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Abstract:  71 

Esophageal adenocarcinoma (EAC) is an aggressive malignancy characterized by severe 72 

therapeutic resistance and a dismal prognosis. Although the green tea polyphenol 73 

epigallocatechin-3-gallate (EGCG) possesses potent anti-cancer properties, its clinical 74 

translation is restricted by poor stability and low bioavailability. To overcome these 75 

bottlenecks, we engineered a biocompatible nanoplatform utilizing bovine milk exosomes to 76 

encapsulate EGCG (Exo-EGCG). The resulting formulations exhibited favorable 77 

physicochemical attributes, including an average hydrodynamic diameter of 130.6 ± 3.6 nm, 78 

excellent colloidal stability, high encapsulation efficiency (78.5 ± 5.6%), and a sustained, pH-79 

responsive biphasic release profile accelerated at pH 5.5.  80 

In vitro screens against human EAC lines (SKGT-4 and FLO-1) demonstrated that exosomal 81 

encapsulation drastically enhanced the anti-proliferative and anti-clonogenic performance of 82 

EGCG. MTT profiling revealed time- and dose-dependent reductions in IC50 values, driven by 83 

enhanced exsomes mediated endocytosis. Furthermore, Exo-EGCG triggered a catastrophic 84 

intracellular oxidative burst, characterized by a significant (p < 0.05) upsurge in global 85 

cytoplasmic reactive oxygen species (ROS) and localized mitochondrial superoxide 86 

overproduction, effectively crippling the mitochondrial network. Furthermore, sub-toxic 87 

concentrations (15 µM) of Exo-EGCG markedly suppressed lateral and transwell cell 88 

migration by attenuating essential pro-metastatic drivers. FLO-1 cells exhibited more rapid 89 

baseline migration and higher susceptibility to drug-induced oxidative collapse than the 90 

heterogeneous SKGT-4 line. Collectively, these findings demonstrate that bovine milk 91 

exosome encapsulation successfully bypasses the delivery barriers of EGCG, establishing a 92 

scalable and potent nanomedicine platform for refractory esophageal adenocarcinoma. 93 
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Introduction:  98 

EAC remains largely resistant to current standard-of-care treatment options, with 99 

approximately 70% of cases exhibiting refractory disease and recently approved 100 

immunotherapies providing only a marginal extension of overall survival by a few months [1]. 101 

As a highly aggressive upper gastrointestinal malignancy, EAC carries an exceptionally poor 102 

prognosis; because most patients are diagnosed at an advanced clinical stage, the five-year 103 

survival rate is only approximately 20%. The public health impact of this malignancy is 104 

particularly evident in the United States[2, 3], where EAC accounts for the majority of the 105 

estimated 22,070 new esophageal cancer cases diagnosed annually—a figure that reflects a 106 

steady increase in incidence across Western nations over the last three decades[4, 5].  107 

Consequently, there is an urgent requirement for the development of novel therapeutic 108 

strategies that demonstrate both high anti-tumor activity and a favourable, low-toxicity profile 109 

[6].  110 

Extensive epidemiological and clinical data indicate that daily green tea consumption 111 

significantly promotes human health, particularly through its chemopreventive and 112 

cardiovascular benefits. Globally, numerous studies have highlighted the site-specific efficacy 113 

of green tea against various malignancies [7, 8]. In Asian cohorts, a Japanese study 114 

demonstrated that high-volume green tea intake correlates with a reduced risk of gastric cancer 115 

[9], while research in China suggested a protective effect against esophageal cancer 116 



development[10]. Similarly, clinical investigations in Western populations support these 117 

findings: a trial in the United States found that green tea extract has therapeutic potential against 118 

prostate cancer progression[11], and European cohort data indicated a modest inverse 119 

correlation with breast cancer incidence[12]. Beyond oncology, long-term longitudinal studies 120 

have demonstrated that regular green tea consumption is associated with a 16% to 26% 121 

reduction in cardiovascular-related mortality [13]. Furthermore, meta-analyses of randomized 122 

controlled trials (RCTs) confirm that regular intake improves glycemic control by significantly 123 

lowering fasting blood glucose, circulating insulin levels, and HbA1c [14]. These multi-124 

targeted pharmacological properties are fundamentally attributed to the plant’s primary 125 

bioactive constituents, specifically the potent polyphenol epigallocatechin-3-gallate (EGCG) 126 

and the amino acid L-theanine [15].  127 

Despite the well-documented pharmacological advantages of EGCG, including its potent 128 

chemopreventive and anticancer properties, its clinical translation is severely hindered by 129 

unfavourable pharmacokinetic attributes. The primary challenges restricting the therapeutic 130 

utility of EGCG in clinical settings are its poor aqueous stability and low oral bioavailability 131 

[16, 17]. Following administration, these limitations lead to rapid metabolic degradation and 132 

systemic clearance, ultimately compromising its therapeutic efficacy at target tumor sites. 133 

Consequently, the development of an advanced delivery vehicle is indispensable to optimizing 134 

the pharmacokinetic profile of EGCG, enhancing its stability, and maximizing its therapeutic 135 

potential [18]. 136 

To overcome these pharmacokinetic limitations, various nano-based systems have been 137 

engineered, including gold nanoparticles, polymeric nanoparticles, liposomal formulations, 138 

and folic acid-targeted nanocarriers [18-20]. However, each platform faces distinct clinical 139 

bottlenecks. Specifically, gold nanoparticles are limited by poor biodegradability and long-term 140 

systemic toxicity, while polymeric nanoparticles frequently exhibit low drug-loading capacity 141 

and premature payload release. Furthermore, conventional liposomes undergo rapid 142 

elimination by the reticuloendothelial system (RES), and active targeting via folic acid 143 

functionalization is often compromised by receptor saturation in vivo [21]. Consequently, the 144 

efficient therapeutic delivery of EGCG still requires a novel, optimized vehicle capable of 145 

surmounting these collective delivery challenges [22].  By bridging the gap between artificial 146 

nanocarriers and biological compatibility, exosome-based delivery systems offer a 147 

comprehensive solution to the pharmacokinetic hurdles of EGCG, paving the way for more 148 

