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a b s t r a c t 

Oral mucositis (OM) remains a painful complication of anticancer chemotherapy (CT), tending to progress in 

severity in the presence of Fusobacterium nucleatum ( Fn ). Yet, no effective therapy exists to suppress OM since in 

vitro models mimicking CT-induced OM are lacking, halting the discovery of new drugs. Here, we developed an 

integrated millifluidic in vitro tissue culture system for OM disease modeling. This bioengineered system integrates 

magnetically bioassembled oral epithelium sheets with millifluidics for CT-based 5-fluorouracil perfusion and Fn 

infection to model CT-induced OM. After modeling OM with all pro-inflammatory hallmarks, we were able to sup- 

press OM with our in-house plant-produced epidermal growth factor (P-EGF), a well-known re-epithelialization 

cue. Thus, this the first instance where a milifluidic system enabled OM modeling in the presence of CT drug 

perfusion and Fn infection. This bioengineered system is a novel tool for drug discovery as it propelled P-EGF as 

a promising therapy for OM. 

1. Introduction 

Oral mucositis (OM) is one of the most debilitating oral complica- 

tions of cancer treatment, including chemotherapy (CT), and a mani- 

festation observed in up to 100 % head and neck cancer patients [ 1 , 2 ]. 

Those OM lesions frequently progress to painful oral ulcerations, which 

adversely affect patient’s diet and proper nutrition, thus negatively im- 

pacting their quality of life. 
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The role of the oral microbiome in OM pathogenesis is just begin- 

ning to be unveiled. Our group demonstrated that the oral flora has a 

detrimental effect on CT-induced OM in vivo, whereas the oral mucosa 

of 5-fluorouracil (5FU)-treated germ-free mice presented higher epithe- 

lial cell proliferation, lower levels of pro-inflammatory cytokines and 

increased oral epithelial thickness when compared to 5FU-treated spe- 

cific pathogen free mice [ 3 ]. Elsewhere, researchers have reported on 

the impact of the oral microbiome in the progression of OM during can- 
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cer therapy [ 4 , 5 ]. The abundance of the anaerobic Fusobacterium genus 

was consistently reported to coincide with the peak of severe OM af- 

ter CT, especially the species Fusobacterium nucleatum (Fn) [ 6 ]. Despite 

being a predominant species in the oral cavity of healthy subjects, the 

high abundance of Fn during cancer treatment is thought to be related 

with the OM onset. Fn subspecies or clades are not usually found in the 

gut microbiome of healthy individuals; yet, specific clades are highly 

enriched in human colorectal cancer tissues, and these Fn clades seem 

to predict cancer progression [ 7 ]. 

Currently, there is no effective management strategy for OM [ 8 ]. 

Symptom-based care remain the cornerstone of this adverse complica- 

tion. However, mucosal healing requires re-epithelialization which com- 

prises both epithelial cell proliferation and migration [ 9 ]. Presently, the 

only approved drug to ameliorate OM via re-epithelialization is pal- 

ifermin or keratinocyte growth factor, which was completely or tem- 

porarily withdrawn from the market recently in several countries due 

to systemic and cancer-related complications [ 10 ]. Hence, these recent 

developments directed researchers to explore alternative cues such as 

epidermal growth factor (EGF), which shares a similar conceptual role 

with palifermin for enhancing oral epithelial repair [ 11 ]. 

Noteworthy biological effects of EGF in a murine OM model have 

been observed including a robust improvement of epithelial prolifera- 

tion and thickness, indicating beneficial outcomes in preclinical trials 

[ 12 ], as well as in randomized clinical trials [ 13 ]. Commercially avail- 

able recombinant human EGF, produced using Escherichia coli- based 

conventional biotechnology platforms, offers advantages such as cost- 

effectiveness, rapid production, and scalability [ 14 ]. Nevertheless, this 

bacterial production platform presents challenges including the lack of 

post-translational modifications, protein aggregation, misfolding, and 

potential contamination with endotoxins, prompting a research interest 

in plant molecular farming as a viable alternative. Plant production sys- 

tems offer several benefits including reduced pathogen contamination 

risk, lower production costs, high scalability, and the capability for post- 

translational modifications. Nicotiana benthamiana , known for its rapid 

growth (3-4 weeks) and ease of genetic manipulation, is frequently used 

for recombinant protein production [ 15 ]. Our research team has suc- 

cessfully used N. benthamiana to produce EGF (plant-produced EGF or 

P-EGF), which showed promising results in enhancing the proliferation 

and migration of skin and oral epithelial keratinocytes [ 16 , 17 ]. More- 

over, our research team can also produce epithelial three-dimensional 

(3D) functional models (a.k.a. organoids) by tagging primary cells with 

a novel solution of magnetic nanoparticles (NanoshuttleTM ) - composed 

of iron oxide, gold, and poly-L-lysine – to then assemble them in 3D 

tissues via magnetic bioassembly or bioprinting [ 18 ]. 

Despite these research endeavors and due to lack of OM models in 

millifluidic systems resembling the physiological niche as in vivo, the 

effectiveness of P-EGF in reversing the cytotoxicity of 5FU chemother- 

apeutic agent remains unknown, particularly in the context of oral ep- 

ithelial interfaces in the presence of OM-associated anaerobes such as 

Fn . This research gap underscores the importance of bioengineering 

strategies to develop in vitro disease models with 5FU-based fluid flow 

from 3D oral epithelial sheets (OES). Tackling these CT-driven oral 

diseases, millifluidic microphysiological systems (MPS) developed by 

our researchers at React4Life company [ 19 , 20 ] were used for explor- 

ing the homeostasis and disease mechanisms in the interface between 

oral epithelia and OM-associated bacteria. These OM 5FU-based mil- 

lifluidic models are currently needed despite a few efforts of other re- 

search groups using static organotypic models [ 21 , 22 ] and microflu- 

idic platforms with cisplatin exposure [ 23 , 24 ]. The critical intravenous 

body fluid dynamics in CT can only be properly emulated with milliflu- 

idic systems due to poorly controlled resistance and high shear stress 

within the narrow channels and chambers used in microfluidics [ 25 , 26 ]. 

Hence, this study aims to: (1) bioengineer and validate 5FU-based flu- 

idic OM models in the presence of Fn stimuli; and (2) to interrogate 

whether P-EGF can effectively ameliorate OM inflammatory hallmarks 

and promote epithelial repair in the presence of Fn stimuli. Briefly, OES 

constructs are bioprinted using magnetic bioassembly platforms after 

pre-tagging human oral keratinocytes with Nanoshuttle. Next, these are 

transferred to a microphysiological system using a millifluidic set up at 

optimized laminar flow speeds. Those dynamic flow settings were used 

for chemotherapeutic drug 5FU perfusion and the delivery of P-EGF, to- 

wards interrogating OM disease mechanisms and potential therapeutic 

roles, respectively. 

2. Materials and methods 

2.1. Cell culture and OES biofabrication 

Human normal oral keratinocytes (NOKs) were provided and au- 

thenticated by Prof. Chidchanok Leethanakul (Prince of Songkhla Uni- 

versity) according to a previously published protocol [ 27 ]. These cells 

were tested on a regular basis for mycoplasma contamination using 

DNA staining and PCR methods. NOKs were cultured in defined ker- 

atinocyte growth media (DKSFM, Gibco, Thermo Fisher Scientific, MA, 

USA) mixed with Dulbecco’s Modified Eagle Medium F12 (DMEM/F12, 

Sigma Aldrich, Merck, Germany) at ratio of 1:1, and the media was 

changed every two days. 

