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Article
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Abstract: This study introduces an innovative seeding method for cells on large scaffolds (1-100 sqcm) with

an accuracy of 0.1mm, comparing the conventional drop-wise seeding technique with an automated seeding

approach using an open sourced robotic liquid handling system (OpenLH). This automated system employs an

algorithm in which the user inputs the desired droplet volume and seeding pattern dimensions such in number

of rows, columns and distance between droplets, thus optimizing the distribution of cells on the scaffold. By

adjusting these parameters, the method achieves greater accuracy and consistency over manual seeding and

requires less operation space volume than dynamic seeding. Additionally, the system’s tip replacement feature

can support the precise seeding of multiple cell types on a single scaffold and the dispensing of growth factors to

foster patterns of cell differentiation and proliferation on the large 3D scaffold. This seeding method not only

enhances the precision and efficiency of cell distribution on scaffolds but also shows significant potential for

scalability in the cultured meat industry, where large scaffolds are essential. The adoption of such automated

systems could promote efficient scaffold-based tissue engineering by promoting uniform cell distribution and

enabling the creation of complex tissue constructs, thereby advancing both biomedical research and cultured meat

production.
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1. Introduction

In tissue engineering, achieving precise and uniform cell seeding on scaffolds is crucial for the
development of functional tissue constructs [1–4]. Conventional methods such as drop-wise seeding
have limitations in accuracy and consistency, prompting the exploration of automated techniques
using liquid handling systems [5,6]. These systems offer advantages in controlling droplet volume and
spatial distribution, enhancing seeding precision over manual methods [7,8].

Previous studies have compared manual drop-wise seeding to alternative techniques, including
seeding by adherence where scaffolds are placed in confluent cell cultures to allow cells to migrate
upwards [9,10]. Other advanced methods involve perfusion seeding, where cells are circulated
through scaffolds to improve distribution [11–13]. Centrifugal force has also been utilized to enhance
cell penetration into porous scaffolds [14].

The architectural design of scaffolds significantly influences cell seeding efficiency and tissue
formation [15]. Factors such as pore size, interconnectivity, and surface characteristics dictate cell
attachment, proliferation, and differentiation [16,17]. Optimization of seeding protocols considers
these scaffold properties to maximize tissue integration and functionality [18–20].

Emerging technologies in liquid handling robotics, like the OpenLH system, enable precise
manipulation of biological fluids for various experimental setups [21–23]. Such platforms support
customizable protocols for seeding multiple cell types and dispensing growth factors, enhancing the
scalability and reproducibility of tissue engineering processes [24]. In addition computational methods
to improve cell seeding on scaffolds were developed [25,26].

In this study, we introduce an innovative seeding method using the OpenLH system to seed cells
on large scaffolds with high accuracy and reproducibility. By leveraging robotic automation, we aim to
optimize cell distribution and enhance the efficiency of scaffold-based tissue engineering. The insights
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gained from this research could advance both biomedical research and applications in fields such as
cultured meat production, where precise control over cell seeding is critical [1,2,11,14,15,17,21,24].

2. Materials and Methods

2.1. Robotic liquid dispensing platform

We used the OpenLH system as described [21]. The system utilizes 200 micorliter filter tips, can
remove tips and pick up a new tip from a tip box. The system is programmable in python or by block
interface or directly by printing a picture (as described in [21]. For seeding scaffolds we used a 3 new
protocols that were coded in python. The systems dimensions afforded the introduction of the whole
system into a basic laminar flow hood, the system was washed with ethanol and UV radiated in the
laminar flow hood for 1 hour before introducing cells and scaffolds.

