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ABSTRACT

Infections, endometriosis, and carcinomas are

just a few of the conditions that can affect the

uterine cervix in humans. Since the architecture

and physiology of the human uterine cervix in

humans and other primates differ greatly from wicrsanionmet
that of the majority of frequently used animal &
models, in vitro models of the human uterine
cervix play an increasingly essential role in both
fundamental and translational research. The
function of existing in vitro models of the human
uterine cervix commonly relies on the use of
established cervical epithelial cell lines, such as
columnar and squamosal epithelial cells, which
line the endocervical canal and ectocervical zone
of the cervix, respectively. Consequently, there is
a great need for a better model to study human
uterine and its related diseases. Recently,
microfluidics systems called "Organs-on-Chip"
provided an opportunity to fulfill that requirement. These platforms incorporate artificial or real tiny tissues grown
inside microfluidic chips. The chips are made to regulate cell microenvironments and preserve tissue-specific
functionalities in order to resemble human physiology more closely. Organs-on-Chip platforms have attracted interest
as a next-generation experimental platform to study human uterine cervix physiology and diseases. Moreover, the
impact of medicines in finding a solution for cervical cancer by combining advancements in tissue engineering and
microfabrication. In this study, we reviewed the latest studies in designing the human uterine cervix-on-a-chip.
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1. Introduction

Cancer is a rapidly growing public health concern and is one of the leading causes of death globally [1-4]. Despite
being preventable and treatable, cervical cancer continues to be a major worldwide health burden [5,6]. It was the
fourth most common cancer to be diagnosed in 2020 with 570,000 new cases annually, and the fourth most common
reason for cancer-related deaths among women [6]. Although the frequency of advanced and metastatic cervical cancer
has been reduced through early diagnosis using PAP-smear screening and improved treatment of locoregionally
advanced disease by chemo-radiation, advanced/recurrent and metastatic disease remains a major cause of cancer
death in women [7]. Nearly one-third of patients who present with invasive cervical cancer will die of their disease
[8,9].

There has long been an interest in establishing an in vitro model for the development of carcinoma of the uterine
cervix. The recent association between the human papillomavirus (HPV) and cervical cancer has renewed interest in
the culture of normal human cervical epithelial cells. Although human cervical keratinocytes have been employed as
target cells for HPV transfection, further information is still lacking on the normal cells' growth characteristics [10].
The normal uterine cervix is comprised of two distinct regions. The ectocervix is comprised of a stratified, non-
keratinizing squamous epithelium, and the endocervix is comprised of a single layer of mucus-secreting columnar
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cells and scattered ciliated cells folded into villi [8,10,11]. The ectocervix and endocervix adjoin at the
squamocolumnar junction, where a process termed squamous metaplasia frequently occurs. As a result of this
metaplasia, the simple columnar endocervical epithelium is replaced by a uniform, immature squamous epithelium
that eventually becomes a mature, stratified squamous epithelium. This area of metaplastic epithelium, the
transformation zone, is the common site for the development of squamous neoplasia [12,13]. The exact mechanism
of squamous metaplasia is not known, but it is hypothesized that the metaplastic cells originate from the proliferation
of endocervical cells, either undifferentiated reserve cells or columnar muco-secretory cells [14]. It has been
demonstrated that mature, mucus-secreting endocervical cells maintain their ability to replicate in vivo. In addition,
there is evidence that the metaplastic process may occur in vitro [15,16]. (Figure 1)
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Figure 1. Distribution of epithelial cells in the transformation zone of the human uterine cervix. (A) Cytological pictures, and (B)
3-dimensional shape of the cells.

