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ABSTRACT: Protozoan infections remain a major challenge to
human health, owing to the substantial impact these parasites exert
on their hosts. In vitro culture systems are fundamental for elucidating
the host−parasite interactions underlying these infections; however,
traditional two-dimensional models are often limited and fail to
recapitulate key aspects of human tissue architecture and function. In
this context, advanced in vitro cell culture models have emerged as
powerful tools, offering increased morphofunctional resemblance to
human tissues. This review critically examines recent studies employing
advanced platforms, including Transwell systems, spheroids, organoids,
scaffolds and biomaterials, microfluidic devices, and organ-on-chip
technologies. Collectively, these approaches enable the modeling of
diverse human tissues, such as the intestine, brain, heart, and vascular
compartments, and support the investigation of multiple pathogenic protozoa, including Trypanosoma cruzi, Plasmodium spp., and
Giardia duodenalis. By integrating advanced in vitro models into protozoan infection research, it is possible to achieve a more faithful
representation of the human host environment, simulating infection processes and to foster the development of more effective and
targeted pharmacological interventions.
KEYWORDS: protozoan infections, three-dimensional cell culture, organoids, spheroids, microfluidics, organ-on-a-chip,
host−parasite interactions, advanced in vitro models

1. INTRODUCTION
Pathogenic protozoa comprise a polyphyletic group of
unicellular eukaryotes that pose a major threat to global public
health, accounting for high levels of morbidity and mortality.1

These infections are predominantly endemic in tropical and
subtropical regions, affecting more than one billion people;
however, their incidence has increased in developed countries
as a result of climate change, global migration, and intensified
international travel.2 Malaria alone causes approximately 170−
174 million cases and more than 700,000 deaths annually
worldwide, remaining one of the leading causes of infectious
disease−related mortality in endemic regions. Similarly,
leishmaniases account for an estimated 0.9−1.4 million new
cases annually, while Chagas disease affects millions of
individuals in Latin America, with high chronic prevalence
and severe cardiovascular impact. In addition, enteric
protozoan infections caused by organisms such asGiardia
duodenalis and Cryptosporidiumspp. contribute to approx-
imately 7.5% of global diarrheal cases, according to
epidemiological meta-analyses.2,3

Despite their substantial burden, many of these diseases are
classified as neglected tropical diseases, reflecting limited
investment in the development of new strategies for

prevention, diagnosis, and treatment.4 From a biological
standpoint, pathogenic protozoa exhibit complex life cycles,
high genetic diversity, and efficient mechanisms of infection
and immune evasion, frequently involving multiple devel-
opmental stages (Table 1; Figure 1). Together, these
characteristics limit our understanding of protozoan patho-
genesis and host−parasite interactions and significantly
hamper the development of effective disease control measures.
In this context, research aimed at elucidating protozoan life

cycles, pathogenic mechanisms, and drug susceptibility is
essential not only for clarifying the tissue and functional
damage inflicted on the host, but also for supporting the
development of more effective and safer therapeutic strategies.
Conventional two-dimensional (2D) in vitro models, such as
cell monolayers, represented a major advance in early studies
of host−parasite interactions, enabling analyses of adhesion,
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cellular invasion, and drug uptake and efficacy.5 However,
these systems do not adequately reproduce the three-
dimensional complexity of tissues, nutrient gradients, mucosal
barriers, or spatially organized immune responses observed in
complex organisms, which may lead to underestimation of
relevant pathophysiological mechanisms and limited transla-
tional reproducibility in clinical trials.6 These limitations
reinforce the need for more biomimetic experimental plat-
forms.
Importantly, this problem is not merely an academic

consideration but is also reflected in the priorities of
international funding agencies such as the world health
organization (WHO), creating the WHO roadmap for
Neglected Tropical Diseases (2021−2030),7 which establish
a strategic global framework to eliminate, eradicate or control
21 neglected tropical diseases, and prioritizes research and
innovation; and the National Institutes of Health (NIH)
announced an initiative in April 2025 to prioritize research
technologies based on human-relevant models. This initiative
aims to reduce animal use while promoting innovative
approaches such as organoids, organ-on-chip systems, other
advanced in vitro platforms, computational models, and real-
world data that offer greater biological relevance to human
health and closer alignment with clinical reality compared with
traditional in vivo models.
Given the global impact of infections caused by pathogenic

protozoa and the limitations of conventional experimental
systems, this review aims to systematize the main advances in
in vitro models used to study protozoan infections, with
emphasis on Transwell cultures, spheroids, organoids,
scaffolds, biomaterials, microfluidic technologies, and organ-
on-chip systems (Supporting Information Table S1). We also
have a purpose to stimulate the use and definition of new
culture systems and methods to better represent parasite host
cell interactions. In addition, we critically discuss the potential,
limitations, and challenges of these models, highlighting their
translational relevance for understanding host−parasite inter-
actions and for the development of novel therapeutic
approaches.T
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Figure 1. Schematic representation of the tissue tropism of
pathogenic protozoa in humans. Representative examples include
Toxoplasma gondii in the central nervous system (CNS), Leishmania
spp. in the skin, Plasmodium spp. in the bloodstream, Acanthamoeba
spp. in the visual system, Trypanosoma cruzi in muscle tissue, and
Giardia duodenalis in the gastrointestinal tract (GIT).
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2. TRADITIONAL IN VITRO MODELS FOR STUDYING
PROTOZOA

A substantial proportion of the current knowledge on parasitic
infections derives from studies employing traditional cell
culture models. Although for many years these approaches
have been widely used because of their simplicity, lower cost,
and high reproducibility, growing evidence indicates that two-
dimensional (2D) systems fail to faithfully recapitulate
complex physiological environments.6 In 2D cultures, cells
are constrained to an artificial monolayer organization that
poorly reflects tissue architecture and function. In contrast,
recent advances in in vitro cell culture models, encompassing
not only three-dimensional (3D) systems but also compart-
mentalized, dynamic, and multicellular platforms, have begun
to reshape current perspectives on the most appropriate
systems for reproducing infections in vitro. These models
better reproduce key features of native tissues, including spatial
organization, mechanical cues, and microenvironmental
complexity. Consequently, 2D systems exhibit inherent
limitations, such as restricted cellular differentiation and
function, as well as oversimplified microenvironments that
fail to capture complex cell−cell and cell−extracellular matrix
(ECM) interactions.6,8

