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Abstract 
Women’s health has received little attention in biomedical research, leading to an insufficient 

understanding of gynecologic diseases and sex-specific differences in the efficacy and safety of drug 

treatments. The cervix uteri is part of the female reproductive system and numerous women 

worldwide suffer from infections and disorders of the cervix, including the precancerous lesion cervical 

intraepithelial neoplasia (CIN) and cervical cancer (CC), that may arise upon persistent infection with 

the human papillomavirus (HPV). Given the absence of adequate drugs for CIN and the frequent 

recurrence, side effects and complications after CC treatment, there is a pressing need to develop 

optimized therapies. To address this issue, this thesis aimed to develop complex human in vitro models 

of the cervix as a tool to advance basic research and to facilitate the exploration of novel treatment 

options in an academic context.  

In vitro tissue models were generated by employing Organ-on-Chip (OoC) technology, which integrates 

microfabrication techniques and tissue engineering. A microfluidic platform was developed iteratively, 

resulting in three generations of platforms, each of which benefited from insights gained from 

concurrent tissue engineering experiments. The third version comprises two fluidically independent 

systems within a microscope slide-sized platform, each featuring four open-top tissue wells for cervical 

tissues.  

The normal ectocervix consists of a multilayered squamous epithelium covering a stromal layer. Donor-

derived keratinocytes, fibroblasts, and endothelial cells were isolated, characterized, and utilized as 

species- and tissue-specific cell sources for the engineering of normal and diseased ectocervical 

tissues. In the Cervix-on-Chip (CXoC), the combination of a hydrogel mimicking the extracellular matrix, 

and a mechanically robust scaffold proved to be the most promising method for generating a 

fibroblast-rich stromal layer. By generating a multilayered, differentiated ectocervical epithelium on 

top of the stroma using primary keratinocytes, a physiological tissue architecture of normal 

ectocervical tissue was closely emulated. This model can be applied for basic research as well as for 

infection studies. 

A diseased tissue model was generated in the CIN-on-Chip (CINoC), incorporating a stromal layer 

covered with an aberrant epithelium generated from the SCC cell line SiHa to emulate the 

pathophysiological tissue architecture. In a more complex model, the perfused microchannels of the 

CINoC were lined with cervical endothelial cells to more closely mimic the vasculature. 

In the CC-on-Chip (CCoC), SiHa spheroids were embedded in a fibroblast-spiked stromal environment 

to mimic infiltrating cancerous nests. Tissue engineering allowed for dissecting the effects of co-

cultivation, demonstrating enhanced viability and proliferation of the cancerous nests in the presence 

of fibroblasts. Treatment with the chemotherapeutic agent cisplatin at clinically relevant routes of 

administration and dosing resulted in reduced tissue viability, highlighting the platform’s applicability 

for drug testing. Furthermore, the model allows for the integration and recruitment of donor-derived 

neutrophils from the microvasculature-like channel into the tissue, all while maintaining their ability 

to form neutrophil extracellular traps.  

In the future, these models can advance our understanding of disease mechanisms, including studies 

involving the microbiome and pathogens related to sexually transmitted infections, as well as the 

development of improved drugs and (immune)therapeutic options.  
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Kurzfassung 
Die Gesundheit von Frauen hat in der biomedizinischen Forschung wenig Beachtung gefunden, was zu 

einem unzureichenden Verständnis gynäkologischer Erkrankungen und geschlechtsspezifischer 

Unterschiede in der Wirksamkeit und Sicherheit von Medikamenten geführt hat. Weltweit leiden 

zahlreiche Frauen an Erkrankungen der Zervix, einem Teil des weiblichen Reproduktionssystem. Diese 

umschließen Infektionen, präkanzerösen Läsion (Cervical Intraepithelial Neoplasia, CIN) und 

Zervixkarzinome (Cervical Cancer, CC), welche durch eine anhaltende Infektion mit dem Humanen 

Papillomavirus (HPV) entstehen können. Angesichts des Mangels an geeigneten Medikamenten zur 

Behandlung von CIN und der Rezidiven und Komplikationen nach der Behandlung von CC, besteht ein 

dringender Bedarf an der Entwicklung optimierter Behandlungsoptionen. Als Werkzeug für die Grund-

lagenforschung und die Entwicklung neuer Behandlungsmöglichkeiten wurden in dieser Dissertation 

humane in vitro Gewebemodelle der Zervix entwickelt.  

Für die Herstellung der in vitro Modelle wurde die Organ-on-Chip (OoC) Technologie eingesetzt, einer 

Kombination aus Mikrofabrikationstechnologie und Gewebekonstruktion. Es wurde eine mikro-

fluidische Plattform entwickelt, welche über drei Generationen hinweg iterativ optimiert wurde. Dabei 

profitierte jede Version von den Erkenntnissen der begleitenden Experimente zur Gewebe-

konstruktion. Die endgültige Plattform hat die Größe eines Objektträgers und umfasst zwei fluidisch 

unabhängige Systeme mit jeweils vier Vertiefungen für die Zervix-Gewebe.  

Die gesunde Ektozervix besteht aus einem mehrschichtigen Plattenepithel auf einem fibroblasten-

reichen Stroma. Zur Herstellung des gesunden sowie der erkrankten Zervix-Gewebe wurden 

Keratinozyten, Fibroblasten und Endothelzellen von Gewebespenden isoliert und charakterisiert. Die 

Kombination eines mechanisch robusten Gerüstes mit einem Hydrogel, welches die extrazelluläre 

Matrix imitiert, erwies sich als die vielversprechendste Methode um ein Stroma in dem Cervix-on-Chip 

(CXoC) zu erzeugen. Mit dem auf dem Stroma befindlichen ektozervikalen Epithel aus primären 

Keratinozyten konnte die physiologische Gewebearchitektur eines gesunden Ektozervix-Gewebes 

nachgeahmt werden. Dieses spezies- und gewebespezifische CXoC kann zukünftig sowohl für die 

Grundlagenforschung als auch für Infektionsstudien eingesetzt werden. 

Im CIN-on-Chip (CINoC) wurde die pathophysiologische Gewebearchitektur nachgebildet, indem das 

Stroma mit einem entarteten Epithel aus der Zervixkarzinom-Zelllinie SiHa bedeckt wurde. In einer 

Erweiterung des Modells wurden die blutgefäßähnlichen Kanäle mit zervikalen Endothelzellen 

ausgekleidet.  

Im CC-on-Chip (CCoC) wurden SiHa-Sphäroide in einem mit Fibroblasten angereichertes Stroma 

eingebettet, um infiltrierende Tumore nachzuahmen. Die Gewebekonstruktion ermöglichte es, die 

Auswirkungen der Co-Kultivierung zu analysieren und zeigte auf, dass die Anwesenheit von 

Fibroblasten die Lebensfähigkeit und die Vermehrung der Tumore verbesserte. Eine Behandlung mit 

dem Chemotherapeutikum Cisplatin in einer klinisch relevanten Darreichungsform und Dosierung 

führte zu einem erhöhtem Gewebesterben, was die Anwendbarkeit der Plattform für 

Medikamententests demonstriert. Darüber hinaus ermöglicht das Modell die Integration und 

Rekrutierung von Neutrophilen aus dem blutgefäßähnlichen Kanal in das Gewebe hinein. Ihre Fähigkeit 

zur Produktion von „Neutrophil Extracellular Traps“ blieb dabei erhalten.  

In Zukunft können diese Modelle unser Verständnis von Krankheitsmechanismen vertiefen. Ferner 

ermöglichen sie Studien, die das Mikrobiom, sowie Pathogene einschließen, die an sexuell 

übertragbaren Infektionen beteiligt sind. Des Weiteren können sie zur Entwicklung optimierter 

Medikamente und (immun)therapeutischer Behandlungen beitragen.  
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1. Introduction 
Women’s health has received little attention in biomedical research, resulting in an insufficient study 

of gynecologic diseases and an incomplete understanding of sex-specific differences in drug treatment 

efficacy and safety, as well as disease incidence and symptoms1. Both psychosocial and biological 

differences between the sexes, such as drugs interactions with reproductive hormones and their 

associated receptors, contribute to an elevated susceptibility to adverse drug reactions in women. It 

has been postulated, that the representation of females in preclinical research may have prevented 

the oversight of crucial adverse reactions1, emphasizing the need for sex-specific in vitro models. The 

cervix uteri is part of the female reproductive system and numerous women worldwide suffer from 

cervical diseases, including infections and potential sequelae such as cervical intraepithelial neoplasia 

(CIN) and cervical cancer (CC). Therefore, there is an urgent need for more (preclinical) research on 

the cervix and its associated diseases.  

1.1. The Cervix Uteri and It’s Associated (Pre)Cancerous Lesions 

1.1.1. The Cervix  
The cervix is part of the female reproductive system, encompassing the lower part of the uterus and 

protruding into the vagina2 (Figure 1.A). The cylindrical structure measures approx. 3 cm in length and 

2.5 cm in diameter and connects the vagina to the uterine cavity through a narrow channel2. The cervix 

contains three distinct anatomical regions, including the ectocervix, the transformation zone, and the 

endocervix, each of which is covered by different epithelia (Figure 1.B). The mucin-producing columnar 

epithelium lines the endocervical canal and transitions superiorly into the uterine epithelium. 

Inferiorly, the endothelial epithelium meets the ectocervical epithelium at the squamocolumnar 

junction in the metaplastic transformation zone. The ectocervix, which encompasses the outer surface 

of the vaginal portion, is covered by a squamous epithelium, that transitions into the vaginal 

epithelium2. The squamous epithelium is completely replaced by a new population of cells every 4 to 

5 days through tissue renewal: The lower, basal cells divide either symmetrically to generate more 

basal cells, or asymmetrically, with one of the daughter cells moving upward toward to the surface. As 

the cells move upward, they progressively acquire characteristics of differentiation in the parabasal 

and intermediate layer until they ultimately exfoliate from the superficial cell layer2,3. 

The cervix represents a barrier between the vagina as the “external” environment and the uterus. It 

acts as a gatekeeper to the uterus by facilitating the migration of spermatozoa from the vagina while 

maintaining sterility by preventing the passage of pathogens, thereby mitigating ascending infection 

of the uterus. In addition, the cervix plays a central role in pregnancy, particularly in the delivery of the 

fetus from the uterus, which occurs only once the cervix is dilated. The cervix is exposed to the vaginal 

microbiome, which comprises 20-140 bacterial species in an individual, with Lactobacillus as the most 

dominant species4. A healthy microbiome plays a crucial role in preventing vulvo-vaginal infections and 

inflammatory conditions. An imbalanced microbiome, on the other hand, can affect the rate of 

pathogen clearance. For instance, evidence suggests that a vaginal infection with Chlamydia 

trachomatis may predispose individuals to a human papillomavirus (HPV) infection by altering the 

microbiome, thereby linking the microbiome to HPV-associated diseases4.  
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Figure 1. The Cervix Uteri is Part of the Female Reproductive System. 
A) Schematic of the female reproductive system illustrates the cervix as the lower part of the uterus that extends into the 
vagina. Adapted from © 2021 Terese Winslow LLC, U.S. Govt. has certain rights. B) The cervix is divided into several distinct 
anatomic regions, including the endocervix, the inner part of the cervix that is lined by columnar epithelium. The ectocervix, 
the outer part of the cervix, is covered by a squamous epithelium that consists of basal, parabasal, intermediate and 
superficial keratinocyte layers. Both epithelia meet at the squamocolumnar junction (SCJ) in the transformation zone. 
Schematic adapted from5, CC BY 4.0. 

1.1.2. Human Papilloma Virus 
HPV is a common sexually transmitted virus, with >80% of sexually active people acquiring an infection 

at least once by the age of 456. The vast majority of HPV infections are asymptomatic and transient, 

with 80% of infections being naturally cleared by the immune system within two years7. However, 

around 4.5% of all diagnosed human malignant neoplasms are attributable to HPV, including cervical, 

anal, vaginal, vulvar, penile, and oropharyngeal cancers, with cervical cancer (CC) being the most 

prevalent among them8. Of the >400 HPV genotypes, approx. 12 are considered to be high-risk cancer-

causing types or potentially high-risk8,9. While a persistent infection with high-risk HPV is considered 

the primary etiologic factor for CC, low-risk genotypes can cause benign tumors such as warts 

(papillomas)10.  

The small, double-stranded DNA virus of approx. 55 nm in size, comprises approx. 8,000 base pairs and 

exhibits a strict tropism for cutaneous or mucosal epithelial cells11. In the squamous epithelium, HPV 

gains access through microabrasions in the epithelium and specifically infects the basal cells. 

Thereafter, expression of the extrachromosomal HPV genome is regulated by the keratinocyte 

differentiation status, involving an early and late transcriptional program3,6,12. Initial DNA amplification 

in the infected basal cells is regulated by the early genes E1 and E2, maintaining a range of 50-100 

copies of the episomal viral genome. Copy number and viral protein expression is sustained at low 

levels as long as the basal cells divide. As the cells progress through differentiation, viral DNA increases 

to thousands and all genes are activated. Among them, the viral oncoproteins E6 and E7 inactivate the 

tumor suppressor genes p53 and pRB, disrupting apoptotic pathways and promoting cell proliferation 

and genomic instability13. The expression of the late genes L1 and L2, which encode structural 

components for genome encapsidation and virion assembly, occurs in the superficial cell layers of the 

epithelium, facilitating the shedding and distribution of infectious particles. This regulation of the viral 

life cycle enables HPV to evade detection by the immune system by restricting high levels of viral gene 

expression and virion production to the uppermost layers of the epithelium, which are not subject to 

immune surveillance3,14.  
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1.1.3. The Ectocervical Epithelium 
The ectocervix is composed of multiple cell layers (Figure 2), which can be distinguished by 

hematoxylin and eosin (HE) staining and further identified by specific markers. The epithelium is 

separated from the underlying stroma by the basement membrane, a specialized extracellular matrix 

(ECM). The basal layer of the ectocervical squamous epithelium consists of a single row of small 

cylindrical epithelial cells (10 μm in diameter), expressing high levels of cytokeratin (CK) 19, with large 

oval nuclei that are arranged perpendicular to the basement membrane. Above them, the parabasal 

cells form four to five cell layers, exhibiting a polyhedral shape and a larger size compared to the basal 

cells, with slightly more cytoplasm rich in CK142,15. The intermediate or suprabasal layer, located above 

the parabasal layer, consists of more mature, flattened cells with increased cytoplasm, positive for 

CK10 and CK13 and smaller nuclei than those in the basal layer. These cells are arranged with their 

long axis parallel to the basement membrane. The superficial layer is characterized by cells 50 μm in 

diameter with abundant and clear cytoplasm due to glycogen accumulation, and a small, centrally 

located round nucleus. The cells in the superficial layer become flat and elongated, have a large 

amount of cytoplasm, and exfoliate physiologically. Keratinization can occasionally occur in both the 

intermediate and superficial layers and serves to protect the underlying epithelial cells and the 

subepithelial vascularization from trauma and infection2,15,16. 

 
Figure 2: Ectocervical Changes from Normal Ectocervical Epithelium to Neoplasia and Carcinoma.  
In the normal ectocervical epithelium, basal cells proliferate and differentiate as they ascend to the surface, exhibiting distinct 
cell morphology and protein expression profiles in the basal, parabasal, intermediate, and superficial layers. HPV can gain 
access to basal cells through microabrasion and initiate abnormal epithelia. As the disease progresses from low-grade to 
high-grade squamous intraepithelial lesions (LSIL/HSIL), the likelihood of developing invasive carcinoma increases, involving 
the infiltration of transformed cells through the basement membrane into the underlying cervical stroma. Adapted from  
© 2014 Terese Winslow LLC, U.S. Govt. has certain rights. 

1.1.4. Cervical Intraepithelial Neoplasia, an HPV-Induced Premalignant Disorder 
Ectocervical epithelia harboring a high- or low-risk HPV infection may develop abnormalities and are 

clinically identified as CIN or Low/High-Grade Squamous Intraepithelial Lesions (LSIL/HSIL), if not 

cleared by the immune system17,18 (Figure 2). These proliferative lesions exhibit abnormal cytologic 

and histologic differentiation resulting from viral replication and include dedifferentiation, disrupted 

epithelial architecture, increased mitotic activity, presence of atypical mitoses, cellular pleomorphism 

and nuclear atypia13. The degree of cellular aberration and the extent of epithelial involvement vary 

with the severity of the lesion, graded from mild dysplasia (CIN 1/LSIL) to moderate (CIN 2) and severe 

dysplasia (CIN 3), where dysplastic changes extend to the lower, middle, and upper thirds of the 

epithelium, respectively. CIN 2 and CIN 3 are collectively known as HSIL due to the challenge in 

distinguishing between these stages, given the poor inter-observer reproducibility for this specific 

diagnosis, and both stages are typically treated similarly13.  



5 
 

These lesions are considered precancerous because they are thought to progress slowly over time from 

LSIL (CIN 1) to HSIL (CIN 2 and 3) and eventually to invasive carcinoma. The progression from HPV 

infection to viral persistence, then to dysplasia and finally to invasive CC takes approx. 15 years19. 