For the generation of oral epithelial sheets (OES), NOKs reaching to 

80–90 % confluence were tagged with magnetic nanoparticles (MNP) 

solution with the tradename Nanoshuttle (Greiner Bio-One, Fricken- 

hausen, Germany) at concentration of 1 μl per 1.5 × 105 cells overnight. 
On the next day, MNP-tagged cells were dissociated and seeded in DFK 

media with 2 mM CaCl2 at density of 2 × 105 cells/well in a 24-well plate 
precoated with 150 μl agarose (Sigma-Aldrich). A magnetic drive was 

placed at the bottom of the plate for 2 days to facilitate the bioassembly 

and bioprinting of the OES tissue constructs. Following removal of the 

magnetic drive, assembled cell sheets were maintained in culture for 

an additional 2 days for self-organization, and the media was changed 

every 2 days. OES were analyzed for their morphology using a high- 

resolution flatbed scanner for image acquisition, the Epson Perfection 

V600 Flatbed Scanner (Seiko Epson Corporation, Suwa, Nagano, Japan), 

and ImageJ software (version 1.54 g, Bethesda, MD, NIH) was utilized 

to measure all morphological features. 

After the magnetic bioassembly of the OES tissue constructs, these 

were placed inside a dynamic and nearly microphysiological microen- 

vironment within the MIVO® millifluidic platform (React4life, Italy), 

whereas each sheet was transferred to a transwell insert (Greiner Bio- 

one, Germany) inside a donor chamber. This insert was subsequently 

placed in the receiving chamber, connected to a peristaltic pump device 

at an optimal flow rate of 10 mm/s with 3 mL of maximum medium 

volume ( Fig. 1 A and 3 A). This velocity was chosen based on our prelim- 

inary experiments where this was adjusted to optimize epithelial cell 

viability. OES were maintained in the system for another two days. 

2.2. Modeling CT-induced OM via 5FU media supplementation 

After 4 days of OES bioprinting, 5-Fluorouracil (5FU) (Sigma- 

Aldrich) with concentration of 0, 50, 500 𝜇g/ml was added for 24 h. 

To evaluate the effect of Nicotiana benthamiana plant-produced EGF (P- 

EGF) in rescuing cell sheet viability after 5FU cytotoxic exposure, media 

with 5FU was replaced with media containing varying concentration of 

P-EGF (0, 50, 100, 200 ng/ml) and sheets were cultured for another 

24 h. 

2.3. Modeling Fn exposure in CT-induced OM models 

Fusobacterium nucleatum (ATCC 25586, ATCC) ( Fn ) were cultured in 

Tryptone Soya Agar (Himedia, MUM, India) supplemented with 5 % hu- 

man blood in an anaerobic jar. The colonies were transferred to brain 

heart infusion broth (Himedia) supplemented with vitamin K (1 𝜇g/ml) 

and hemin (5 𝜇g/ml). Fn in log phase (OD600 = 0.6-0.8) was collected 

by centrifugation at 6000 x g for 10 min at 4 °C. Bacterial pellets were 
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Fig. 1. Biofabrication of 3D oral epithelial sheet (OES) and its proliferation and pro-mitotic features in static and dynamic millifluidic systems. (A) Workflow for 

generating the OES in static and dynamic conditions. Figure created with BioRender.com ( B ) H&E staining of the bioprinted OES. ( C) OES morphology as per imaging 

acquired with a high-resolution flatbed scanner and ( D ) displays the OES diameter through time quantified with ImageJ software, n = 4. ( E ) Epithelial gene expression 
was detected using qPCR and plotted as |Δ𝐶𝑇 | where Δ𝐶𝑇 = CTgene of interest - CTRps29 , where Rps29 represents the house keeping gene, and n = 4/group. ( F ) Cell sheet 
viability between static and dynamic conditions determined by Trypan Blue exclusion assay. Data are displayed as mean ± SD and a two-tailed Student’s t -test was 
performed, n = 3: ∗ p < 0.05. ( G, H ) Expression of proliferation marker Ki67 in OES and counterstaining with nuclear Hoechst. ( G) Micrographs were acquired 

with confocal microscopy at 40X magnification as maximum intensity projection of a z-stack sidelined by XYZ orthogonal projections. Scale bar: 20 𝜇m ( H) Ki67 

expression was quantified by ImageJ software and normalized to total nuclei. Data are presented as means ± SD and a two-tailed Student’s t -test was performed, 
n = 3: ∗ p < 0.05. 
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washed three times and resuspended in PBS. Heat-killed Fn was obtained 

by heating at 60 °C for 40 min and stored at -80 °C prior to use. The com- 

plete killing of Fn was confirmed by plating. Heat-killed Fn was added 

to epithelial sheets at multiplicity of infection (MOI) of 0, 10, 50, 100 

and 200. Next, cells were further incubated at 37 °C and 5 % CO2 for 

24 h. The lowest MOI that gives a significant increase in proinflamma- 

tory cytokine expression was chosen for further experiments. 

2.4. Cell viability assays 

Cell sheet viability was determined by Trypan blue exclusion assay. 

Briefly, epithelial sheets were dissociated with TrypLE select (Thermo 

Fisher Scientific) for 30 min. The cell suspension was pipetted up 

and down every 10 min. Cell pellet was collected by centrifugation at 

10,000 rpm for 5 min and subsequently resuspended with 100 𝜇l me- 

dia. Cell suspension was diluted with trypan blue, and viable cells was 

counted using a hemacytometer. 

2.5. Gene expression array and analysis 

Gene expression in epithelial cell sheets was analyzed using quanti- 

tative polymerase chain reaction (qPCR). Total RNA was extracted us- 

ing the Monarch® Total RNA Miniprep Kit (New England Biolabs) and 

converted to cDNA with SuperScriptTM III (ThermoFisher Scientific). 

SYBR® Green-based qPCR was performed using primers listed in Table 

S1, employing the QuantStudio 3 Real-Time PCR System (ThermoFisher 

Scientific). The relative expression of target genes was quantified using 

the ΔCT or 2− ( ΔΔCT) method, normalized against the housekeeping gene 
Rps29 and compared to untreated control groups. All oligonucleotide 

primers were listed in Supplementary Table S1. 

2.6. Immunofluorescence and immunohistochemistry 

Antibodies listed in Supplementary Table 1 were used to phenotypi- 

cally characterize epithelial sheets and access the responses of cell sheets 

to 5FU and P-EGF treatment by immunofluorescence. Sheets were fixed 

with 4 % paraformaldehyde for 10 min. After fixation, Triton-X 0.1 % 

was added for permeabilization, and sheets were subsequently washed 

three times with 1x PBS before a 2-hour incubation with blocking buffer. 

Primary antibodies were incubated overnight at 4 °C, followed by a 

PBS wash step and the addition of the anti-rabbit secondary antibod- 

ies labeled with AlexaFluor 488 or with AlexaFluor 594 (ab150077 and 

ab150080; Abcam). Finally, Hoechst 33342 (Thermo Fisher Scientific) 

was added and incubated for 20 min. Confocal microscope (Zeiss LSM 

980, Germany) was used to visualize the staining, and the percentage of 

cells expressing these markers was quantified using Fiji/ImageJ version 

1.54 g, except for 𝛾𝐻2 𝐴𝑋 assessment where all nuclei were detected 

by the “analyze particles ” function and all the foci in each nucleus were 

counted. All data was normalized to cell density. 