effective cancer therapeutics. 149 

Among biological nanocarriers, bovine milk-derived exosomes have emerged as highly 150 

promising drug delivery vehicles [23]. Naturally functioning as extracellular vesicles that 151 

traffic nucleic acids and proteins for intercellular communication, these endogenous 152 

nanoparticles offer exceptional biocompatibility, negligible toxicity, cost-effectiveness, and a 153 

prolonged systemic half-life [24]. Because their unique amphiphilic architecture enables the 154 

encapsulation of both hydrophilic and hydrophobic compounds, they are increasingly utilized 155 

to deliver diverse small-molecule chemotherapeutics [25]. Consequently, utilizing bovine milk 156 

exosomes presents an ideal strategy to optimize the delivery of EGCG. 157 

To the best of our knowledge, no study has yet evaluated the therapeutic deployment of EGCG 158 

encapsulated within bovine milk exosomes for the treatment of esophageal adenocarcinoma 159 

(EAC). Therefore, this study investigates the in vitro anticancer efficacy of exosome-loaded 160 

EGCG (Exo-EGCG) against established EAC cell lines. We hypothesize that this biologically 161 

derived delivery strategy will achieve enhanced cellular internalization, superior cytotoxicity 162 



against malignant cells, and diminished off-target effects compared to free EGCG, ultimately 163 

establishing a scalable therapeutic platform with high translational potential. 164 

Materials and methods  165 

Epigallocatechin-3-gallate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 166 

(MTT), crystal violet, 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI), Coumarine-6, 167 

were purchased from Sigma-Aldrich. BCA kit, DMEM medium, F-12 medium, and penicillin-168 

streptomycin solution were purchased from Thermofisher. Primary antibodies for Alix, 169 

TSG101, and CD63, and secondary antibodies were purchased from CST. Mitochondrial 170 

Superoxide Assay Kit, Cellular ROS Assay Kit (Deep Red).  All other chemicals, unless 171 

notified otherwise, were used from the highest-grade quality.  172 

Isolation of exosomes  173 

Fresh whole milk was purchased from the nearest superstore and immediately processed for 174 

exosome isolation. First step: whole milk was centrifuged for 30 minutes at 13 × 10^3 RCF to 175 

remove the fatty layer; the supernatant was carefully collected, then ultracentrifuged at 1 × 176 

10^5 RCF for 60 minutes at 4 °C. In the final step to collect exosomes, supernatant was taken 177 

from the above step, then ultracentrifuged again at 1.3 × 10^6 for 90 minutes at 4 °C. The 178 

exosomes pellets were collected from the bottom of the centrifuge tube, then homogenized 179 

with a Potter Elvehjem homogenizer to make monodispersed particles, followed by protein 180 

estimation with a BCA kit and stored at -80 until use [26].  181 

Western blotting for confirmation  182 

To confirm the purity of the exosomes, we performed Western blot analysis for exosome 183 

markers such as Alix, TSG101, and CD81. Additionally, to confirm purity, we performed 184 

Western blotting for markers of multivesicular bodies (MVBs), including β1 integrin, P-185 

selectin, and CD40 [27]. Briefly, exosomes were lysed with RIPA buffer, and the protein 186 

concentration was estimated using a BCA assay. An equal amount of protein (30 µg) from 187 

different batches was then mixed with Laemmli buffer, after which the gel was run. This was 188 

followed by blocking with 5% BSA, incubation with rabbit primary antibodies, and subsequent 189 

incubation with anti-rabbit secondary antibodies. Finally, the blots were treated with an ECL 190 

solution and imaged using a ChemiDoc (Bio-Rad) imaging system. 191 

Drug loading and encapsulation efficiency  192 

Epigallocatechin-3-gallate-loaded exosomes (Exo-EGCG) were prepared via the sonication 193 

method as previously mentioned protocol [28]. Briefly, EGCG was dissolved in phosphate-194 

buffered saline (PBS) and then incubated with exosomes (1:9) 1 mg of drug and 9 mg of 195 

exosomes) for 5 minutes, followed by sonication. We processed the sample for three minutes 196 

using six cycles of 30-second bursts and 30-second rests, operating a 0.25-inch probe sonic 197 

sonicator at 20% amplitude. Between each of these cycles, we allowed the sample to cool for 198 

two minutes. Following sonication, the exosomes were allowed to reintegrate their biological 199 

membranes via a 1-hour incubation at room temperature. After completion of the incubation, 200 

to separate the EGCG-loaded exosomes from naïve exosomes, ultracentrifugation was 201 

performed at 130,000 × g (RCF) for 90 minutes, followed by pellet collection and redistribution 202 

of Exo-EGCG in PBS. The samples were subsequently processed for particle size measurement 203 

and then stored at -80 °C until use. To determine the encapsulation or entrapment efficiency, 204 

the EGCG-loaded exosomes were treated with methanol for 10 minutes and then centrifuged 205 

for 10 minutes at 10,000 × g (RCF) to precipitate the lysed exosome particles. The supernatant 206 

containing the EGCG was subsequently analysed by UV analysis for EGCG concentration 207 

determination via following formula. 208 



 209 

Characterization:  210 

Bovine milk exosomes and Exo-EGCG were evaluated for size distribution, PDI, and zeta 211 

potential utilizing a Malvern Zetasizer Lab (Worcestershire, United Kingdom). Their structural 212 

topography was examined using an HR-TEM. Size and charge profiling were performed by 213 

diluting 100 µL of the respective samples into 1 mL of PBS. For morphological preparation, a 214 

mixture of 5 µL sample and 1.5 mL PBS was clarified through a 0.25 µm syringe filter. For 215 

TEM analysis, 100 µL of the diluted preparation was applied to 400-mesh grids, allowed to dry 216 

overnight, and examined at an operating voltage of 100 kV. 217 

Drug release:  218 

Following established methodologies [29], a dialysis-based dissolution study was conducted at 219 

pH 7.4 (representative of normal physiological blood) and pH 5.5 (representative of tumor 220 

acidity). Dialysis membranes (MWCO 14 kDa) were pre-conditioned overnight in PBS. Next, 221 