Using an organ culture model, several investigators have shown that endocervical tissue exhibits a progressive
change of columnar epithelium into tissue resembling squamous metaplastic epithelium [17,18]. Whether these
observed changes truly represent an alteration in gene expression remains to be determined. The ease with which
human keratinocytes can be propagated in vitro has increased with the development of growth media capable of
sustaining serial growth without the use of a feeder fibroblast layer or serum supplements [17,19]. However, published
work on the characterization of serum-free growth of normal epithelial cells has been predominantly restricted to
neonatal foreskin cultures, adult epidermal cultures, and bronchial epithelial cultures [20-24]. There is significant
evidence, however, to suggest that all stratified squamous epithelial are not equivalent, particularly with regard to the
pathogenicity of the human papillomavirus. For example, it has been observed that different sites in the body,
including the mouth, larynx, and cervix, are associated with distinct subtypes of human papillomavirus [25-28].
Furthermore, Kreider et al. have shown that cervical and foreskin tissue, but not abdominal skin, are permissive to
HPV-11 infection in vitro [29]. In addition, the responsiveness of genital tract epithelia to sex steroids suggests that
cervical squamous epithelia may differ fundamentally from other squamous epithelia. It is, therefore, reasonable to
assume that cultured keratinocytes derived from the cervix may exhibit differences in proliferation and gene
expression when compared to neonatal foreskin or epidermal keratinocytes [30-32].

On other hand, in vitro models have always been a central feature of biomedical research, and it has been proved
that their use is increasing over time [33]. To study human uterine cervix diagnosis, there is a need for a trusted in
vitro model [34]. Although using conventional 2D cell culture techniques provides us with important information on
the cervical epithelial layer's function in cervical remodeling, each cell type (ectocervical, transformation zone, and
endocervical epithelial cells) is investigated separately and these systems are restricted in their ability to mimic the in
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vivo physiological environment [35]. Therefore, 2D cell cultures are unable to give a deeper knowledge of these
processes due to the intercellular interaction features and effects [36,37]. Ectocervical, transformation zone, and
endocervical epithelial cells are thought to work together in vivo to shield the amniotic cavity against ascending
infections that start in the vagina. Hence, a significant disadvantage of conventional 2D culture is the absence of
cellular connections, which makes it challenging to comprehend how the various areas of the cervical epithelial layer
contribute to cervical remodeling [38].

While in vivo animal models help us to understand how the cervical lining changes during pregnancy, these studies
are costly and rarely replicated in humans. Therefore, a microfluidic-based compartmentalized co-culture system that
replicates the intricate multicellular structure of human organs is an approach to overcoming these difficulties [39].
These organ-on-chip technologies can bridge the gap between 2D or mixed cell culture models, animal models, and
human-based research by more accurately simulating the physiological circumstances and reactions of human organ
systems [40]. In this article, we reviewed current approaches in the investigation of the uterine cervix in the format of
organ-on-chip.

2. Available organ-on-chip models for cervical cancer investigations

The normal uterine cervix is comprised of two distinct regions. The ectocervix is comprised of a stratified, non-
keratinizing squamous epithelium, and the endocervix is comprised of a single layer of mucus-secreting columnar
cells and scattered ciliated cells folded into villi [41]. The ectocervix and endocervix adjoin at the squamocolumnar
junction, where a process termed squamous metaplasia frequently occurs [42]. As a result of this metaplasia, the
simple columnar endocervical epithelium is replaced by a uniform, immature squamous epithelium that eventually
becomes a mature, stratified squamous epithelium [43]. This area of metaplastic epithelium, the transformation zone,
is the common site for the development of squamous neoplasia [44,45] Available organ-on-chip models for cervical
cancer investigations are summarized in Figure 2.
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Figure 2. Available organ-on-chip models for cervical cancer investigations.
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2.1. Remodeling of the transformation zone
The first attempt to design and develop a cervix on a chip was to mimic the transformation zone of the uterine cervix