Accordingly, recent evidence demonstrates that host−
parasite interactions are significantly influenced by the cellular
model employed. In the case ofToxoplasma gondii, for example,
infected cells cultured within three-dimensional collagen
matrices exhibit marked alterations in parasite replication,
egress, and intravacuolar organization when compared with
conventional bidimensional models.9 Similarly, three-dimen-
sional models have revealed differences inTrypanosoma cruzi
infection dynamics, as trophoblastic cells cultured as spheroids
display reduced susceptibility to the parasite relative to 2D
cultures.10 Importantly, limitations of 2D systems extend
beyond the study of host−parasite interactions and also affect
our understanding of antiparasitic drug activity. For instance,
O’Keeffe et al. (2020) evaluated antileishmanial drug efficacy
using complex in vitro platforms, including perfused systems
and 3D cell cultures, in comparison with traditional models.11

Their findings demonstrated that assay complexity significantly
impacts antileishmanial drug activity, suggesting that, although
these results may not yet justify a complete shift in routine
screening assays, advanced in vitro models offer valuable
opportunities for pharmacokinetic and pharmacodynamic
(PK/PD) studies under more physiologically relevant con-
ditions. There is a clear shift toward 3D systems, as they better
represent tissue physiology and parasite-host cell interactions.

3. NEXT-GENERATION IN VITRO MODELS FOR
PROTOZOAN RESEARCH

3.1. Barrier Models Using Transwell Systems

Transwell systems consist of permeable supports with porous
membranes that divide a conventional cell culture well into
two distinct compartments (Figure 2A). This apical−basal
compartmentalization enables improved cellular interactions
and supports experimental approaches that are not feasible in
traditional bidimensional culture systems. Accordingly, Trans-
well methodologies have been widely applied to the analysis of
drug absorption and permeability, immune cell migration
across epithelial barriers, and parasite invasion of diverse
tissues.12−14

Due to their technical simplicity and versatility, Transwell
platforms can accommodate a wide range of cell lines, enabling
the in vitro representation of multiple tissues and organs,
including intestinal epithelium, lung, heart, and blood-
associated compartments. The incorporation of more than
one cell lineage within the same system further enhances
model complexity, as cocultures (either within the same
compartment or across opposing compartments) more closely
recapitulate the morphology and physiology of the tissue of
interest and have been widely used for over a decade.15

The intestinal epithelium is a primary site of infection for
several protozoan parasites, making its faithful in vitro
modeling essential for investigating parasite pathogenesis,
host tissue damage, and therapeutic responses. As many of
these processes cannot be adequately assessed in conventional
bidimensional cultures, Transwell systems represent a partic-
ularly relevant platform for intestinal studies16 (detailed in Box
1). This approach has been extensively applied to the study of

Figure 2. Transwell cell culture model and applications in the study of
protozoan−host interaction. (A) Basic Transwell model containing an
apical and basolateral chamber separated by a permeable porous
membrane. (B) Model for studying intestinal permeability to drugs,
using intestinal epithelial cells in the apical chamber andT. cruzi-
infected cells in the lower layer. (C) Model of disruption of the blood-
retinal barrier (BRB), using retinal pigment epithelial cells (RPE) in
the upper chamber and monocytes infected with T. gondii in the lower
layer. (D) Model for studying cell communication through
extracellular vesicles (EVs), using dendritic cells (DCs) infected
withT. gondii and macrophages as EV receptors.

Figure 3. Schematic representation of the methods for checking cell
barrier formation in Transwell, exemplified by an intestinal epithelium
and the damage caused byG. duodenalis, leading to loss of intercellular
junctions, epithelial disruption, and increased cell permeability.
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G. duodenalis, a protozoan that strongly adheres to the
intestinal mucosa. Transwell-based intestinal models have
been established using Caco-2 cells, coculture systems, or cells
derived from human duodenal organoids (ODMs).17−22

Beyond G. duodenalis, intestinal Transwell models have also
been employed to investigate infections by Cryptosporidium
parvum, a parasite classically associated with the gastro-
intestinal tract, and T. gondii, whose life cycle transiently
involves the intestinal epithelium.20,23 Evaluation of intestinal
epithelia formed in a 3D culture in Transwell systems
commonly includes measurements of transepithelial electrical
resistance (TEER), permeability assays using fluorescent
tracers such as FITC-dextran, immunofluorescence analysis
of intercellular junctions, and molecular analyses by RT-qPCR
and/or Western blotting18−22 (detailed in Box 1-fo). For

instance, Holthaus et al. (2021) demonstrated that G.
duodenalis, but not T. gondii, disrupts membrane permeability,
epithelial integrity, and the transcriptional abundance of tight
junction components in intestinal cells cultured in Transwell
systems.20 Similar findings were reported for Cryptosporidium
infection, in which parasite-induced disruption of tight and
adherens junctions leads to barrier dysfunction and contributes
to the diarrheal manifestations of cryptosporidiosis.23

For the investigation of parasites that migrate through the
myocardium, such as T. cruzi, the use of representative cardiac
cell models is essential. Hernańdez et al. (2016) proposed a
Transwell-based system using HL-1 cells and primary mouse
cardiomyocytes to evaluate the cardioprotective effects of
curcumin, which reduced T. cruzi-induced inflammation and
attenuated infection-associated cardiac damage.24 In a different
Chagas disease-related context, a Transwell model was
employed to assess intestinal absorption and downstream
efficacy of a compound against T. cruzi.12 In this system,
treatment was applied to the apical compartment containing
Caco-2 intestinal cells and subsequently reached the lower
compartment harboring T. cruzi-infected Vero cells. This
approach demonstrated effective intestinal permeation of the
compound and inhibition of infection in the lower compart-
ment (Figure 2B). Additionally, Transwell platforms have been
used to simulate T. cruzi migration across the gastric mucus
layer, mimicking oral infection routes. Assays using mucin-
coated filters revealed strain-dependent differences in parasite
migratory capacity.25

