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Commentary

Zebrafish xenograft models have become indispensable in
cancer biology for their capacity to recapitulate key aspects
of human tumor progression in a live vertebrate system
[1,2]. However, widespread adoption has been constrained
by the technical demands of microinjection, which require
extensive training, result in operator variability, and limit
scalability. In our recent study published in npj Biomedical
Innovations [3], we presented and validated an automated
microinjection system (Figure 1) that significantly reduces
operator dependency, increases throughput, and improves
reproducibility in zebrafish xenotransplantation.

The system enables automated injections into three
commonly used antomical sites—duct of Cuvier (vascular
access), perivitelline space (subcutaneous-like), and hindbrain
ventricle (orthotopic brain implantation). With adaptive
image recognition and machine learning, the robot can
autonomously detect larval orientation, align the needle to
the optimal angle, identify skin puncture in real time, and
deliver cells with precision. A detailed visual overview of
the injection process was presented in our previous paper
published in npj Biomedical Innovations [3]. The system was
validated in multiple laboratories across Europe, including
Bioreperia (Sweden), the Centre for Molecular Medicine
Norway (Norway), Life Science Methods and Leiden University
Medical Center (the Netherlands), and ZeClinics (Spain).
Validation involved a broad range of human cancer cell lines
(e.g., breast, bladder, and glioma), clinical biopsy samples, and
immune effector cells such as tumor-infiltrating lymphocytes
(TILs). On average, the results reveal an injection success rate

of approximately 60% alongside larval survival rates exceeding
70%. These outcomes are comparable to manual approaches,
while the fully automated mode operates at twice the speed.

From an immuno-oncology perspective, zebrafish larvae
offer a unique immune-permissive window before adaptive
immunity matures, enabling transient human immune and
tumor cell co-engraftment without host immunosuppression.
This allows in vivo investigation of immune evasion
mechanisms, cell trafficking, and therapy response in a
high-throughput format. As such, zebrafish primary cell line-
derived tumor xenograft models have been used to track
and quantify functional tumor cytotoxicity by co-implanted
CAR-T cells [4], and elucidate novel mechanisms of immune-
evasion and inhibition of T-cell mediated cytotoxicity due to
IL-33-induced production of proteases by macrophages, that
shed T-cell receptors and MHC Class 1 from T-cells and tumor
cells respectively [5]. Furthermore, zebrafish patient-derived
xenograft models have been established from non-muscle
invasive urinary bladder cancer patients and was found to
accurately recapitulate patient outcomes to the immune
oncology therapy BCG [6].

Moreover, zebrafish xenograft assays are increasingly
gaining attention as translational tools for personalized
medicine, with growing evidence supporting their predictive
value for patient outcomes across various cancer types
[7-14]. For example, zebrafish patient-derived xenograft
(PDX) models have been shown to rapidly and accurately
predict carboplatin resistance and metastatic potential
in epithelial ovarian cancer [7,8] within just three days of
implantation. These models demonstrated high accuracy
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Figure 1. The automated microinjection system in operation. (A). Photograph of the automated microinjection system for zebrafish larvae
(1-5 days post-fertilization). (B-D). Screenshots captured immediately following successful robotic injections, showing phenol red dye or
labeled cancer cells delivered into the duct of Cuvier, the perivitelline space, and the hindbrain ventricle.
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and strong concordance with actual patient outcomes. In
another study, the zebrafish PDX model accurately predicts
individual colorectal cancer patients’ responses of 55 patients
to chemotherapy within days, enabling highly personalized
and timely treatment decisions with up to 91% accuracy [9]. In
addition, the predictive accuracy of the zebrafish PDX models
for chemotherapy response has been validated in breast
cancer, showing 100% concordance (18 out of 18 cases) with
the actual responses of the corresponding patients [10].

Several clinical trials are now underway to assess the
predictive validity of zebrafish PDX models across cancer
types, including hepato-biliary-pancreatic cancers and
gastro-intestinal cancers (NCT03668418), gastric cancer
(NCT05616533), colon cancer (NCT06270017), and colorectal
liver metastasis (NCT05289076). In these trials, patient tumors
are injected into zebrafish larvae, followed by treatment with
the same regimen as the patient. The zebrafish's therapeutic
response is then compared to the clinical outcome. If
successful, these trials could mark a paradigm shift in oncology
by offering a rapid, cost-effective, and ethically sustainable
alternative to traditional murine PDX models—particularly in
situations where patient-derived material is scarce or time-
sensitive decisions are needed.