2.7. Western blot 

For the Western blot assays, proteins from 2D, static, and dynamic 

culture were extracted from cell lysates using a RIPA buffer supple- 

mented with protease inhibitors (Thermo Fisher Scientific). Protein con- 

centrations were determined by the BCA assay (Thermo Fisher Scien- 

tific). Equal amounts of protein (20–40 μg) were separated by SDS-PAGE 

on a 10 % polyacrylamide gel (Merck) and subsequently transferred 

onto PVDF membranes. The membranes were blocked with 5 % non-fat 

dry milk in TBST (Tris-buffered saline with 0.1 % Tween-20) for 1 h at 

room temperature. Following blocking, the membranes were incubated 

overnight at 4°C with primary antibodies including K14 (ab181595; Ab- 

cam), PCNA (ab18197; Abcam), GAPDH (sc365062; Santa Cruz). After 

washing three times with TBST, the membranes were incubated with 

HRP-conjugated secondary antibodies (diluted 1:5000 in TBST) for 1 h 

at room temperature. Detection was performed using a Western Blot- 

ting Luminol Reagent (Santa Cruz), and the signal was captured using 

ChemiDoc (Biorad). Band intensities were quantified using ImageLab 

software version 3.0.3, and protein levels were normalized to GAPDH 

as an internal control. 

2.8. Migration assays 

Epithelial sheets in millifluidic system were used to test for their mi- 

gration capabilities. Following two-day bioprinting, sheets were trans- 

ferred to inserts with 8-μm pores and maintained for a further 2 days 

of culture. On the day fourth, 5FU was introduced to the fluid flow in 

receiver chamber for a duration of 24 h. Following this treatment, re- 

ceiver chamber was replenished with fresh media, and heat-killed Fn 

(HKFn) along with P-EGF were added on top of sheets in donor cham- 

ber for an additional 24 h. Migration of cells was assessed by staining 

with Hoechst 33341 and observed under EVOS FL Auto II fluorescence 

microscope (Thermo Fisher Scientific). 

2.9. Enzyme-linked immunosorbent assay 

The level of IL-6 and IL-8 in the supernatant is quantified by ELISA 

MAXTM Deluxe Set Human IL-6 (Biolegend, SD, USA) and ELISA MAXTM 

Deluxe Set Human IL-8 (Biolegend) following the instruction of the man- 

ufacturer. To analyze IL-6 and IL-8 in cell sheet, cell lysate was achieved 

using RIPA buffer (Thermo Fisher Scientific) mixed with 1X protease in- 

hibitor cocktail (Himedia) according to manufacturer’s instruction. 

2.10. Intracellular calcium influx assay 

To evaluate the intracellular calcium ion mobilization on OES tis- 

sue constructs in the OM model after injury was inflicted via scrap- 

ping within the dynamic millifluidic system, the cell sheets in the donor 

chamber, after a 24 h 5FU treatment and a subsequent 24 h period with 

heat-killed Fn and P-EGF addition, were transferred to a 24-well plate. 

The calcium-labelled reagent 2x Fluo-4 Direct (Thermo Fisher Scien- 

tific) was diluted to 1x with an equal volume of culture media. After 

1 h incubation, a controlled hole was introduced to each sheet using a 

pipette tip (1/32 inches), and calcium influx in cell sheets were moni- 

tored real-time in the onstage incubator under time-lapsed fluorescence 

microscopy. 

2.11. Statistical analysis 

Statistical analysis was performed with GraphPad Prism version 

9.5.3 (GraphPad, San Diego, CA, US). Data resulting from each experi- 

mental assay were tested for normality with Shapiro-Wilk test and for 

equal variance assumptions (Welch’s t-test) before the use of parametric 

statistical testing. In the case where either of those assumptions was in- 

fringed, the corresponding datasets were nonlinearly transformed to sat- 

isfy those assumptions. Data were collected and plotted as mean ± stan- 

dard deviation (SD) from biological replicates. Each biological replicate 

data point represents the average of technical replicates for that exper- 

iment. Differences between two groups were evaluated by a two-tailed 

unpaired Student’s t -test. One-way ANOVA analysis followed by post- 

Tukey’s multiple comparison tests were used to compare more than two 

groups (details of ANOVA tests are indicated in the captions of each 

figure). Statistical significance of the data was calculated at the 95 % 

confidence interval. 

3. Results 

3.1. Oral epithelial cell sheet biofabrication and characterization in static 

and dynamic millifluidic systems 

Epithelial cell sheets were established from normal oral ker- 

atinocytes (NOKs) using magnetic three-dimensional bioprinting 
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(M3DB) as a first step in the biofabrication process. ( Fig. 1 A). After 

two days of culture, NOKs clustered and developed into a sheet-like tis- 

sue construct with a multilayered architecture, reaching a thickness of 

80 ± 5 𝜇m ( Fig. 1 B). This morphology was maintained until day 6 of 

culture ( Fig. 1 C) and the sheet diameter reached a plateau from day 3 

to day 6 ( Fig. 1 D). Cell sheets formed from NOKs expressed basal oral 

epithelial cell markers such as Tp63, Krt14, Cdh1 ( Fig. 1 E). Epithelial dif- 

ferentiation and stratification were also observed as per the expression 

of Tjp1 and zonula occludens -1 (ZO-1) and involucrin in specific outer 

layers ( Fig. 1 E, Fig. S1). To better resemble in part the physiological nu- 

trient/metabolic flow in vivo, epithelial cell sheets were placed inside 

a transwell insert within a millifluidic dynamic chamber (MIVO®), and 

media fluid flow in the bottom of the transwell was possible by using 

a peristaltic pump device ( Fig. 1 A). The application of this millifluidic 

system simulating a dynamic laminar flow microenvironment led to a 

significant increase in cell sheet viability when compared to static cul- 

ture conditions ( Fig. 1 F). 

Immunohistochemistry revealed a marked upregulation of Ki67 

cell proliferation marker within the dynamically cultured cell sheets 

( Fig. 1 G, H). This was later confirmed with western blot assay assessing 

the expression of proliferating cell nuclear antigen (PCNA) ( Fig. 2 A, B). 

Protein expression levels of cytokeratin 14 (K14), a marker for basal ker- 

atinocytes, remained unchanged across both culture conditions ( Fig. 2 A, 

C, F, G). To access oral epithelial integrity and tissue barrier func- 

tion of the bioprinted sheet, transepithelial electrical resistance (TEER) 

was measured, and higher TEER values were found with the dynamic 

millifluidic integrated system compared to the static one. To confirm 

these findings at the intercellular level, cell-cell epithelial connectivity 

and compaction across the stratified epithelia were evaluated using im- 

munostaining for E-cadherin (Ecad) and desmoglein-3 (Dsg3). The dy- 

namic system strikingly promoted the expression of Ecad and Dsg3, in- 

dicating an enhanced formation of cell adherens and adhesive epithelial 

junctions ( Fig. 2 F, H, I). Expression of ZO-1 was also observed (Fig. S1). 

Collectively, these findings suggested that both static and dynamic mil- 

lifluidic integrated systems can support and maintain a bioprinted 3D 

OES model. Furthermore, the dynamic platform appeared to robustly 

improve the overall viability and epithelial tissue barrier properties and 

function of the bioprinted OES interface. 