The brain is an exceptionally complex organ that can be
modeled using different Transwell-based configurations. To
investigate direct interactions of T. gondii within the central
nervous system, Tao et al. (2023) employed an indirect
coculture system using murine hippocampal neuronal cells
(HT22) and microglial cells (BV2) during infection.26 In
contrast, the model developed by Wang et al. (2025) was
designed to examine the role of microglia in the recruitment
and activation of CD8+ T cells during cerebral malaria.2 In this
system, primary cortical microglia were exposed to Plasmodium
berghei-infected erythrocytes and CD8+ T cells, resulting in the
recruitment and activation of these immune cells.
The blood-retinal barrier (BRB) is a key target of T. gondii

during ocular toxoplasmosis. Song et al. (2017) developed a
Transwell-based model to simulate immune cell migration
across this barrier.27 The system consisted of T. gondii-infected
monocytic cells (THP-1) and human retinal pigment epithelial
cells (ARPE-19) seeded on the lower surface of the Transwell
membrane, while additional monocytic cells were added to the
lower compartment to assess migration toward the apical side
(Figure 2C). In this model, parameters such as TEER, cytokine
profiles, and tight junction integrity were analyzed by
immunofluorescence during parasite invasion. A similar
approach was later used to investigate the migration of T.
gondii-infected neutrophils across a barrier formed by human
retinal pigment epithelial cells, either primary cells isolated
from human donors or the ARPE-19 cell line.28

Immune cells are profoundly affected during protozoan
infections, either through direct invasion or through their
recruitment to infection sites. In this context, Jiang et al.
(2022) demonstrated, using a Transwell-based assay, that T.
gondii-infected dendritic cells secrete exosomes enriched in
miR-155-5p that modulate anti-infective responses in macro-
phages,29 highlighting the role of extracellular vesicle-mediated
paracrine communication (Figure 2D). Similarly, Reddy et al.

Box 1. Methods for Validating Barrier Formation in
Transwell

Barrier formation in Transwell systems is based on the ability
of epithelial or endothelial cells to adhere to the porous
substrate, proliferate, and organize into a continuous,
polarized monolayer capable of physically separating the
apical and basolateral compartments. This process depends
strongly on the establishment and maturation of cell junctions,
especially tight junctions, adherens junctions, and desmo-
somes, which coordinate cell cohesion and control para-
cellular flux31 (Figure 3).
Assessment of barrier formation and integrity in Transwell

systems can be performed using functional, morphological,
and molecular approaches, which provide complementary
information. Measurement of transepithelial/transendothelial
electrical resistance (TEER) is a widely used functional
technique based on quantifying resistance to ion flow across
the cell monolayer; high TEER values indicate greater
intercellular cohesion and better sealing of tight junctions,
allowing continuous monitoring of barrier maturation over
time, detecting the establishment and stability of tight
junctions and monolayer integrity.32−34

However, baseline TEER values vary substantially across
tissue types and cell models, meaning that absolute resistance
values are not directly comparable between different epithelial
or endothelial systems. Therefore, barrier disruption or
reinforcement should be interpreted relative to tissue-specific
reference ranges and complemented with additional perme-
ability and structural readouts.
Paracellular permeability assays evaluate the transport of

tracer molecules, such as fluorescent dextrans or radiolabeled
compounds, from the apical to the basolateral compartment;
the passage rate of these tracers, especially when using
different molecular weights, provides a direct estimate of the
selectivity and functional integrity of the barrier.35,36

Morphological analyses, in turn, include immunofluor-
escence and confocal microscopy, which allow visualization of
monolayer organization and the subcellular localization of
junctional proteins such as claudins, occludin, and ZO-1,
demonstrating junction continuity and polarization. Comple-
mentary molecular and biochemical methods, such as qPCR
and Western blot, are employed to quantify gene and protein
expression of junctional components, enabling correlation of
functional barrier changes with alterations in levels and
regulation patterns of these proteins during the cell differ-
entiation process.37,38
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(2021) developed a Transwell-based interaction system
between Plasmodium falciparum and human B cells to assess
the impact of direct cell−cell contact on parasite growth and
immune cell proliferation.30 Boström et al. (2017) further
employed functional assays to analyze neutrophil alterations
and P. falciparum-mediated chemotaxis in the context of
pregnancy-associated malaria.13 Collectively, these studies
support the utility of Transwell-based models for the
controlled analysis of immune−parasite interactions.
3.2. Spheroids and Organoids
Building on the limitations of Transwell and conventional 3D
cultures, more advanced models such as spheroids and
organoids have emerged to better reproduce tissue organ-
ization and physiological complexity. Spheroids are spherical
cellular aggregates with a self-organized nature (Figure 4A),

formed in an environment that prevents adhesion to a
surface39,40 (detailed in Box 2). These structures are formed
when cell−cell interactions predominate over cell-ECM
interactions. The adhesive properties of cells play an essential
role in their formation, which begins with cell aggregation
mediated by interactions between integrins present on the cell
membrane and ECM components released by the cells
themselves during culture or artificially introduced.39,41 ECM
fibers containing RGD (arginine−glycine-aspartate) motifs are
recognized by integrins on the cell membrane. This interaction
allows dispersed cells to aggregate more rapidly. Subsequently,
there is an increase in cadherin synthesis, which accumulate on
the cell surface and interact with each other (homophilic
cadherin−cadherin interactions), leading to the gradual
formation of a compact spheroid structure.39,41 Therefore,
spheroid formation involves: (I) aggregation of dispersed cells,
(II) accumulation of cadherins on the cell surface, and (III)
homophilic interactions of cadherins between neighboring
cells.41