Exo-EGCG formulations (containing the equivalent of 1 mg EGCG) were sealed inside the 222 

membranes and immersed in 50 mL of PBS containing 0.2% Tween 80 to establish sink 223 

conditions. Media sampling (1 mL per time point) was executed at designated intervals over 224 

48 hours (0, 0.5, 1, 2, 4, 6, 8, 12, 24, and 48 h), with immediate replacement using fresh vehicle. 225 

Quantitation of the released EGCG was performed using UV spectrophotometric analysis. 226 

Stability 227 

The short-term stability of exosomes and Exo-EGCG was monitored over a six-week period at 228 

-80°C. Aliquots were sampled weekly from deep storage to measure changes in drug content, 229 

particle size, polydispersity index (PDI), and zeta potential. 230 

Cell line and culturing conditions  231 

SKGT-4 and FLO-1 cell lines were maintained in F-12 and DMEM medium, respectively, and 232 

both cell lines were provided with 10% FBS and 1% penicillin-streptomycin (antibiotic 233 

antimycotic solution) and cultured in a humidified incubator at 37˚C with 5% CO2.     234 

Cytotoxicity  235 

The in vitro cytotoxicity of Exo, EGCG, and Exo-EGCG against SKGT-4 and FLO-1 cell lines 236 

was determined via the standard colorimetric MTT assay. Briefly, cells were inoculated into 237 

96-well culture plates at a seeding density of 1x104 cells per well and incubated overnight at 238 

37 °C to facilitate adherence. Following this 24 h stabilization period, the existing culture 239 

medium was discarded and replenished with fresh media containing gradient concentrations of 240 

Exo, EGCG, or Exo-EGCG. The treated cells were then incubated for designated intervals of 241 

24, 48, and 72 h. 242 

Upon completion of the respective exposure times, the treatment media were aspirated, and the 243 

cell monolayers were rinsed with PBS. Each well was then treated with 100 μL of MTT solution 244 

(0.5 mg/mL) and incubated for 4 h. Post-incubation, the supernatant was carefully removed, 245 

and the resulting intracellular formazan precipitates were solubilized by the addition of 100 μL 246 

of culture-grade DMSO, followed by a 30-minute incubation. The absorbance of the dissolved 247 

crystals was recorded at a wavelength of 570 nm using a microplate reader (EPOCH™, BioTek, 248 

Winooski, VT, USA). Cell viability percentages and corresponding half-maximal inhibitory 249 

concentrations IC50 were modeled and computed using GraphPad Prism software (Boston, 250 

USA). 251 



Qualitative cell uptake assay  252 

The intracellular internalization of drug-loaded nanocarriers was qualitatively evaluated in 253 

SKGT-4 and FLO-1 esophageal cancer cells using coumarin-6 (C-6) as a fluorescent marker, 254 

adapting a previously reported protocol [30]. Fluorescently labeled exosomes (Exo-C-6) were 255 

synthesized using a methodology identical to Exo-EGCG, substituting EGCG with C-6. Cells 256 

were inoculated into 6-well plates at a density of 5x104 cells per well and cultured overnight to 257 

achieve adherence. Next, the cell monolayers were exposed to Exo-C-6 (3µg/ml) for a duration 258 

of 4 h. Following incubation, the cells were rinsed thrice with ice-cold PBS to eliminate 259 

extracellularly bound or unencapsulated vesicles. The intracellularly accumulated C-6 260 

fluorescence within the cancer cells was subsequently imaged and analyzed using a 261 

fluorescence microscope (Leica, Wetzlar, Germany). 262 

Mitochondrial membrane potential assay 263 

To evaluate the generation of mitochondrial reactive oxygen species under treatment 264 

conditions, mitochondrial superoxide levels were quantified using a commercial fluorometric 265 

assay kit (ab219943, Abcam, UK). Briefly, SKGT-4 and FLO-1 cells were seeded into 6-well 266 

plates at a density of 1 × 10⁵ cells per well and allowed to adhere overnight under standard 267 

incubation conditions (37 °C, 5% CO₂). The culture medium was subsequently replaced with 268 

fresh media containing free Exo, native EGCG, or Exo-EGCG at concentrations equivalent to 269 

the therapeutic dose of EGCG. Following a 24-hour treatment period, the cells were washed 270 

and incubated with the live-cell permeant MitoROS™ 580 dye solution for 1 hour at 37 °C, 271 

strictly following the manufacturer’s instructions. The specific oxidation of the dye by 272 

mitochondrial superoxide molecules yielded a distinct red fluorescent signal, which was 273 

immediately visualized and analyzed using a fluorescence microscope to evaluate intra-274 

mitochondrial oxidative stress. 275 

Reactive oxygen species assay 276 

The accumulation of intracellular global reactive oxygen species (ROS) following formulation 277 

treatment was quantified using a commercial Cellular ROS Assay Kit (ab186029, Abcam, UK). 278 

Briefly, SKGT-4 and FLO-1 cell lines were seeded into 6-well plates at an initial density of 1 279 

x105 cells per well and cultured overnight under standard environmental conditions (37 ℃ 5% 280 

CO2) to ensure stable attachment. The old media was subsequently replaced with fresh culture 281 

media containing free Exo, native EGCG, or Exo-EGCG formulations, with drug 282 

concentrations normalized to the therapeutic equivalent dose of EGCG. Following a 24-hour 283 

treatment period, the cells were washed with PBS and incubated with the live-cell permeant 284 

ROS Deep Red dye solution for 45 minutes at 37℃ in the dark, adhering closely to the 285 

manufacturer’s assay protocol. Intracellular oxidation of the fluorogenic sensor by native ROS 286 

molecules generated a highly stable deep-red fluorescent signal. The relative intensity of this 287 

intracellular far-red fluorescence was immediately captured and analyzed using a fluorescence 288 

microscope to determine the extent of cellular oxidative stress. 289 

Colony formation assay 290 

In vitro cell survival and proliferation were monitored via a colony formation assay using 291 