Detection of dysplasia is the primary focus of cervical screening programs, which involve collection and 

examination of exfoliating cells from the superficial layers, commonly known as Papanicolaou or "Pap" 

smears. The goal is to identify abnormal cells and initiate treatment at an early stage to prevent the 

development of an invasive disease17. Since 90% of CIN 1 spontaneously regresses within three years 

due to immune surveillance20, CIN 1 does not require medical intervention and is instead monitored 

regularly21. While 18% of CIN 2 cases will progress to CIN 3, 50% of CIN 2 will regress within two years22 

and the likelihood of regression for CIN 3 is 33-50%, with 12% progressing to invasion19,23. Although 

only a subset of CIN 3 patients will progress to cancer, the standard approach to treating CIN 2 and 3 

is to surgically remove the affected tissue by loop electrosurgical excision procedure (LEEP). In some 

cases, dysplasia is treated with ablation techniques such as cryosurgery or CO2 laser ablation, but these 

procedures have a higher recurrence rate when compared to LEEP24. Despite treatment, patients with 

CIN 3 are at increased risk of developing CC25,26. Due to the lack of diagnostic tests that can reliably 

distinguish between regressing and progressing lesions, cases of HSIL cases are often overtreated27. 

Therefore, the goal is to prevent potential progression to cancer while avoiding overtreatment, as 

lesions may spontaneously regress, and treatment may have adverse effects. Established standard 

therapies are invasive and tissue-destructive, potentially leading to cervical incompetence and 

preterm birth25. Research is ongoing to explore non-invasive alternatives, including herbal regimens28, 

physical plasma29,30, therapeutic vaccines31, and immunotherapy10. 

1.1.5. Cervical Carcinoma 
With approximately 600,000 new cases diagnosed in 2020, CC is the fourth most common cancer in 

women globally, accounting for 6.5% of all female cancers32. A significant advance in the control of 

HPV-related disease was the introduction of Gardasil in 2006, a prophylactic vaccine targeting high-

risk HPV strains HPV 16 and 1833. The subsequent release of the nonavalent vaccine Gardasil 9 in 2014 

extended its protection to HPV 6, 11, 31, 33, 45, 52 and 5833, covering both low- and high-risk HPV 

types to prevent both malignant and benign epithelial transformation. Although HPV vaccination has 

been recommended in Germany since 2007 and gender-neutral vaccination since 2018, the rates of 

prophylactic HPV vaccination rates remain below 50% in both sexes34. The highly effective primary 

(vaccine) and secondary (screening) preventive measures have rendered CC almost preventable. 

Unfortunately, incomplete adoption of these preventive measures, lack of disease awareness and poor 

health infrastructure facilities contribute to CC remaining a pressing global health concern as the 

leading cause of cancer death in 36 countries, particularly in low- and middle-income countries33.  

The two dominant histologic subtypes of CC are squamous cell carcinoma (SCC) and adenocarcinoma, 

accounting for over 70% and nearly 20% of all CC, respectively35. Structurally, invasive SCC is 

characterized by a population of neoplastic cells arranged in irregular nests infiltrating the stroma36. 

Infection with an oncogenic HPV is a necessary yet insufficient cause of cervical carcinogenesis37. HPV 

16 and 18 are the most clinically significant drivers, underlying approx. 70% of all SCC38. Additional risk 

factors include first sexual intercourse at an early age, multiple sexual partners, immunosuppression 

(e.g. HIV/AIDS), parity, oral contraceptive use, other sexually transmitted infections, active cigarette 

smoking and exposure to second hand smoke18,39.  

A considerable number of patients are still diagnosed only at an advanced stage with a poor prognosis, 

particularly in low and middle income countries33. In Germany as well, the prognosis and survival rate 

of patients with advanced CC remains a challenge, with age-adjusted five-year relative survival rates 

of 84.6% for localized, 48.2% for regional, and 17.9% for distant stage cases40. Therefore, receiving 
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timely and effective therapy is critical. Surgery or radiotherapy are recommended for early stages, 

while advanced stages may require combined therapy with radiation and cisplatin-containing 

chemotherapy. In instances of metastasis and locally advanced malignancies, targeted therapy with 

bevacizumab and immunotherapy with immune checkpoint inhibitors have been recently employed41. 

Frequent recurrence, along with associated adverse effects and complications, emphasize the need for 

alternative CC treatment options42–45. Currently, therapeutic HPV vaccines hold promise for expanding 

therapy options, and ongoing research is investigating additional immune checkpoint inhibitors, 

adoptive cell transfer with tumor-infiltrating lymphocytes selected for the HPV oncogenes E6 and 

E710,21 and the use of mathematical (artificial intelligence supported) models to guide screening and 

medical treatment decisions46–49.  

1.2. Traditional Models of the Ectocervix 
Due to the high clinical relevance of cervical infections and transformed epithelial disorders, various 

models have been developed, and reviews are available on animal models50,51 and bioengineered in 

vitro models52–55, some of which focus specifically on cervical spheroids/organoids5,9,56,57. While 

multiple animal studies involved rhesus macaques48,58–60, most animal studies have used mouse 

models. Several transgenic mice have been developed50,61,62, most of which express the HPV-

oncogenes E6 and/or E7 under the CK14 promoter50. Despite the advantages of studying the effect or 

carcinogenic contribution of individual proteins in transgenic mice, species-related differences 

between human and mouse biology must be considered, including telomerase activity, pathways to 

prevent cancerous changes, and required genetic alterations required for malignant trans-

formation50,63. In the context of CC, a notable difference between mice and humans revolves around 

the pathways of the two key oncogenes E6/E7. In mice, the p53 pathway, which is inhibited by HPV-

E6, plays a critical role in triggering senescence, whereas in humans the pRb pathway, which is 

inhibited by HPV-E7, dominates64.  

Xenograft mouse models, particularly patient-derived xenograft (PDX) models, have emerged as an 

advanced approach to mimic human cancer by transplanting human cancer cell lines or biopsies into 

genetically modified mice with suppressed immune systems. While human cell lines in xenograft 

models capture the human genetic background, they reduce tumor cell heterogeneity due to in vitro 

cell culture, which favors less differentiated and more virulent clones50. PDX models, on the other 

hand, better recapitulate the diversity of cell types in human cancers, preserving the heterogeneity, 

histology, the tumor microenvironment (TME) and overall metastatic patterns associated with each 

disease9,50. PDXs are widely used in preclinical models of various tumors and to date ten PDX models 

have been developed for CC51, often by subcutaneous tissue transplantation to study chemotherapy 

toxicity and drug delivery efficacy. Additional transplantation methods, such as subrenal capsule 

transplantation and orthotopic CC models, have been employed to investigate tumor metastasis and 

cancer signaling pathways in order to identify potential therapeutic targets9,51. Although orthotopic CC 

PDXs show promise with good correlation in transcriptomic landscapes and similar histologic, 

metastatic, and stromal patterns compared to donor tissues55, their widespread application is hindered 

by ethical concerns, required surgical skills, long latency periods, variability in transplantation rates, 

and high costs. Moreover, immunosuppression in mice limits the study of tumor interactions with the 

specific immune system, a critical component of the TME and of immunotherapy9,50.  

As an alternative to animal models, in vitro models have been developed that include both two- and 

three dimensional (2D/3D) cell cultures using single cells or co-cultures. Human ectocervical epithelial 

cells have been isolated and cultivated, including primary ectocervical (immortalized) keratinocytes65–

67 and 52 CC cell lines68, with primary CC cells proving particularly challenging to cultivate9. Although 

low infrastructure and expertise requirements render cost-effective 2D cultures appealing for large-
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scale drug screening, the absence of 3D environmental cues from the surrounding matrix affects cell 

behavior5. Changes in cell morphology, cytoskeletal organization, cell-cell communication, 

accumulation of mutations, and altered protein expression patterns have been observed in 2D culture, 

affecting cell viability, differentiation, and proliferation processes. When CC cells were cultured as 

monolayers on plastic dishes55 or in a 3D adenocarcinoma model, the 3D models exhibited spheroid 

formation and increased cell proliferation compared to conventional 2D monolayer cell sheets59. In a 

model incorporating the ectocervical cancer cell line SiHa, viral transcripts were more highly expressed 

in the 3D multilayer model than in the 2D culture69. In summary, there is a consensus that 2D (tumor) 

cell cultures significantly deviate from in vivo and are often inadequate models9. Addressing these 

challenges requires the establishment of tumor models that serve as a bridge between cell culture and 

animal models, and more accurately reflect in vivo pathophysiology. The past decade has witnessed a 

transformative period in the development of 3D tumor models9. Various strategies have emerged to 

create 3D models of the human ectocervix, including organotypic raft cultures, spheroid/organoid 

models, tumor explants, and microfluidic systems.  

Organotypic raft cultures, commonly used to study skin, have been adapted to generate 3D cervix 

models52. Seeding keratinocytes on a gel followed by subsequent differentiation at the air-liquid 

interface (ALI) marked a breakthrough in achieving keratinocyte differentiation in vitro55. This approach 

has been widely employed to model the human ectocervix69–77, and has allowed mimicry of 3D tissue 

architecture, co-culture with various cell types, and significant advances in understanding cervix 

biology and infectiology. While some in vitro models have mistakenly utilized preputial keratinocytes 

due to their greater availability, it is important to note that epithelia from different organs exhibit 

distinct differentiation programs, with or without keratinization, and varied CK expression in the 

epithelial layers53. Despite the progress made with organotypic raft cultures, the limitations in studying 

direct virus-host interactions, the short lifespan of the models and a missing vasculature have led to 

the development of more intricate 3D models55. 

Patient-derived organoids (PDOs), the second most commonly employed 3D tumor model, arise from 

the proliferation and self-organization of cells isolated directly from patient tumor tissue9. In contrast 

to spheroids, which result from facilitated cell aggregation, PDOs spontaneously form 3D structures 

based on their genetic programming, closely resembling the actual development of tumors. Due to 

their uniform shape and size, spheroids are well-suited for high-throughput testing in multiwell plates 

and are particularly advantageous for identifying potent drug candidates. Cancer spheroid models 

have been shown to recapitulate outcomes commonly observed in solid tumors and to exhibit greater 

resistance to treatment compared to 2D cultures. In contrast, the development of more physiologically 

relevant cancer organoids has improved the preservation of the natural cancer cell heterogeneity, 

along with the genetic and phenotypic characteristics of the native tissue. Organoids, being more cost-

effective and, in certain instances, more physiologically relevant than PDX models, have emerged as a 

valuable tool. However, the establishment of human ectocervical organoid models remains a 

challenging endeavor, with only a limited number established successfully9. Adult ecto- and 

endocervical organoids have been derived from hysterectomy or Pap smear specimens and embedded 

in a matrix simulating a basement membrane78,79. While normal ectocervical organoids were 

maintained for more than 6 months and spontaneously generated stratified squamous epithelia that 

closely resembled in vivo tissue architecture, morphology and transcriptional profiles, cancerous 

organoids recapitulated cancer-associated gene expression patterns, gene alterations, and HPV 

integration patterns9,57. A recent study confirmed the similarity of histopathology and gene profiles 

between the organoid and the original tumor80. Limitations of current cervical organoid models include 

the frequent absence of the underlying stromal compartment, as well as the lack of immune cells and 

vasculature57. Another limitation is that squamous epithelial organoids have the superficial layer on 
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the inside, making them inaccessible to direct medical therapies such as physical plasma29,30. A 

promising approach to mimic physiological tissue architecture, including vasculature and immune 

cells, is the Organ-on-Chip (OoC) technology. 

1.3. The Organ-on-Chip Technology  
Species-specificity contributes to a high failure rate in translating drugs from animal testing to human 

treatment. This, along with ethical concerns about animal experimentation, is driving the use of more 

human-relevant tools that promise to be more predictive of human disease and response81. Among 

the “non-animal methods” or “new approach methodologies” (NAMs), OoC technology has emerged 

as a revolutionary approach in the field of biomedical research to generate complex human tissue 

models and improve translatability in drug development82. This innovative technology involves the 

integration of microfabrication techniques with cell culture systems to create microscale devices that 

mimic the structural and functional aspects of specific tissues. The ORCHID (Organ-on-Chip In 

Development) Consortium defines it as a “fit-for-purpose microfluidic device, containing living 

engineered organ substructures in a controlled microenvironment, that recapitulates one or more 

aspects of the organ’s dynamics, functionality and (patho)physiological response in vivo under real-

time monitoring”83. OoC promises to combine the advantages of in vivo experiments, including 

complex 3D tissues in a physiological microenvironment and circulation, with the benefits of in vitro 

models, including the human genetic background, cost efficiency and potential for automation and 

standardization. 

A key feature of these in vitro models is the perfusion through vasculature-mimicking microchannels, 

allowing continuous delivery and removal of molecules and cells. This facilitates the integration of 

(circulating) immune cells, making OoC suitable for investigating the impact and involvement of 

immune components in various diseases and for the development of drugs targeting the immune 

system, a promising approach being pursued in oncology (Publication [2]).  

The development of organ-on-chip models constitutes an interdisciplinary process that combines 

technologies and concepts from microfabrication, microfluidics, biomaterials, pharma/toxicology, and 

medicine, among others84 (Figure 3). The human body serves as a structural blueprint and cell source 

for the creation of human-relevant in vitro models in a microfluidic platform. Rogal and colleagues 

have outlined this development as a journey, starting with the initial idea/specific scientific question 

and progressing to the design/concept phase. Subsequently, the simultaneous work on engineering 

(fabrication, materials, sensor integration) and biological questions (cell sources, biomaterials/ 

scaffolds) allows for an iterative process. This process is followed by the establishment of cell injection 

and tissue assembly, assay development, and functional validation, ultimately leading to the final 

applications in the (pharmaceutical) industry, clinical research or for addressal of mechanistic 

biomedical studies.  

One of the pioneering OoC systems that received global attention was a lung-on-chip that applied 

mechanical stimuli to the cells through a stretch mechanism85. This platform introduced a concept, 

used in many succeeding platforms, featuring a tissue-specific culture compartment separated from 

the perfusable vasculature-like channel by a porous membrane. Since then, platforms integrating 

various tissues have been developed, including brain, blood-brain barrier, eye, kidney, liver, pancreas, 

heart, adipose, intestine, colon, uterus, placenta, blood vessel, and skin82. 
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Figure 3: Development of an Organ-on-Chip.  
The scientific question is the basis for conceptualizing and designing a platform using the human body serving as the structural 
blueprint and cell source for the OoC. From there, the biology (including cell sources and biomaterials/scaffolds, and their 
injection) goes hand in hand with the engineering (including materials and fabrication processes and potentially 
sensor/actuator integration), with feedback from each branch contributing to adjustments in the other, resulting in an 
iterative process. Appropriate assays are developed to allow functional validation of the tissue, which can then be applied in 
(pharmaceutical) industry, clinical research and mechanistic biomedical studies. Reproduced from84, CC BY 4.0. 

To date, four OoC platforms have been developed incorporating ectocervical cells, two of which feature 

adjacent compartments containing 2D cell cultures connected by microchannels. The first platform 

comprised the SCC cell line CaSki and human umbilical vein endothelial cells (HUVECs) in the two 

adjacent channels to study the interaction between tumor and endothelial cells (ECs)86. The second 

study included immortalized ecto- and endocervical cells in the two compartments to investigate 

intercellular interactions and their contributions in maintaining cervical integrity in response to LPS 

and TNFα stimulation87. In a recent preprint, a platform with two stacked microchannels separated by 

a porous membrane was employed to culture a commercially available mixture of primary human 

endo- and ectocervical keratinocytes along with primary human cervical fibroblasts on each side of the 

membrane88. The epithelial and stromal layers generated a tissue several layers thick and allowed the 

study of cervical mucus physiology and its role in human host-microbiome interactions. All of these 

platforms share the widely used material polydimethylsiloxane (PDMS), which is known to absorb 

hydrophobic molecules89. This aspect is particularly important for women's health models, where 

future applications may require controlled exposure to (hydrophobic) hormones and drugs. These 

models lack similarity to the in vivo tissue, including the 2D cultivation of cell lines and the lack of 

perfusion in the first two studies, as well as the non-physiological mixture of epithelial cells in the last 

model and the exposure of the epithelial cells to media perfusion in all models.  

The integration of a tissue explant ensures the exact replication of the tissue, as opposed to the 

bottom-up approach, which allows the engineered tissue to be adapted to the research question and 

contribution of each player to be dissected. Despite the drawback of limited availability of replicates, 

explants have been incorporated into traditional cell culture systems90,91. Xiao et al. (2017) utilized the 

microfluidic ‘EVATAR’ platform, which can support five interconnected organs, and incorporated 

human liver spheroids, mouse ovarian explants, human fallopian tube epithelium, human 
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endometrium, and human ectocervical explants. The cervical explants, obtained by 3 mm biopsy 

punches, maintained viability, hormonal responsiveness and stratified squamous epithelial tissue 

architecture for 28 days. The ability to study inter-organ communication demonstrates an important 

feature of compartmentalized OoC platforms.  