Since the original introduction of spheroids in the early
1970s by Sutherland and Durand, several spheroid models
have been developed and have become one of the most
popular methods for three-dimensional cell culture.42,43 In the
context of parasitic diseases, spheroids have been used to study
host interactions with Plasmodium vivax,44 T. cruzi,45−49 and T.
gondii.50 This approach has enabled significant advances in
understanding the complexity of parasitic diseases in in vitro
studies.
Although cellular spheroids are more complex and more

accurately mimic cell−cell interactions than 2D cell cultures,
they are not able to fully represent the complexity of the tissue
microenvironment. In this context, organoid technology has
emerged as an in vitro model system to overcome some of the
challenges associated with 2D and spheroid models. An
organoid is, in simple terms, a three-dimensional multicellular

Figure 4. Cellular models of spheroids and organoids: applications in
parasite-host interaction studies (A) Schematic representation of
spheroid (left) and organoid (right). (B) Intestinal organoid model
for studying the adhesion of G. duodenalis trophozoites (Tr) to the
intestinal epithelium. (C) Lung organoid used to study the cell cycle
of C. parvum (Spz sporozoite; Tr trophozoite; Mer merozoite). (D)
Liver organoid for studying Plasmodium spp. (Spz sporozoite; Sch
schizont).

Box 2. Come Together: Methods for Spheroid and
Organoid Formation and Limitations

The generation of spheroids is primarily based on strategies
that promote controlled cell aggregation and the formation of
stable three-dimensional structures. Initially, cells are dis-
sociated into a single-cell suspension and seeded into systems
that minimize surface adhesion, such as low-adhesion plates,
U-bottom microplates, or the hanging drop method, in which
droplets containing a defined number of cells are inverted to
allow aggregation by gravity.61 Initial cell density is a critical
factor, as it directly influences spheroid size and compaction.
During culture, cell−cell interactions mediated by cadherins
and cytoskeletal reorganization promote progressive structural
compaction, while the limited diffusion of oxygen and
nutrients establishes physiologically relevant gradients within
the aggregate.
Organoid formation involves more complex and highly

controlled steps, beginning with the expansion of pluripotent
stem cells or adult stem cells isolated from tissue-specific
sources. After dissociation, these cells are embedded in a
three-dimensional ECM, typically in the form of hydrogel
droplets, which provide both physical support and essential
biochemical signals for self-organization. Defined culture
media supplemented sequentially with growth factors, signal-
ing pathway inhibitors, and morphogens are then applied
according to tissue-specific protocols. Temporal modulation
of these conditions directs cell differentiation, epithelial
polarization, and the formation of functional domains,
resulting in structures that exhibit architecture similar to
that of the tissue of origin.62

Organoid models are one of the most expensive and
resource-intensive in vitro systems, requiring expensive
growth factors-rich media, ECM gels, specialized infra-
structure, and long culture times. Additional costs arise from
long-term maintenance, batch variability, and quality control.
Beyond financial demands, organoid research faces ethical,
regulatory, and logistical constraints, as it often relies on
patient-derived tissues, requiring ethics approval and informed
consent, which can delay experiments. Studies also depend on
patient availability and sample quality, introducing variability
and limiting scalability compared with immortalized cell lines
commonly used in 2D and some 3D models. Rigorous control
of the microenvironment, including matrix composition,
soluble factor concentration, and culture duration, is essential
to ensure reproducibility and proper organoid maturation.
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tissue produced in vitro that resembles an in vivo organ in both
structure and function (Figure 4A). Organoids have the ability
to self-differentiate and to exhibit properties and functions
similar to those of human organs.43,51 Organoids are derived
from pluripotent or adult stem cells (PSC and ASC,
respectively), differentiated by sequential growth factor
signaling that recapitulates key aspects of embryonic develop-
ment.52

In the context of diseases caused by protozoa, several
organoid models have already been established. Seo and
colleagues (2020)53 developed human brain organoids as an in
vitro model of infection by T. gondii. The authors
demonstrated that the tachyzoite forms of T. gondii were
able to infect the organoids after 4 h of incubation and to
differentiate into the bradyzoite stage within the organoids. In
addition, they observed that the parasite preferentially infected
neurons, astrocytes, and oligodendrocytes, but not radial glial
cells, and that T. gondii remained virulent in infected
organoids. Brain organoids were also used by Chandrasegaran
and colleagues (2023),54 who developed a coculture system
using human cortical brain organoids derived from induced
pluripotent stem cells (iPSCs) to study the interaction
between Trypanosoma brucei and the host. By analyzing the
response of the organoids to T. brucei infection, the authors
observed transcriptional changes, including the upregulation of
genes associated with blood vessel differentiation, innate
immune responses, and chemotaxis.
Intestinal organoids have been used as in vitro models of

infection by T. gondii55 and C. parvum.56−58 In the case of T.
gondii, intestinal organoids are particularly relevant models, as
the intestine is the site of the parasite’s sexual reproduction
(gamete formation). Cancela and colleagues59 investigated T.
gondii infections in murine intestinal organoids, in which
immunofluorescence analysis of the tachyzoite surface antigen
SAG1 confirmed the intracellular localization of the parasite
and its active replication within the organoids. However, higher
infection efficiency was observed in 2D monolayer cultures
compared with organoid cultures. This finding suggests that
multiple factors present in organoid cultures, but absent in 2D
monolayers, may influence the success of infection. In the case
of C. parvum, Heo and colleagues57 introduced parasite oocysts
into the lumen of human small intestinal organoids by
microinjection. Using qPCR targeting C. parvum 18S rRNA,
the authors observed that, in both expanding and differentiated
organoids, rRNA levels increased by several orders of
magnitude 24 h after infection, demonstrating that the
parasites are able to propagate within the organoids. In
addition, the authors reported that C. parvum can complete its
entire life cycle within intestinal organoids.
Intestinal organoids, as models of infection by protozoa that