SKGT-4 and FLO-1 cell lines. Individual cells (100 per dish) were distributed into 60 mm Petri 292 

dishes and cultured overnight at 37 °C. After 24 h, the supernatant was evacuated and fresh 293 

media supplemented with Exo, EGCG, and Exo-EGCG (equivalent to 20 μM EGCG) was 294 

introduced. For the remaining duration of the 10-day experiment, the media was swapped for 295 

fresh regular medium every two days. On day 10, cell colonies were stained using a 0.5% 296 

crystal violet solution and manually enumerated to evaluate survival rates. 297 



Wound healing assay 298 

To determine the impact of Exo, EGCG, and Exo-EGCG on cellular migration, a scratch assay 299 

was carried out according to literature methods [31]. SKGT-4 and FLO-1 cells were distributed 300 

into Ibidi 2-well culture inserts (Ibidi, Lochhamer Schlag, Gräfelfing, Germany) at a density of 301 

5X104 cells/100 μL (200 μL total volume) and incubated for 12 h. Following cell attachment, 302 

a cell-free gap was generated by gently lifting the inserts with sterile forceps. Monolayers were 303 

washed with cold PBS and then incubated with the different formulations (standardized to 10 304 

μM EGCG based on prior optimization). The progression of wound closure was evaluated 305 

using an inverted microscope at 0, 12, and 24 h, and the corresponding percentage of migration 306 

area was calculated following formula and using ImageJ software. 307 

 308 

Transwell migration assay  309 

A transwell assay was executed to determine whether the prepared exosome formulations could 310 

inhibit the migratory capacity of SKGT-4 and FLO-1 cells. The cells were pretreated for 1 h 311 

with exosomes, EGCG, and Exo-EGCG (15 μM EGCG equivalent based on preliminary work) 312 

before being harvested with trypsin. Next, cells were suspended in serum-starved media and 313 

introduced into the upper inserts (Sigma-Aldrich, MA, USA) at a density of 4x104 cells/100 314 

μL (total volume 0.5 mL). To drive migration, media containing 10% FBS was placed in the 315 

bottom well. Following 24 h of incubation, the migrating cells on the underside of the 316 

membrane were immobilized using 4% formaldehyde and visualized with 0.5% toluidine blue 317 

staining. Migration levels were determined by counting the stained cells under an inverted 318 

microscope. 319 

Statistical analysis  320 

Statistical computations were executed using GraphPad Prism software (Version 8.0; San 321 

Diego, CA, USA), while image processing was conducted via ImageJ software (Bethesda, 322 

Maryland, USA). To evaluate potential variations across the mean values of three independent 323 

experimental replicates, a one-way analysis of variance (ANOVA) was performed. Statistical 324 

significance was predefined and established at p < 0.05. 325 

Result and discussion  326 

Isolation and Biochemical Characterization of Exosomes 327 

Exosomes were successfully isolated from bovine milk and subsequently characterized to 328 

confirm their molecular profile. As shown in Figure 1, Western blot analysis verified the 329 

presence of the classical exosomal membrane markers CD63, CD81, Tsg101, and Alix within 330 

the protein lysates. To establish the purity of the isolation, samples were screened for non-331 

exosomal markers; the complete absence of p-selectin, CD40, and beta 1-integrin on the vesicle 332 

surfaces confirmed that the isolated fractions were highly purified and devoid of contaminating 333 

multivesicular bodies. 334 



 335 

Figure 1: Validation of isolated vesicles. Exosomes were harvested across three independent 336 

batches using differential ultracentrifugation, with isolation purity confirmed via Western blot 337 

analysis of specific exosomal and microvesicle protein biomarkers. 338 

Characterization of exosomes and drug -loaded exosomes  339 

As summarized in Table II and illustrated in Figure 3(I)(a–c), the blank bovine milk exosomes 340 

displayed an average hydrodynamic diameter of 110.4 ± 2.5 nm, a polydispersity index (PDI) 341 

of 0.113 ± 0.003, and a surface charge of -22.6 ± 2.5 mV. In comparison, the drug-loaded 342 

formulations (Exo-EGCG) exhibited a minor increase in size to 130.6 ± 3.6 nm, with a PDI of 343 

0.108 ± 0.004 and a zeta potential of -24.5 ± 3.8 mV [Fig. 2 (A–D) and Table 1]. Although the 344 

increase in diameter was not statistically significant, these shifts are consistent with previous 345 

literature and point toward the successful incorporation of the therapeutic payload into or onto 346 

the exosomal vesicles [32]. Both systems demonstrated excellent colloidal stability; notably, 347 

Exo-EGCG possessed a slightly more pronounced negative surface charge than its native 348 

counterparts. This alteration in surface chemistry likely stems from the interaction of specific 349 

functional groups on the payload with the exosomal membrane via hydrogen bonding or 350 

electrostatic interactions. 351 

Quantitative analysis revealed an encapsulation efficiency of 78.5 ± 5.6% and a drug loading 352 

capacity of 22.6 ± 2.6% (Table I). Morphological assessment via TEM confirmed that both 353 

unmodified and loaded exosomes maintained a well-defined spherical architecture. The 354 

physical diameters resolved by electron microscopy were roughly 80 nm, which is 355 

characteristically smaller than the dimensions obtained from dynamic light scattering (DLS). 356 

This variation is expected, as DLS measures the surrounding hydrodynamic hydration shell in 357 

a liquid state, whereas TEM captures the actual dehydrated core of the particles. Ultimately, 358 

payload loading did not compromise the structural integrity of the vesicles, confirming their 359 

viability as a stable drug delivery vehicle. 360 



                         361 

 362 

Figure 2: Morphological and structural characterization of native and drug-loaded vesicles. 363 

The shape and core dimensions of both unmodified exosomes (Exo) and epigallocatechin-3-364 

gallate-loaded exosomes (Exo-EGCG) were visualized via transmission electron microscopy 365 