3.2. 5FU and Fusobacterium nucleatum induced cytotoxicity and 

pro-inflammatory cytokine secretion in bioprinted OES tissue constructs 

To develop an OM model in an integrated millifluidic system 

(MIVO®) for investigating CT-induced damage in the oral epithelia in- 

terface, different concentrations of 5FU were perfused in the bioprinted 

OES tissue constructs ( Fig. 3 A). A significant reduction in cell viability 

was observed beginning at a 5FU dose of 5 μg/ml; while 500 μg/ml of 

5FU resulted in a substantial decrease in epithelial viability. Thus, this 

5FU dose was selected for further experiments to establish a more ro- 

bust and predictable OM model ( Fig. 3 B). The biological effects of Fn on 

OES were assessed by exposure to F. nucleatum at multiplicities of infec- 

tion (MOI) of 10, 50, 100, and 200. Viability assays revealed no major 

changes in the cell sheet viability across these conditions ( Fig. 3 C). How- 

ever, a dose-dependent increase in the secretion of pro-inflammatory 

cytokines IL-6 and IL-8 was observed, suggesting an inflammatory re- 

sponse to Fn ( Fig. 3 D, E). Although no significant differences in cy- 

tokine release were observed between MOI 50 and 100, MOI 100 was 

selected to provide a more stringent condition for evaluating the effec- 

tiveness of P-EGF. The outcomes obtained at MOI 100 produced fewer 

biological variations as compared to MOI 50 ( Fig. 3 D-E), safeguarding 

the reproducibility of the experiments and consistency of the data. A 

MOI of 100 was selected to further evaluate the cytokine response pro- 

file. When 5FU-induced OM-like OES were exposed to Fn , there was 

an additional 10 % reduction in viability ( Fig. 3 F) and a marked in- 

crease in IL-6 and IL-8 expressions compared to OM-like OES treated 

with 5FU alone ( Fig. 3 G-H). This underscores the heightened vulnera- 

bility of the OM model to bacterial challenges post-CT in the millifluidic 

system. 

3.3. Rescuing effects of P-EGF on OM integrated model after Fn exposure 

P-EGF treatment delivered in the OM interface model (post-5FU ex- 

posure) via media supplementation led to a dose-dependent increase 

in OES viability in the context of the millifluidic system. Specifically, 

P-EGF at 100 ng/ml significantly enhanced cell viability, with no no- 

table differences observed upon a dosage increase to 200 ng/ml of P-EGF 

( Fig. 4 A). This suggested an optimal therapeutic window for P-EGF in 

promoting OES cell survival in the OM-like condition (5FU-treated). In 

OM-like OES exposed to Fn -containing media, P-EGF only demonstrated 

a minor protective effect, improving cell viability by 5 % ( Fig. 4 B). 

Gene expression of epithelial markers Tp63, Tjp1, Cdh1 decreased signif- 

icantly with 5FU (OM-like system), and P-EGF treatment did not change 

the expression of these genes ( Fig. 4 C, E, G-J). In contrast, Krt14 expres- 

sion was elevated after 5FU exposure, and further increased with P-EGF 

treatment only when Fn was present ( Fig. 4 D, F). Moreover, P-EGF trig- 

gered changes in E-cadherin (Ecad) protein expression. In the OM group, 

the expression of Ecad was less pronounced, and the intercellular distri- 

bution of the cell-cell adhesion protein appeared more fainted circling 

rounded-shape cells. This damage was more marked in OM exposed to 

Fn ( Fig. 4 K). Yet, upon P-EGF treatment the polygonal shape of epithe- 

lial cells in OM-like OES was restored and Ecad distribution was more 

robust in both with and without Fn stimuli. 

Furthermore, DNA damage was evaluated via the accumulation of 

𝛾𝐻2 𝐴𝑋, a sensitive specific molecular marker for monitoring the repair 
DNA double-strand breaks (DSBs) ( Fig. 5 ). OM (5FU-treated only) up- 

regulated the H2ax mRNA expression compared to control (CTL) OES, 

but not in statistical terms ( Fig. 5 A). P-EGF treatment resulted in a rele- 

vant increase in the expression of H2ax , significantly higher than those 

observed in both control OES ( Fig. 5 A) and the OM OES system exposed 

to 5FU only ( Fig. 5 B). However, H2ax mRNA is not a direct marker to 

assess the repair of DNA DSBs. The specific indicator of DNA DSBs repair 

is the 𝛾𝐻2 𝐴𝑋 protein. The level of 𝛾𝐻2 𝐴𝑋 was increased in OM OES 

(post-5FU) and this was suppressed upon P-EGF administration ( Fig. 5 C- 

E), indicating that such DNA repair was resolved with P-EGF. The level 

of 𝛾𝐻2 𝐴𝑋 was as high in OM OES models exposed to Fn compared to 

no Fn ( Fig. 5 C-E), and P-EGF administration was able to decrease the 

expression of this marker but not at the same level as when Fn stimuli 

was absent ( Fig. 5 C-E). 

These findings suggest that P-EGF in the presence of Fn can restore 

the viability of the OES in the OM-like integrated interface model, pro- 

mote the formation of intercellular epithelial cell adhesion communi- 

cations, normal epithelial compaction and morphology, leading to the 

resolution of DNA damage. 

3.4. Inflammatory cytokine release and epithelial migration in OM 

millifluidic model after P-EGF administration 

To examine whether P-EGF administration enhances epithelial re- 

sponse to oxidative stress induced by 5FU in the OM model in the pres- 

ence of Fn , the expression and nuclear translocation of the nuclear fac- 

tor E2-related factor 2 (Nrf2) was determined using immunohistochem- 

istry and confocal microscopy ( Fig. 5 F). In the OM OES model, there 

was an overall increase in Nrf2 expression compared to the OES con- 

trol (not mimicking OM). Treatment with P-EGF resulted in greater nu- 

clear translocation of Nrf2 compared to the untreated OM model (OM 

OES). Following the exposure to Fn in the OM model (OM OES + Fn ), 

Nrf2 translocation was less marked compared to the Fn -free OM model 

(OM OES), although its expression was higher relative to OES control. 

Still, with subsequent P-EGF administration, Nrf2 expression and nu- 

clear translocation were again elevated ( Fig. 5 F). 