In summary, various animal and in vitro models of the ectocervix have been developed. 3D human 

ectocervical tissue models are required for research questions related to HPV infection, as HPVs exhibit 

species- and tissue-specific properties with a high tropism for stratified squamous epithelia55. The 

inclusion of immune components in these models is crucial because the immune system plays a central 

role in combating HPV infections and the progression of malignancies, both of which are processes 

that are not yet entirely understood. The development of more effective therapies is hampered by the 

lack of in vitro cancer models that adequately capture the complexity of human tumors, particularly 

with respect to the TME and the immune response. Despite treating patients according to defined 

guidelines, individual responses vary due to the heterogeneity of patients and their tumors. While 

certain prognostic factors have been identified, there are still many unknown factors that lead to 

differential therapeutic success92. Therefore, there is an urgent need for patient-specific in vitro models 

for basic research, drug development and to accurately stratify and predict the efficacy of available 

treatments. OoC technology offers the opportunity to generate sophisticated in vitro models that 

include perfusion and multicellular 3D tissues and can be well adapted to the use of patient- or donor-

derived cells. 
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2. Objective of the Thesis 
The overall aim of this thesis was to develop a human in vitro model based on OoC technology, 

integrating normal and diseased ectocervical tissues to advance knowledge in basic research and 

explore novel therapeutic approaches in an academic context. To accomplish this overarching goal, the 

following specific objectives were pursued: 

1) Development of a microfluidic platform 

The aim was to design and fabricate a microfluidic platform specifically tailored to ectocervical 

tissues. This involves the integration of advanced microfabrication techniques and biocompatible 

materials with tissue engineering, to create a microenvironment that supports complex 

ectocervical tissues and includes a mimicry of a perfused vasculature. The platform must consist 

of materials compatible with hydrophobic molecules and allow for a variety of (real-time) readout 

methods to facilitate comprehensive characterization and application of the OoC. 
  

2) Isolation and characterization of ectocervical cells from human tissues 

To create multicellular, species- and tissue-specific in vitro models, protocols must be established 

for the isolation of multiple cell types from resected tissues. Subsequent expansion and extensive 

characterization of primary cells is required prior to integration into the OoC. Primary cells are the 

optimal representatives of the original tissues as they contain the human genetic background and 

closely reflect the heterogeneous in vivo physiology of donors and patients. 
 

3) Generation, cultivation, and characterization of healthy and diseased ectocervical 3D tissues 

This objective focused on creating multicellular ectocervical tissues that closely emulate the 

human (patho)physiological tissue architecture. This requires the establishment of protocols for 

the generation, cultivation, and characterization of normal and diseased 3D ectocervical tissues. 

An integral aim has been the incorporation of peripheral immune components, specifically 

focusing on neutrophils (polymorphonuclear leukocytes, PMNs) and their functional structures 

known as neutrophil extracellular traps (NETs), to facilitate future studies of the immune system 

and immune-targeting therapies. 
 

4) Reduction of animal components 

The use of animal-derived products raises ethical concerns, and challenges such as uncertain 

composition, product variability, and compromised quality. This prompts the need to reduce or 

eliminate animal components in experimental protocols. While OoC promises to reduce the use of 

animals in research and drug development, reliance on animal-derived products remains common. 

Although not the primary focus of this study, consistent efforts to reduce animal-derived products 

and explore animal-free alternatives were integral to all experiments. 

 

 

 

  



13 
 

 

 

 

 

CHAPTER 3 
Results  



14 
 

3. Results 

3.1. Development of Microphysiological Platforms for Cervical Tissues 

3.1.1. Concept of the Microphysiological Platforms 
The microphysiological platforms were designed and fabricated specifically for cervical tissue 
generation and cultivation. The PDMS-free, compartmentalized platforms consist of stacked, 
transparent polymers that create cylindrical, open-top tissue wells and a microfluidic channel 
sandwiching a porous membrane (Figure 4.A). The open-top tissue well provides direct access for cell 
seeding and can be sealed with a gas permeable foil during cultivation. The channel mimics the 
vasculature and is perfused with media to deliver nutrients to the tissue and remove cell products 
through convective flow driven by a syringe pump (Figure 4.C). The membrane serves to protect the 
tissue from the shear forces of the perfusing media, while its pores allow for the exchange of nutrients, 
metabolites, cytokines, and the migration of immune cells (Figure 4.B). The design, materials and 
continuous perfusion allow on-chip monitoring through microscopy or effluent analyses for tissue 
characterization. While maintaining the general concept and tissue area size throughout the platform's 
development, the design and materials were adapted and optimized through an iterative process, 
resulting in three generations of microphysiological platforms. 
 

 
Figure 4: Concept of the Microfluidic Platforms.  
A) The open-top tissue well is separated from the channel by a membrane. B) The cervical tissue is supplied by media perfusion 
through the channel. The porous membrane allows for diffusion of nutrients, metabolites and cytokines as well as migration 
of immune cells. C) Media flow is driven by a syringe pump, either by positive (“push”) or negative (“withdraw”) pressure. A 
media reservoir is connected to the opposite port. Platform design and media perfusion allow for real-time monitoring by 
microscopy and effluent analysis. 
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3.1.2. First Platform Generation: Laser-Cut Thermoplastic Layers Thermally Fused to a 

Single-Well Platform 
The initial version of the platform featured a single tissue well and was fabricated by thermal fusion 

bonding of three laser-cut poly(methyl methacrylate) (PMMA) layers enclosing a polycarbonate (PC) 

membrane (Figure 5.A,B). When fabricated in a single bonding step, membrane sagging frequently 

occurred due to the large diameter of the underlying channel. Furthermore, moderate viability of 

cervical epithelia generated with primary cervical keratinocytes in dynamic culture was observed in 

preliminary experiments. To address these issues, laser cutting was employed for rapid micro-

structuring, and various channel designs and configurations were explored. Eventually, a design 

featuring a slightly broader outlet channel, aimed at reducing media flow resistance to prevent its 

passage through the membrane and potential damage to the tissue, was selected for further tissue 

cultivation experiments. To counteract membrane sagging, a preceding thermal bonding step in the 

fabrication process was introduced, incorporating a PDMS support structure (Figure 5.C). This support 

structure was placed in the channel of the media layer beneath the membrane and was removed prior 

to the final thermal fusion with the tissue and bottom layer. Pressure was applied during the fusion 

process using foldback clips (Figure 5.D). The resulting platform was prepared for dynamic tissue 

cultivation by integrating adapters into the tissue layer for the connection with tubings or reservoirs 

(Figure 5.E). The platforms were placed in a drawer-like chip holder during dynamic cultivation, 

facilitating handling and increasing stability (Figure 5.F).  

While the first generation of the platform demonstrated successful cultivation of primary cells as 

shown in Figure 11.A, the dense 3D tissues limited the penetration depth of microscopic analyses in 

the Z-direction. Despite the remarkable transparency of the platform, imaging from the side of the 

platform would require design modifications to decrease the distance of the tissue from the objective, 

and, more significantly, extensive material processing. Histology, a commonly used method for tissue 

characterization, could provide high resolution in the Z-direction and enable later comparisons 

between the engineered model and the original in vivo tissue or literature. However, retrieving the 

small and delicate tissue from the platform with a 1.2 mm biopsy punch resulted in tissue damage and 

loss, necessitating design and material modifications. In addition to the challenges of tissue 

characterization, the single tissue well design required labor-intensive fabrication of numerous 

platforms even for experiments with a limited number of conditions. The proximity of the tissue to the 

chip surface posed a risk of unintentional contact with the adhesive foil during cultivation or with 

pipette tips during media changes. Moreover, static cultivation by adding media on top of the platform 

posed the risk of media spillage, further motivating the need for design changes. Finally, imperfect 

bonding occasionally led to leakage during tissue generation and cultivation, motivating the search for 

alternative materials. 
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Figure 5: A Single-Well Thermoplastic Module Represented the First Generation of the Microfluidics Platforms. 
A) Photographs of the platform from both top and side perspectives, highlighting the high transparency and the tissue well 
(purple) in the center between the inlet and outlet, which are connected by the channel (orange). The channel linked to the 
outlet possesses a marginally broader width of 0.8 mm in contrast to the 0.5 mm width of the channel linked to the inlet. 
B) The platform was fabricated from three laser-cut PMMA layers, encompassing the tissue, media and bottom layers with a 
PC membrane (pore diameter 3 µm) positioned between the media and tissue layers. Dimensions are specified in mm. PMMA: 
poly(methyl methacrylate), PC: polycarbonate. C) A PDMS support structure (green) was placed underneath the media layer 
and the membrane (gray) in the first bonding step and sandwiched between two glass slides (blue) to prevent the membrane 
from sagging. PDMS: polydimethylsiloxane. D) Photograph of the platform assembly for thermal fusion bonding with pressure 
applied by foldback clips. E) Photograph of the final platform including adapters consisting of small tubing and needles 
inserted into the ports and sealed with PDMS. F) Photograph of a microscope slide-sized PMMA chip holder with a microfluidic 
platform and tubing connected to the adapters.   
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3.1.3. Second Platform Generation: Integration of Flexible Thermoplastic Elastomer Layers 

into a 4-Well Platform Enables Tissue Retrieval 
The second generation addressed the challenges of the first version. The updated design integrates 

four tissue wells to increase replicates, with two parallel channels supplying two sequential wells each 

(Figure 6.A). Furthermore, the material composition was altered from a fully thermoplastic module to 

a hybrid that included a thermoplastic elastomer (TPE). This facilitated tissue retrieval and notably 

reduced leakage. A PMMA reservoir layer was added above the tissue layer to act as a spacer between 

the tissue and the adhesive foil. This addition effectively prevented media spillage and unintended 

contact with the tissue, as the media was contained in a large reservoir well and could be removed at 

a safe distance. 

To fabricate the optimized platform, the channel in the media layer was microstructured by hot 

embossing and simultaneously thermally bonded to a PC layer (Figure 6.B). Due to the adhesiveness 

and rough surface of the TPE layer, the bottom PC foil served to optimize optical properties, robustness, 

and cleanliness of the platform93. In an initial thermal bonding process, the membrane was 

sandwiched between the hot embossed media/bottom layer and the tissue layer. The PMMA reservoir 

layer was added on top in a second bonding step.  

The material adaptation of the media and tissue layer to the rubber-like TPE styrene-ethylene-

butylene-styrene (SEBS) vastly improved the tissue retrieval process. A 4 mm biopsy punch, narrow 

enough to pass through the hole in the reservoir layer, could cut around the well through the remaining 

SEBS/PC layers (Figure 6.C). This created a protective ring of SEBS around the delicate tissue, reducing 

tissue loss and facilitating handling in the histology process. Spatial orientation was maintained 

throughout the embedding and sectioning process by asymmetric extraction. Potential damage to the 

tissue cannot be ruled out due to the flexibility of the TPE material. In addition to the application of 

the retrieved tissue to histology for in-depth characterization, this procedure allows the application of 

different analyses from each of the replicates of the same module. 

This improved platform was used to create various models of normal and diseased tissues (Figure 

6.B,C; Figure 12-Figure 16). However, in terms of channel design, the bifurcated configuration 

presented a drawback: media flow was often not perfectly separated at the bifurcation, resulting in 

different flow rates in the two parallel channels. This affected media delivery to the tissues and resulted 

in uneven cell distribution during endothelialization of the channel and immune cell perfusion. 
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Figure 6: A 4-Well Module Integrating Thermoplastic Elastomers as the Second Generation of the Microfluidic Platforms. 
A) Illustration of the platform and the constituent layers used in its fabrication, accompanied by a photograph of the fully 
assembled platform. The platform consists of a PC bottom and SEBS media layer, two laser-cut PC membranes (pore diameter 
3 µm), and a laser-cut SEBS tissue and PMMA reservoir layer. Dimensions are specified in millimeters. PMMA: poly(methyl 
methacrylate), SEBS: styrene ethylene butylene styrene, PC: polycarbonate. B) The fabrication process involved the micro-
structuring of the channel design into a SEBS/PC hybrid material through a combination of hot embossing and thermal fusion 
techniques. First, laser-structured PC membranes and SEBS tissue layers were thermally bonded to the membrane/bottom 
layer, followed by the addition of the reservoir layer on top. C) The integrated TPE layer facilitated tissue retrieval using a 
biopsy punch, enabling the application of multiple readout methods on the same system. The asymmetric removal of the 
tissue facilitated the maintenance of the orientation throughout the subsequent embedding and sectioning process. 
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3.1.4. Third Platform Generation: Microscope Slide-Sized 8-Well Platform with Two 

Fluidically Independent Systems  
The third iteration of the platform was based on the previous version with modifications to the design 

and fabrication process. The latest platform implemented two independent systems with four tissue 

wells each, effectively increasing the number of replicates to eight wells per module (Figure 7.A, 

Publication [3]). Each system features a straight channel for optimized media supply, immune cell 

integration, and endothelialization (Figure 7.B,C). The convenient size and dimension of a microscope 

slide eliminated the need for chip holders, further simplifying handling. The chip fabrication process 

was accelerated to a single-step bonding process, and reproducibility was optimized by replacing 

foldback clips with weights for consistent pressure application. With this platform, an 

immunocompetent CCoC was established (Publication [3]). 

 
Figure 7: An 8-Well Module with Two Independent Fluidic Systems Represents the Third Generation of the Microfluidic 
Platforms. 
A) Schematic of the platform and its component layers used for manufacturing, accompanied by a photograph of the fully 
assembled platform. Schematics adapted from Publication [3]. Dimensions are specified in mm. PMMA: poly(methyl 
methacrylate), SEBS: styrene ethylene butylene styrene, PET: polyethylene terephthalate, PC: polycarbonate. B) Photograph 
of a fully assembled platform connected to tubings and reservoirs for immune cell perfusion. C) Photograph of three platforms 
in a 3D-printed holder, connected to a syringe pump and reservoirs, which were covered with lids to maintain sterility. 

3.2. Characterization of Human Ectocervical Tissue and Isolation of Keratinocytes, 

Fibroblasts and Endothelial Cells 
Cervical tissues were obtained from elderly, postmenopausal women with unrelated diseases, most 

frequently uterus descensus and uterine fibroid. Resected tissues varied in size, with epithelial surface 

area of approx. 0.5-4 cm2 and connective thickness of 1-2 cm. The tissues were utilized as in vivo 

reference and cell source.  
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To enable future comparisons between engineered models and clinic-derived tissues, a selection of 

antibodies was assembled for a comprehensive characterization panel and verified on formalin-fixed 

paraffin embedded (FFPE) tissue sections of the donor-tissue. The ectocervix is composed of multiple 

cell layers (Figure 2), which are distinguishable in HE stainings and further identifiable by specific 

markers (Figure 8.A). CK19 strongly stains the basal layer but is only sporadically detected in the 

parabasal and intermediate layers. The parabasal cells typically exhibit mitotic activity and show 

positive Ki67 staining, while the remainder of the normal squamous epithelium is Ki67-negative2,15,16. 

CK14 decorates all cells of the basal and parabasal layers, along with occasional cells in the 

intermediate layers, but is rarely detected in the superficial layers. CK13 is a differentiation-specific CK 

that decorates the cells of the parabasal, intermediate, and superficial layers. E-Cadherin (E-Cad) 

serves as the predominant cellular adhesion molecule in the ectocervix and is located at the lateral 

margins of cells in the basal, parabasal and intermediate layers. In the stromal layer, collagen IV 

delineates the basement membrane (Figure 8.A), a specialized form of the extracellular matrix that 

provides a mechanical support for epithelial and endothelial tissues94. Vimentin (vim), an intermediate 

filament present in mesenchymal cells, as well as fibronectin (FN), a glycoprotein present in the ECM, 

is found in the stroma of the ectocervix95. Several markers of ECs of the vasculature were confirmed 

on the in vivo tissue, including von Willebrand factor (VWF), a glycoprotein involved in blood clotting, 

CD31 (also known as platelet EC adhesion melcule-1 (PECAM-1)), an adhesion protein crucial for 

leukocyte migration, and VE-Cadherin (VE-Cad), a cell adhesion molecule located exclusively at the 

junctions between ECs and essential for controlling vascular permeability and leukocyte 

extravasation96. 

Three major cell sources are commonly utilized in tissue engineering, i.e. cell lines, induced pluripotent 

stem (iPS) cells and primary cells isolated from tissue or liquid biopsies. By focusing on donor-derived 

cells, patient variability can be captured and personalized medicine advanced. Existing protocols were 

adapted for the isolation of three cell types from a single cervical tissue: ectocervical 

keratinocytes65,72,97, fibroblasts72,97,98 and ECs99. The cell isolation process from the cervical tissue 

(Figure 8.B) involved a combination of mechanical and enzymatic techniques. Initially, the bulk 

connective tissue, rich in smooth muscle cells and ECs, was removed mechanically with a scalpel. 