(TEM) (A), while their respective hydrodynamic size distributions were quantified using a 366 

dynamic light scattering particle size analyzer (B). 367 

 368 

Table I: Physicochemical properties of native and drug-loaded vesicles. The table summarizes 369 

the hydrodynamic diameter, polydispersity index (PDI), surface charge (zeta potential), 370 

payload entrapment efficiency, and total drug loading capacity for both unmodified exosomes 371 

and epigallocatechin-3-gallate-encapsulated formulations. 372 

 373 

Formulation Size (nm) PDI Zeta potential  %EE % DL 

Exosomes 110.4±2.5 0.113±0.003 -22.6±2.5 - - 

Exo-EGCG 130.6±3.6 0.108±0.004 -24.5±3.8 78.5±5.6 22.6±2.6 

   374 

Drug release 375 



The in vitro cumulative release kinetics of EGCG and Exo-EGCG were investigated under dual 376 

environmental conditions to simulate systemic blood circulation (pH 7.4) and the acidic tumor 377 

interstitial fluid (pH 5.5). As illustrated in Figure 3 (A & B), Exo-EGCG displayed a 378 

characteristic biphasic release trajectory. Free EGCG exhibited rapid diffusion, achieving 379 

complete dissolution within 8 h across both pH media. Conversely, Exo-EGCG demonstrated 380 

an initial burst release during the first 2 h, with roughly 28% of the loaded cargo liberated 381 

irrespective of pH, followed by a prolonged, steady-state leakage extending up to 48 h. By the 382 

conclusion of the 48 h window, cumulative EGCG liberation reached approximately 80% at 383 

pH 7.4 and 95% at pH 5.5. The primary burst phase is likely governed by fractionally 384 

unencapsulated EGCG that adsorbed onto the vesicular surface through hydrogen bonds or 385 

hydrophobic interactions during the formulation phase. In contrast, the subsequent sustained 386 

phase is mediated by the slow partition of EGCG partitioned deep within the exosomal core. 387 

This dual-phase kinetic profile highlights the versatility of this platform for both immediate 388 

and extended therapeutic intervention against malignancy. Furthermore, the accelerated 389 

desorption observed at pH 5.5 can be attributed to the structural destabilization of the exosomal 390 

lipid bilayer under acidic stress, an effect modulated by surface-associated proteins and 391 

peptidoglycans native to the simulated tumoral microenvironment. 392 

 393 

Figure 3: In vitro cumulative release kinetics of epigallocatechin-3-gallate from the exosomal 394 

carrier. The dissolution profiles were evaluated under dual experimental conditions to track 395 

cargo liberation at physiological blood parameters ((A) pH 7.4) versus simulated acidic tumor 396 

microenvironments ((B) pH 5.5). 397 

Stability 398 

The physical and chemical stability of unmodified exosomes and Exo-EGCG was evaluated 399 

over a five-week (one-month) storage period at an ultra-low temperature (−80 °C) by 400 

monitoring changes in hydrodynamic size, PDI, and zeta potential. As illustrated in Figure 4, 401 

no significant alterations were detected in either the vesicle size or the remaining drug content 402 

for both groups. Parallel trends were observed regarding surface charge (zeta potential) and 403 

polydispersity indices. These minimal variations demonstrate that the exosomal formulations 404 

possess excellent structural integrity during short-term deep-freeze preservation. Nevertheless, 405 

comprehensive long-term stability trials monitoring both carrier degradation and precise cargo 406 

leakage remain essential to definitively validate the shelf-life of these systems. 407 
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               408 

Figure 4: Short-term storage stability metrics for native and drug-loaded nanovesicles. The 409 

plots illustrate the impact of conservation time under ultra-low temperature preservation on 410 

fundamental colloidal and chemical parameters, including physical hydrodynamic diameter 411 

(A), net surface charge or zeta potential (B), polydispersity indices (C), and residual therapeutic 412 

cargo retention (D). 413 

 414 

Cytotoxicity  415 

To determine the anti-proliferative efficacy of the prepared formulations, the in vitro 416 

cytotoxicity of free EGCG and Exo-EGCG was monitored against SKGT-4 and FLO-1 cell 417 

lines using the metabolic MTT assay. This colorimetric method reflects cellular viability based 418 

on the enzymatic reduction of the MTT tetrazolium substrate into insoluble purple formazan 419 

crystals within metabolically active cells. Cell death or impaired proliferation is indicated by a 420 

reduction in crystal formation, enabling a direct correlation between optical density and cell 421 

survival. Dose- and time-dependent survival kinetics were tracked across 24, 48, and 72 h 422 

intervals, as illustrated in Figure 5 (I–II). 423 

After 24 h of exposure in the SKGT-4 line, the calculated half-maximal inhibitory 424 

concentrations IC50 for free EGCG and Exo-EGCG were 72.2 ± 2.1 μM and 41.5 ± 3.2 μM, 425 

respectively [Fig. 5(I)(A), Table III]. Prolonging the treatment window to 48 h triggered a 426 

distinct decline in the IC50 thresholds, yielding values of 48.4 ± 2.8 μM for EGCG and 30.6 ± 427 

2.9 μM for Exo-EGCG [Fig. 5(I)(A-C), Table II]. This downward trend in IC50 values persisted 428 

through the 72 h endpoint. Comprehensive IC50 values across both cell models are compiled in 429 

Table III. Parallel cytotoxicity trends were resolved in the FLO-1 cell line under identical 430 

experimental parameters [Fig. 5(II)(A–D), Table II]. Notably, the SKGT-4 cells exhibited 431 

marginally higher resistance (increased IC50 profiles) relative to the FLO-1 line, an observation 432 

potentially tied to the pronounced cellular heterogeneity and highly aggressive biological 433 

phenotype characteristic of SKGT-4 cells. Crucially, the enhanced cytotoxic potency observed 434 

for EGCG upon exosomal encapsulation across both models is likely driven by carrier-435 

mediated endocytosis, facilitating superior intracellular internalization of the polyphenol into 436 

the target cytoplasm or nuclear compartment. 437 
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 438 

Figure 5: Evaluation of anti-proliferative activity against SKGT-4 and FLO-1 cell lines. The 439 

panel sets depict metabolic survival indices determined via MTT assay following exposure to 440 

variable drug formats over 24, 48, and 72 hours. Panel I (SKGT-4): Chronological IC50 curves 441 

for native EGCG (a), exosome-encapsulated EGCG (b), and their superimposed comparison 442 

plots (c). Panel II (FLO-1): Parallel chronological IC50 tracking for unencapsulated EGCG 443 