To investigate whether P-EGF administration reduces the pro- 

inflammatory response found in OM models following Fn exposure, the 
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Fig. 2. Characterization of OES in static and dynamic millifluidic systems. (A-C) Expression of K14, PCNA and the house keeping marker GAPDH (loading control) 

in immunoblots followed by western blot analysis and protein band quantification. The uncropped full-length gel is displayed in Supplementary Fig. S3. Data are 

presented as mean ± SD, and one-way ANOVA with post-hoc Tukey’s test was performed, n = 4: ∗ p < 0.5, ∗ ∗ p < 0.01. ( D ) Transepithelial electrical resistance 

measurements to assess oral epithelial tissue barrier function of OES. ( F ) Confocal micrographs showing immunoreactivity for K14, Ecad and Dsg3 oral epithelial 

markers in maximum intensity projections from z-stacks sidelined with XYZ orthogonal projections after whole mount immunohistochemistry of OES. Scale bar: 

50 𝜇m. ( G-I ) The expression of such oral epithelial markers was quantified by ImageJ software, data are normalized to total nuclei and are plotted as mean ± SD, 
and a two-tailed Student’s t -test was performed: ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. 
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Fig. 3. OM disease modeling with Fn exposure of OES. (A) Bioengineering steps for OM modeling in the integrated bioprinted OES tissue constructs with the 

millifluidic system. Figure created with BioRender.com. ( B ) Viability of OES following 24 h of chemotherapy-like 5FU treatment determined by trypan blue. Data 

are plotted as mean ± SD and one-way ANOVA with post-hoc Tukey’s test was performed, n = 4: ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. ( C ) Viability of OES 

upon increasing Fn multiplicities of infection (MOI). Data are plotted as mean ± SD and one-way ANOVA post hoc Tukey’s test was performed, n = 4. ( D-E ) Pro- 
inflammatory cytokine secretion upon increasing Fn MOI measure by ELISA. Data are plotted as mean ± SD and one-way ANOVA with post-hoc Dunnet’s test was 
performed, n = 4: ∗ p < 0.5, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. ( F ) Viability of OES. Data are plotted as mean ± SD and one-way ANOVA with post-hoc Tukey’s test 
was performed, n = 4: ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. ( G-H ) Pro-inflammatory cytokine secretion by ELISA following sequential 24 h treatment with 5FU 

followed by 24 h of exposure to heat-killed Fn (HKFn). Data are plotted as mean ± SD and one-way ANOVA with post-hoc Tukey’s test was performed, n = 4: ∗ p < 0.5, 
∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. 
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Fig. 4. Protective effects of P-EGF treatment in the OM model with and without Fn exposure. (A-B) Viability of OM-like OES in the presence of 5FU (to induce 

chemotherapy-like treatment), P-EGF treatment only, and P-EGF treatment upon exposure to Fn . Data are displayed as mean ± SD and one-way ANOVA, post hoc 
Tukey’s test was performed, n = 4: ∗ p < 0.5, ∗ ∗ p < 0.01, ∗ ∗ ∗ ∗ p < 0.0001. ( C-J ) Gene expression in OES control (CTL) and OM-like OES (post-treated with 5FU) after 
P-EGF treatment with or without Fn exposure, which was determined by qPCR where fold change was normalized to the house keeping gene Rps29 . Data are plotted 

as mean ± SD and one-way ANOVA, post hoc Tukey’s test was performed, n = 3-8: ∗ p < 0.5, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ p < 0.0001. ( K ) Maximum intensity 

projections with sidelined XYZ orthogonal projections from confocal microscopy z-stacks showing E-cadherin (Ecad) expression in: untreated OES, OM-associated 

OES treated with 5FU only, OM-associated OES treated with P-EGF or Fn or Fn + P-EGF. Scale bar of top row micrographs: 50 𝜇m. Scale bar in insets: 50 𝜇m. For the 

quantification plots of E-cadherin protein and mRNA in all groups, the reader should look at Figure S4 in the supplementary materials file. 
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Fig. 5. P-EGF protective effects are mediated by inhibition of DNA strand breaks and oxidative stress. (A, B) Gene expression of DNA strand breaks marker, H2ax , 

using qPCR. Data are displayed as mean ± SD and one-way ANOVA, post hoc Tukey’s test was performed, n = 3-8: ∗ p < 0.5, ∗ ∗ p < 0.01. ( C, D ) Quantitative 

analysis of 𝛾𝐻2 𝐴𝑋 to evaluate DNA double-strand break repair. Data are plotted as mean ± SD and one-way ANOVA, post hoc Tukey’s test was performed, n = 4, 
∗ p < 0.5, ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001 ( E, F ). Maximum intensity projection confocal micrographs sidelined with XYZ orthogonal projections for 𝛾H2AX and Nrf2 

and counterstained the nuclear Hoechst and with a cytoplasm dye for investigating Nrf2 nuclear translocation. White frames indicate areas of DNA strand break 

repair. Scale bar: 50 𝜇m. 
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gene expression and acute release of pro-inflammatory cytokines was 

assessed. P-EGF at 200 ng/ml significantly reduced the expression of 

Il-8 and Il-1 𝛽 ( Fig. 6 A-D). Conversely, P-EGF treatment appeared to pro- 

mote the release of IL-6 and IL-8 cytokines to the conditioned media, 

particularly with 200 ng/ml dose and less markedly with 100 ng/ml 

( Fig. 6 E-F), but without statistical significance. 

Migration of oral epithelial cells in the OM model within the mil- 

lifluidic integrated system was assessed using an in vitro transwell set 

up. P-EGF administration significantly enhanced epithelial migration in 

the OM models. Although OM models (5FU-treated) generally had a di- 

minished cell migration, subsequent treatment with P-EGF was able to 

restore it to normal levels ( Fig. 6 G, H). Interestingly, similar patterns 

were observed in OM models without and with the exposure to Fn after 

P-EGF administration ( Fig. 6 G, I). 

Overall, these outcomes suggest that P-EGF had beneficial effects 

on epithelial cell migration and suppressing oxidative stress, yet its di- 

rect influence is limited in the acute release of pro-inflammatory cy- 

tokines into microenvironment despite remarkable changes at the tran- 

scriptomic level. 

3.5. P-EGF promoted calcium-dependent epithelial function in OM under 

Fn exposure 

Intracellular calcium mobilization and metabolism following dam- 

age of epithelial linings is known to involve cellular signals associated 

with wound repair [ 28 ]. Therefore, an intracellular calcium influx as- 

say was performed to evaluate calcium influx in OES and OM models. 

OES and OM models were transferred to the millifluidic platform for 

mimicking metabolic flow and pharmacodynamics. Immediately after 

the wound scraping was performed in normal OES models, an increase 

in intracellular calcium was observed ( Fig. 7 A). However, OM models 

exhibited a diminished calcium response, suggesting a deleterious ef- 

fect of the chemotherapeutic agent (5FU) on calcium-dependent cellular 

signaling ( Fig. 7 A). P-EGF administration was found to partially restore 

calcium signaling, showing its potential to mitigate the impact of 5FU 

in OM models ( Fig. 7 A-B). Notably, P-EGF administration did enhance 

calcium signaling in OM even upon Fn exposure, although the levels 

were slightly lower than those observed in P-EGF-treated OM without 

Fn ( Fig. 7 A-C). 

Taken together, these findings indicate that P-EGF therapeutic 

administration facilitated epithelial intracellular calcium metabolism 

while partially reversing the cytotoxicity induced by 5FU in OM models. 

Despite such effects, Fn could negatively modulate such metabolism. 

4. Discussion 

In this study, our research team successfully developed bioprinted 

OES and CT-induced OM models in static and dynamic millifluidic OM 

systems. More importantly, these disease models were amenable to the 

exposure of a specific OM pathogenic bacteria ( Fn ) to investigate the 

effectiveness of a promising plant molecular farming therapeutic cue 

in the epithelial interface in the presence of a salivary pathogen. Since 

one of our research groups has shown promising re-epithelization out- 

comes with Nicotiana benthamiana plant-produced EGF (P-EGF), here, 

we showed that it could also enhance epithelial repair in OM models 

within millifluidic systems. 