Furthermore, zebrafish xenograft models have emerged as a
powerful platform for in vivo drug screening [15,16]. Currently,
compound administration is predominantly performed
via water immersion, where drugs are dissolved directly
into the embryo medium [17]. While this method is simple
and scalable, it presents limitations in dose control, uptake
variability, and poor solubility of hydrophobic compounds
[18]. In this context, microinjection of compounds directly
into the zebrafish larvae—for example, into the circulation,
or perivitelline space—offers clear advantages. It enables
controlled, reproducible dosing, immediate systemic
availability, and the ability to deliver compounds with
challenging physicochemical properties [18]. This approach
is particularly valuable in xenograft studies, where accurate
assessment of drug efficacy and toxicity doses is critical.

The throughput of such studies is, however, limited by
the need for highly specialized lab personnel and time-
consuming (double) injections in each larva. Some attempts
have been made to orient and immobilize zebrafish larvae [19,
20] or to design robotic injection systems for yolk [21-23] or
heart injections [24]. However, to the best of our knowledge,
these approaches have not been thoroughly validated across
a variety of biological samples in different laboratories, nor
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have they been made commercially available. In our recently
published npj Biomedical Innovations study, we addressed the
challenge of larval orientation by implementing automatic
needle rotation based on larval positioning. Moreover, we
standardized and automated injections into challenging sites,
and validated the method with different cancer cell types and
clinical samples across multiple laboratories, enabling such
experiments to be performed without extensive training of
technicians. Importantly, standardization of operations is
key when operating in certified clinical laboratories where
test results are used for patient diagnosis or treatment
planning. Our automated microinjection system significantly
contributes to this aspect by eliminating inter- and intra-
operator variation, thereby improving reproducibility and
quality of the test results. Indeed, the lack of standardization
has been suggested to be a major barrier for implementation
of zebrafish tumor xenograft models into clinical practice, an
issue for which we are now presenting a solution. This opens
the door for functional approaches to personalized medicine
using patient-derived xenograft models in a real-time decision
making process in the clinics.

Looking ahead, the automated injection platform has
potential far beyond oncology. The automated injection
system is also suited for operation within enclosed sterile
environments such as biosafety cabinets, fume hoods, and
biosafety level 3 (BSL-3) laboratories. Its compact design
allows the injector module to fit into standard flow hoods,
making it an excellent tool for applications that require strict
aseptic conditions—such as germ-free studies or microbiota
experiments. Manual injection setups are impractical in fume
hood environments, as the procedure requires operators to
maintain direct visual contact through a microscope, which
is incompatible with the spatial constraints and protective
barriers of a standard fume hood. These limitations are
amplified in BSL-3 labs, where researchers work with high-
risk pathogens such as SARS-CoV-2 or Zika virus, and where
minimizing human exposure is a critical safety requirement
[25]. The remote-control capability of the automated system
offers an advantage in these settings: although larvae still
need to be manually placed on and removed from the plate,
researchers can monitor and operate the injection process
from outside the containment area, thereby reducing physical
exposure and risk.

The same platform could be adapted for use with one-
cell stage zebrafish embryos to enable CRISPR delivery and
facilitate gene therapy research. A dedicated robotic system
for zebrafish egg injection already exists and has been applied
across various applications [26-28]. While the adaptation
of the larval injection system for early-stage embryos may
not reach the same throughput as the egg-specific system
(e.g., one embryo per second), it can offer the advantage
of full autonomy. Moreover, integrating capabilities for

both early-stage and late-stage embryo injections into a
single multifunctional system provides added flexibility
and value for researchers working across developmental
timepoints. Furthermore, the underlying machine vision and
injection technology is not limited to zebrafish, but also for
microinjection in other model organisms, such as mosquitos,
particularly Anopheles species, which are the natural vectors
that transmit malaria, causing Plasmodium parasites to
humans [29].

Naturally, the system is not without limitations. The most
frequent challenge during microinjection, particularly with
large substances such as cancer cells, is needle clogging,
a problem that persists also with automation. Moreover,
although the robotis capable of operating in a fully automated
mode, it still requires operator involvement, including the
placement and removal of zebrafish larvae, monitoring of
the injection process, and attention to potential needle
blockages. Finally, the price of an automated platform (2025
list price €130k) is much higher as compared to conventional
manual injection setups. Nevertheless, these limitations are
outweighed by the significant advantages of automated
injection platforms—offering ease of use, precision, versatility,
and scalability across models, developmental stages and
species. These are precisely the attributes needed to meet the
growing demand for reproducibility and throughput in both
academic and translational research settings.
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