to examine the mechanism of action of the Human papillomavirus (HPV). This microfluidic device is prepared by
demolding cured poly dimethyl siloxane (PDMS). On the chip, cell culture and co-culture of ectocervical epithelial
cells (Ect1/E6E7) and endocervical epithelial cells (End1/E6E7) cell lines were carried out, and the functionality of
the device to be used as an in vitro model for HPV infection and cervical cancer studying were evaluated [34] (Figure
3).
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Figure 3. (A, B, C) Illustration showing the distribution of epithelia of the ectocervix (dark pink) and endocervix cells (pale pink)
placed on the lower chamber of the chip. (D) Two PDMS layers are aligned and irreversibly bonded to form two sets of parallel
microchannels separated by 22-um-thick polycarbonate membranes, containing an array of through-holes with an effective
diameter of 22-um. Scale bar, 200 um. (E) Long-term microfluidic co-culture produces a tissue-tissue interface consisting of a
single layer of the Columnar epithelium (stained with Cell Tracker Green) closely next to a monolayer of the Squamous epithelium
(stained with Cell Tracker Red), both of which express intercellular junctional structures stained with antibodies to VE-cadherin.
Scale bar, 50 pm. (F) Growth of the cells in different parts of the chip after 7 days. Reprinted with permission from [34].
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One of the most interesting findings of this study resulted from a scratch test indicating that both cell lines could
grow from both sides of the chip to reach each other in order to make the transformation zone and the squamocolumnar
junction. To track the 2D migration of the cells, a specific mold containing 4 cubic holes (Smm x 5Smm x Smm) has
bonded on a glass slide (Figure 4A). Human Ect1/E6E7 ectocervix and End1/E6E7 endocervix were cultured in
keratinocyte growth medium inside the mold crosswise. Cell morphologies at their adhesion, prior to migration, during
migration, and post-migration have been tracked on daily basis. This test demonstrated that two types of cells grew
toward each other. (Figure 4B) It may unveil a possible signaling connection between two different types of epithelial
cells.
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Figure 4. 2D cell migration (scratch test), (A) the specific mold to culture two types of epithelial cells in a crosswise order, (B)
Navigating cells in different directions. Reprinted with permission from [34]

This established uterine cervix-on-a-chip is simple, effective, and easy to operate. It is expected to have important
applications in the personalized treatment of HPV infection lesions and cervical cancer and to play a potential role in
other clinical treatments and tissue engineering.

2.2. Cellular remodeling

Preterm birth is linked to damage to the cervix epithelial layer brought on by inflammation and infection [46]. An
organ-on-chip of the cervical epithelial layer was created, which consists of two co-culture chambers recapitulating
the ectocervical and endocervical epithelial layers, to study the intercellular connections (Figure 5) [47]. How cells
from each unique location interacted with one another and how they contributed to preserving cervical integrity in
response to lipopolysaccharide (LPS) and tumor necrosis factor-alpha (TNF) stimulations, were two main questions
of that study. Both epithelial cells' cellular migration inside the microchannels was promoted by the co-culture of
ectocervical and endocervical cells. Both LPS and TNF enhanced apoptosis, necrosis, and senescence as well as
elevated pro-inflammatory cytokine production by cervical epithelial cells in comparison to untreated controls. In
conclusion, the cervix-on-a-chip developed an in vitro model that can accurately represent the ectocervical and
endocervical areas of the cervix.
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Figure 5. Organ-on-chip of the cervical epithelial layer. Ectocervical and endocervical epithelial cells are cocultured in the organ-
on-chip of the cervical epithelial layer in order to mimic the cervical epithelial layer in vitro. Cells can move via type IV collagen-
filled microfluidic channels to construct the cervix's transformation zone epithelium. (A) A schematic illustration of the cervical
epithelial layer's architecture. Gross morphological view on the left; cross-sectional view on the right. (B) The organ-on-chip of
the cervical epithelial layer design is depicted in three dimensions and has two cell culture chambers divided by 24 shallow
microchannels. (C) A cross-sectional image illustrating the height difference between the microchannels, which are 5 m tall, and
the cell culture chambers, which are 500 m tall. (D) A picture of the organ-on-chip of the cervical epithelial layer device with the
inner endocervical epithelial cell culture chamber and the outside ectocervical epithelial cell culture chamber filled with blue and
yellow dye, respectively, respectively. (E) Cell morphology as well as CK-18 (red) and vimentin (green) expression are shown in
bright-field and fluorescence microscopy images of the ectocervical epithelial and endocervical epithelial cell cultures in the organ-
on-chip of the cervical epithelial layer. Blue dye (4',6-diamidino-2-phenylindole) is used to stain nuclei. 500 m is the scale bar.
Reprinted with permission from [47].
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2.3.Microenvironment remodeling