colonize the intestine, have also been employed to study the
interaction between G. duodenalis, the etiological agent of
giardiasis, and the host. Infection by G. duodenalis can cause
alterations in the function and integrity of the intestinal barrier.
These changes are not fully captured by conventional cell line-
based models, such as Caco-2 cells derived from colon
carcinoma, making intestinal organoids particularly relevant
models for investigating parasite−epithelium interactions.
Epithelia derived from human organoids preserve cellular
polarity, intercellular junctions, and barrier functions, enabling
detailed investigation of the damage induced by G. duodenalis
(Figure 4B). Holthaus et al.21 explored the mechanisms of
epithelial barrier dysfunction induced by G. duodenalis in

organoid-derived epithelia and observed alterations in barrier
integrity, as indicated by a dose- and time-dependent decrease
in transepithelial electrical resistance (TEER).
Heo et al.57 also used lung organoids composed of basal

cells, ciliated cells, goblet cells, and Club cells to model C.
parvum infection (Figure 4C). Quantification of 18S rRNA
showed that the parasite increased dramatically 24 h after
injection, similar to the growth observed in small intestinal
organoids. Indirect immunofluorescence (IIF) using antibodies
specific for zoites revealed the development of both asexual
(meront I) and sexual (microgamont) stages. Furthermore,
transmission electron microscopy (TEM) demonstrated that
the parasite was able to infect both secretory and nonsecretory
cells in lung organoids.
Hepatic organoids have been used to study the interaction of

P. falciparum with hepatocytes (Figure 4D). Parasite develop-
ment in the liver represents the initial stage of the life cycle in
the human host. Human hepatic organoids offer advantages
over two-dimensional hepatocyte cultures, as they preserve
cellular heterogeneity, three-dimensional organization, and
liver-specific metabolic functions. In this context, Yang and
colleagues51 (worked with four human fetal hepatocyte
organoid lines (KU1, KK2, KK3, K1FM) and observed that
these organoids are susceptible to P. falciparum infection and
maintain the mature liver schizont stage, as evidenced by MSP-
1 expression in late hepatic stages. Moreover, the parasite
transcriptome of human tissue infected organoids showed
upregulation of several markers specific to the hepatic stage of
P. falciparum, including CSP, LISP1, and SLARP. Mellin and
Boddey (2020)60 also demonstrated that hepatic organoids
support sporozoite invasion and parasite development within
cells.
Despite their sophisticated and clear advantages, organoid

models are expensive, rely on limited access to primary tissues,
show variability that complicates standardization and raise
ethical issues related to human tissue sourcing and consent.
Both spheroid and organoid technologies represent significant
advances in the in vitro study of parasitic diseases. However,
these models lack general physiological processes that
influence the function of tissues in vivo. The absence of a
circulatory system is a limiting factor, as cells located at the
center of a spheroid or organoid do not receive nutrients
adequately and do not properly eliminate metabolic waste.43 In
order to overcome these limitations and more closely mimic
the in vivo environment, microfluidic systems are being
developed. Despite these limitations, the use of organoids to
study protozoan−host interactions has allowed researchers to
approach as closely as possible the in vivo reality of these
interactions/infections.
3.3. Scaffolds and Biomaterials

A scaffold is a three-dimensional porous structure composed of
a biocompatible substance that functions as a template for
tissue regeneration while cells are inserted in a specified
biomechanical environment (Figure 5A). It functions as a
transient ECM that mimics the mechanical and biological
features of natural tissue to facilitate incorporation and the
development of new tissue, especially in soft tissues including
cartilage, skeletal muscles, skin, and ligaments, and hard tissues
comprising bone and teeth.63−65 They are essential compo-
nents in growth, proliferation, development of new tissues, and
drug delivery.66

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Review

https://doi.org/10.1021/acsinfecdis.6c00244
ACS Infect. Dis. XXXX, XXX, XXX−XXX

F

pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.6c00244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Biomaterials are important for the preparation of scaffolds.
Biomaterial for scaffolds includes natural and synthetic
biomaterials. Natural biomaterials further categorized into
two classes include protein origin (silk, collagen, fibrin, gelatin,
etc.) and polysaccharide origin (cellulose, chitin, starch,
dextran, hyaluronan, alginate, agarose, chitosan, alginate,
etc.).67 Whereas synthetic biomaterials include polymers
(polyethylene glycol, polyglycolide, poly lactic-co-glycolic
acid, poly-D,L-lactide, poly e-caprolactone, etc.)68 and ceramic
biomaterials (alumina, zirconia, sintered HA, or β tricalcium
phosphate, tetracalcium phosphate, hydroxyapatite, bioactive
glass, calcium phosphate, etc.).69,70 The development of novel
substances or the modification of the composition and
microstructure of existing substances for tissue engineering
remains a major concern of recent research. Some details
regarding the fabrication of scaffolds and the use of
biomaterials are described in Box 3. The scaffolds should
include characteristics of cell proliferation, tissue differ-
entiation, and mechanical optimization properties of regener-
ating tissues.71 The main advantage of biomaterial based
scaffolds is that they allow researchers to control tissue shape,
structure, and stiffness, whereas spheroids, organoids, and
other 3D models rely on self-organization with less control and
reproducibility.
The principles of scaffolds depend on potential biological

qualities, such as biocompatibility, which provide cell adhesion,
vascularization, supply of oxygen and nutrients, and molecular
signaling systems.72 Similarly, bioactivated scaffolds release
cytokines, growth factors and ECM also promote angiogenesis,
ensure adequate blood supply, and influence cell differ-
entiation.73,74 Whereas, the biodegradable scaffolds have the
capacity to stimulate cell invasion, adhesion, cell proliferation
and also produce their own ECM.75 Furthermore, scaffolds
exhibit tissue-specific mechanical qualities, including elastic
modulus, tensile strength, viscoelasticity, stiffness, and
porosity.76−78 Porosity plays an important role in scaffold
design, impacting not only the material’s mechanical and
biological characteristics but also the scaffold’s physio-thermal
properties and internal transport dynamics.69,79