2.2. Robotic Liquid Dispensing Protocols

To visualize the deposition locations of droplets on the scaffold boundary, we used the OpenLH
system programmed with specific protocols to dispense droplets at designated points. For the deposi-
tion of a single droplet, the OpenLH system was programmed to deposit one droplet on the scaffold
boundary, with the location represented by a blue square and the Eppendorf tube position indicated by
a blue dot. To test multiple droplets, the system was configured to dispense four droplets at specified
points, visualized using the plot_points() program, ensuring even distribution across the scaffold. For
nine droplets, the system was similarly programmed and visualized. We also validated the system’s
precision by depositing nine points using double-distilled water (DDW) on an empty Petri dish as
a control. The deposition paths for four and nine droplets were visualized using the plot_sorted()
program, which printed the sequence and spatial distribution of the droplets, demonstrating the
OpenLH system’s path planning and execution accuracy. The actual robot operation was conducted
using the print_points() program. print_points() indludes a step of pippeting up and down the cells
in the Eppendorf before proceeding to deposit the cell solution on the scaffold. The OpenLH system
was operated under sterile conditions within a laminar flow hood, sanitized with ethanol, and UV
radiated for one hour prior to use. Specific Python scripts controlled the system, including commands
for picking up tips, aspirating the cell solution, and dispensing droplets at designated coordinates.
These steps ensured precise control over the droplet deposition process, enabling detailed analysis and
optimization of cell seeding protocols on scaffolds.

To run the experiments, we used the OpenLH robotic system to deposit varying numbers of liquid
droplets onto a predefined area. Three experiments were performed three times on nine different
scaffolds, guided by inputs for grid dimensions (1x1, 2x2, and 3x3), extrusion speed (5000 mm/min),
pipette volume (60 units), dispensing height (30.5 mm), boundary coordinates (a=(207, 40), b=(220,
40), c=(220, 51), d=(207, 51)), and point-to-point distance (3 mm). The initial experiment involved
depositing a single droplet in a 1x1 grid configuration with specific parameters, followed by scaling up
to deposit four droplets in a 2x2 grid with a 3 mm distance between adjacent droplets. Subsequently,
nine droplets were deposited in a 3x3 grid with the same 3 mm distance between adjacent droplets. The
deposition volumes in units for 1, 4, and 9 points in the respective 1x1, 2x2, and 3x3 grid configurations
are 60 units, 15 units, and 6.67 units, making the total volume distributed across each grid to 86
microliters. The OpenLH is linear above 1.5 microliter [21].

2.3. Scaffolds

Scaffolds were prepared as in [27]. Briefly, fresh Aloe vera (Aloe barbadensis Miller) leaves were
obtained from a local farm (Just Aloe, Ein Yahav, Israel). Aloe vera parenchyma tissue was separated
from the rind using a knife, then the tissue was autoclaved for 30 minutes in glass jars, the gel was
removed with a vacuum pump in a laminar flow hood and the remaining parenchymal cellulose was
placed in a lidded 15 cm petri plate to maintain sterility, the plate was then stored for 30 minutes at -80
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Celsius. When it was completely frozen the plate was put in a freeze dryer (Biobase, BK-FD102) for 48
hours until the plate was not cold indicating complete dehydration. The lyophilized tissue was then
placed in a laminar flow hood under UV for 30 minutes. Following UV sterilization. The scaffolds
were cut to fit 6 well Corning Costar Multiple Well Plates. Scaffolds were incubated for 24 hours in
DMEM low glucose media. The media was removed and the scaffolds were left in a laminar flow hood
in open 6 well plates for 1 hour before seeding with the OpenLH system.

2.4. Cells and Media

Bovine mesenchymal stem cells (bMSCs), were isolated, cultured, and characterized as described
in [28], the cells were immortalized and engineered to express GFP. All cells were plated in a low-
glucose Dulbecco modified eagle medium (Gibco, Carlsbad, CA, United States) containing 10% fetal
bovine serum (Gibco), 1% L-glutamine and a penicillin–streptomycin mixture (1%). Cells were
trypsinized, counted and % live cells was determined using trypan blue and a cell counter (TC20
automated cell counter, Bio-Rad). The cell concentration was 3M cells per ml, 1ml was transferred to a
sterile 1.5 ml Eppendorf tube and was placed in the OpenLH system at the location defined by the
user.

2.5. Metabolic Activity Assay

The scaffolds were transferred to a new 6-well plate and then incubated for 4 hours in a solution
containing 2 ml of growth medium mixed with Alamar Blue reagent stock solution at a 10:1 ratio,
with the reagent concentration being 3.6% Alamar Blue (Thermo Scientific, 88951) in PBS. After the
4-hour incubation period, 100 µl of the medium from each well was transferred to a clear 96-well
plate. Fluorescence readings were obtained using a BioTek Synergy HT Multi-Mode Microplate
Reader (Agilent Technologies, Inc.), measuring fluorescence at 590 nm following excitation at 520
nm. Subsequently, the medium in each well was replaced with 2 ml of fresh medium. To normalize
the results, fluorescence readings were divided by the fluorescent reading obtained from a scaffold
incubated in medium without cells.