(a), Exo-EGCG (b), and the collective therapeutic comparison matrix (c). All data are expressed 444 

as mean ± SD (n = 3); statistical variations were evaluated via one-way ANOVA, where *p < 445 

0.05 indicates statistical significance. 446 

 447 

Table II: Half-maximal inhibitory concentration (IC50) metrics of free and exosome-448 

encapsulated epigallocatechin-3-gallate. The data summarizes the calculated cytotoxicity 449 

thresholds obtained in human SKGT-4 and FLO-1 cell lines across sequential incubation 450 

periods (24, 48, and 72 hours) to evaluate vehicle-mediated therapeutic enhancement. 451 

 452 

Formulation 

IC50(µM) 

24 Hours 48 Hours 72 Hours 

SKGT-4 FLO-1 SKGT-4 FLO-1 SKGT-4 FLO-1 

EGCG 71.2±2.1 50.3±2.1 48.4±2.8 40.2±1.8 41.5±2.9 35.1±1.4 

Exo-EGCG 41.5±3.2 24.8±1.2 30.6±2.9 18.3±0.9 25.7±3.1 15.2±0.7 

 453 
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 454 

Cell uptake assay 455 

To evaluate the capacity of the exosomal vehicles to internalize into esophageal cancer cells 456 

and transport their payload into the intracellular environment, a qualitative uptake study was 457 

performed in FLO-1 and SKGT-4 cell lines. Because the active therapeutic drug does not 458 

possess intrinsic fluorescence, the hydrophobic fluorophore coumarin-6 (C-6) was 459 

encapsulated as a surrogate tracker to generate fluorescently labelled vesicles (Exo-C-6). As 460 

illustrated in Figure 6 (A–D), cells treated with Exo-C-6 displayed a remarkably higher 461 

intensity of green fluorescence within the cytoplasm compared to those exposed to equivalent 462 

concentrations of free C-6. In contrast, control cells maintained in vehicle-only medium 463 

showed no green signal, confirming that the observed fluorescence was a direct consequence 464 

of carrier-mediated C-6 internalization. Interestingly, the intracellular accumulation of 465 

coumarin was visibly more pronounced in FLO-1 cells than in the SKGT-4 line [Fig. 6 (I–II)], 466 

which may suggest a potential P-glycoprotein or alternative efflux mechanism driving C-6 467 

clearance in SKGT-4 cells, or reflect differences in their aggressive phenotype. Furthermore, 468 

counterstaining the nuclei with DAPI verified that the green signal was distributed 469 

intracellularly rather than merely adsorbed onto the outer plasma membrane. These 470 

internalization dynamics are highly consistent with previous literature reporting exosome-471 

mediated drug delivery. 472 

 473 

Figure 6: Microscopic evaluation of intracellular internalization kinetics in esophageal 474 

adenocarcinoma models. (A,C) Representative fluorescence microscopy images capturing the 475 

qualitative cellular uptake of free Coumarin-6 (C-6) versus exosome-encapsulated Coumarin-476 

6 (Exo-C-6) within SKGT-4 (top panel) and FLO-1 (bottom panel) cell lines. (B, D) 477 

Quantitative analysis of relative intracellular fluorescence intensities processed via ImageJ 478 

software to compare delivery efficiencies. All data are expressed as mean ± SD (n = 3); 479 



statistical variations were evaluated via one-way ANOVA, where *p < 0.05 indicates statistical 480 

significance. 481 

 482 

Mitochondrial membrane potential assay 483 

The accumulation of mitochondrial reactive oxygen species (ROS), particularly superoxide 484 

radicals, serves as a pivotal upstream indicator of mitochondrial dysfunction and the induction 485 

of the intrinsic apoptotic pathway. In this study, localized mitochondrial superoxide generation 486 

was monitored utilizing the fluorogenic MitoROS™ 580 probe, which undergoes specific 487 

oxidation within stressed mitochondria to emit a distinct red fluorescent signal proportional to 488 

oxidative stress levels [33]. Fluorescence microscopy analysis revealed that SKGT-4 cells 489 

treated with Exo-EGCG exhibited a significantly higher intensity of red fluorescence (p < 0.05) 490 

compared to those exposed to unencapsulated EGCG, demonstrating a more profound 491 

induction of mitochondrial oxidative damage (Figure 7 I (A–E)). 492 

Parallel evaluation in the FLO-1 cell line yielded matching trends, with the Exo-EGCG 493 

formulation triggering a robust surge in red fluorescence relative to the free drug control groups 494 

(Figure 7 II (A–E)). Notably, the generation of mitochondrial superoxide was more pronounced 495 

in the FLO-1 line than in the SKGT-4 line. This cell line-specific variance can be attributed to 496 

the unique metabolic profiles and baseline antioxidant capacities inherent to each cell model; 497 

FLO-1 cells likely possess a lower threshold for polyphenol-induced mitochondrial disruption, 498 

making them more susceptible to severe oxidative stress. Taken together, these findings 499 

confirm that exosomal encapsulation drastically amplifies the capacity of EGCG to induce 500 

targeted mitochondrial superoxide overproduction, effectively destabilizing the malignant 501 

mitochondrial network [34].  502 

 503 

Figure 7: Assessment of mitochondrial membrane potential (Δψm) variations in esophageal 504 

adenocarcinoma models following therapeutic exposure. (I) SKGT-4 cell cohort: Microscopic 505 

visualization of mitochondrial polarization profiles across experimental arms including (A) 506 

untreated controls, (B) blank exosome vehicles, (C) native unencapsulated epigallocatechin-3-507 

gallate, and (D) cargo-loaded Exo-EGCG formulations. Relative fluorescence shifts indicating 508 

structural mitochondrial damage were quantified utilizing ImageJ processing software (E). (II) 509 

FLO-1 cell cohort: Parallel qualitative imaging and software-assisted fluorescence intensity 510 

measurements representing the respective treatments (A–E). Columns express mean values ± 511 