Separation of the epithelium and stroma by enzymatic digestion was followed by a separate mincing 

of the tissues. Keratinocytes were singularized with trypsin and digestion was stopped with trypsin 

inhibitor instead of Fetal Calf Serum (FCS) to reduce the use of animal components. Similarly, 

keratinocytes were cultured in a Keratinocyte Serum-Free Media (K-SFM) without supplementation of 

FCS, reducing the use of animal components and the risk of overgrowth by contaminating fibroblasts. 

Accumax™ was used for subcultivation as a more gentle detachment solution than trypsin. 

Keratinocytes in expansion culture expressed the epithelial markers E-Cad and CK13, CK14 and CK19 

(Figure 8.C). In the cell culture, the ratio was shifted toward more cells expressing CK14 and CK19 

compared to the in vivo tissue (Figure 8.A), where most cells were positive for CK13. The cervix 

predominantly consists of fibroblasts, constituting 49% of its cellular composition100. They were 

isolated from the subepithelial stroma from which the epithelium was removed (Figure 8.C). Following 

enzymatic digestion of the minced stroma, fibroblasts were cultured in DMEM with 10% FCS and 

penicillin and streptomycin (P/S) and subcultured with TrypLE™ as an animal-free alternative to trypsin. 

During propagation, fibroblasts expressed the intermediate filament vim and the ECM component FN. 

ECs, the second most abundant cell type of the cervix at 24%100, were isolated from the connective 

tissue (Figure 8.C). To reduce animal components, enzyme-free dissociation solution replaced trypsin 

to loosen ECs in the vessels of the tissue. ECs were scraped out with a scalpel into a dish containing 

Endothelial Cell Growth Media (ECGM) instead of phosphate-buffered saline (PBS) to increase yield 
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and viability, and were cultured in the presence of P/S. Primary ECs adhered and proliferated after 

isolation but not in secondary culture.  

 
Figure 8: Keratinocytes, Fibroblasts and ECs Were Isolated from Human Cervical Tissues.  
A) Sections of human cervical tissue including epithelium and stroma applied to hematoxylin and eosin (HE) and immuno-
histochemistry. Characterization of the epithelium by E-Cad (magenta), Ki67 (magenta), CK13 (red), CK14 (yellow), and CK19 
(turquoise), the stroma by collagen IV (coll IV, orange), FN (orange) and vim (orange) and the vasculature by VWF (red), CD31 
(red) and VE-Cad (red). B) Human cervical tissue with dotted lines indicating the epithelium (white), the stroma (light gray) 
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and the connective tissue (dark gray). C) The cells were isolated and expanded from the marked areas as shown in B), i.e. 
keratinocytes from the epithelium, fibroblasts from the stroma, ECs from the vasculature of the connective tissue. Cells were 
characterized by immunocytochemistry using the markers as described in A). 

Antibody production traditionally relies on animals, but efforts to improve reproducibility and quality 

have led to the development of recombinant antibodies and phage display as an animal-free approach 

to antibody selection and maturation101. Immunocytochemistry (ICC) staining of primary keratinocytes 

with a Ki67 antibody generated with the HuCal library failed to produce a signal (Figure 9). In contrast, 

the secondary anti-mouse antibody from the HuCal library gave comparable results to the standard 

animal-derived polyclonal antibody. 

 
Figure 9: Comparison of Animal-free and Animal-Derived Antibodies. 
A) Antibodies directed against Ki67 were used to stain cervical keratinocytes cultured in 96 well plates and derived from either 
a rabbit or the HuCal library. While a signal was observed with the animal-derived antibody, no signal was present with the 
HuCal-derived antibody. B) Primary antibody targeting CKs in cervical keratinocytes grown in a 96 well plate was applied, 
followed by the addition of a secondary antibody derived from either a goat or the HuCal library. The non-animal secondary 
antibody produced results comparable to those achieved with the animal-derived polyclonal antibody. 

3.3. Tissue Engineering of Ectocervical Tissues in the Cervix-on-Chip 
The ectocervical tissue of mature women in the reproductive age consists of a multilayered 

differentiated epithelium covering a stromal layer. While the epithelium consists mainly of 

keratinocytes, the stromal layer of the cervix is dominated by fibroblasts, endothelial and immune 

cells100. Several approaches to generate a 3D tissue in the Cervix-on-Chip (CXoC) have been explored. 

Attempts to induce substantial ECM production in fibroblasts using the low-serum medium CnT-PR-

F102, as well as efforts involving a cell accumulation technique with ECM-coated fibroblast103 and the 

infiltration of a collagen membrane by fibroblasts, resulted in fibroblast aggregation. Embedding 

fibroblasts in transparent hydrogels emerged as a more promising approach for the consistent 

production of 3D stromal layers. This method offers multiple advantages, including the ability of 

hydrogels to mimic the human ECM, their rapid preparation, and compatibility with microscopic 

analyses. 

To create an ectocervical tissue, hydrogel containing fibroblasts was introduced into the tissue well 

and allowed to equilibrate with static media supply (Figure 10). Subsequently, keratinocytes were 

seeded onto the hydrogel and allowed to reach confluency in a static co-cultivation period. To induce 

differentiation, the tissue was cultivated at the ALI, with media removal from the top of the tissue and 

the dynamic media supply through the channel. 
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Figure 10: Process for the Generation of a Normal Ectocervical Tissue in the CXoC.  
1. A stromal layer is generated in the tissue well above the membrane and equilibrated during static cultivation. 
2. Keratinocytes are seeded onto the stroma and cultivated statically to achieve a confluent monolayer. 3. Epithelial 
differentiation is induced by cultivating the tissue at the ALI and media is supplied by dynamic perfusion in the channel. 

3.3.1. Generation of Ectocervical Tissue Using Collagen Matrices  
The cervical ECM is predominantly composed of collagen, which constitutes 54-77%104, and is widely 

employed for the development of in vitro models of the cervix70–72. Hence, the stroma in the CXoC was 

emulated by embedding cervical fibroblasts in collagen I. In the presence of fibroblasts, the structural 

integrity of the collagen hydrogel was lost, resulting in a contraction of the bovine collagen I hydrogel 

FibriCol® (Figure 11.A). Despite the observed shrinkage, the fibroblast viability remained high (Figure 

11.B).  

Next, keratinocytes were added to the surface of bovine or rat tail-derived collagen I and differentiated 

at the ALI. For in-depth characterization of the tissue, protocols for tissue retrieval from the platform, 

paraffin embedding, sectioning and staining were established as described in the experimental section 

(Figure 19-Figure 21), with the small size of the tissue and its fragility posing major challenges. The 

epithelial cells adhered to the bovine FibriCol® and rat tail-derived RatCol® hydrogel and formed a 

multilayered epithelium upon the differentiation process (Figure 11.C,D). While basal CK19 was 

present in all layers, the expression of suprabasal CK13 and parabasal CK14 indicated differentiation 

toward the epithelial surface. Attempts to achieve reproducible structural stability by combining the 

natural component collagen with the synthetic polymer polyethylene glycol (PEG)105 as well as the 

deposition of polydopamine (PDA) on the platform, a mussel-inspired material that enhances collagen 

hydrogel adhesion106 proved ineffective (Figure 11.E,F). Despite these promising features of the 

differentiated epithelium, the shrinkage rendered collagen gels unsuitable as an ECM substitute.  



24 
 

 
Figure 11: Collagen I Shrinks in the Presence of Fibroblasts and Supports Epithelial Differentiation in the CXoC. 
A) Collagen spiked with fluorescent beads was cultured for 3 days and showed lateral shrinkage in the presence of fibroblasts. 
B) Fibroblasts exhibited high viability on day 4, as displayed by fluorescein diacetate (FDA, living cells in green) and propidium 
iodide (PI, dead cells with magenta nuclei) staining. Collagen shrinkage is evident in the brightfield (BF) overlay, where 
collagen is in the center of the tissue well. C,D) In a co-culture model, stromal layers were generated using RatCol® (C) or 
FibriCol® (D). Shrinkage of the collagen was observed regardless of the collagen source. The keratinocytes formed a 
multilayered epithelium expressing CK13 (red), CK14 (yellow), and CK19 (turquoise), with in vivo like suprabasal CK13 and 
parabasal CK14 expression. E) The tissue well was coated with PDA and normal ectocervical tissue generated with RatCol®. 
The tissue exhibited shrinkage both in the presence and absence of PDA. F) Cervical tissue was prepared using RatCol® with 
the addition of PEG. The tissue showed shrinkage regardless of the presence or absence of PEG. 
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3.3.2. Semisynthetic HyStem®-C Hydrogel is Stable During Long-term Culture of Ectocervical 

Tissue 
HyStem®-C is a commercially available, semisynthetic hydrogel and was explored for the generation of 

the stroma as an alternative to collagen hydrogels. The two thiol-modified components hyaluronan 

and denatured collagen were chemically cross-linked using the thiol-reactive cross-linker polyethylene 

glycol diacrylate. Cervical fibroblasts were embedded in the hydrogel and co-cultured with cervical 

keratinocytes at the ALI. With this hydrogel, no lateral shrinking of the stromal layer in the presence of 

fibroblasts was observed and resulted in a robust 3D tissue (Figure 12.A). After the differentiation 

process, fibroblast viability remained high, as evidenced by images focused on fibroblasts on the 

membrane. Inverting the CXoC for a detailed view of the keratinocytes revealed their high viability, 

although they did not uniformly cover the entire hydrogel surface. panCK staining of tissue sections 

confirmed the presence of multiple layers of keratinocytes in some areas (Figure 12.B). The basal cell 

marker CK19 was expressed in all keratinocyte layers, while only a few expressed the differentiation 

markers CK13 and CK14. Fibroblasts appeared elongated in vim and HE staining, although 

predominantly round fibroblasts were observed in replicates and disease models (Figure 15.D). 

Despite attempts in multiwell plates to improve epithelial coverage and thickness by changing the 

differentiation media and varying the number of keratinocytes or fibroblasts, control wells lacking the 

hydrogel proved superior viability and confluency compared to any other condition. Thus, despite its 

resistance to shrinkage, HyStem®-C has proved unsuitable for generating cervical tissues with 

ectocervical epithelia. 

 
Figure 12: HyStem®-C is a Robust Hydrogel in a Long-Term Cultivated Model of Ectocervical Tissue in the CXoC.  
A) The stromal layer was generated with HyStem®-C and keratinocytes differentiated at the ALI. Both the uppermost 
keratinocytes and the lowermost fibroblasts of the tissue showed high viability and the tissue occupied the entire area of the 
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tissue well, indicating no substantial lateral shrinkage. B) Cross-sectional tissue sections revealed multiple layers of 
keratinocytes positive for pan-CK (panCK, orange) and CK19 (green), with a few layers of parabasal CK14 (orange) and 
superficial CK10. Fibroblasts were positive for vim (orange) and some of them were positive for Ki67 (orange, white arrows). 
HE staining demonstrated the keratinocyte epithelium atop the fibroblast-containing stromal layer on the membrane.  

3.3.3. Synthetic Dextran Hydrogel is Mechanically Robust and Supports Ectocervical 

Keratinocytes 
As a third option for generating a stromal layer with a hydrogel, a chemically defined composition 

based on dextran was explored, which is entirely free of animal components. The RGD-spiked, thiol-

reactive dextran was chemically cross-linked with the cell degradable, thiol-modified hyaluronan CD-

HyLink. This recently developed cross-linker is a modified version of the commercially available HyLink, 

which differs in the incorporation of an MMP-cleavable peptide. The hydrogel's stiffness is adjustable 

by varying the cross-linking strength and was tested at concentrations of 1.2 mM and 2.4 mM.  

No lateral shrinkage was observed following cervical tissue generation and differentiation on the 

platform (Figure 13.A). Viability was moderate and remained consistent across all stiffness variations 

and an additional coating of the hydrogel’s surface with RGD was indistinguishable from the other 

conditions. Keratinocytes covered the entire well with uniform viability, although epithelial coverage 

was not consistently reproducible. Despite the presence of all keratinocyte markers (Figure 13.B), the 

epithelium did not show differentiation toward the epithelial surface. Tissues density in BF images and 

marker intensity indicate a more prominent epithelial layer at lower cross-linking strengths. Fibroblasts 

within the hydrogel generally exhibited a spherical morphology with small pseudopod formation 

(Figure 13.C). 
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Figure 13: Dextran Hydrogel Serves as a Robust ECM Substitute and Supports Keratinocyte Adhesion in the CXoC. 
A) Ectocervical tissues were generating using dextran hydrogel as an ECM substitute, and an epithelial layer differentiated at 
the ALI. On day 13, viability was assessed with Calcein AM (green) and PI (magenta), revealing moderate viability. Staining 
intensity and BF density were higher at a cross-linking strength of 1.2 mM compared to 2.4 mM. B) Differentiation markers 
CK13 (red), CK14 (yellow), and CK19 (turquoise) were expressed in the epithelial layer, with no observable apicobasal 
stratification in the orthogonal view of confocal immunofluorescence images (inset). Confocal images were acquired with 
adjusted imaging settings to compensate for tissue density and distance. C) Epithelial coverage was not consistently 
reproducible, allowing for closer imaging of the fibroblasts embedded in the hydrogel. Fibroblasts were distributed in 3D 
within the hydrogel and exhibited small, undirected pseudopods.  
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3.3.4. Scaffold-Assisted Stromal Layer 
To establish a 3D stromal layer, porous scaffolds offer an alternative to hydrogels. MatriDerm® is a 

bovine, freeze-dried collagen-elastin matrix that serves in clinical applications as a dermal replacement 

scaffold for improved wound healing, and has been utilized in skin tissue engineering107.  

Fibroblasts were seeded onto MatriDerm® and cultivated in a 96 well plate to allow for their infiltration 

into the scaffold and production of ECM. After 8 days, MatriDerm® was transferred to the platform, 

and keratinocytes were seeded on top and differentiated until day 21 (Figure 14.A). HE staining of the 

tissue sections showed no substantial lateral shrinkage of the tissue and a thickness of approximately 

400 µm. Staining of the epithelial markers CK13, CK14, and CK19 revealed keratinocytes that had 

permeated the scaffold (Figure 14.B). To prevent keratinocytes seeping into the pores, MatriDerm® 

was combined with collagen I to leverage the scaffold's mechanical stability and the hydrogel's rapid 

application and support of keratinocytes in distinct epithelial layers. Accordingly, fibroblasts were 

seeded onto MatriDerm® as a suspension in collagen and transferred to the platform before seeding 

keratinocyte the following day. After 13 days, MatriDerm® was infiltrated by fibroblasts, as indicated 

by Hoechst-positive and CK-negative cells, with no lateral shrinkage observed. CK-positive 

keratinocytes formed a distinct multilayered epithelium comparable to the condition without the 

scaffold, expressing suprabasal CK13 and parabasal CK14 as expected from in vivo tissue.   

In preliminary experiments, an in-house produced electrospun polylactic acid membrane108 was 

explored as a customizable alternative to the commercially available MatriDerm®, as it is devoid of any 

animal products and is tunable in terms of fiber thickness, pore size etc. A membrane with a pore size 

of 20 µm diameter was investigated, compared to approx. 100 µm diameter in MatriDerm®. The 

scaffold was placed in the tissue well and fibroblasts were seeded on top in a FibriCol® solution. 

Keratinocytes were added the following day and differentiated at the ALI in a dynamic culture of the 

tissue. Histologic examination of the tissue section revealed a thickness of 200-300 µm (Figure 14.C). 

The scaffold was infiltrated by cells, expressing high levels of FN and some of which expressed Ki67. 
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Figure 14: MatriDerm® Represented a Robust Scaffold for Creating a Stromal Layer and Supported a Multilayered Epithelial 
Differentiation when Combined with a Hydrogel in the CXoC. 
A) The schematic depicts the use of MatriDerm® (left), collagen hydrogel (right) and their combination (middle). B) Cervical 
tissues were generated according to the schematic in A). With MatriDerm® as the biomatrix for the stromal layer, 
keratinocytes permeated the scaffold. When MatriDerm® was combined with collagen hydrogel, keratinocytes were confined 
to the top of the stromal layer and generated a multilayered epithelium with ubiquitous CK19 (turquoise) and an in vivo like 
distribution of CK13 (red) and CK14 (yellow). The use of solely collagen hydrogel revealed shrinkage of the stromal layer with 
a distinct epithelial layer. C) HE staining of a tissue generated with PLA, with Ki67-positive (magenta) fibroblasts that produce 
large amounts of FN (orange). 
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3.4. Generation of a Precancerous Tissue in the CIN-on-Chip 
Currently, there are no established standard drugs or adequate, non-invasive treatments available for 

the premalignant squamous lesion or the causative HPV infection28. Therefore, the primary objective 

of management is to prevent potential progression to cancer while avoiding overtreatment given that 

these lesions may spontaneously regress, and invasive treatments may have detrimental 

(reproductive) side effects. The development of advanced medical interventions could be vastly 

improved with the availability of a sophisticated human in vitro model and is particularly important for 

women who wish to bear children.  