2.6. Microscopy

Fluorescence imaging was performed using an Inverted Nikon ECLIPSE TI-DH fluorescent
microscope.

3. Results

3.1. Operation and Testing

By running the program plot_points(), we can visualize the deposition locations of the droplets
over the scaffold boundary as defined by the user. The blue dot represents the location of the Eppendorf
containing the solution deposited (Figure 1a-c). We tested the deposition for nine points using
the OpenLH with DDW on an empty Petri dish (Figure 1d). Additionally, running the program
plot_sorted() will display the deposition path of the OpenLH for 4 drops (Figure 1e) and for 9 drops
(Figure 1f).
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Figure 1. a. Deposition location of one droplet on the scaffold boundary (blue square), the blue dot
indicates the location of the Eppendorf containing the cells. b. Deposition locations for 4 droplets over
the scaffold. c. Deposition locations for 9 droplets over the scaffold. d. Testing deposition for 9 points
with OpenLH and DDW on an empty Petri dish. e. Deposition path for 4 drops. f. Deposition path for
9 drops.

3.2. Visual Inspection of Scaffolds and Robotic Operation Before, During, and After Cell Seeding

The AVPC scaffolds (Figure 2a) were submerged in DMEM as described. The OpenLH pipetted
up and down the liquid in the tube (Figure 2b), then performed the droplet deposition on the scaffolds
according to the user’s definitions. After the Alamar Blue assay, there is a visible difference between
the scaffolds that were seeded (Figure 2d(1-3)) and the negative control that was not seeded with cells
(Figure 2d(4)).

Figure 2. a. Six freeze-dried Aloe vera parenchymal scaffolds in a 6-well plate before seeding and
cultivation. b. Image of the OpenLH mixing by pipetting up and down the media in the 1.5 ml
Eppendorf containing 3M cells/ml. c. Contact deposition of cells on a scaffold. d. Image of scaffolds
after Alamar Blue assay, 1 one drop, 2 4 drops, and 3 9 drops, well 4 contains a scaffold without cells.

3.3. Metabolic Assay and Microscopy

The results from the Alamar Blue assay show a clear visual difference observable to the naked
eye between scaffolds with and without cells (Figure 2d). In addition, the fluorescent reading from
the Alamar Blue assay conducted on the scaffolds shows that seeding the same number of cells or the
same total volume from the tube containing 3M cells/ml in 9 points leads to more overall metabolic
activity on the scaffold than seeding 1 or 4 drops (Figure 3a). Fluorescent microscopy of the cells on
the scaffold shows three distinct phenotypes: round aggregates (Figure 3b), cell clusters along scaffold
fibers (Figure 3c), and single cells along scaffold fibers (Figure 3d).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 June 2024                   doi:10.20944/preprints202406.1815.v1

https://doi.org/10.20944/preprints202406.1815.v1


5 of 9

Figure 3. a. Alamar Blue assay for scaffolds that were seeded with 1, 4, or 9 droplets containing the
same total number of cells. b. A cell aggregate in the scaffold. c. A cell cluster adhered to the scaffold.
d. Single cells adhered to the scaffold.

4. Discussion

The results of this study demonstrate the utilization of the OpenLH system in achieving precise
and uniform cell seeding on scaffolds. Our experiments showed that automated seeding of multiple
droplets on a scaffold can improve cell distribution and overall metabolic activity compared to seeding
one droplet, equivalent to manual seeding, addressing the inherent limitations in accuracy and
consistency found in conventional drop-wise seeding techniques. Other seeding methods that were
described in the introduction including seeding by adherence under static conditions as described in
[27] may be effective and useful in different use cases in research and in industrial use.