Firstly, an OES model was assembled using M3DB nanotechnology 

within a relatively short time (6 days), which expressed specific epithe- 

lial phenotypic markers, mainly basal, for targeting drug screening and 

discovery targeting CT-induced OM. Clinically, the shorter biofabrica- 

tion time of our OES model accelerates the drug screening process, al- 

lowing for a quicker identification of optimal therapies for oral diseases 

such as OM. This rapid production enhances the efficiency of screening 

therapeutic candidates, offering a timelier approach to cancer treatment 

and drug discovery. OES tissue constructs formed in dynamic milliflu- 

idic systems showed more robust epithelial tissue barrier characteris- 

tics/functions intrinsic to oral epithelial tissue equivalents compared to 

the static ones. Magnetic nanoparticles (MNP) have been widely applied 

in 3D bioprinting to generate organoids of brain [ 29 ], lacrimal gland 

[ 30 ], salivary gland [ 18 ] and intestine [ 31 ] within a relatively short cul- 

ture duration compared to traditional methods. These MNP do not ap- 

pear to affect cell viability or trigger inflammation and oxidative stress 

responses [ 32 ]. Also, this bioprinting platform is a consistent, scaffold- 

free platform that can enhance efficiency of organoid formation [ 30 ]. 

In our study, an OES model was formed by this magnetic bioassembly 

technique and showed features of a nonkeratinized stratified squamous 

epithelium in less than one week, while conventional methods using 

insert and lifting keratinocytes to air-liquid interface need 2-3 weeks 

for cells to differentiate and form a multilayered tissue construct [ 33–

35 ]. Interestingly, our bioprinted OES model achieved a thickness of 80 

± 5 𝜇m, closely resembling the 99 𝜇m thickness reported at the floor of 

the mouth [ 36 ], which is one of the most affected sites in CT-induced OM 

[ 37 ]. Herein, oral keratinocytes were spatially assembled into a sheet- 

like shape under the driving force of a magnetic field, facilitating epithe- 

lial cell-cell adhesion and compaction with limited cell differentiation 

as per the abundant presence of mitotic basal K14 and p63 progenitors 

but with signs of epithelial stratification ( Figs. 1 E, 2 F, S1). This limited 

differentiated status is usually maintained in microfluidic platforms pro- 

viding a dynamic fluid flow with lack of full keratinocyte differentiation 

and stratification [ 38 ]. By using a peristaltic pump device, the dynamic 

millifluidic system (MIVO®) was enabled after this bioprinted OES tis- 

sue construct was carried and transferred with a transwell insert into a 

millifluidic chamber to create a laminar flow interface for 5FU CT drug 

perfusion and to facilitate the interaction between Fn , the critical OM 

pathogen, and bioprinted oral epithelium to enable drug discovery. Our 

interface set up takes advantage of physiological fluid flow microenvi- 

ronments in terms of nutrient supply and metabolic waste elimination, 

thus enhancing the cell viability of OES ( Fig. 1 F). A controlled dynamic 

fluid can provide more realistic and physiologically relevant microenvi- 

ronments that better mimic in vivo conditions, and its advantages were 

confirmed in a previous report when efficacy of anti-cancer drugs was 

determined using this dynamic system [ 20 ]. This report demonstrated 

that drug diffusion in dynamic conditions is better than static, and drug 

administration was more closely mirrored the in vivo scenario. This dy- 

namic system was also previously used on skin epithelial models to test 

penetration of skin upon the administration of different molecules [ 19 ]. 

Yet, optimization of fluid flow velocity is also relevant as a flow rate 

of 10 mm/s promoted an improved cell viability when compared to 

5 mm/s or 20 mm/s (Fig. S2). The Trypan blue exclusion method was 

used to determine cell viability after trypsinization of the OES, since it 

has been reported to be a reliable method for assessing that specific out- 

come [ 39 ]. Other experimental approaches such as ATP-luciferase-based 

3D assays were performed, however, the outcomes were inconsistent in 

the both control and experimental groups, likely due to the high cell 

density present in the OES. 

Secondly, these models were used to create CT-induced OM models 

in the presence of Fn . The rescuing effects of P-EGF on OM-like OES 

models exposed to the Fn stimuli were investigated . Mimicking the clin- 

ical dose of the CT drug 5FU is challenging due to variations in dosing 

which depend on tumor types, organs, and whether the tumor is pri- 

mary, recurrent, or metastatic [ 40 ]. For example, one study reported 

that the 5FU plasma concentration peaked at 650 ng/ml [ 41 ]. How- 

ever, 5FU at low dose (5 𝜇g/ml) had minimal impact on OES viability, 

prompting the selection of a significantly higher dose (500 𝜇g/ml) alike 

other studies [ 34 ]. This high 5FU dose led to an increased release of 

pro-inflammatory cytokines, disruption of cell-cell communications and 

elevated 𝛾H2AX accumulation ( Figs. 3 and 4 ). The upregulation of IL-6 

and IL-8 and reduced E-cadherin were reportedly associated with oral 

mucositis [ 21 , 42 ]. The accumulation of 𝛾H2AX is indicative double- 

strand DNA breaks and repair [ 43 ]. As an analogue of uracil, 5FU is 

known to disrupt DNA replication and RNA synthesis by misincorpo- 

ration of fluorouridine nucleotides and inhibiting enzyme thymidylate 

10



T.T.T. Truong, T.V. Phan, Y. Oo et al. Engineered Regeneration 6 (2025) 1–16

Fig. 6. Treatment efficacy of P-EGF in modulating pro-inflammatory cytokine expression and cell migration in the OM model within the millifluidic system. (A-F) 

expression of pro-inflammatory cytokine at mRNA level via qPCR (A-D) and protein level by ELISA (E-F). Data are plotted as mean ± SD and one-way ANOVA with 
post-hoc Tukey ’s test was performed. ∗ p < 0.5, ∗ ∗ p < 0.01, ∗ ∗ ∗ ∗ p < 0.0001. ( G-I ) Epithelial cell migration in the OM model was assessed by transwell migration assay 

and visualized by fluorescent microscopy at magnification of 20X and respective quantification using ImageJ. White arrowheads indicate the nuclei of migrating 

cells, which were stained with Hoechst 33342. Scale bar: 100 𝜇m. Data are displayed as mean ± SD and one-way ANOVA with post-hoc Tukey ’s test was performed, 
n = 4: ∗ ∗ p < 0.01, ∗ ∗ ∗ ∗ p < 0.0001. 
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Fig. 7. Intracellular calcium mobilization in 

the OES tissue construct in the OM model 

within the millifluidic system during P-EGF 

treatment before and after wound scraping. 

OES in the OM model were wound-scraped for 

assessment of intracellular calcium influx. ( A ) 

Micrographs were acquired with a fluorescent 

microscope and compressed at maximum in- 

tensity projections after z-stacking. White ar- 

rowheads indicate the cells with increasing cal- 

cium influx signals after wound scraping. Mag.: 

20X, Scale bar: 100 𝜇m. ( B-C ) Quantified by 

ImageJ, Data are displayed as mean ± SD and 
one-way ANOVA with post-hoc Tukey’s test 

was performed, n = 4. ∗ p < 0.5, ∗ ∗ p < 0.01, 
∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001. 

synthase synthesis [ 44 ]. The observed upregulation of 𝛾H2AX in OES 

after 5FU cytotoxic exposure (alike in CT) reflects the nature of 5FU- 

induced DNA damage. Although increased 𝛾H2AX was noted in 2D cul- 

tures of primary oral keratinocytes following irradiation [ 45 ], no studies 

have yet reported on this marker in any 3D models or tissues from OM 

patients. Nevertheless, higher 𝛾H2AX expression in lymphocytes and 

peripheral blood samples of patients correlates with more severe OM 

[ 46 , 47 ]. Therefore, our OM-like model created from 5FU-treated OES 

constructs was robust and reliable. 