The cervix, which serves as the entrance for sperm swimming into the female reproductive canal, is stuffed with
cervical mucus, which is crucial to sperm motility. Male infertility will result from sperm being unable to pass through
the cervical mucus-cervix microenvironment. However, it is still unclear how the sperm navigate the cervix
microenvironment. In order to simulate the cervix microenvironment and create a chip that can be used to research
sperm behavior and selection, hyaluronic acid (HA) was employed as a synthetic version of cervical mucus [48]. In
addition, Biggers-Whitten-Whittingham (BWW) was used as the sperm culture medium. Sperm buildup in HA
demonstrated that it acted as a sperm reservoir akin to cervical mucus. The departure of sperm from HA displayed
greater motility than those entering into HA, indicating that HA serves as a filter to only choose sperm with high
activity. This research creates a useful platform to investigate the complex relationship between sperm and the cervix
microenvironment, and elaborate swimming indications offer a promising cervix chip for sperm selection with
demand-driven kinematic properties. Additionally, the cervix chip's benefit of being simple, quick, and very effective
makes it practical to employ in clinical infertility diagnosis (Figure 6).
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Figure 6. A chip that replicates the cervical milieu seen in the female reproductive system. (A) a diagram showing the female
reproductive system. The cervix is magnified using the black box. Pink and gray indicate cervical tissue, pink represents cervical
mucus, and blue represents the vagina. (B) Cervix chip schematic diagram. The pillar array is positioned evenly spaced inside the
channel's half-width. In contrast to the blue vaginal channel, which was filled with BWW, the pink cervix indicates the channel
that was filled with HA. The inserts below represent the HA-BWW interface and are zoomed in. The surrounding pillars form a
meniscus that functions as a microvalve to regulate the sperm pathways. A cervical microenvironment is created. By delivering
HA and FITC-Dextran to the cervix channel, a meniscus was created. (C) The cervix-intake channels and outflow were then sealed
with gel film. The entrance and outflow of the vaginal canal were sealed by gel film while BWW medium was pulled in. It
developed into the HA-BWW interface. 100 m is the scale bar. Reprinted with permission from [48]

3. Conclusions

In this study, available microfluidic human cervix-on-a-chip models have been described. Mutually, the cervical
stromal-epithelial cell interactions were permitted in the discussed model; nevertheless, the previous transwell method
has significant drawbacks, such as difficulties in applying local stimulation to a single compartment and restricted
imaging of cellular migrations. Another cervix-on-chip model is used for a planar structure that enables the growth of
both ectocervical and endocervical epithelial cells in two chambers linked by a single microchannel, enabling the
creation of the squamocolumnar junction. These models are supplemented by the third cervix-on-chip, which offers
improved intercellular connections, sensitive measurement capabilities for measuring membrane permeability and
biomolecule propagation, and real-time imaging capabilities for monitoring cellular activities. In conclusion, the
Human uterine cervix-on-a-chip may provide a powerful alternative in vitro model for studies on uterine physiology,
real-time, high-resolution imaging, and analysis of biological responses in the cervix, as well as drug development.
However, still more investigations are required to reach a better and more complete cervix-on-a-chip model.

Author contributions
D.K. wrote and conceived the manuscript.

Declaration of competing interest
The author declare no competing interest.

Funding

This paper received no external funding.

Materials Chemistry Horizons | 2023, 2(1), 1-9 7



Materials Chemistry Horizons REVIEW

Data availability
Not applicable.

References

[1] W. Jia, Y. Qi, Z. Hu, Z. Xiong, Z. Luo, Z. Xiang, J. Hu, W. Lu, Facile fabrication of monodisperse CoFe>O4 nanocrystals @
dopamine@ DOX hybrids for magnetic-responsive on-demand cancer theranostic applications, Adv Compos Hybrid Mater.
4(2021) 989-1001.

[2] H.S. Tuli, R. Joshi, G. Kaur, V.K. Garg, K. Sak, M. Varol, J. Kaur, S.A. Alharbi, T.A. Alahmadi, D. Aggarwal, Metal
nanoparticles in cancer: from synthesis and metabolism to cellular interactions, J Nanostructure Chem. (2022) 1-28.