Biomaterials have also been seen as platforms capable of
interacting directly with parasites, influencing their survival,
mobility, and infectivity. Previous research indicated nucleo-
side-based biocompatible hydrogels exhibited no cytotoxic

effect on the macrophage cell line, but a significant
leishmanicidal response was produced against Leishmania
major’s promastigotes and amastigotes, which could be used
as a topical treatment for cutaneous leishmaniasis80 (Figure
5B). Hydrogel structures have also proven useful for capturing
Acanthamoeba castellanii, an amoeba that is difficult to
eliminate from the environment and tissues. The hydrogel
structures contain a labyrinthine three-dimensional network of
interconnected microchannels, in which the parasite is
captured and can be removed from the incubation medium81

(Figure 5C). Similarly, due to great mechanical strength,
exceptional stability, immense drug-loading capacity, and
prolonged and sustained drug release, hydrogels and drug-
loaded hydrogels are also utilized as antiparasitics, as already
shown for helminths.82−84 The studies on the impact of

Figure 5. Schematic representation of biomaterials and applications in
parasite-host interaction. (A) Schematic representation of hydrogels
and microporous scaffolds. (B) Application of hydrogels that act
against Leishmania but are not toxic to macrophages. (C) Hydrogels
produced containing microtunnels that can capture Acanthamoeba.

Box 3. 3D Bioprinting for Scaffold Engineering and
Pathogen−Host Interactions

3D bioprinting and related three-dimensional culture
technologies provide powerful tools to study interactions
between pathogens and eukaryotic host cells in physiologically
relevant environments. By enabling precise control over tissue
architecture, cell polarity, and microenvironmental conditions,
these systems more accurately reproduce host barriers and
infection dynamics than conventional 2D models.85,86

Extrusion-based 3D bioprinting and hydrogel-based plat-
forms allow the fabrication of structured epithelial and
multicellular constructs that mimic native tissue organization.
These models support controlled investigation of pathogen
adhesion, invasion, replication, and dissemination across host
barriers, while remaining scalable and compatible with
multiple cell types.87

Light-based bioprinting technologies, such as stereolithog-
raphy (SLA) and digital light processing (DLP), enable high-
resolution fabrication of complex host−pathogen interfaces.
Tunable photocurable hydrogels permit modulation of matrix
stiffness, permeability, and receptor presentation, although
material biocompatibility and phototoxicity remain technical
challenges.88

Microstructured and droplet-based approaches, together
with multimaterial and hybrid 3D bioprinting, allow spatial
patterning of epithelial cells, immune cells, ECM components,
and live pathogens within a single construct, increasing
biological realism. These systems are increasingly combined
with organ-on-a-chip and microfluidic platforms to simulate
flow, shear stress, and compartmentalized infection, critical for
modeling intestinal, respiratory, and vascular pathogen
interactions.
Electrospun nanofibers are widely used to create biomi-

metic 3D scaffolds that mimic the extracellular matrix (ECM),
offering high porosity for cell infiltration, nutrient exchange,
and customizable mechanical properties to support tissue
regeneration. Fiber-based scaffolds can be engineered to
support host tissue cells, so stimulating in vivo conditions for
parasite infection models.89,90

Despite their promise, challenges remain in maintaining
long-term tissue viability, incorporating immune complexity,
standardizing infection readouts, and scaling for high-
throughput applications. Continued innovation in biomate-
rials, imaging, and computational modeling is expected to
expand the impact of 3D bioprinting in host−pathogen
research.91
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scaffolds and tissue engineering against protozoan-related
diseases are still very limited.
3.4. Microfluidics and Organ-on-a-Chip Systems

Microfluidics is a multidisciplinary branch of science that
studies the behavior, control, and manipulation of fluids at the
micrometer scale, employing microminiaturized devices with
very small chambers and channels.92 This technology
constitutes the foundational basis for the development of
organ-on-a-chip (OOC) systems, which represent some of the
most advanced biomimetic platforms currently available in
experimental biomedicine.93 OOC devices employ intercon-
nected networks of microchannels and microchambers (Figure
6A) that enable precise control of fluid flow, chemical
gradients, mechanical forces, and cell−cell and cell-ECM
interactions, thereby recreating key structural and functional
features of human tissues and organs in vitro.94 The
manufacturing characteristics and properties of the chips are
described in Box 4. To date, multiple human organs have been
modeled using microfluidic and OOC technologies, including
skin, spleen, intestine, liver, brain, and eye,95 and applications
in parasitology are emerging over the past five years.
Early and relatively simple microfluidic systems have already

contributed to fundamental insights into parasite biology.
Using a microfluidic platform, Lu et al.96 investigated the
adhesion dynamics of G. duodenalis, a process central to the
pathogenesis of giardiasis. In this model, controlled fluid flow
through microchannels generated defined shear force gra-
dients, allowing quantitative assessment of trophozoite
adhesion strength. Similarly, Hansen and Fletcher97 employed
a closed-flow chamber assay to evaluate the effects of rapid
changes in osmolality, tonicity, and pH on Giardia adhesion to
glass surfaces and intestinal cell monolayers. In another cell-
free approach, Hochstetter et al.98 developed a microfluidic-
based single-cell viability assay for T. brucei, combining
chemical gradients with optical micromanipulation (Figure
6B). This platform enabled real-time monitoring of drug and

chemical effects on parasite motility, allowing discrimination
between cytocidal and cytostatic responses, optimization of

Figure 6. Representative diagram of organ-on-a-chip (OOC) and applications in parasite-host interaction. (A) Schematic representation of OOC.
(B) Application of microfluidics in the study of anti-T. brucei drugs. (C) Intestinal OOC for the study of epithelial invasion and lesion formation by
E. histolytica. (D) OOC model for reproducing the transendothelial migration of immune cells in T. gondii infection. (E) Multiorgan OOC for the
study of the therapeutic action of antimalarial drugs.