The second generation of platforms was employed to develop the CIN-on-Chip (CINoC). To model a 

tissue with a CIN 3 phenotype, which is histologically characterized by a loss of cellular differentiation 

within the epithelium along a high nuclear density109, similar approaches to those used in the CXoC 

were explored to generate the stromal layer. The primary, ectocervical keratinocytes used to create 

the normal epithelium were replaced with SiHa, a CC cell line established from a SCC grade II110 (Figure 

15.A). As in the ectocervical model, high viability and shrinkage were observed when the stromal layer 

was created with collagen in a PDA-coated tissue well (Figure 15.B). Tissues with HyStem®-C were 

robust and tissue density increased from day 4 to day 11 (Figure 15.C). When grown on collagen and 

HyStem®-C, the epithelial layer exhibited a multilayered structure of up to 200 µm with abundant Ki67 

expression and minimal E-Cad expression (Figure 15.D). While FN and vim indicated elongated 

fibroblasts in collagen, the morphology appeared more spherical in HyStem®-C. On dextran, SiHa 

covered the entire tissue, generating a dense epithelial layer and a moderate viability on both dextran 

with 1.2 mM and 2.4 mM cross-linking strength (Figure 15.E). Histology was challenging to perform on 

the dextran-generated tissues because tissue sections were often lost or damaged. The HE staining 

shows the spherical morphology of fibroblasts in 2.4 mM cross-linked dextran and the tissue 

architecture of the CIN tissue with 1.2 mM cross-linked dextran, with an undifferentiated epithelium 

on top of the stromal layer with fibroblasts accumulated above the membrane. 



31 
 

 
Figure 15: Precancerous Tissues Generated With a SiHa Epithelium Replicated Pathophysiological Features in the CINoC. 
A) The schematic of the CINoC illustrates fibroblast embedded in a hydrogel with an undifferentiated SiHa epithelium on top. 
B) CIN was generated with collagen I as illustrated in A), and viability assessed by Calcein AM (green)/PI (magenta) staining. 
The tissue viability was high, and shrinkage was prevalent, as confirmed in the BF image. C) CIN tissue generated with 
HyStem®-C remained stable without lateral shrinkage, and tissue density increased from day 4 to day 11. D) Tissue sections 
of collagen I- and HyStem®-C-based CIN tissues show Ki67 (orange) expression throughout the entire epithelium and low 
expression of E-Cad (orange). Fibroblasts in the hydrogels express FN (orange) and vim (orange), with an elongated 
morphology in collagen and a spherical appearance in HyStem®-C. The HE stainings depict the tissue architecture of the 
epithelium atop the stromal layer. E,F) CIN was generated with dextran hydrogels at 2.4 (E) or 1.2 mM (F) cross-linking 
strength (dex 2.4 mM and dex 1.2 mM). Viability was assessed by Calcein AM (green)/ PI (magenta) staining, revealing 
moderate viability in both conditions. FFPE tissue sections stained with HE shows spherical morphology of fibroblasts in dex 
2.4 mM and a multilayered, undifferentiated epithelium on dex 1.2 mM, with fibroblasts accumulating at the bottom of the 
hydrogel. 
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3.5. Endothelial Cell Lining of the Vasculature-Like Channel of the CIN-on-Chip 
Blood and lymphatic vessels feature a monolayer of ECs that execute a barrier function between blood 

and tissue, playing a key role in regulating blood flow, maintaining tissue homeostasis, and actively 

controlling permeability for the extravasation of fluid and molecules111,112. In the cervix, the mean 

vessel density increases from normal cervical tissue through low- and high-grade CIN to invasive 

SCC113,114 and there is in vitro evidence of HPV-induced angiogenesis115,116. In the platforms, media is 

convectively transported through the vasculature-mimicking channel, which was enhanced by 

incorporating a channel lining composed of human cervical ECs in the CINoC. 

To more closely mimic the vasculature in the CINoC, primary cervical ECs were seeded into the channel 

through cannula reservoirs the day after the collagen-containing stromal layer was generated. The next 

day, SiHa were added on top and co-cultured statically for 3 days, until the tissue was air-lifted and 

perfused dynamically for 10 days (Figure 16.A). A monolayer of ECs was present in the tissue area at 

the bottom of the channel as well as at the top on the membrane, as confirmed by on-chip CD31 and 

VE-Cad staining and HE of tissue sections (Figure 16.B,C). However, ECs often detached during 

cultivation and reproducing these results proved to be challenging, as EC expansion was unsuccessful 

in subsequent isolations.  

During the generation of the stromal layer with dextran, the hydrogel often leaked through the 

membrane into the channel before solidifying. To address this issue, dermal ECs were seeded into the 

channel before the fibroblast-dextran solution was added to the tissue well, effectively preventing 

leakage into the channel (Figure 16.D). 

 
Figure 16: Cervical Endothelial Cells Covered the Vasculature-Like Channel in a Triple-Cultivation with CIN Tissue. 
A) Schematic of CINoC with ECs lining the channel. B) Cervical ECs were seeded in the channel and dynamically cultivated with 
CIN tissue for 10 days. A CD31 and VE-Cad-positive monolayer of ECs covered the membrane at the top and the bottom of the 
channel. The imaging settings of immunofluorescent images were adjusted to compensate for the greater distance of the 
membrane from the objective. C) HE staining of the model from B), depicting CIN-like tissue with ECs beneath the membrane. 
D) Dextran hydrogel spiked with fluorescent microspheres was added into the tissue well and imaged the next day. Seeding 
ECs into the channel the day before the stroma generation prevented hydrogel leakage into the channel (white arrows). 
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3.6. Replication of Cancerous Tissue in the Cervical Cancer-on-Chip which Responds to 

Cisplatin Treatment and Integrates Neutrophils 
In cases of persistent HPV infection, aberrant keratinocytes may eventually cross the basal membrane 

and form cancerous nests within the stroma, marking the progression to invasive CC. Surgery, 

radiotherapy, and chemotherapy are effective treatment strategies, and immunotherapy is emerging 

as a promising therapeutic option to combat advanced or recurrent malignancies. 

The third generation of the platform was employed for developing an immunocompetent CC-on-Chip 

(CCoC) (Figure 17), as described in detail in Publication [3]. To emulate SCC including aspects of the 

TME, cancerous nests were recapitulated by SiHa aggregates, which were embedded alongside cervical 

fibroblasts in a dextran hydrogel. SiHa formed loose cell aggregates after 24 h on agarose microwells 

and consolidated in dextran during on-chip cultivation. The pathophysiological architecture and 

viability of the 3D tissue after 14 days of on-chip cultivation were verified by cell type-specific markers 

and live/dead staining. The effect of co-cultivating fibroblasts with tumor spheroids was investigated, 

revealing that fibroblasts enhanced cell viability and proliferation of the microtumors, as evidenced by 

live/dead staining, LDH release, and expression of the proliferation marker Ki67.  

Cisplatin is the most commonly used chemotherapeutic agent in the management of CC and 

administered concurrently with radiotherapy117. To demonstrate the applicability of the CCoC model 

for dynamic testing of cancer therapeutics, the model was exposed to the cytotoxic agent cisplatin 

(Publication [3]). Leveraging the capability for long-term culture and perfusion of the CCoC, cisplatin 

was administered to the CCoC at patient-relevant doses, schedules, and route of administration, 

mimicking cisplatin dynamics in patient’s blood after intravenous application. Cancer tissue was 

cultivated for a duration of up to 20 days and cisplatin treatment resulted in increased cell death. 

In the TME of CC, PMNs and their functional structures NETs influence both pathogenesis and 

therapeutic outcomes. The suitability of the CCoC for perfusion and recruitment of functional PMNs 

into the tumor tissue was investigated (Publication [3]). PMNs were isolated from human liquid 

biopsies and characterized to confirm cell type and assess purity. The functionality of donor-derived 

PMNs by their ability to undergo PMA-induced NETosis was confirmed in well plates by immuno-

fluorescent staining. Moreover, the compatibility of various media to allow high viability of PMNs and 

PMA-induced NETosis was assessed by a plate reader compatible SYTOX™ Green assay. Animal-free 

FTAL5 was identified as a medium compatible with all cervical cells and functional PMNs. To simulate 

PMN circulation through and extravasation from the blood vessels into the cancerous tissue, PMNs 

were introduced into reservoirs in the inlet ports (Figure 7.B,C) and perfused through the vasculature-

like channel. PMNs migrated into the tissue and formed NET-like structures both in the channel and in 

the tissue.  

 



34 
 

 
Figure 17: The Cervical Cancer-on-Chip Allowed for the Investigation of Co-Culture Effects, Response to Cisplatin and 
Neutrophil Migration. 
Graphical abstract of Publication [3]: A) The third generation platform was employed for generating CC tissue in CCoC. PMMA, 
SEBS, PET and PC were laser cut, hot embossed and thermally bonded to fabricate the platform. PMMA: poly(methyl 
methacrylate), SEBS: styrene ethylene butylene styrene, PET: polyethylene terephthalate, PC: polycarbonate. B) Fibroblasts 
were isolated from human cervical tissues and integrated in the CCoC along with tumor spheroids generated with the SCC cell 
line SiHa and optionally with donor-derived neutrophils. C) The CCoC was employed to investigate co-culture effects, response 
to the chemotherapeutic agent cisplatin and to investigate neutrophil recruitment and their NETotic capacity on-chip. 
D) Tumor viability and proliferation were enhanced in the presence of fibroblasts, and cell death increased upon 
chemotherapy treatment. Neutrophils migrated from the channel into the CC tissue and produced NETs. Schematics in B) and 
C) partially created with BioRender.com. 

To emulate different disease stages, an epithelialized cancer model was explored. A CIN-like epithelium 

was generated with SiHa on top of the CC tissue (Figure 18.A, B). To reduce the accumulation of SiHa 

spheroids above the membrane caused by hydrogel leakage during seeding, a two-step seeding 

process was explored: First, a thin layer of fibroblasts-embedding hydrogel was applied, followed by 

the addition of hydrogel containing SiHa spheroids in a second seeding. This approach prevented a 

"sieve effect" of the membrane on the spheroids and ensured a uniform distribution within the tissue 

(Figure 18.A). The stromal layer with cancerous nests was covered by a thick CIN 3-like epithelium 

(Figure 18.B). Moreover, a normal epithelium with ectocervical keratinocytes could be generated on a 

stromal layer containing SiHa spheroids without fibroblasts (Figure 18.C). 

The CC cell line SiHa has been shown to be insensitive to CDDP, and the use of CDDP-sensitive cell lines 

like CC7 may provide more clinically translatable data118. Preliminary experiments indicate that CC7 

spheroids are more compact when aggregated on agarose microwells compared to SiHa (Figure 18.E, 

Publication [3]). When co-cultured with fibroblasts in a dextran hydrogel for 14 days, CC7 spheroids 

showed minimal increase in size and moderate viability, while single fibroblasts remained viable 

(Figure 18.D,F). 
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Figure 18: Advancing Cervical Cancer-on-Chip with Epithelia and Cisplatin-Sensitive CC7 Tumor Spheroids. 
A) The cancer model was created by including an additional fibroblast-spiked dex 2.4 mM layer below the hydrogel containing 
fibroblasts (F) and spheroids. SiHa was seeded on top the cancerous stromal layer to generate an epithelium. HE staining of 
the FFPE section displays a homogenous distribution of spheroid in the upper stromal layer with a well-established CIN 3-like 
epithelium on top. B) Confocal images of a cancer model that prepared as described in A) show the epithelial surface and a 
spheroid approx. 125 µm below the epithelium. An orthogonal view of the tissue is included on the right. C) SiHa aggregates 
were co-cultured in dex 2.4 mM, with normal ectocervical keratinocytes seeded on top. The HE staining of the cryosectioned 
tissue displays a normal ectocervical epithelium that developed on top of a fibroblast-free stromal layer containing cancerous 
spheroids. D) The cancer model was generated with CellMask-stained (red) CC7 aggregates, whose size increased slightly 
within 14 days of on-chip cultivation. E) CellMask-stained CC7 aggregates were imaged 24 h after seeding on agarose 
microwells, showing a more compact appearance than SiHa spheroids (Publication [3]). F) Viability of the tissue from D) was 
assessed by Calcein AM (green)/PI (magenta) staining, revealing low viability of the spheroids and high viability of the 
fibroblasts.  
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4. Discussion and Outlook 

4.1. Robust PDMS-Free Microfluidic Platforms Are Tailored to the Cultivation of 

Ectocervical Tissues 
The platform was meticulously designed for the generation and cultivation of ectocervical tissues 

utilizing primary cells, providing the opportunity to include immune cells and to apply various 

characterization and treatment options. This resulted in the following major requirements for the 

platform: 

1. Facilitate 3D tissue engineering with primary cells  

Donor- and patient-derived cells allow the replication of human (patho)physiology. The small 

diameter of the tissue well (1.5 mm) is tailored to the use of primary cells, reducing the need 

for time-consuming cell isolation, minimizing dependence on donor availability, facilitating 

extensive experimentation, and addressing inter-donor variability by enabling the generation 

of multiple replicates from the same donor. 

2. Enable tissue characterization  

Optical properties of the design and material must be compatible with microscopic analyses, 

allowing on-line monitoring and final characterization of the tissue. Tissue retrieval is 

beneficial for in-depth analyses with various readout methods, including histology. 

3. Compatibility with circulating immune cell integration  

Immune cells play a crucial role in tissue homeostasis. Immune cell integration requires a 

setup that allows switching from long-term media perfusion for tissue engineering and 

maintenance to immune cell perfusion. In addition, the semipermeable membrane that 

serves to contain the tissue in the well and to protect the tissue from shear stress is 

simultaneously required to incorporate pores of sufficient size to allow the passage of 

immune cells. 

4. Direct access to the tissue   

The open-top design facilitates cell seeding and allows for the application of innovative 

treatment options that require direct tissue access. 

5. Compatibility with hydrophobic molecules  

Unlike many platforms using PDMS, the selected materials must have low absorption of 

hydrophobic molecules to allow the application of hormones and drugs. 

In an iterative process, the results of tissue engineering experiments have continually driven 

improvements in the platform’s design, material, and fabrication process. The first version employed 

PMMA for its remarkable optical properties, low absorption of hydrophobic molecules119, and 

suitability for laser cutting, which enabled rapid prototyping. While primary cervical cells were 

successfully cultured on-chip, characterization by microscopy and histology proved challenging and 

this platform suffered from low throughput and leakage. In the second version, the number of tissue 

wells was increased to four wells per platform, increasing yield noticeably and allowing for the 

accommodation of multiple replicates and various conditions to be accommodated on a single 

platform. The inclusion of TPE reduced leakage and allowed for tissue retrieval, opening the possibility 

of multiple readout methods from the same platform, including histology. With this platform, multiple 

strategies for generating stromal layers were explored and normal and diseased models were 

established. However, the bifurcated design resulted in uneven flow rates in the parallel channels, 

impacting media delivery as well as endothelial cell and PMN integration. The latest iteration 

comprised two separate fluidic systems with four tissue wells each, fabricated in a single thermal 

bonding process, thus doubling the number of tissue wells while halving the fabrication time. Straight 

channels ensured uniform flow rates for all replicates. The microscopic slide size allowed for 
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convenient handling by fitting conventional microscopes holders, eliminating the need for adapters. 

While the size conforms to standard equipment in laboratories, future design adaptations may include 

modifying well distances for multichannel pipette use. Adapters were introduced for tubing and 

reservoir connection, but challenges with leakage and stability remain, prompting consideration of 

more efficient designs in future versions. The platform design extends its applicability to other barrier 

tissues, with both the second and third generation of the platform being employed in the laboratory 

to construct skin models. 

4.2. Ectocervical Cell Isolation, Cultivation and Characterization 
Human cervical tissues were utilized to establish a characterization panel as well as a cell source for 

tissue engineering. The established antibody panel allowed for a thorough characterization of the 

tissue architecture in vivo and in vitro in terms of tissue architecture, cell type (CK and E-Cad for 

epithelial cells; vim and FN for fibroblasts; VWF, CD31, and VE-Cad for ECs), epithelial differentiation 

(CK13, CK14, CK19, Ki67) and cell/tissue functionality (E-Cad, coll IV, FN, CD31, VE-Cad).  

Primary cells were selected as the cell source for the generation of ectocervical tissues. Derived directly 

from resected tissue samples, primary cells are the optimal representatives of the original tissues, 

closely mirroring the heterogeneous in vivo physiology and providing excellent model systems. 

However, primary cell culture is dependent on donor availability, costly and time intensive, requiring 

more growth time than cell lines and having a limited lifespan before reaching replicative senescence. 

The characteristics of primary cells can undergo phenotypic shifts with each passage, further limiting 

their utility to early passages. Therefore, cervical keratinocytes were restricted to passage five for 

ectocervical engineering to preserve the original phenotype. 