Fusobacterium nucleatum can become an opportunistic pathogen con- 

tributing to the severity of inflammatory diseases. For example, high 

levels of Fn have been reported in patients with OM [ 6 , 48 ]. Infection 

with Fn in oral epithelial cells commonly triggers the release of pro- 

inflammatory cytokines, including IL-6, IL-8 and IL-1 𝛽 [ 49–51 ]. Using 

heat-killed bacteria in our experimental set up allowed for controlled 

dosing and uniformed distribution of circulating bacterial components. 

In addition, anaerobic conditions cannot be replicated for Fn survival, 

which could not be maintained due to the constant exposure to oxygen 

in the interconnected chambers of the fluid flow system. The release of 

IL-6 and IL-8 following exposure to heat-killed Fn highlighted the in- 

flammatory responses in OES models ( Fig. 3 D, E). Future millifluidic 

platforms could incorporate alternative strategies such as the use of hy- 

poxic media, oxygen-scavenging agents, or integrated oxygen control 

modules to maintain survival of anaerobic microorganisms like Fn in 

cell culture, creating more physiologically relevant microenvironments 

to better investigate host–microbe interactions under controlled oxygen 

gradients. 

Since EGF is known to promote the re-epithelization of OM ulcers 

including epithelial proliferation and migration, plant-produced EGF 

was used herein to reverse the epithelial damage and assess the in- 

flammatory response in our OM models. High concentration of P-EGF 

(100 ng/ml) effectively restored the viability of bioprinted OES tis- 

sue constructs after CT-induction with 5FU. Despite the presence of 

Fn , which significantly reduced epithelial viability, P-EGF treatment 

enhanced cell viability, though the improvement was not substantial. 

These observations were consistent with previous research highlighting 

P-EGF’s role in promoting cell proliferation in both skin keratinocytes 

and primary salivary gland epithelial cells; yet, notably, these earlier 

studies did not involve CT cytotoxic exposure [ 16 , 52 ]. 

From a mechanistic standpoint, our findings reveal that P-EGF de- 

creased the accumulation of 𝛾H2AX in our OM models, underscoring 

its potential to reduce DNA damage and thereby enhancing cell via- 

bility and survival. This effect persisted even in the presence of Fn in 

the culture system, demonstrating the robust action of P-EGF. Further- 

more, the maintenance of E-cad expression by P-EGF is beneficial in 

the wound healing process, as E-cadherin-mediated signaling is known 

to be involved in this biological repair mechanism [ 53 ]. This inte- 

grated response highlights the multifaceted therapeutic potential of P- 

EGF in treating CT-damaged epithelial tissues. Moreover, the Nrf2 sig- 

naling pathway is known to protect cells from oxidative stress damage 

12



T.T.T. Truong, T.V. Phan, Y. Oo et al. Engineered Regeneration 6 (2025) 1–16

caused by chemotherapeutic drugs and promote the wound healing pro- 

cess [ 54 ]. P-EGF administration led to increased Nrf2 activation in our 

OM models without Fn exposure, which was consistent with findings 

from prior reports, such as the activation of Nrf2 in 5FU-exposed ker- 

atinocytes pre-treated with 𝛾-tocotrienol [ 55 ] and in mouse models of 

intestinal mucositis treated with multi-modified stable superoxide dis- 

mutase (MS-SOD) [ 56 ] . Although Nrf2 nuclear translocation could mit- 

igate oxidative stress induced by Fn in oral keratinocytes [ 57 ], this is 

the first study to show that P-EGF can promote nuclear translocation 

of Nrf2 in oral epithelial tissue constructs exposed to both 5FU cyto- 

toxicity and Fn . Activation of Nrf2 appears to facilitate its interaction 

with nuclear p63 while they are binding to their specific binding regions 

on DNA, which have been shown to promote keratinocyte proliferation 

[ 58 ], aligning with the observed higher cell viability and survival. In- 

terestingly, while gene expression of pro-inflammatory cytokines was 

reduced following P-EGF treatment, protein levels in the conditioned 

media did not show a corresponding decrease. One possible reason re- 

lies on the dynamic fluctuations in pro-inflammatory cytokine release 

and both the timing of media replacement (daily) and the conditioned 

media collection at endpoint. The current combinatorial set up allows 

for a cumulative release of those cytokines into the media for less than 

24 h, before the media is partially replenished. Consequently, any poten- 

tial reduction in acute cytokine release, if truly occurred, would not be 

detectable at early culture times in this experimental setup. This under- 

scores the complexity of cytokine dynamics in response to therapeutic 

interventions and highlights the importance of considering temporal fac- 

tors in media replacement (partial or total) in in vitro models to depict 

changes in cytokine release [ 59 ]. 

The role of P-EGF in inducing cell migration in normal human skin 

keratinocytes has been reported by one of our researchers [ 16 ]. Herein, 

the cell migration ability was impaired in OM models with and with- 

out Fn exposure in the epithelial interface when compared to control 

OES non-disease models in untreated circumstances. Notably, the sub- 

sequent administration of P-EGF was able to restore cell migration ef- 

fectively (100.3 ± 12 % and 108 ± 30 %), regardless of the presence 

of Fn . This finding is particularly relevant in the context of OM in pa- 

tients, where ulcers are prevalent. Enhancing cell migration with P-EGF 

could significantly aid in the wound healing process, offering a promis- 

ing therapeutic avenue for improving patient outcomes. 

Rapid intracellular calcium response in keratinocytes following an 

epithelial scratch/scraping represents one of the primary early responses 

at wound sites, essential for initiating the epithelial healing process 

and promote re-epithelialization [ 60 ]. This healing response generates 

a wave of increased intracellular calcium ion that spreads outward from 

the injured area and gradually disappears, mirroring cellular function 

responding to injury that promotes wound re-epithelialization [ 61 ]. Ex- 

posure to 5FU in our OM models impairs this calcium ion mobilization 

or influx response in oral keratinocytes within the OES post-scraping. 

Importantly, the administration of P-EGF partially reverses the impaired 

cellular function induced by 5FU in OM models. The role of endogenous 

calcium extends beyond the prevention of apoptosis as it also supports 

epithelial migration and proliferation during wound healing [ 61 ]. This 

interplay underscores the potential therapeutic value of P-EGF in en- 

hancing recovery processes in OM models damaged by CT drugs. 

It should be noted that the systemic use of a growth factor like 

EGF could lead to significant and potentially life-threatening side ef- 

fects, which could promote cancer growth or recurrence [ 62 ], partic- 

ularly if precancerous or cancerous lesions remain post-cancer treat- 

ment. Similarly, the use of keratinocyte growth factor (Palifermin, with 

the tradename Kepivance) is limited to patients with hematologic ma- 

lignancies due to concerns about its potential to stimulate the growth 

of non-hematopoietic tumors following systemic delivery [ 63 ]. There- 

fore, the type of P-EGF delivery, particularly the local administration of 

such epithelial healing factor, is a critical factor in optimizing therapeu- 

tic efficacy while minimizing cancer risk. To address this concern, this 

study administered P-EGF locally over the oral epithelial tissues placed 

in the chambers of a milifluidic system. Current localized delivery meth- 

ods such as oral sprays, mouthwashes [ 64 ] or intra-oral microneedling 

patches targeting specific lesions could enhance the therapeutic effec- 

tiveness of P-EGF in future studies while maintaining a favorable safety 

profile [ 65 ]. It is also noteworthy that Kepivance is not approved by 

our local regulatory agencies, which precluded its use as a control in 

this study. 