[3] S. Gulla, D. Lomada, P.B. Araveti, A. Srivastava, M.K. Murikinati, K.R. Reddy, M.C. Reddy, T. Altalhi, Titanium dioxide
nanotubes conjugated with quercetin function as an effective anticancer agent by inducing apoptosis in melanoma cells, J
Nanostructure Chem. 11 (2021) 721-734.

[4] N. Movagharnezhad, S. Ehsanimehr, P. Najafi Moghadam, Synthesis of Poly (N-vinylpyrrolidone)-grafted-Magnetite
Bromoacetylated Cellulose via ATRP for Drug Delivery, Mater. Chem. Horizons. 1 (2022) 89-98.

[5] I. Soerjomataram, F. Bray, Planning for tomorrow: Global cancer incidence and the role of prevention 2020-2070, Nat Rev
Clin Oncol. 18 (2021) 663-672.

[6] D. Singh, J. Vignat, V. Lorenzoni, M. Eslahi, O. Ginsburg, B. Lauby-Secretan, M. Arbyn, P. Basu, F. Bray, S. Vaccarella, The
Cervical Cancer Burden in 2020 and Recent Trends in Incidence: A Baseline Assessment for Monitoring the Who Global
Cervical Cancer Elimination Initiative, Available at SSRN 4188567. (n.d.).

[7] L. Mutlu, J. Tymon-Rosario, J. Harold, G. Menderes, Targeted treatment options for the management of metastatic/persistent
and recurrent cervical cancer, Expert Rev Anticancer Ther. 22 (2022) 633-645.

[8] M. Arbyn, E. Weiderpass, L. Bruni, S. de Sanjosé, M. Saraiya, J. Ferlay, F. Bray, Estimates of incidence and mortality of
cervical cancer in 2018: a worldwide analysis, Lancet Glob Health. 8 (2020) e191-e203.

[9] E.L. Krakauer, X. Kwete, K. Kane, G. Afshan, L. Bazzett-Matabele, D.D.R. Bien-Aimé, S. Byrne-Martelli, S. Connor, R.
Correa, C.R.B. Devi, Cervical cancer-associated suffering: Estimating the palliative care needs of a highly vulnerable
population, JCO Glob Oncol. 7 (2021) 862-872.

[10] M.E. Turyk, T.R. Golub, N.B. Wood, J.L. Hawkins, G.D. Wilbanks, Growth and characterization of epithelial cells from
normal human uterine ectocervix and endocervix, In Vitro Cell. Dev. Biol. 25 (1989) 544-556.

[11] P. Dey, Essentials of Gynecologic Pathology, JP Medical Ltd, 2017.

[12] R.K. Gurumurthy, S. Koster, N. Kumar, T.F. Meyer, C. Chumduri, Patient-derived and mouse endo-ectocervical organoid
generation, genetic manipulation and applications to model infection, Nat Protoc. 17 (2022) 1658-1690.

[13] E.A. Islam, V.C. Anipindi, L. Francis, Y. Shaik-Dasthagirisaheb, S. Xu, N. Leung, A. Sintsova, M. Amin, C. Kaushic, L.M.
Wetzler, Specific binding to differentially-expressed human CEACAMs determines the outcome of Neisseria gonorrhoeae
infections along the female reproductive tract, Infect Immun. 23 (2018) e00092-18.

[14] D. Laville, F. Casteillo, V. Yvorel, O. Tiffet, J.-M. Vergnon, M. Péoc’h, F. Forest, Inmune escape is an early event in pre-
invasive lesions of lung squamous cell carcinoma, Diagnostics. 10 (2020) 503.

[15] M. Hakim, L. Kermanshah, H. Abouali, H.M. Hashemi, A. Yari, F. Khorasheh, I. Alemzadeh, M. Vossoughi, Unraveling
Cancer Metastatic Cascade Using Microfluidics-based Technologies, Biophys Rev. 14 (2022) 517-543.

[16] J.T. Schiller, P. M. Day, R.C.Kines, Current understanding of the mechanism of HPV infection. Gynecol. Oncol. 118(1)
(2010) S12-S17.

[17] K.S. Vasanthan, V. Srinivasan, V. Mathur, P. Agarwal, N. Negi, S. Kumari, 3D Bioprinting for esophageal tissue regeneration:
A review, J Mater Res. 37 (2022) 88—113.