The isolation of three cell types from the small, resected cervical tissues required a thorough 

optimization of the isolation procedure to obtain a sufficient yield of all cell types. Successful isolation 

of keratinocytes from the epithelium, fibroblasts from the subepithelial stromal layer and ECs from the 

remaining connective tissue was achieved. These cells were expanded in 2D prior to on-chip 

cultivation, and cell types were confirmed by immunofluorescent staining of markers previously 

verified on tissue sections. The shift in the predominant expression of the basal and parabasal cell 

markers CK14 and CK19 in the keratinocyte expansion culture compared to the tissue sections 

indicates a preferential attachment and/or propagation of the proliferative cells, while differentiated 

cells expressing CK13 were nearly absent in the secondary cultures. The yield of keratinocyte could be 

further increased using in-house produced media as described by Chumduri et al.78, and has been 

recently established in the laboratory. Fibroblast isolation was a robust process with high cell yields 

and successful expansion. For ECs, subcultivation posed a major challenge, as the cells did not adhere 

in secondary culture. A study involving EC isolation from CC patients showed a low success rate of 7% 

in patients ≥ 40 years of age, and the addition of vascular endothelial growth factor (VEGF) was found 

to be crucial for successful isolation120. Considering that the cervical tissues for this project were 

obtained from elderly women, propagation of ECs may remain a challenge. Nevertheless, given the 

absence of VEGF and the sensitivity of ECs to P/S121,122, exploring gentamycin, the addition of VEGF, 

and media specific for microvasculature ECs may improve cell yield and the subcultivation success.  

The establishment of isolation and expansion protocols for primary cervical cells has provided a 

species- and tissue-specific cell source. The importance of using species-specific cervical cells was 

demonstrated in a study comparing HPV-immortalized cervical epithelia co-cultured on human or 

mouse fibroblasts in transwell models, where epithelial invasiveness was increased in the presence of 

human fibroblasts72. Donor- or patient-derived cells not only add species-specificity, but advance 

personalized medicine. 
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4.3. Donor-Derived 3D Tissues Emulate the Ectocervix in the Cervix-on-Chip 
Ectocervical tissue comprises a differentiated epithelium above a fibroblast-dominated, collagen-rich 

stromal layer. Stromal fibroblasts have been shown to promote homeostasis in human skin models123, 

impact differentiation in skin of mice124 and invasion of cervical keratinocytes in an in vitro cervix 

model72 through direct contact-dependent and/or indirect paracrine signaling53. The essential role of 

fibroblasts motivates their integration in cervical models. Three biocompatible hydrogels were 

explored for the generation of a 3D fibroblast-containing stromal layer, as hydrogels offer 

biocompatibility and optical properties beneficial for microscopy. The contractile forces exerted by 

cells on the ECM can cause loss of structural integrity and the contraction of collagen hydrogels106, as 

observed in the presence of primary cervical fibroblasts. However, the collagen hydrogel supported 

both fibroblasts and ectocervical keratinocytes, with high fibroblast viability and evidence of epithelial 

differentiation as indicated by (para)basal expression of CK14 and suprabasal expression of CK13. 

Expression of CK19 was restricted to the basal layer in vivo and is distributed in all layers in the vitro 

model, consistent with findings in CCs125,126. In the literature, CK19 has often not been included for the 

characterization of the in vitro co-culture models. In an organoid model of the ectocervix, CK19 was 

completely absent78, suggesting the need for further investigation, and potentially optimized tissue 

culture conditions may aid to mirror in vivo-like CK19 expression.  

The multilayered epithelia of the CXoC comprised fewer layers than most human in vivo tissues. 

Epithelial thickness and differentiation are affected by the hormonal status of women. Throughout the 

menstrual cycle, estrogen causes a predominance of superficial cell layers during the initial 

proliferative phase, whereas progesterone causes a predominance of the intermediate cell layers 

during the subsequent secretory phase2. In young girls and elderly women with low estrogen levels, 

the epithelium is only a few cell layers thick (atrophic epithelium), undifferentiated, with no mitotic 

activity and uniform appearance of basal and parabasal cells, reduced cytoplasm and absent 

intracytoplasmic glycogen2,15. Since cervical tissues were predominantly obtained from elderly women, 

achieving the thickness observed in middle-aged women may be unattainable. To increase cell layers 

in the ectocervical epithelium, (dynamic) estrogen supplementation can be explored in the platform, 

as its material was specifically selected to be compatible with the integration of (hydrophobic) 

hormones. However, it's important to note that the estrogen receptors expression is reduced in 

atrophic epithelia of postmenopausal women2,127, which may limit the thickening effects on the 

epithelium. The large epithelial thickness achieved in the CIN model suggests that the primary cervical 

keratinocytes are responsible for the thin epithelium rather than an overall problematic tissue 

generation protocol or platform malfunction. Nevertheless, adjustments to the cultivation conditions, 

including exploration of increased flow rates for sufficient media delivery, should be considered in 

future experiments. 

To achieve structural stability, the semi-synthetic hydrogel HyStem®-C with gelatin was investigated 

and resulted in robust stromal layers without substantial lateral shrinkage. Both cell types, fibroblasts 

and keratinocytes, exhibited high viability, contributing to the promising result. However, the 

epithelium on HyStem®-C was thinner compared to the collagen hydrogels, and epithelial coverage of 

the stromal layer was lower. After seeding, the entire tissue well was covered with keratinocytes, but 

aggregation occurred, resulting in hydrogel areas devoid of an epithelium. One explanation is the 

absence of matrix-binding proteins in the hydrogel, which may hinder the attachment of cell-produced 

ECM. The absence of basement proteins, such as laminin, could cause epithelial cells to detach and 

adhere to each other. Furthermore, basal cell polarization may be impaired due to the lack of essential 

cell-matrix interactions128,129. The hydrogel may be improved by incorporating peptides that sequester 

and enhance interactions of the cell-produced ECM. In future studies, the fully defined hydrogel 
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described by Gnecco et al.130 that incorporates matrix binding proteins and was originally designed to 

generate endometrial tissue, could be explored for the generation of ectocervical tissue. Since tissue 

architecture and differentiation is influenced by basement membrane proteins16, more in vivo-like 

expression of CK19 and improved maturation may be achieved. 

Viable cells and no substantial lateral shrinkage were observed in dextran-generated cervical tissues. 

The epithelium covered the entire stroma, and aggregation or loss of the epithelial layer was observed 

to a much lesser extent than with HyStem®-C. The epithelia generated were sometimes multilayered 

and expressed the differentiation markers side by side without an obvious differentiation towards the 

superficial side, although closer examination with higher resolution in the Z plane is required for 

confirmation. Similar to HyStem®-C, the dextran hydrogel may benefit from the integration of ECM 

sequestering peptides. While dextran was the most promising hydrogel, fibroblast morphology and 

epithelial architecture motivated the search for alternative strategies to create the stromal layer. 

MatriDerm® is a collagen- and elastin-rich matrix and was explored as an alternative approach to 

hydrogels for creating the cervical stroma. The fibroblast-derived ECM did not fill the pores of the 

scaffold and higher concentrations of ascorbic acid could be assessed in future experiments to increase 

ECM production and thereby prevent keratinocyte permeation. When combined with a collagen 

hydrogel, properties of both materials were combined, i.e., the mechanical stability and optical density 

of the scaffold, which impedes microscopy, with the hydrogel’s rapid application, meniscus formation 

and keratinocytes support. With this approach, a robust stromal layer with 3D-dispersed cervical 

fibroblast and a distinct, stratified and differentiated ectocervical epithelium was achieved. The 

customizable PLA membrane showed promising preliminary results with proliferative, FN-producing 

fibroblasts distributed in the scaffold, and was further developed in the laboratory for infection studies.  

To my knowledge, this is the first 3D cervical tissue within a microfluidic platform, particularly standing 

out for the use of species- and tissue-specific cells in a PDMS-free platform. The CXoC has the potential 

to deepen our understanding of the female reproductive organ, including mechanisms of infection, 

and the development of (therapeutic) vaccines and medications in a patient-specific setting. 

4.4. Aberrant Epithelia Emulate Precancerous Tissue in the CIN-on-Chip 
CIN is a precancerous condition of the ectocervix caused primarily by HPV infection. It is graded on a 

scale from CIN 1 (mild dysplasia) to CIN 3 (severe dysplasia), with higher grades implying a greater risk 

of progression to CC. High-grade lesions are characterized by the absence of maturation, exhibiting a 

basaloid phenotype, an elevated nucleus-to-cytoplasm ratio and enlarged nuclei18. Early detection and 

appropriate medical interventions, such as colposcopic examination or excisional procedures, can 

effectively manage and prevent the progression of CIN to CC, but may result in overtreatment of 

patients who may have spontaneously regressed otherwise. The availability of a CIN model could 

facilitate the advancement of medical interventions, aimed at reducing potential detrimental 

reproductive effects, which are particularly important for women who wish to have children. 

To replicate a CIN tissue in the platform, primary keratinocytes were replaced with SiHa, an established 

cell line derived from a grade II SCC with integration of 1-3 incomplete copies of the HPV16 

genome110,131–133. In contrast to the normal ectocervical epithelium, SiHa created an epithelium of up 

to 200 µm in thickness with multiple, undifferentiated cell layers. The epithelium exhibited a CIN 3 

phenotype, characterized by extensive Ki67 expression throughout the epithelium, indicating 

proliferating, non-differentiating cells. The minimal expression of E-Cad is consistent with in vivo 

observations, where its presence is reduced. This reduction may be attributed to the HPV infection, as 

the HPV 16 E6 expression has been shown to inhibit E-Cad expression in basal keratinocytes16,95. 

Fibroblast can enhance the invasion of neoplastic epithelial cells, highlighting the importance of inter-
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cellular crosstalk in disease progression97 and therefore their importance in CIN tissue models. 

Characteristics of the stromal layer in the CINoC were similar to those in the normal ectocervical 

model, i.e. shrinkage of collagen I hydrogel, higher tissue viability on collagen I hydrogel compared to 

dextran, elongated morphology of fibroblasts in collagen, but spherical morphology in HyStem®-C and 

dextran. The expression of FN and vim increases with disease progression95 and may be used in the 

future for characterization, when comparing models with healthy tissue. Looking ahead, scaffold 

assisted generation of a stromal layer may further improve this model. 

Similar to the CXoC, the CINoC represents the first in vitro model including a microfluidic platform 

incorporating a 3D CIN tissue. With direct access to the epithelium, novel treatment options such as 

non-invasive physical plasma29,30 may be explored in the future. With the integration of patient-derived 

keratinocytes and PMNs, this model can be employed to investigate patient-specific effects of plasma-

induced NETosis in CIN tissues134. 

4.5. Endothelial Cell Lining of Vasculature-Like Channels Advance Disease Models 
Blood vessels provide a barrier function between blood and tissue, playing a key role in maintaining 

tissue homeostasis and controlling permeability to molecules and fluids111,112. In the cervix, the mean 

vessel density increases from normal cervical tissue through low- and high-grade CIN to invasive 

SCC113,114. Keratinocytes transduced with HPV 16 E6/E7 alter EC behavior115,116, highlighting the 

importance of co-culture models that integrate vasculature-mimicking endothelial lining into HPV-

associated cervical tissues. ECs exhibit species-specificity, e.g. in immune cell recruitment, organotypic 

and vessel type-specific heterogeneity, including cellular morphology, gene expression, ECM 

production, cell surface properties135–137, and considerable sex-specific heterogeneity136,138. By isolating 

ECs from human cervical tissue, species-, organotypic- and sex-specific properties are captured in the 

tissue model.  

ECs were seeded into the microvasculature-like channel of the CINoC, where they were triple-cultured 

with CIN tissue consisting of collagen-embedded fibroblasts with a SiHa epithelial layer. The EC 

monolayer beneath the CIN withstood long-term cultivation for a period of 10 days and perfusion in 

direct contact with the media. The potential of the EC lining as a means to prevent hydrogel leakage 

during seeding was evaluated, based on the assumption that ECs seal the pores of the membrane and 

confine the hydrogel in the tissue well. Leakage was successfully prevented with dermal ECs and should 

be confirmed with cervical ECs in the future. Further investigation is required to characterize the 

tightness of the EC layer, for instance as shown by Cipriano et al. and Rogal et al.99,139, in particular 

when using FTAL5 instead of ECGM.  

While a low density of lymphatic vessels has been reported in the normal cervix, the lymphangiogenic 

response increases during disease progression from premalignant to malignant lesions, suggesting that 

preneoplastic lesions are a critical point in the development of the lymphatic network vasculature and 

a potential target for early intervention120,140, similar to blood vessels. By inducing hyperpermeability 

in blood vessels, VEGF contributes to tumor (lymph)angiogenesis and facilitates tumor cells 

extravasation, thereby promoting metastases141. Interestingly, the expression of VEGF is increased in 

HPV 16 E6/E7 transduced keratinocytes115,116. To further develop drug intervention for premalignant 

and malignant diseases targeting the lymphatic tissue, the current models could be adapted in future 

studies by sorting for lymphatic ECs. 

In the future, the CCoC may be further advanced to include an endothelial barrier, as this would allow 

a more thorough investigation of the intercellular interactions and benefit drug development. Evidence 

suggests that ECs stimulate the growth of CC cells142 and vice versa, cancer cells have demonstrated 

both pro- and anti-angiogenic effects on HUVECs143. An early study involving co-culture of SCC cells 
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CaSki cells and HUVECs in a fluidic platform suggested increased resistance to the chemotherapeutic 

agent paclitaxel compared to single-cultured cells86. In addition, ECs play a major role in directing 

inflammatory cells to the tissue by regulating leukocyte activation, adhesion and transmigration111. 

Therefore, an endothelialized CCoC may facilitate the investigation of EC-mediated effects on 

chemotherapeutic efficacy and toxicity, as well as the impact on PMN recruitment and potentially 

NETosis.  

4.6. Response to Chemotherapy and Immune Cell Integration Highlight Crucial 

Features of the Cancer-on-Chip 
In SCC, the predominant form of CC, epithelial cells infiltrate the stroma and form cancerous nests. To 

recreate the in vivo cell-cell interactions, tissue architecture, and internal gradients of e.g. nutrients, 

oxygen and drugs, 3D tumor spheroids were generated with the SCC cell line SiHa and embedded with 

fibroblasts in a dextran hydrogel (Publication [3]). Histologically, the spheroids resembled cancerous 

nests of a non-keratinizing poorly differentiated SCC. Fibroblasts, as well as single SiHa cells and SiHa 

spheroids exhibit a spherical morphology. In a study by Zhuang et al., stiffness was reported to be a 

determinant of SiHa morphology144 with a more elongated shape at higher stiffnesses. The Young’s 

moduli of the dextran hydrogels are estimated to be 0.4 and 3.3 kPa for 1.2 and 2.5 mM cross-linked 

dextran, respectively, which is much lower than the normal cervical tissue, which was determined to 

be 44 and 81 kPa for CC145. Despite the 10-fold difference between the two cross-linking strengths, the 

stiffness of a normal and cancerous cervical tissue is another 10-100 times higher, potentially affecting 

cell morphology and epithelial development.  

Long-term cultivation allowed for prolonged observation of tumor progression and the interactions 

between cancer cells, stromal components, and the surrounding TME. After a two-week cultivation 

period, overall tissue viability was high, and the presence of fibroblasts contributed to improved 

viability and faster growth of tumor spheroids. The CCoC’s versatility is emphasized by its ability to 

generate both normal and CIN-like epithelia on CC tissue, allowing for in-depth study of different 

disease stages and intercellular interactions. While the establishment of normal multilayered epithelia 

in the absence of fibroblast is challenging, preliminary results suggest that the presence of SiHa 

spheroids effectively compensated for their absence. These findings suggest paracrine cell-cell 

communication between normal and cancerous epithelial cells with fibroblasts, consistent with 

previous studies36,69,146. Future studies could investigate fibroblast plasticity by assessing the 

expression of cancer associated fibroblast (CAF)-markers, including alpha smooth muscle actin, 

fibroblast activation protein, and transforming growth factor-beta levels in the effluent. 

In vitro compound testing often involves concentrations well beyond clinical treatment regimens, due 

to the constraints of short culture durations and the limitations of static well plate culture. The long-

term cultivation and perfusion capabilities of the CCoC allowed repeated dosing with clinically relevant 

drug delivery routes, schedules, and concentrations. Treatment resulted in significant tumor killing 

effects despite the use of lower concentrations compared to previous studies. In future investigations, 

it would be intriguing to treat cisplatin-sensitive cell lines, such as CC7, with the same conditions and 

compare the outcome with SiHa. Preliminary data indicate promising results with spheroid generation, 

although culture conditions need to be optimized for improved viability, such as cultivating the CC7-

tissue in their expansion media instead of FTAL5. Although obtaining patient-derived organoids from 

SCC has proven challenging, their integration could potentially provide patient-specific estimates of 

minimum effective concentrations and support drug selection. However, achieving this goal requires 

more extensive testing and benchmarking with a variety of established compounds, including small 

molecules and immunomodulatory drugs. 
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Immune cells can influence disease progression and therapeutic outcomes and PMNs, the most 

abundant circulating leukocyte, exhibit both tumor-antagonistic and pro-tumorigenic functions in CC. 