Box 4. From Microfluidics to Microphysiology

The development of an organ-on-a-chip begins with micro-
fabrication of the chip structure, typically using techniques
adapted from microelectronics, such as photolithography and
soft lithography. The most commonly used material is PDMS
(polydimethylsiloxane) due to its optical transparency, gas
permeability, biocompatibility, and ease of molding.111

Microfluidic channels within the chip are usually designed at
micrometer scale (tens to hundreds of micrometers), allowing
the recreation of physiological microenvironments similar to
capillary beds and tissue interstitial spaces. After molding, the
PDMS layer is bonded to glass or another polymer surface to
seal the device and create closed compartments suitable for
cell culture under controlled conditions.
Fluid flow control is a critical feature of these systems.

External pumps, such as syringe pumps or peristaltic pumps,
are connected to the chip through microtubing to enable
continuous perfusion of culture medium, mimicking blood or
interstitial flow. Flow rates can be precisely adjusted to
regulate shear stress, nutrient delivery, and metabolite
removal.112 More advanced platforms integrate microvalves
and automated controllers that allow generation of chemical
gradients, pulsatile flow, and other dynamic conditions that
more closely reproduce in vivo physiology.113,114 Additionally,
many chips incorporate embedded sensors for real-time
monitoring of parameters such as pH, dissolved oxygen, and
transepithelial electrical resistance (TEER), which is partic-
ularly useful for assessing barrier formation and tissue
functionality.115 This precise spatial, mechanical, and
biochemical control makes organ-on-a-chip platforms power-
ful tools for disease modeling, toxicology testing, and drug
development.
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effective dosages, and analysis of drug-induced alterations in
cell motility.
Among OOC platforms, the intestinal chip is currently the

most widely employed model for studying protozoan
infections. One of the first studies to investigate parasitic
infection using an intestinal OOC was conducted by Nikolaev
et al.99 In this model, a central microchannel was coated with
hydrogels and laser-sculpted to reproduce the geometry of
intestinal crypts, followed by perfusion with LGR5-eGFP+
intestinal stem cells. The system included external media
reservoirs and inlet-outlet channels that enabled controlled
luminal flow and delivery of growth factors to the basal surface
of the tissue. Using this platform, long-term infection by C.
parvum was successfully modeled, with parasites completing
their life cycle, including oocyst production, for more than 20
days without compromising tissue integrity.
Subsequent studies have further explored Cryptosporidium

spp. infection using intestinal OOCs. Gunasekera et al.100,101

employed a pump-free, tubeless microfluidic device in which
fluid shear stress was generated by evaporation-driven flow.
Using the HCT-8 cell line to mimic the intestinal epithelium,
these studies successfully reproduced the complete infection
cycles of C. parvum100 and Cryptosporidium hominis,101

reinforcing the suitability of OOC platforms for studying
parasite development under physiologically relevant condi-
tions.
Considering that the intestine is subjected to continuous

mechanical stress due to peristalsis, Boquet-Pujadas et al.102

developed a mechanically active intestinal OOC model
compatible with confocal microscopy. Infection experiments
with Entamoeba histolytica revealed enhanced parasite virulence
under peristaltic stimulation, as evidenced by increased host
cell mortality, disruption of tissue junctions, degradation of
actin in the epithelial brush border, phagocytosis of dead cells,
and cleavage of E-cadherin. Additionally, increased amoebic
penetration across the epithelium was observed, recapitulating
ulcerative lesions characteristic of amoebiasis (Figure 6C).

Several OOC models have also been designed to investigate
immune cell recruitment and activation across the intestinal
barrier. The platform developed by Humayun et al.103

consisted of two hollow microtubes embedded within an
ECM gel: one lined with endothelial cells to simulate blood
vessels and perfused with immune cells such as neutrophils,
and the other lined with intestinal epithelial cells. This
configuration reproduced essential geometric and functional
features of the gastrointestinal lumen and adjacent vasculature
(Figure 6D). Upon infection with T. gondii, the system
supported parasite replication and translocation across the
epithelial barrier, resulting in increased epithelial permeability,
while also enabling analysis of neutrophil migration and
cytokine modulation associated with host immune responses.
Similarly, Kim et al.104 employed a three-dimensional micro-
fluidic assay simulating a microvasculature to reproduce the
lytic cycle of T. gondii, allowing detailed investigation of both
paracellular and transcellular migration of tachyzoites across
biological barriers, including the intestinal, blood-brain, blood-
ocular, and placental barriers.
A major advantage of OOC platforms lies in their capacity to

integrate multiple tissues within a single microphysiological
system. This feature is particularly relevant for complex
infections such as malaria, in which the liver, spleen, and
vascular system play central roles in disease pathogenesis.
Rupar et al.105,106 developed a multiorgan OOC model
integrating human liver, spleen, and endothelial tissues with
P. falciparum-infected blood (Figure 6E). This system
supported the survival of all intraerythrocytic stages of the
parasite and enabled interorgan crosstalk, providing a robust
preclinical framework for investigating malaria pathophysiol-
ogy. Moreover, the platform allowed evaluation of antimalarial
drugs, including chloroquine, lumefantrine, and artesunate, and
enabled prediction of drug efficacy and toxicity in humans
through in vitro pharmacokinetic and pharmacodynamic
analyses.106

Microfluidic platforms have also been extensively used to
dissect the biomechanical and cellular determinants of malaria

Table 2. Advantages and Limitations of Advanced In Vitro Culture Models
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severity. Alterations in the mechanical properties of infected
erythrocytes, such as increased stiffness and capillary
obstruction, are central to severe malaria manifestations. To
characterize erythrocyte behavior under flow, Shelby et al.107

developed microfluidic channels of varying widths to analyze
the passage of infected and uninfected red blood cells. This
model revealed parasite stage-dependent cell deformation and
recapitulated the splenic “pitting” process, whereby parasites
are removed without destruction of erythrocytes. This
phenomenon was further investigated using microfluidic
devices mimicking interendothelial slits of the spleen, enabling
precise control of mechanical stress through modulation of slit
size and flow rate.108