[18] C.A. Burmeister, S.F. Khan, G. Schifer, N. Mbatani, T. Adams, J. Moodley, S. Prince, Cervical cancer therapies: Current
challenges and future perspectives, Tumour Virus Res. 13 (2022) 200238.

[19] S. Bhatia, T. Naved, S. Sardana, Stem cell culture, in: Introduction to Pharmaceutical Biotechnology, Volume 3: Animal
Tissue Culture and Biopharmaceuticals, IOP Publishing, 2019.

[20] B.C.R. Marsh, M. Massaro-Giordano, C.M. Marshall, R.M. Lavker, P.J. Jensen, Initiation and characterization of keratinocyte
cultures from biopsies of normal human conjunctiva, Exp Eye Res. 74 (2002) 61-69.

[21] R.A. Blanton, N. Perez-Reyes, D.T. Merrick, J.K. McDougall, Epithelial cells immortalized by human papillomaviruses have
premalignant characteristics in organotypic culture., Am J Pathol. 138 (1991) 673.

[22] M.C. Moran, R.P. Pandya, K.A. Leffler, T. Yoshida, L.A. Beck, M.G. Brewer, Characterization of human keratinocyte cell
lines for barrier studies, JID Innov. 1 (2021) 100018.

[23] C. Caneparo, S. Chabaud, J. Fradette, S. Bolduc, Evaluation of a Serum-Free Medium for Human Epithelial and Stromal Cell
Culture, Int J Mol Sci. 23 (2022) 10035.

[24] C. Caneparo, S. Chabaud, J. Fradette, S. Bolduc, Evaluation of a Serum-Free Medium for Human Epithelial and Stromal Cell
Culture, Int J Mol Sci. 23 (2022) 10035.

[25] S. Syrjanen, K. Syrjanen, HPV-associated benign squamous cell papillomas in the upper aero-digestive tract and their
malignant potential. Viruses. 13(2021) 1624.

[26] L.T. Chow, T.R. Broker, B.M. Steinberg, The natural history of human papillomavirus infections of the mucosal epithelia,
Apmis. 118 (2010) 422-449.

Materials Chemistry Horizons | 2023, 2(1), 1-9 8



Materials Chemistry Horizons REVIEW

[27] E. Odell, O. Kujan, S. Warnakulasuriya, P. Sloan, Oral epithelial dysplasia: Recognition, grading and clinical significance,
Oral Dis. 27(8) (2021) 1947-1976.

[28] S. Syrjdnen, K. Syrjdnen, HPV-associated benign squamous cell papillomas in the upper aero-digestive tract and their
malignant potential, Viruses. 13 (2021) 1624.

[29] J.W. Kreider, K. Balogh, R.O. Olson, J.C. Martin, Treatment of latent rabbit and human papillomavirus infections with 9-(2-
phosphonylmethoxy) ethylguanine (PMEG), Antiviral Res. 14 (1990) 51-58.

[30] A.T. Slominski, T.-K. Kim, Z. Janjetovic, A.A. Brozyna, M.A. Zmijewski, H. Xu, T.R. Sutter, R.C. Tuckey, A.M. Jetten,
D.K. Crossman, Differential and overlapping effects of 20, 23 (OH) 2D3 and 1, 25 (OH) 2D3 on gene expression in human
epidermal keratinocytes: identification of AhR as an alternative receptor for 20, 23 (OH) 2D3, Int J Mol Sci. 19 (2018) 3072.

[31] P.L. Villa, R. Jackson, S. Eade, N. Escott, I. Zehbe, Isolation of biopsy-derived, human cervical keratinocytes propagated as
monolayer and organoid cultures, Sci Rep. 8 (2018) 1-10.

[32] S. Chatterjee, S. do Kang, S. Alam, A.C. Salzberg, J. Milici, S.H. van der Burg, W. Freeman, C. Meyers, Tissue-specific gene
expression during productive human papillomavirus 16 infection of cervical, foreskin, and tonsil epithelium, J Virol. 93 (2019)
e00915-19.