A suitable medium was identified that maintained the viability and functionality of all cervical cell types 

and PMNs. When PMNs were perfused through the microvasculature-like channels of the CCoC, 

adherence to the membrane and migration into the tissue was observed. When NETosis was induced 

with PMA, critical events of NET formation were reproduced on-chip. Poly-D-Lysine coatings reduced 

spontaneous NETosis in static well plates and could be explored in the channels in future studies. With 

multiple cervical models available and the multi-tissue well design, new opportunities arise by 

combining normal and diseased models in a single platform. For instance, normal cervical tissue can 

be generated downstream of cancerous tissue to study metastasis, especially in combination with 

PMNs which are known to promote metastasis by trapping circulating tumor cells. Taken together, the 

immunocompetent CCoC presents an opportunity for in-depth mechanistic investigations into the role 

of NETosis in cancer and its TME and to potentially test (immune-)therapeutic options and 

combinations. 

4.7. Structural and Functional Characterization of Cervical Tissues 
Various methods were employed to characterize cervical tissues, with some being non-invasive, 

allowing for real-time monitoring during chip cultivation, while others were invasive, allowing for a 

comprehensive final examination of the tissue.  

For on-line monitoring, the developed platforms were designed to be compatible with non-invasive 

live cell imaging, a powerful tool in conjunction with fluorescent labeling techniques such as cell-

trackers, conjugated antibodies, and viability dyes. The perfusion of the microfluidic platform also 

enables the continuous collection of effluent, i.e. the media that has passed the tissues, providing an 

additional time-resolved, non-invasive method for dynamic assessment of tissue function and cellular 

interactions. Effluent analysis can be performed using widely available, cost-effective standard readout 

methods traditionally used in 2D cell culture, expanding the range of readout options available. For 

instance, non-invasive monitoring of the released lactate dehydrogenase (LDH) in medium effluents 

has allowed for long-term analysis of cytotoxicity in response to cisplatin (Publication [3]) or adipose 

tissue viability (Publication [1]). In addition to viability, effluent analyses allowed for in-depth 

investigation of tissue functionality, e.g. in adipose tissue, lipolysis was investigated by examining the 

adipose-associated metabolites glycerol and oleic acid, a representative of non-esterified fatty acids 

(Publication [1]). In the CCoC, effluent analyses could be extended to a comprehensive investigation 

of chemokines, cytokines or clinically relevant biomarkers (e.g. NETosis marker). 

For final analyses, the platform was adapted to enable tissue to be removed from the chip using a 

biopsy punch for final analyses. This method proved beneficial for independent analysis of replicates, 

allowing the application of multiple characterization methods such as metabolic and proteomic 

analyses on a single system. Among these, histology is the most common method to evaluate cervical 

tissues. Despite major efforts to improve the embedding, sectioning, and staining processes, including 

the exploration of FFPE, cryosectioning and the uncommon embedding materials Technovit 8100, 

challenges persisted, particularly with semi- and fully synthetic hydrogels, leading to tissue section 

damage and loss. Consequently, the focus shifted to microscopy to assess structural and functional 

hallmarks of the tissues. Confocal microscopy, particularly when combined with immunofluorescence 

staining, provided a direct assessment of structural and functional aspects of the 3D model, and 

allowed imaging up to approx. 200 µm into the tissue. Looking ahead, tissue clearing techniques hold 

promise for obtaining a comprehensive view of the tissue, and flow cytometry could provide 

quantifiable data, albeit at the expense of losing structural information. 
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4.8. Use of Animal Components was Reduced in Cell and Tissue Cultivation 
OoC aims at reducing animal experimentation, but the use of many animal-derived products required 

for in vitro model development remains a challenge. For instance, the use of the standard culture 

supplement fetal calf serum (FCS) was estimated at 600,000 L in 2007, corresponding to 2,000,000 

bovine fetuses, and is believed to have increased since then147,148. FCS remains a concern due to ethical 

considerations regarding its production, which leads to fetal distress and death during blood collection, 

as well as scientific disadvantages such as unknown exact composition, high rates of product variability, 

low quality, unintended interactions with test substances, viral or prion contamination etc.148,149. FCS 

was successfully replaced with a defined soybean trypsin inhibitor to stop trypsin digestion. Despite 

unsuccessful attempts to replace animal-derived trypsin for keratinocyte isolation with equivalent 

yield, successful alternatives including TrypLE™ for fibroblast subcultivation were introduced as well as 

an enzyme-free dissociation solution that has been established in the laboratory for EC isolation. 

Cultivation of ECs in ECGM required only 2% FCS, and keratinocytes grew in serum-free K-SFM 

containing low amounts of animal-derived bovine pituitary extract. However, cervical fibroblasts were 

cultivated in media supplemented with 10% FCS, and alternative low-serum media with 2% FCS are 

available. Preferably, FCS could be completely replaced in the future by substitutes, human serum, 

human platelet lysate148,150 or by the use of chemically defined serum-free media. Co-cultivation of 

multiple cell types at high densities provides the opportunity to reduce media components and 

supplements, such as FCS, through intra- and intercellular signaling. In the co-cultures of fibroblasts 

with epithelial cells, and triple-cultures with ECs or PMNs, the chemically defined and animal-free 

media FTAL5 was employed at the expense of a proprietary composition. Collectively, these steps and 

modifications decreased the use of animal products in cell isolation and cultivation. 

Next to cell cultivation, animal-derived products were used in the tissue engineering process. A 

reduction in animal components was sought by exploring semi- and fully synthetic hydrogels as 

alternatives to bovine or rat collagen, and PLA as an alternative to the bovine collagen-elastin matrix. 

To pursue the most promising strategy for generating normal cervical tissue, PLA in combination with 

a synthetic hydrogel could be explored in future studies.  

Finally, there is a significant reliance on animal-derived antibodies for the specific staining of protein 

markers. In an attempt to find animal-free alternatives, antibodies selected by phage display were 

evaluated with mixed results. While a secondary anti-mouse antibody showed promising performance, 

Ki67-specific staining exhibited insufficient signal. The anti-mouse antibody was reported to target the 

IgG1 isotype exclusively, with no recognition of IgG2a or IgG2b, thus expanding the potential for 

multiplexing with primary antibodies of the same species and warrants further testing. While more 

work is needed to further minimize and replace animal use in life sciences, the use of animal-derived 

products was reduced in multiple processes of this project.  
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5. Conclusion 
In this study, microfluidic platforms were developed for the engineering and long-term cultivation of 

ectocervical tissues. Specifically, the following results were obtained: 

1. PDMS-free microfluidic platforms were designed and fabricated  

Through an iterative process of continuous design and material optimization, three generations of 

platforms were developed. While the overall concept remained the same, major advances were 

made in increasing the yield and incorporating flexible materials for tissue retrieval. The latest 

iteration resulted in a platform with two fluidically independent systems with eight open-top tissue 

wells. This platform is compatible with multiple treatment options and readout methods, including 

real-time monitoring via microscopy and effluent analysis, as well as off-chip tissue sectioning.  
 

2. Primary cells were obtained from human donor tissues  

Protocols were established for the isolation, cultivation and characterization of cervical 

keratinocytes, fibroblasts, and ECs from human cervical tissue. Moreover, peripheral PMNs were 

isolated from liquid biopsies, characterized, and functionally evaluated in various media. FTAL5 

was found to be a medium that allows for co-cultivation of all primary ectocervical cells, the CC 

cell line SiHa, and PMNs, without compromising the capacity of the latter to produce NETs. 
  

3. Multicellular 3D in vitro models of the ectocervix were tissue engineered 

a) CXoC: Normal ectocervical tissues were generated with primary ectocervical cells, including a 

fibroblasts-containing stromal layer, covered by a multilayered epithelium of differentiating 

keratinocytes. The generation of a robust stroma that supported primary keratinocytes was 

particularly challenging, and several methods were explored until the combination of a 

mechanically robust scaffold with a hydrogel emerged as the most successful strategy. This 

model can enhance our understanding of basic research questions on ectocervical tissues, 

including studies of the (host’s own) microbiome or infection, and can also serve as a reference 

tissue in drug development. 

b) CINoC: Precancerous CIN 3 tissue was created with an undifferentiated SiHa epithelium on top 

of fibroblast-embedding hydrogels. While this model profited from the lessons learned in the 

CXoC, the integration of less demanding epithelial cells provided valuable feedback on the chip 

concept, design and tissue engineering process. In a triple-culture model, the vasculature-like 

channel was lined with ectocervical ECs, further advancing the complex donor- and tissue-

specific in vitro model. With the CINoC, novel treatment strategies can be explored to 

eventually provide an appropriate, potentially non-invasive therapy option for CIN. 

c) CCoC: CC tissue was generated with SiHa aggregates emulating cancerous nests in fibroblasts-

containing hydrogels, with an optional normal or aberrant epithelium on top. Intercellular 

crosstalk resulted in enhanced viability and proliferation of the tumor spheroids. In a proof-of-

concept study, CC tissue responded to cisplatin treatment at patient-relevant doses, 

emphasizing its potential to contribute to more translatable data. The integration of functional 

PMNs allowed for investigating on-chip NETosis and renders this model suitable for further 

immuno-oncology research. 
  

4. Animal-derived components were reduced  

The reduction and replacement of animal-derived products was successfully established in cell 

isolation, cultivation, and tissue engineering processes.  
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6. Experimental Procedures 
The methods encompassing the design and fabrication of the third generation of the platform, 

including adapter integration, as well as the processes of cell isolation and cultivation for primary 

human cervical fibroblasts and PMNs, along with the cultivation of the SiHa, spheroid generation and 

seeding into dextran hydrogel, perfusion of PMNs through the platform, cisplatin treatment, flow 

cytometry analysis, viability staining with TUNEL, SYTOX™ Green Assay, live cell labelling with cell 

trackers, on-chip immunofluorescent cell staining, image acquisition and analysis, and statistical 

analysis, were detailed in Publication [3]. 

6.1. Fabrication of the Microfluidic Platforms 
The first generation of platforms consisted of three PMMA layers: the 175 µm thick bottom and media 

layer (PLEXIGLAS Resist, 99524 GT, Evonik) and the 2 mm tissue layer (0133420, Modulor), all laser-cut 

(VLS2.30, Universal Laser Systems) from larger sheets. The laser-assisted microstructuring of the media 

layer resulted in a 0.5 and 0.8 mm wide channel extending from the circular chamber towards the inlet 

and outlet, respectively. Inlet and outlet ports were designed with a diameter of 1.36 mm to accurately 

fit Tygon tubing (VERNAAD04103, VWR international GmbH) for adapter integration, as described in 

Publication [3]. 

To create the PDMS support structure, a master was prepared with a media layer placed on an EtOH-

wetted PMMA slide (thickness 3 mm, size 8 cm x 5 cm), and bonded for 1 h at 60° C. Subsequently, 

PDMS (Sylgard 184 Dow Corning) was mixed in a 10:1 ratio (base to curing agent), degassed, and 

poured onto the master. Two frames (height 2 mm, size 8 mm x 5 mm), fixed by foldback clips, were 

used to constrain the PDMS on the master. The PDMS support was cured for 3-4 h at 60° C, cut to the 

size of the chip, and then placed on a small glass slide. 

The first generation of platforms was fabricated using a two-step thermal fusion bonding process, 
following a procedure akin to that detailed by Chuchuy et al.119. The PDMS support was cleaned with 
scotch tape to remove dust. The media layer and the PC membrane (thickness 22 µm, pore size 3 µm, 
1000M25/610M303, it4ip S.A., Belgium) were cleaned with isopropanol and positioned atop the mold, 
aligning the PDMS support with the channel of the media layer and the membrane with the tissue area 
of the media layer. A small glass slide was then positioned on top, and the stack was secured with 
foldback clips and thermally fusion bonded for 8 min at 130 °C (Figure 5.D). Following this, the stack 
was allowed to cool for 5 minutes at room temperature (RT) before disassembly. In the second step, 
the PDMS support was removed, and the remaining layers were combined with the media-membrane 
layer from the initial bonding step. These layers were sandwiched between small glass slides, secured 
with foldback clips, and bonded for 10 minutes at 130 °C. Once again, the stack was left to cool for 5 
minutes at RT before disassembly. Before use, platforms were sterilized in 70% ethanol. 

The fabrication process for the second and third generation of platforms is detailed in Publication [3]. 

The second generation was manufactured with modifications, including a two-step bonding process: 

In the initial bonding step, a stack of the membrane, positioned between the tissue layer and the 

media/bottom layer, was inserted between glass slides. Pressure was applied using foldback clips, and 

the bonding process took place overnight at 60 °C. Subsequently, in the second bonding step, the 2 mm 

PMMA reservoir layer was added without pressure at 60 °C for either 7 hours or overnight. Before use, 

platforms were sterilized in 70% ethanol. 
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6.2. Tissue Engineering and on-Chip Cultivation 

6.2.2. Primary Cell Isolation and Cell Cultures 
The procedure for isolating cervical keratinocytes was adapted from previously published 

methods65,72,97. Human cervical tissue was processed, and fibroblasts were isolated from the tissue as 

outlined in Publication [3]. After separating the epithelial layer from the stromal layer, tissue strips 

were subjected to a second enzymatic process wherein keratinocytes were singularized for 5-10 min 

in 0.05% trypsin/versene at 37 °C. The digestion was stopped using Defined Trypsin Inhibitor (R007100, 

Gibco). To reduce cell loss, it is crucial to prewet the pipette tip when resuspending or pipetting the 

keratinocyte solution, as these cells tend to adhere to surfaces. The cell suspension was filtered using 

a 70 µm cell strainer (542170, Greiner Bio-one), washed with PBS, centrifuged at 200 × g for 5 minutes, 

and then plated in supplemented Keratinocyte-SFM (17005042, Gibco™) in uncoated flasks. For 

subcultivation, Accumax (12932715, Merck) was utilized as a gentler alternative to the commonly used 

Trypsin. ECs were isolated from excess connective tissue as described by Rogal et al.99, with minor 

adjustments: trypsin was replaced by the animal-free Enzyme Free Cell Dissociation Solution (S-014-B, 

Sigma Aldrich), ECs were scraped in ECGM instead of PBS and cultivated in ECGM supplemented with 

P/S. CC7 and mouse NIH3T3 J2 fibroblasts were cultured as described by Michnov et al.118. 

6.2.3. Generation of the Stromal Layer 

Hydrogel-based stromal layers 

When specified, the platform was coated with PDA before hydrogel seeding, following the procedure 

outlined by Park et al.106. The channels and wells were washed with both demineralized water and 

10 mM Tris/HCl pH 8.5 buffer before being coating with 2 mg/mL PDA in Tris/HCl buffer for 2 hours at 

RT. The platform was washed twice with demineralized water and subsequently allowed to dry. 

For stroma generation, the desired quantity of fibroblasts was centrifuged and then resuspended in 

FibriCol® (5133, Advanced BioMatrix), RatCol® (5153, Advanced BioMatrix) or HyStem®-C (GS1005, 

Advanced BioMatrix) according to the manufacturer’s instructions. Dextran hydrogels were prepared 

as described in Publication [3]. If applicable, 4arm PEG Succinimidyl Glutarate (4ARM-SG, JenKem 

Technology) was dissolved in Neutralization Solution of RatCol® to a concentration of 4 mg/mL in the 

final hydrogel. The solidification of the hydrogel occurred in the incubator at 37 °C for a duration of 5-

20 minutes before the addition of fibroblast cultivation medium. Specifics regarding cell densities and 

seeding volumes are listed in Table 1. 

Based on the provided information from the manufacturer, the shear modulus of the dextran hydrogel 

is similar between HyLink and CD-HyLink cross-linked variants. Specifically, the shear moduli for 

1.2 mM and 2.5 mM cross-linked dextran are measured at 0.12 kPa and 1.105 kPa, respectively. To 

approximate the elastic modulus, a Poisson’s ratio of 0.5 for hydrogels was assumed, and the 

calculation followed the method outlined by Caliari and Burdick151: 𝐸 = 2𝐺(1 + 𝑣), where E 

represents the elastic modulus, G is the shear modulus, and 𝑣 is the Poisson’s ratio. 
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Table 1: Conditions for Creating the Stroma and Epithelium of the Ectocervical Tissue Models 

  Stroma 
Seeding volume, concentration 

Epithelium 
Seeding volume, density, cultivation  

Figure 11.A,B 3* µL of 5e5 cells/mL in 4 mg/mL 
FibriCol® 

n. a.  