SD (n = 3); statistical margins were resolved via one-way ANOVA followed by Tukey's post-512 

hoc test (*p < 0.05, * *p < 0.01, and * * *p < 0.001).  513 



Reactive oxygen species assay  514 

The accumulation of total intracellular reactive oxygen species (ROS) is a critical pathological 515 

event that compromises cellular homeostasis and acts as a major upstream trigger for oxidative 516 

stress-mediated apoptosis. In this study, global cytoplasmic ROS generation was tracked using 517 

a fluorogenic deep-red sensor that emits intense far-red fluorescence upon intracellular 518 

oxidation. Quantitative fluorescence microscopy revealed that SKGT-4 cells treated with Exo-519 

EGCG exhibited a significantly higher intensity of deep-red fluorescence (p < 0.05) than those 520 

treated with free EGCG, proving that the nanocarrier substantially amplifies the intracellular 521 

oxidative burst (Figure 8 I (A–E)). 522 

Parallel profiling in the FLO-1 cell line yielded matching trends, where the Exo-EGCG 523 

formulation successfully induced a massive surge in deep-red fluorescence relative to the free 524 

drug control groups (Figure 8 II (A–E)). When comparing the two esophageal cancer lines, the 525 

accumulation of cytoplasmic ROS was significantly more pronounced in FLO-1 cells than in 526 

the SKGT-4 line. This disparity is likely due to differences in endogenous antioxidant enzyme 527 

profiles; FLO-1 cells appear to have a lower capacity to neutralize exogenous pro-oxidant 528 

insults, making them exceptionally sensitive to exosome-mediated accumulation of 529 

intracellular free radicals. Together, these results confirm that exosomal encapsulation 530 

dramatically enhances the bio-delivery of EGCG, enabling it to overwhelm cellular antioxidant 531 

defenses and induce severe cellular oxidative damage. 532 

 533 

Figure 8: Evaluation of intracellular reactive oxygen species (ROS) accumulation in 534 

esophageal adenocarcinoma models following therapeutic exposure. (I) SKGT-4 cell cohort: 535 

Microscopic visualization of intracellular oxidative stress profiles using a fluorescent probe 536 

across experimental arms including (A) untreated controls, (B) blank exosome vehicles, (C) 537 

native unencapsulated epigallocatechin-3-gallate, (D) cargo-loaded Exo-EGCG formulations 538 

and (E) Relative fluorescence shifts indicating endogenous ROS generation were quantified 539 

utilizing ImageJ processing software (E). (II) FLO-1 cell cohort: Parallel qualitative imaging 540 

and software-assisted fluorescence intensity measurements representing the respective 541 

treatments (A–E). Columns express mean values ± SD (n = 3); statistical margins were resolved 542 

via one-way ANOVA followed by Tukey's post-hoc test (*p < 0.05, * *p < 0.01, and * * *p < 543 

0.001). 544 

 545 

Colony formation assay  546 



Clonogenic potential, which determines the capacity of a single cell to undergo unchecked 547 

proliferation, serves as a pivotal metric for evaluating long-term tumor control and recurrence 548 

risk. In this study, we assessed the colony-forming efficiency of SKGT-4 and FLO-1 549 

esophageal cancer cells following exposure to empty exosomes, free EGCG, and Exo-EGCG. 550 

As illustrated in Figure 9 (I–II), SKGT-4 cells treated with free EGCG developed a significantly 551 

higher number of colonies (p < 0.05) than those treated with the exosomal formulation (Exo-552 

EGCG). A matching inhibitory pattern was observed in the FLO-1 cell line, where Exo-EGCG 553 

treatment also markedly restricted colony survival. Overall, the SKGT-4 line generated a 554 

greater total number of colonies across the treatment groups. This variation likely arises from 555 

the highly aggressive phenotype of SKGT-4 cells, which exhibit a shorter doubling time 556 

relative to the FLO-1 line. Collectively, these data indicate that the encapsulation of EGCG 557 

within exosomal carriers significantly enhances its capacity to suppress single-cell 558 

reproductive survival, highlighting Exo-EGCG as a superior therapeutic strategy for preventing 559 

cancer recurrence compared to the unencapsulated polyphenol. 560 

 561 

Figure 9: Assessment of long-term clonogenic survival capacity in esophageal 562 

adenocarcinoma models following therapeutic exposure. (I) SKGT-4 cell cohort: 563 

Representative macroscopic views of cell colonies establishing proliferative capacity under 564 

various experimental setups: (A) untreated control conditions, (B) blank exosome vehicles, (C) 565 

free unencapsulated epigallocatechin-3-gallate, and (D) cargo-loaded Exo-EGCG 566 

formulations. Relative colony survival densities were quantified utilizing ImageJ processing 567 

software (E). (II) FLO-1 cell cohort: Parallel clonogenic profiles and software-assisted 568 

density measurements representing the respective treatment arms (A-E). Columns express 569 

mean values ± SD (n = 3); statistical margins were resolved via one-way ANOVA followed by 570 

Tukey's post-hoc test (*p < 0.05, * *p < 0.01, and * * *p < 0.001). 571 

 572 

Migration assay  573 

EAC, an aggressive malignancy with a rising global incidence, carries an exceptionally high 574 

risk of early systemic metastasis. The metastatic cascade in EAC is orchestrated by diverse 575 

cellular pressures, including localized hypoxia, nutrient deprivation, and the activation of 576 

specific pro-migratory signaling pathways. To evaluate the therapeutic potential of free EGCG 577 

and exosome-encapsulated EGCG (Exo-EGCG) in halting EAC cell motility, both transwell 578 

migration and scratch wound healing assays were performed utilizing the SKGT-4 and FLO-1 579 

cell lines. 580 



In contrast to the higher dosage (25 µM) deployed in standard in vitro cell viability profiles, a 581 

sub-toxic concentration of EGCG (15 µM) was selectively used for these migration challenges. 582 

This dosage optimization was informed by preliminary pilot investigations, where the 20 µM 583 

threshold triggered direct cytotoxic cell death and structural morphological deformities that 584 

would confound migration kinetics. As demonstrated in Figure 10, cell translocation across 585 

both the untreated control and free EGCG-treated groups was significantly more pronounced 586 

