s post hoc test when parametric assumptions were
not met. * p < 0.05; ** p < 0.01; ns, not significant.

3.4. Expression of Early and Late Cardiac Markers

Early cardiac-associated genes increased after both forms of treatment. GATAA4,
NKX2-5 and NPPA were upregulated in medication-treated and MEMW-exposed AD-
SCs relative to untreated controls, indicating activation of cardiogenic transcriptional
programs (Figure 6). These markers are associated with early cardiac development and
lineage specification and their induction supports cardiomyogenic commitment rather than
maintenance of a naive mesenchymal phenotype.

Changes in late cardiomyocyte-associated transcripts were more modest. TNNI3
and MYH6 showed limited increases in the medication-treated group, but the over-
all magnitude of late marker induction was lower than that observed for early car-
diac genes (Figure 7). This pattern indicates that the 21-day protocol promoted early
cardiomyocyte-like commitment but may not have been sufficient to achieve complete
structural and functional maturation.
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Figure 6. Early cardiomyogenic marker expression in ADSCs. Relative mRNA levels of GATA4,
NPPA, and NKX2-5 were quantified by qRT-PCR and normalized to GAPDH. Statistical comparisons
used one-way ANOVA with multiple-comparison testing for parametric data or the Kruskal-Wallis
test with Dunn’s post hoc test when parametric assumptions were not met. * p < 0.05; ** p < 0.01; ns,
not significant.
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Figure 7. Late cardiomyocyte-associated gene expression after treatment. Relative expression of
TNNI3 and MYH6 was assessed in control, medication-treated, and MEMW-exposed ADSCs and
normalized to GAPDH. Statistical comparisons used one-way ANOVA with multiple-comparison
testing for parametric data or the Kruskal-Wallis test with Dunn’s post hoc test when parametric
assumptions were not met. Late-marker changes were smaller than early-marker responses, support-
ing partial commitment rather than mature cardiomyocyte differentiation. * p < 0.05; ** p < 0.01; ns,
not significant.

4. Discussion

This study examined whether medication-derived electromagnetic waves could influ-
ence ADSCs toward an early cardiomyocyte-like state. Direct medication treatment and
MEMW exposure produced broadly convergent changes: modest increases in elongation
and alignment, lower expression of stemness-associated genes, and higher expression of
early cardiac-associated markers. These findings show that MEMW produced selected
biological responses comparable to the medication mixture under the conditions tested,
but they do not establish mature cardiomyocyte differentiation or a drug-specific electro-
magnetic mechanism in vitro [24].

Initial ADSC characterization was necessary before interpreting the differentiation
response. The isolated cells showed plastic adherence, spindle-shaped morphology, strong
CD73/CD13/CD29 expression and negligible CD14/CD31/CD45 expression. This phe-
notype supports an ADSC-enriched mesenchymal population and makes it less likely
that the observed cardiac marker profile was driven by hematopoietic or endothelial
contamination [6-13].

Morphological organization differed modestly among the groups. Untreated AD-
SCs remained randomly oriented and fibroblast-like, whereas both intervention groups
showed greater elongation and alignment. Because the images were representative and
the analysis was qualitative, no conclusion can be drawn about cell density, proliferation,
or treatment-specific changes in cell size. The observed alignment is compatible with
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cytoskeletal reorganization during early lineage commitment, but no direct cytoskeletal
assay was performed.

The molecular findings further support a shift away from an undifferentiated state.
Reduced POUSF1 (OCT4), SOX2, and NANOG expression indicates lower stemness-
associated transcriptional activity. ADSCs are adult mesenchymal cells rather than pluripo-
tent stem cells; therefore, these markers are interpreted as indicators of progenitor-state
change rather than proof of pluripotency loss. Their reduction after both interventions is
consistent with increased lineage commitment.

The upregulation of GATA4, NKX2-5, and NPPA is consistent with activation of early
cardiac transcriptional programs. GATA4 and NKX2-5 participate in cardiac lineage specifi-
cation, whereas NPPA is associated with fetal cardiac gene expression and cardiomyogenic
differentiation [17,28]. These changes support early commitment when interpreted together
with the decrease in stemness-associated transcripts.

The four-agent combination was selected from prior ADSC work [24] and was in-
tended to engage complementary cardiovascular pathways rather than a single target.
Salbutamol can influence 3-adrenergic/cAMP-MAPK signaling; ivabradine is linked to
HCN-current biology, calcium handling, and remodeling; and sacubitril/valsartan modifies
natriuretic-peptide and renin—angiotensin signaling with downstream effects on inflamma-
tion, fibrosis, and AMPK-related responses [29—-42]. These actions could converge on stress
adaptation, calcium homeostasis, cytoskeletal organization, and cardiac transcriptional
networks. Because the agents were not tested in a factorial design, the present study cannot
determine whether their combined effects were synergistic, additive, or antagonistic.