Figure 11.C  
RatCol® 

3 µL of 1e7 cells/mL in 3.6 mg/mL 
RatCol®  

0.5 µL, 2e6 cells/cm2, 3 days static, 10 days 
dynamic at ALI 

Figure 11.D  
FibriCol® 

2 µL of 5e5 cells/mL in 8 mg/mL 
FibriCol® 

1 µL, 1e6 cells/cm2, 3 days static, 10 days 
dynamic at ALI 

Figure 11.E 1 µL of 1e6 cells/mL in 3.6 mg/mL 
RatCol® 

day 3: 1 µL, 1e6 cells/cm2, 2 days static, 5 
days dynamic at ALI 

Figure 11.F 2 µL of 5e5 cells in 3.6 mg/mL 
RatCol® 

1 µL, 1e6 cells/cm2, 3 days static, 10 days 
dynamic at ALI 

Figure 12.A 2 µL of 1e6 cells/mL in HyStem®-C 1 µL, 0.5e6 cells/cm2, 7 days static, 12 days 
dynamic at ALI 

Figure 12.B 2 µL of 2e6 cells/mL in HyStem®-C 2 µL, 1e6 cells/cm2, 7 days static, 12 days 
dynamic at ALI 

Figure 13.A,B 1.4 + 1 µL of 1e7 cells/mL in 
2.4 mM dex/CD-HyLink 

0.5 µL, 1e6 cells/cm2, 2 days static, 10 days 
dynamic at ALI 

Figure 13.C 1.4 without cells + 1 µL of 1e7 
cells/mL in dex 2.4 mM dex/CD-
HyLink 

day 2: 2x 0.5 µL, 1e6 cells/cm2, 3 days static, 
11 days dynamic at ALI  

Figure 15.B,D  
Coll 

PDA coating, 2 µL of 1e6 cells/mL 
in RatCol® 

day 3: 1 µL, 1e6 cells/cm2, 2 days static, 8 
dynamic at ALI 

Figure 15.C,D 
HyStem®-C 

2 µL of 1e6 cells/mL in HyStem®-C 1 µL, 1e6 cells/cm2, 4 days static, 7 days 
dynamic with 5 µL/h at ALI 

Figure 15.E 1.4 + 1 µL of 1e7 cells/mL in 1.2 or 
2.4 mM dex/CD-HyLink 

day 2: 0.5 µL, 1e6 cells/cm2, 1 day static, 10 
days dynamic at ALI 

Figure 18.A, 
BF 

1.4 + 1 µL of 0 or 1e7 cells/mL in 
dex 2.4 mM dex/CD-HyLink + SiHa 
aggregates of 1 Aggrewell/4 wells 

day 2: 2x 0.5 µL of 1e6 cells/cm2, 3 days static, 
16 days dynamic at ALI 

Figure 18.A 
Ki67/section 

1.5 + 1 µL of 0 or 1e7 cells/mL in 
2.4 mM dex/CD-HyLink + SiHa 
aggregates of 1 Aggrewell/4 wells 

day 2: 0.5 µL of 1e6 cells/cm2, 1 day static, 12 
days dynamic at ALI 

Figure 18.B 1.4 without cells + 1 µL of 1e7 
cells/mL in dex 2.4 mM dex/CD-
HyLink + SiHa aggregates of 1 
Aggrewell/4 wells 

day 2: 2x 0.5 µL of 1e6 cells/cm2, 3 days static, 
11 days dynamic at ALI 

Figure 18.C 1.5 + 1 µL of 1e7 cells/mL in 
2.4 mM dex/CD-HyLink + SiHa 
aggregates of 1 Aggrewell/4 wells 

day 2: 2x 0.5 µL of 1e6 cells/cm2, 3 days static, 
9 days dynamic at ALI 

Figure 16.A-C 2 µL of 1e7 cells/mL in 3.6 mg/mL 
RatCol® 

day 2: 2x 0.5 µL of 1e6 cells/cm2, 3 days static, 
10 days dynamic at ALI 

Figure 16.D 1.4* without cells + 1 µL of 1e7 
/mL in dex 2.4 mM dex/CD-HyLink  

n. a.  

Figure 16.D 1.4* + 1 µL of 1e7 /mL in dex 
2.4 mM dex/CD-HyLink 

n. a.  

*FluoSpheres® (F8811, Thermo Fisher Scientific) included in some conditions 
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Scaffold-assisted stromal layer 

MatriDerm®: Wells in a 96 well plate were coated with Anti-Adherence Rinsing Solution (07010, 

STEMCELL Technologies) for 5-10 min at RT and washed 3x with PBS. 3 mm discs of MatriDerm® 

(83404-200-1, asclepios Medizintechnik) were equilibrated in 50 µL of DMEM (41965039, Gibco) 

supplemented with L-ascorbic acid 2-phosphate (50 µg/mL, A8960, Sigma Aldrich) overnight in the 

incubator at 37 °C. The next day, bubbles were eliminated by spinning the plate for 20 min at 400 xg. 

Media was removed before seeding fibroblasts at a density of 628,733/cm2 as described by Schimek 

et al.107. Fibroblast-loaded scaffolds were cultivated for 7 days with media changes 3x per week until 

being transferred into the tissue well of the platform. In the condition involving a collagen hydrogel, 

fibroblasts were prepared in RatCol® as described before with 1e7 fibroblasts/mL. Subsequently, 3 µL 

of the fibroblast/collagen solution were seeded onto the scaffold and transferred into the tissue well 

of the platform.  

PLA: The PLA scaffold was placed in the tissue well and 2x 1e7 fibroblasts/ml FibriCol® were seeded 

onto the scaffold. The next day, keratinocytes were seeded twice in 0.5 µL at a density of 1e6 

keratinocytes/cm2. Dynamic cultivation at the ALI was started on day 3 for a duration of 10 days. 

6.2.4. Generation of a Keratinocyte Epithelium 
Media was aspirated from the stromal layer after one day, and epithelial cells were seeded in their 

respective media. Following cell attachment, keratinocytes were submerged in FTAL5 (FTAL5, 

CELLnTEC) and cultured statically. For cultivation at the ALI, media was removed from the tissue well, 

which was then sealed with a Breath-Easy sealing membrane (Z380059, Sigma Aldrich) to reduce 

evaporation and keep a sterile environment. The tissue was dynamically supplied at 20 µL/h in 

withdraw mode. Details regarding cell density, seeding volumes, and the duration of static and 

dynamic cultivation are provided in Table 1. 

6.2.5. Endothelial Cell Seeding in CINoC 
First, fibroblasts were seeded and cultured statically for one day following the details provided in 

Table 1. Subsequently, cannula reservoirs were connected to the ports as shown in (Figure 7.B), and 

the channel was coated for 2 h at 37 °C with 20 µg/mL FN (F1141, Sigma Aldrich) and 100 µg/mL 

FibriCol® in PBS. After one wash with PBS and another with prewarmed supplemented ECGM, the 

channel was left filled with ECGM until seeding of ECs. Cervical ECs at a concentration of 6e6 cells/mL 

(passage 2) were added into the cannula and injected into the chip by withdrawing with a 2 mL syringe 

from the cannula reservoir at the outlet. Following this, 50 µL of ECGM with P/S was added to each 

cannula reservoir, and the platform was incubated in an upright position. On the subsequent day, SiHa 

epithelium was generated following the details provided in Table 1. A PDMS sheet stabilized with a 

glass slide was positioned on top of the platform and secured with a rubber band, serving as a robust 

lid to withstand hydrostatic pressure. FTAL5 was then added to the cannula reservoirs, and the triple-

culture was cultivated according to Table 1.   

To assess the barrier functionality of the endothelial channel lining, dermal ECs were isolated following 

the procedure outlined by Rogal et al.99 and seeded into the channel either on the day before or after 

stroma generation. The stroma was generated according to the details provided in Table 1, which 

included the addition of FluoSpheres® (1:500, F8811, Thermo Fisher Scientific). When ECs were seeded 

before stroma generation, ECs were seeded twice at a concentration of 1e7/mL. First, the platform was 

flipped to facilitate adhesion to the top of the channel. The second seeding was performed after 45 

min on an upright platform to ensure an optimal lining of the bottom of the channel. Unattached cells 

were removed after 30 min and ECs cultured overnight statically in supplemented ECGM spiked with 

10% FCS (SH3006603, ThermoFisher) to enhance EC attachment and proliferation. Fibroblasts were 

seeded on the following days as outlined in Table 1, including the addition of FluoSpheres®. 
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6.3. Cell & Tissue Characterization 

6.3.1. Histology 
Samples were washed with PBS, followed by fixation with 

Bouin's fixative (6482.3 Carl ROTH) or Histofix (P087.5, Carl 

ROTH) for 20-60 min for tissue engineered samples, and 

overnight for cervical tissues. Samples were thoroughly washed 

in PBS and then subjected to a multistep process established for 

generating sections from on-chip tissues (Figure 21): 

1. The bottom PC layer was removed to prevent sample 

destruction by the rigid PC layer during sectioning with the 

microtome. The platform was flipped, and a square carved 

into the bottom layer with a scalpel (Figure 19). After 

incubating in 70% ethanol for 10-20 min at RT, the PC layer was peeled off with tweezers.  

2. Platforms were warmed in PBS in the incubator or water bath for approx. 15 min to prevent 

HistoGel (HG-4000-012, Thermo Fisher Scientific) from clogging the channel during introduction. 

A small volume of warm, liquified HistoGel was added into a P1000 tip and quickly placed in one 

port. To fill the channel, HistoGel was aspirated with an empty tip from the opposite port. HistoGel 

was solidified for 10 min at 4 °C.  

3. A 4 mm biopsy punch (49401, pfm medical) was placed close to one side of the reservoir well and 

pushed through the SEBS material of the media and bottom layer. By extracting the tissue 

asymmetrically, tissue orientation was maintained throughout the process.  

4. 3D-printed molds were sealed with parafilm and filled with very warm HistoGel (risk of 

introducing bubbles if HistoGel has cooled down). Up to four samples were quickly placed 

vertically in the HistoGel, starting with the first sample at the pointed end of the mold. After 

solidification of HistoGel at RT or at 4 °C, samples were stored in PBS at 4 °C.  

5. The HistoGel block was removed from the mold and subjected to automated paraffin embedding 

according to standard protocols. Removing corners of the paraffin block after blocking helps to 

maintain the orientation of the samples. 6) Samples were cut into 3-10 µm thick sections, 

mounted on superfrost slides, and dried at 37 °C for 2 h to overnight. 7) Sections were stained 

with HE or antibody-solutions as described before. 

Alternatively, frozen sections were prepared. An EtOH-resistant 

pen was used to mark the PC layer with a small line next to the 

channel to aid orientation. The samples were retrieved with a 

biopsy punch, as described before, and placed in a 96 well plate 

containing 30% sucrose and subsequently OCT Embedding 

Matrix each for 7 h to overnight. A mold, slightly shorter than a 

microscope slide, was prepared with aluminum foil, marked at 

the top to maintain the orientation of the samples, and filled 

with OCT (Figure 20). Samples were placed upside down onto the OCT surface and rapidly frozen by 

placing the mold on a metal plate in -80 °C EtOH. The samples were transferred to -80 °C overnight. 

The mold was placed on a cold metal plate to prevent thawing and the bottom-PC and media-SEBS 

layer were removed with tweezers. Empty spaces and the mold itself were filled with OCT; an OCT-

filled syringe with a G23 cannula may be helpful to avoid introduction of bubbles. The samples were 

then frozen and stored at -80 °C. Sections were prepared at a thickness of 20-30 µm.  

Figure 19: Removal of the Bottom PC-layer.  

Figure 20: OCT-Embedding. 
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Figure 21: Schematic of the Process for Tissue Retrieval and Generation of FFPE Tissue Sections. 
1. First, the bottom PC layer was removed; 2. The channel was filled with HistoGel; 3. The tissue was retrieved from the 
platform with a biopsy punch; 4. Samples were placed in HistoGel; 5. Samples were embedded and blocked in paraffin; 6. 
Samples were sectioned; 7. Samples were stained for further analysis. 

6.3.2. Staining 

Live Cell Staining (CC7) 

Cells were stained with CellMask™ Plasma Membrane Stains (C10046, Invitrogen) according to 

manufacturer instructions for 5-10 min at a dilution of 1:2000. 

Viability Staining 

Cells or tissues were washed with PBS and stained with FDA (27 μg/mL, F1303 Thermo Fisher Scientific) 

and PI (135 μg/mL, P4170, Sigma Aldrich) in PBS for 5 min at 37 °C. Subsequently, they were washed 

with PBS before being imaged with a fluorescence microscope. Alternatively, Calcein AM (1:500, 

C3099, Thermo Fisher Scientific) and Hoechst 33342 (2 µg/mL, 62249, Thermo Scientific) in PBS were 

added for 20 min, followed by a 5 min incubation with PI (50 µg/mL). Samples were washed and 

optionally fixed with Histofix (P087.5, Carl ROTH) before being imaged with a fluorescence microscope. 

Hematoxylin and Eosin Staining 

If required, standard protocols for deparaffination were employed and sections stained in eosin 

(3137.2, Carl Roth) and Hemalum solution acid. Acc. To Mayer (T865.2, Carl Roth). 
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Antibody Stainings 

For immunohistochemistry (IHC) staining, tissue sections were deparaffinized using standard protocols 

and subjected to antigen retrieval at pH 9 in 10 mM Tris (1115KG001, Bioroxx)/ 1 mM EDTA (A5097, 

PanReac AppliChem) for 10 min at 90-95 °C. For ICC, samples were fixed with Histofix (P087.5, Carl 

ROTH) for 10 min at RT and washed with PBS. IHC or ICC samples were permeabilized and blocked for 

30 min with triton X-100 (0.1%, X100, Sigma Aldrich)/ BSA (3%, A9647, Sigma Aldrich)/PBS at RT, 

followed by overnight incubation at 4 °C in antibody diluent (S3022, Dako) at the following dilutions: 

CK13-AF647 (IHC: 1:100, ICC: 1:200, ab198585, abcam), CK14-PE (IHC: 1:200-1:500, ICC: 1:100, 130-

119-729, Miltenyi Biotec), CK19-FITC (IHC: 1:50-1:200, ICC: 1:50 MA5-28576, Invitrogen), CK10-APC 

(1:100, 130-115-405, Miltenyi Biotec), panCK Basic Cytokeratin Antibody (AE3, 1:100, sc-57004, Santa 

Cruz), Ki67 (IHC: 1:50-1:500, ICC: 1:200, ab16667, abcam), E-Cad (IHC: 1:500, ICC: 1:50, 610181, BD 

Transduction Laboratories), FN, (1:200-800, A0245, Agilent), vim (1:1000, MAB2105, R&D Systems), 

vim in Figure 12 and Figure 15 vim-AF405 (1:50, IC2105V, R&D Systems), VWF (1:100, M0616, Agilent), 

VE Cad (1:100, 610252, BD Transduction Laboratories), CD31 (M082329-2, Agilent), coll IV (1:100, 

M0785, Agilent). Samples were washed 3 x in IHC Wash Buffer 20x (WL583C0500, DCS Innovative 

Diagnostik-Systeme), followed by the addition of Goat anti-Rabbit IgG Alexa Fluor 555 (1:500, A21430, 

Invitrogen), Goat anti-Mouse IgG Alexa Fluor 546 (1:500, A11003, Invitrogen) or Goat anti-Rat Alexa 

Fluor 488 (1:500, A48263, Invitrogen) secondary antibodies and Hoechst 33342 (2 µg/mL, 62249, 

Thermo Scientific) for 45-60 min at RT. Samples were washed 3x in IHC Wash Buffer and imaged using 

a fluorescence microscope.  

When animal-free antibodies were evaluated, cervical keratinocytes in 96 well plates were stained as 

described before with Ki67 (1:200, ab16667, abcam) and Goat anti-Rabbit IgG Alexa Fluor 555 (1:500, 

A21430, Invitrogen) or with Ki67 (1:20, HCA053, Bio-Rad) with Goat anti-Mouse IgG Alexa Fluor 546 

(1:500, A11003, Invitrogen). CKs were stained with Broad Spectrum Cytokeratin (1:100, MSK019, 

Zytomed) with Human anti Mouse IgG1:DyLight®488 (1:500, HCA309D488, Bio-Rad) or with Goat anti-

Mouse IgG Alexa Fluor 546 (1:500, A11003, Invitrogen).  

For on-chip immunofluorescent staining, samples were washed with PBS, fixed with Histofix (P087.5, 

Carl ROTH) for 20-40 min, washed with PBS, permeabilized and blocked for 30-60 min in triton X-100 

(0.1%, X100, Sigma Aldrich)/ BSA (3%, A9647, Sigma Aldrich)/PBS at RT. For the staining of ECs in the 

channel of Figure 16, permeabilization/blocking solution was additionally supplemented with donkey 

serum (3%, D9663 Sigma Aldrich). Primary antibodies were diluted in Antibody Diluent (S3022, Dako) 

and incubated at 4 °C overnight or for 3 days for Figure 13 at the following concentrations: CK13-AF647 

(1:100, ab198585, abcam), CK14-PE (1:100, 130-119-729, Miltenyi Biotec), CK19-FITC (1:50 MA5-

28576, Invitrogen), VE Cad (1:50, 36-1900, Invitrogen), CD31 (1:50, M082329-2, Agilent). Following 

3 washes in IHC Wash Buffer 20x (WL583C0500, DCS Innovative Diagnostik-Systeme), samples were 

incubated with a secondary antibody and Hoechst 33342 (2 µg/mL, 62249, Thermo Scientific) at 4 °C 

overnight for Figure 13 or at RT for 45 min for Figure 16. Samples were washed 3x in IHC Wash Buffer 

and imaged with a fluorescence microscope. 
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