The therapeutic efficacy of P-EGF may depend on its temporal appli- 

cation, as its timing could influence its ability to modulate inflammation 

and support tissue repair [ 66 ]. In this study, since the ultimate purpose 

was to treat OM rather than preventing it, P-EGF was administered im- 

mediately after 5FU exposure. The high abundance of Fn was reported 

after patients receive chemotherapy [ 6 ]; therefore, Fn was introduced 

later after 5FU exposure. Simultaneous administration of P-EGF with the 

Fn bacterial challenge was performed to mimic the clinical scenario of 

treating OM after oral lesions are present . According to the same studies, 

Fn will only become predominant and pathogenic following chemother- 

apy. However, administering P-EGF prior to bacterial exposure might 

yield different outcomes, such as varying levels of protection or en- 

hanced repair mechanisms. Future studies are needed to explore these 

temporal dynamics if prevention strategies are sought for P-EGF-based 

therapeutics. 

Our study has its limitations. Firstly, our model was perhaps simplis- 

tic as it was developed to investigate the biological effects in the inter- 

face between the oral epithelia and salivary OM-associated pathogens; 

hence, the creation of a lamina propria was not considered at this ini- 

tial step. A lack of a lamina propria layer that contains fibroblasts and 

extracellular matrix (ECM) is relevant to recapitulate the native oral mu- 

cosa as fibroblasts in connective tissue affect keratinocyte proliferation, 

differentiation and adhesion [ 21 ]. 

The absence of submucosal fibroblasts and macrophages in our cul- 

ture system could not reflect the dynamic and complex interactions that 

occur with epithelial cells in vivo once OM occurs, especially in the pres- 

ence of a pathobiont like Fn. Oral fibroblasts have been reported to 

modulate macrophage activity following bacterial infection [ 67 ], and 

immune components such as macrophages and cytokine gradients are 

known to influence inflammatory responses and tissue repair [ 68 ]. How- 

ever, these complex immune interactions are beyond the scope of this 

study, but surely must be addressed later on. At the epithelial level, 

our findings demonstrated that Fn intensified the severity of injury in 

our OM millifluidic models. Although P-EGF did not reduce cytokine 

release under Fn presence, it enhanced cell survival, augmented the ex- 

pression of cell-cell epithelial junctions, promoted cell migration and 

wound healing response, reduced DNA damage and mitigated oxidative 

stress. The involvement of lamina propria and submucosa with other 

cell types could potentially reveal additional protective effects or am- 

plify tissue damage after P-EGF administration, but at the same time it 

would increase substantially the complexity of Fn interactions and mask 

crucial epithelial interactions that take place. Future works will incorpo- 

rate lamina propria and submucosa layers and immune cell interactions 

to better understand their role in epithelial protection and repair. Ad- 

ditionally, investigations into the role of salivary immune components 

and proteins at the interface between saliva and the oral epithelia are 

key to provide a more comprehensive understanding of the dynamics of 

saliva and immunity in this model. 

Despite these limitations, the incorporation of lamina propria to an 

oral epithelial construct also exhibits drawbacks. For example, if re- 

searchers use stiff ECM macromolecules for developing the lamina pro- 

pria/submucosa layer in microfluidic chips like collagen, the shear stress 

forces would increase exponentially according to the Hagen–Poiseuille’s 

law due to the narrow channels and circuits present [ 25 , 26 ]. Perhaps 

this is the reason why Ly and colleagues (2024) did not use any fluid 

flow set up in their OM microfluidic chips containing a lamina propria 

with photo-crosslinked collagenous ECM construct with both epithelial 

and submucosal layers with gingival keratinocytes, fibroblasts and en- 

dothelial cells [ 24 ]. A poor oral stratified epithelia was displayed in this 
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bioassembled triculture tissue study aiming for an OM model on a chip. 

Millifluidic cell culture platforms offer relevant advantages for disease 

modeling in comparison with microfluidic chips, since these platforms 

facilitate a more accurate drug diffusion, improve mass transport, pro- 

mote cell differentiation and are more resistant to chemicals [ 25 , 26 ] The 

use of airlifting oral gingiva cultures, composed of oral keratinocytes 

and gingival fibroblasts, in large triple chamber microfluidic systems (by 

REVIVO Biosystems) can provide an effective diffusion area of 0.4 cm2 

with the assistance of a peristaltic pump [ 69 ]. Despite these endeavors, 

these gingival tissue equivalents are still not comparable to the actual 

thickness of the human gingiva, and researchers have not yet assessed 

the use of systemic drugs, for chemotherapy for example, in their sys- 

tem. One should note that endothelial cells in the submucosa were not 

included in this latter study, and these as well as fibroblasts are relevant 

in host-pathogen interactions but only following epithelial breakdown 

during OM pathogenesis. 

In this study, our focus was solely on Fn , despite the oral cavity har- 

boring hundreds of different microbial species. Exploring the roles of 

other prevalent bacterial pathogens in OM, such as Prevotella spp. or us- 

ing bacterial biofilms is an interesting direction to be pursued [ 5 , 70 ]. 

Further research will aim to integrate these components to provide a 

more comprehensive understanding of the impact of the oral micro- 

biome as well as the collective oralome on the pathogenesis and man- 

agement of CT-induced OM. 

Our OES interface model offers a promising potential for precision 

oncology. For example, it could be used as a drug screening platform 

in OM prior to cancer therapy, by providing a more predictive tool for 

evaluating the biological and cytotoxic effects of both 5-FU and OM 

therapeutic agents in oral epithelia. In addition, it could serve as an ef- 

fective platform for studying host-pathogen interactions in the oral ep- 

ithelia. As the oral microbiome plays an important role in the develop- 

ment and progression of OM, elucidating these interactions would shed 

lights on OM pathogenesis and could lead to novel microbiome-based 

interventions, such as probiotics, prebiotics, and postbiotics [ 71 ]. The 

OES model could also be valuable in testing for efficacy and epithelial 

cytotoxicity of these novel interventions and other oral care products. 

These applications highlight the clinical relevance and translational po- 

tential of our millifluidic interface in advancing precision oncology and 

oral healthcare. 

5. Conclusion 

In summary, a physiologically relevant oral epithelium 3D sheet-like 

construct and an OM disease model were created within a relative short 

time inside a tissue culture system under static and dynamic millifluidic 

conditions. The OM model was meaningful to confirm the alleviating 

effects of P-EGF on the oral epithelia exposed to 5FU chemotherapeutic 

drug in the presence of OM-associated pathogen, Fn. Taken together, the 

outcomes indicate that P-EGF can rescue the epithelial viability, resolve 

DNA repair, mitigate cellular oxidative stress, promote cell migration 

and restore intracellular calcium metabolism in OM models regardless 

of Fn exposure in these millifluidic platforms. These dynamic OM models 

also reconfirm P-EGF as a promising therapeutic modality to speed up 

oral re-epithelialization and wound healing upon local delivery. 
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