The modest response of the late markers TNNI3 and MYHS6 is a central limitation. Ma-
ture cardiomyocytes require organized sarcomeres, functional calcium handling, electrical
excitability, intercellular coupling, and contractile activity. The present evidence therefore
supports early cardiomyogenic commitment rather than structural or functional maturation.
Protein-level validation and functional assays are required before mature cardiomyocyte
differentiation can be claimed.

The mechanism underlying the MEMW-associated response remains unresolved.
A physical signal could, in principle, be transduced through membrane polarization, ion-
channel activity, calcium flux, redox signaling, mitochondrial responses, and cytoskeletal
remodeling, with downstream effects on cardiac transcriptional networks [18-23]. Conven-
tional electromagnetic stimulation is generally defined by selected frequencies, waveforms,
and field strengths, whereas the present approach uses playback of a proprietary broad-
band recording associated with a medication preparation. Whether that recording retains
drug-specific biological information is a working hypothesis, not an established mechanism.

Several limitations constrain interpretation. Field strength, waveform components,
signal stability, and spatial uniformity were not independently characterized. The study did
not include sham or nonspecific electromagnetic exposure, so the observed effects cannot
be attributed exclusively to medication-specific information. Morphology was assessed
qualitatively, the donor cohort was limited to women, and the biological conclusions
rely on mRNA rather than protein or function. Blinded image analysis, independent
replication, protein-level validation, and functional assays are needed to determine whether
the transcriptional changes are stable and biologically meaningful.

5. Future Directions and Potential Applications

Future work should begin by standardizing the MEMW exposure system. Repro-
ducible interpretation will require detailed characterization of the signal source, antenna
position, field intensity, exposure frequency range, treatment duration, distance from cul-
tures and possible environmental interference. A sham-exposed control group should also

https:/ /doi.org/10.3390/app16157783


https://doi.org/10.3390/app16157783

Appl. Sci. 2026, 16, 7783

11 of 14

be incorporated to distinguish true MEMW-related effects from incubator handling, plate
positioning or nonspecific physical stimulation.

Mechanistic studies should examine how MEMW exposure affects cellular signaling
during cardiomyogenic commitment. Priority areas include membrane polarization, in-
tracellular calcium dynamics, reactive oxygen species balance, mitochondrial metabolism,
cytoskeletal remodeling and pathways such as MAPK/ERK, Notch, NF-kB, AMPK, GATA4
and NKX2-5. These analyses would help determine whether MEMW acts as a broad bio-
physical stimulus or whether it activates more specific signaling programs associated with
the parent medications.

The evidence should also be expanded beyond morphology and mRNA expression.
Protein-level confirmation is needed using immunocytochemistry, Western blotting or flow
cytometry for cardiac troponin T, alpha-actinin, connexin-43, MYH6, MYH? and related
markers. Functional maturation should be assessed through calcium transient imaging,
electrophysiological analysis, contractility assays, sarcomere organization, mitochondrial
respiration and gap-junction formation. These tests are necessary to separate early lineage
commitment from genuine cardiomyocyte maturation.

Optimization studies should evaluate different exposure schedules, treatment win-
dows, donor sources, cell densities, passage numbers and culture formats. Three-
dimensional scaffolds, extracellular matrix systems, mechanical stimulation and biochemi-
cal cardiogenic cues may be combined with MEMW to improve tissue organization and
maturation. This is especially important for cardiac tissue engineering, where aligned
architecture and synchronized function are essential.

From a translational perspective, MEMW may be explored as a non-contact precondi-
tioning strategy for ADSCs before transplantation or tissue-engineered construct formation.
If independently validated, the approach could reduce prolonged drug exposure during cell
manufacturing and provide a scalable conditioning platform. In the long term, medication-
derived electromagnetic signaling might support controlled biophysical conditioning of
patient-derived cells, but this possibility remains experimental.

Before clinical translation, safety and efficacy must be tested rigorously. Future experi-
ments should include independent replication, genomic stability assessment, long-term
culture monitoring, arrhythmogenic risk evaluation and in vivo studies using myocardial
infarction or cardiac injury models. Outcomes should include cell survival, retention,
vascular integration, immune response, scar remodeling, ventricular function and electro-
physiological safety. Without these data, MEMW should remain an experimental platform
rather than a clinical intervention.

6. Conclusions

This study provides preliminary evidence that medication-derived electromagnetic
waves generated from a four-drug cardiovascular combination can influence human ADSCs
toward an early cardiomyogenic state. MEMW exposure was associated with modest
morphological organization, reduced stemness-associated gene expression, and increased
early cardiac-associated transcripts in a pattern broadly comparable to direct medication
treatment. The limited late-marker response does not demonstrate mature cardiomyocyte
differentiation. Independent signal characterization, sham controls, protein validation,
functional testing, and in vivo safety studies are required before mechanistic or translational
claims can be made.
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