In addition to biomechanical factors, interactions between
host ligands and parasitized erythrocytes critically shape
malaria outcomes. Antia et al.109 investigated these interactions
using synthetic microfluidic channels resembling capillary
networks and coated with purified host proteins or mammalian
cells expressing host ligands. This approach enabled simulta-
neous modeling of infected erythrocyte adhesion under flow,
channel size-dependent variations in adhesion, and macro-
phage-mediated phagocytosis in a physiologically relevant
microvascular environment.
Placental malaria has likewise been investigated using

microfluidic technologies. A placenta-on-a-chip model was
developed to simulate the maternal−fetal interface by
incorporating trophoblastic cells exposed to infected or
uninfected maternal blood on one side of an ECM gel and
human umbilical vein endothelial cells exposed to fetal blood
on the opposite side. This configuration enabled the formation
of a functional physiological barrier and facilitated the study of
nutrient exchange and infection-driven alterations at the
maternal−fetal interface.110

4. TECHNICAL CHALLENGES AND FUTURE
PERSPECTIVES

Despite the rapid development of advanced in vitro models,
several technical and conceptual challenges still limit their
widespread application in parasitology research (Table 2). One
major hurdle is the intrinsic biological complexity of parasitic
life cycles, which often involve multiple developmental stages,
distinct host cell types, and dynamic transitions between
tissues or even hosts. Reproducing these spatiotemporal
dynamics in vitro remains difficult, particularly for parasites
that require sequential cues from immune, stromal, and
vascular compartments. Moreover, long-term maintenance of
infections in complex systems is often constrained by limited
nutrient diffusion, accumulation of waste products, and
difficulties in controlling parasite burden without disrupting
host tissue integrity. The fact that the life cycles of some
parasites are being fully reproduced in advanced models, such
as that of Cryptosporidium spp.,99−101 opens up possibilities for
further research. Additionally, many advanced models rely on
primary cells or stem cell-derived tissues, which can suffer from
limited availability, donor-to-donor variability, high costs, and
reduced reproducibility across laboratories. Standardization of
protocols, readouts, and validation criteria is therefore a critical
unmet need.
From a technical standpoint, integrating immune compo-

nents into advanced culture systems remains especially
challenging, yet essential for studying host−parasite inter-
actions. Most current models lack functional innate and
adaptive immune responses, which play decisive roles in

parasite invasion, persistence, and pathology. Analytical
limitations also persist: high-resolution imaging, real-time
monitoring, and quantitative readouts compatible with 3D or
microfluidic platforms are still less accessible than conventional
assays used in 2D cultures. Research has been refining
techniques applied to complex models, for example, with the
application of 3D microscopy videos to a mechanically active
and deformable OOC intestinal, simulating peristalsis.102

Looking forward, future perspectives point toward increasing
model integration and technological convergence. The
combination of organoids with microfluidics, biosensors, and
advanced imaging approaches is expected to enable more
physiologically relevant and dynamic representations of
parasitic infections. Incorporation of immune cells, microbiota
components, and vascular-like networks will further enhance
model fidelity. In parallel, advances in bioengineering,
automation, and artificial intelligence-based image and data
analysis may improve scalability, reproducibility, and through-
put, facilitating drug screening and mechanistic studies.116−118

Ultimately, while advanced in vitro models will not fully
replace in vivo systems in the near future, their continued
refinement positions them as powerful complementary tools to
bridge the gap between simplified cell cultures and complex
animal models in parasitology research.

5. CONCLUSIONS
Advanced in vitro models provide more physiologically
relevant platforms to study host−parasite interactions than
conventional two-dimensional cultures, enabling improved
mechanistic and translational insights. Although challenges
related to complexity, standardization, and immune integration
remain, ongoing technological advances are steadily enhancing
their robustness and applicability. As complementary tools to
in vivo models, these systems are expected to play an
increasingly important role in parasitology research and
antiparasitic drug development.
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■ LIST OF ABBREVIATIONS
ARPE-19 human retinal pigment epithelial cells
BeWo human trophoblast cell line
BV2 murine microglial cell line
Caco-2 human colorectal adenocarcinoma cells
COS-7 fibroblast-like cell line from African green

monkey kidney
CHO chinese hamster ovary cells
FC flow cytometry
HBMECs human brain microvascular endothelial cells
HCT-8 human ileocecal colorectal adenocarcinoma

cells
HeLa human cervical cancer cells
HFF human foreskin fibroblast cells
HIE human intestinal enteroids
HT22 murine hippocampal neuronal cell line
HUVEC human umbilical vein endothelial cells
hFLOs human fetal liver organoids
hMVECs human microvascular endothelial cells
ICC immunocytochemistry
IHC immunohistochemistry
IFI indirect immunofluorescence
iPSCs induced pluripotent stem cells
ISC intestinal stem Cell

JEG-3 human trophoblast carcinoma-derived cells
LGR5-eGFP+ intestinal stem cells
LLC-MK2 cell line used as a source of Trypanosoma cruzi
MDCK Madin−Darby canine kidney epithelial cell line
MIE murine intestinal enteroids
NKE normal kidney epithelial cell lines
ODMs organoid-derived monolayers
PCR polymerase chain reaction
RAW murine monocyte/macrophage-like cell line
RBC red blood cell
RIT mouse rectal tumor cells
scRNA-seq single-cell RNA sequencing
SEM scanning electron microscopy
SHG second harmonic generation microscopy
TEM transmission electron microscopy
TEER transepithelial/transendothelial electrical resist-

ance
THP-1 human monocytic cell line
Vero continuous epithelial cell line from African

green monkey
WB western blotting
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