(p < 0.05) than in the Exo-EGCG-treated cohorts. 587 

Inter-cell line analysis revealed a distinct kinetic variation: the FLO-1 cells demonstrated 588 

accelerated migration rates leading to enhanced wound closure, whereas the treated SKGT-4 589 

monolayers maintained a wider, less-healed wound gap, reflecting a more restrained migratory 590 

profile under these experimental parameters. Mechanistically, the marked suppression of 591 

transwell and lateral migration driven by Exo-EGCG can be attributed to the downregulation 592 

of the Focal Adhesion Kinase (FAK)/extracellular signal-regulated kinase (ERK) 593 

phosphorylation cascade, which is a principal pathway driving actin cytoskeleton remodeling 594 

and cellular protrusion in esophageal tumors [35, 36]. Furthermore, the enhanced delivery of 595 

EGCG via the exosomal framework likely suppresses the expression and enzymatic secretion 596 

of Matrix Metalloproteinases (specifically MMP-2 and MMP-9), thereby blocking the 597 

proteolytic degradation of the extracellular matrix required for invasive cell migration [37]. 598 

 599 

 600 

Figure 10 : Assessment of vertical cell migration capacity in esophageal adenocarcinoma 601 

models following therapeutic exposure. (I) SKGT-4 cell cohort: Representative microscopic 602 

views of migrated cells showing metastatic potential across experimental configurations: (A) 603 

untreated control conditions, (B) blank exosome vehicles, (C) free unencapsulated 604 

epigallocatechin-3-gallate, and (D) cargo-loaded Exo-EGCG formulations. The relative 605 

percentage of migrated cells was quantified utilizing ImageJ processing software (E). (II) 606 

FLO-1 cell cohort: Parallel migration profiles and software-assisted quantitative analysis 607 

representing the respective treatment arms (A–E). Columns express mean values ± SD (n = 3); 608 

statistical margins were resolved via one-way ANOVA followed by Tukey's post-hoc test (*p 609 

< 0.05, * *p < 0.01, and * * *p < 0.001). 610 

 611 

Wound healing assay 612 

To complement the transwell findings, a scratch wound healing assay was utilized in SKGT-4 613 

and FLO-1 cell lines to further validate the anti-metastatic capabilities of free EGCG and Exo-614 



EGCG. As illustrated in Figure 10, the cellular migration required to close the wound gap was 615 

substantially decelerated in Exo-EGCG-treated groups relative to the free EGCG treatment. 616 

Consequently, cells exposed to the exosomal formulation recorded a drastically reduced 617 

percentage of wound closure (p < 0.001) alongside a diminished hourly closure rate compared 618 

to both control and free drug cohorts (Figure 11 I-II). Consistent with our earlier observations, 619 

cell line-specific variations were evident: FLO-1 cells exhibited a relatively higher degree of 620 

wound closure, whereas SKGT-4 cells demonstrated a much slower migratory response, 621 

leaving a larger unhealed area. 622 

Synthesizing the data from both migration models confirms that Exo-EGCG potently impedes 623 

esophageal cancer invasion and expansion. Mechanistically, this suppression of motility is 624 

likely driven by the downregulation of critical pro-invasive markers, specifically matrix 625 

metalloproteinases (MMP-2, MMP-8, and MMP-9) and cyclooxygenase-2 (COX-2) [38]. It is 626 

widely recognized that the COX-2 and MMP families are indispensable for tumor 627 

angiogenesis, extracellular matrix degradation, and metastatic spread; our results align with 628 

this, indicating that targeted EGCG delivery effectively attenuates their expression [39]. 629 

Ultimately, these in vitro findings highlight that exosomal encapsulation drastically amplifies 630 

the anti-cancer potency of EGCG, though comprehensive in vivo models remain necessary to 631 

fully corroborate its therapeutic efficacy. 632 

 633 

Figure 11: Assessment of two-dimensional lateral cell 634 

migration kinetics via scratch wound healing assays. (I) SKGT-4 cell cohort: (A) 635 

Representative phase-contrast micrographs capturing wound closure profiles at sequential 636 

chronological intervals (0, 12, and 24 hours) following treatment. (B) Mathematical tracking 637 

of residual wound width parameters across the temporal checkpoints. (C) Calculated 638 

percentage of absolute wound closure calculated at the 24-hour endpoint. (II) FLO-1 cell 639 

cohort: (A) Corresponding cell migration micrographs, (B) longitudinal scratch width kinetics, 640 

and (C) calculated percentage of wound closure metrics at 24 hours post-scratching for the 641 

respective treatment arms. Vertical columns represent mean values ± SD (n = 3); statistical 642 

significance across variations was mapped using a one-way ANOVA followed by Tukey's post-643 

hoc test (*p < 0.05, * *p < 0.01, and * * *p < 0.001). 644 

Conclusion  645 



This study demonstrates the successful development of a biocompatible, bovine milk-derived 646 

exosomal nanoplatform for the optimized delivery of the green tea polyphenol EGCG. The 647 

engineered Exo-EGCG formulations exhibit favourable physical properties, strong colloidal 648 

stability, and a distinct pH-dependent release profile that is accelerated within simulated tumor 649 

microenvironments. By utilizing exosome-mediated endocytosis, the formulation bypasses the 650 

inherent pharmacokinetic limitations of raw EGCG, leading to substantially enhanced 651 

cytotoxicity and a marked reduction in colony-forming efficiency across both SKGT-4 and 652 

FLO-1 esophageal adenocarcinoma models. Mechanistically, this therapeutic superiority is 653 

driven by a massive intracellular oxidative burst—evidenced by global cytoplasmic ROS 654 

accumulation and localized mitochondrial superoxide overproduction—as well as the potent 655 

suppression of key pro-metastatic and invasive pathways. While these in vitro findings 656 

highlight the exceptional promise of Exo-EGCG as a stable and scalable intervention to prevent 657 

tumor recurrence and systemic spread, further in vivo evaluation is necessary to fully validate 658 

its therapeutic efficacy and clinical translation potential. 659 
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