[33] C. Hirsch, S. Schildknecht, In vitro research reproducibility: Keeping up high standards, Front Pharmacol. 10 (2019) 1484.

[34] D. Khorsandi, S. Palacios, Y. Gaslain, C. Emsellem, J. Combalia, J. Cortés, A. Khademhosseini, P159 Human uterine cervix-
on-a-chip: establishing the first in vitro model to study the development of cervical carcinoma and human papiloma virus
mechanism of action, 29 (2019) 1-10.

[35] I. Cadena, A. Chen, A. Arvidson, K.C. Fogg, Biomaterial strategies to replicate gynecological tissue, Biomater Sci. 9 (2021)
1117-1134.

[36] J.W. Haycock, 3D cell culture: a review of current approaches and techniques, 3D Cell Culture. (2011) 1-15.

[37] D. Huh, G.A. Hamilton, D.E. Ingber, From 3D cell culture to organs-on-chips, Trends Cell Biol. 21 (2011) 745-754.

[38]0.A.G. Tantengco, L.S. Richardson, P.M.B. Medina, A. Han, R. Menon, Organ-on-chip of the cervical epithelial layer: A
platform to study normal and pathological cellular remodeling of the cervix, The FASEB Journal. 35 (2021) e21463.

[39] V. Mancini, V. Pensabene, Organs-on-chip models of the female reproductive system, Bioengineering. 6 (2019) 103.

[40] J.C. Haderspeck, J. Chuchuy, S. Kustermann, S. Liebau, P. Loskill, Organ-on-a-chip technologies that can transform
ophthalmic drug discovery and disease modeling, Expert Opin Drug Discov. 14 (2019) 47-57.

[41] P. Dey, Handbook of Cervical Cytology: Special Emphasis on Liquid Based Cytology, JP Medical Ltd, 2018.

[42] P.G. Voojis, A.J.M. van Aspert-van Erp, J. Bulten, M. Bibbo, D. Wilbur, Benign proliferative reactions, intraepithelial
neoplasia, and invasive cancer of the uterine cervix, Comprehensive Cytopathology. 3rd Edition. Philadelphia: Saunders
Elsevier. (2008) 131-212.

[43] N. C. Ellstrand, K. A. Chierenbeck, Hybridization as a stimulus for the evolution of invasiveness in plants? Colloquium 97
(2000) 7043-7050.

[44] S. Regauer, O. Reich, The origin of Human Papillomavirus (HPV)—induced cervical squamous cancer, Curr Opin Virol. 51
(2021) 111-118.

[45] J. Doorbar, H. Griffin, Refining our understanding of cervical neoplasia and its cellular origins, Papillomavirus Res. 7 (2019)
176-179.

[46] 1. Pavlidis, O.B. Spiller, G. Sammut Demarco, H. MacPherson, S.E.M. Howie, J.E. Norman, S.J. Stock, Cervical epithelial
damage promotes Ureaplasma parvum ascending infection, intrauterine inflammation and preterm birth induction in mice,
Nat Commun. 11 (2020) 1-12.

[47] O.A.G. Tantengco, L.S. Richardson, P.M.B. Medina, A. Han, R. Menon, Organ-on-chip of the cervical epithelial layer: A
platform to study normal and pathological cellular remodeling of the cervix, The FASEB Journal. 35 (2021) e21463.

[48] S.-X. Yu, Y. Liu, Y. Wu, H. Luo, R. Huang, Y.-J. Wang, X. Wang, H. Gao, H. Shi, G. Jing, Cervix chip mimicking cervical
microenvironment for quantifying sperm locomotion, Biosens Bioelectron. 204 (2022) 114040.

Author Biography

Dr. Danial Khorsandi is a biotechnologist. He has experience of working at the Harvard-MIT’s
Division of Health Science and Technology, Harvard Medical School, University of California
Los Angeles, MCMaster University, and the University of Barcelona. He is currently a member
of Procare Health, a high-tech pharmaceutical company with the vision of providing best
innovative solutions to improve women'’s health and well-being. His focus is on Lab-on-a-chip,
Biosensors, and Biomaterials.

Materials Chemistry Horizons | 2023, 2(1), 1-9 9