The visualization of droplet deposition locations over the scaffold (Fig.1a-c) allows the user to
design the experiment that will be preformed by the OpenLH. The ability to program and execute
specific deposition patterns ensures that the cells are evenly distributed across the scaffold, which is
crucial for efficient cell seeding. Testing the deposition for nine points (Figure 1d) demonstrate a simple
test for the user to conduct before using cells and scaffolds, both valuable resources not to be wasted.
The comparison of deposition paths for different numbers of droplets (Figure 1e-f) further verifies
the system’s procedure to be conducted, the current code can support larger and more complicated
designs including multi material deposition and printing from picture as described in [21]. In addition,
the user may wish to use more than one cell type or to seed the scaffold in different cultivation times
with cells and growth factors in a way that their location or the time of adding them will impact the
tissue growing on the scaffold.

The subsequent metabolic activity assays (Figure 3a) confirm that a higher number of seeding
points enhances overall cell metabolic activity on the scaffold. This suggests that increasing the number
of deposition points allows for more even cell distribution, likely leading to better cell survival and
proliferation. The Alamar Blue assay results indicate that scaffolds seeded with nine droplets exhibit
higher metabolic activity compared to those seeded with fewer droplets. This finding is crucial, as it
suggests that optimized seeding can lead to more robust tissue formation. Fluorescence microscopy
further revealed three distinct cell phenotypes on the scaffold: round aggregates (Figure 3b), cell
clusters along scaffold fibers (Figure 3c), and single cells adhered to the scaffold fibers (Figure 3d).
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It is possible that further calibrating the seeding density the deposition pattern, deposition volume
and distance between the droplets can allow users to achieve a more homogeneous phenotype on
the scaffold. The scaffold we use is anisotropic and potentially isotropic scaffolds will provide better
results [29].

The OpenLH system’s ability to operate within a laminar flow hood (Figure 2b) ensures that the
entire seeding process can be conducted under sterile conditions, minimizing the risk of contamina-
tion. This advantage is significant in tissue engineering, where maintaining a sterile environment is
paramount for cell viability and experimental reproducibility. Various other liquid handling platforms,
discussed in the literature, may or may not fit in a laminar flow hood, in this case sterility should be
maintained by other means [30–35]. In addition, although commercial bioprinters and liquid handlers
are not specifically designed for cell seeding on scaffolds, they can potentially address this challenge
while maintaining sterility [36,37].

Open-source code for liquid handlers may support more scientific experimentation by enabling
customization of protocols, providing accessibility to non-programmers, and enhancing transparency
that fosters reproducibility across multiple locations globally ([38–40]). Our code is available on github
[41] and build instructions for the system are available on instructables [42]. The current setup affords
a working range of 50mm - 320mm [43], however it can be extended further using a slide rail [44].

Robotic seeding of droplets, demonstrated by OpenLH, represents a promising method for
conducting tissue cultivation on large 3D scaffolds, particularly in addressing challenges such as
neovascularization in tissue engineering [24], by optimizing seeding deposition and parameters we
discuss such as distance between droplets and droplet volume and grid shape and size. The evaluation
for efficient seeding can be done in small scale by microscopy and histology however for large scaffolds
it may be more useful to use methods such as multi-focal wide-field fluorescence microscopy or to
consider immunolabeling and clearing to get the whole picture [45–47].

Beyond simply seeding cells, OpenLH can also effectively deposit growth factors before or during
tissue cultivation. This capability allows for precise deposition of both cells and growth factors at
various stages of tissue development, potentially enhancing proliferation, differentiation, and promot-
ing angiogenesis under optimal conditions. Coupled with precise perfusion, this approach facilitates
the targeted delivery of essential nutrients to tissues, thereby mitigating the risk of cell necrosis.
By leveraging robotic technologies for controlled seeding, researchers can significantly enhance the
functionality and viability of engineered tissues [48]. Coupled with real-time measurements of tissue
formation on the scaffold over time [49,50], it becomes feasible to establish feedback loops that guide
the OpenLH or other robotic systems to perform temporospatial actions such as adding cells or growth
factors aimed at enhancing tissue formation.

5. Conclusions

Our findings demonstrate that the OpenLH robotic liquid handling system offers a reliable and
precise method for cell seeding on scaffolds, enhancing cell distribution and metabolic activity. This
automated approach addresses the limitations of manual seeding techniques, providing a scalable
and reproducible solution for tissue engineering applications. The improved cell seeding uniformity
and higher metabolic activity observed with the OpenLH system could translate into better tissue
construct quality, advancing both biomedical research and applications, especially when working
with large scaffolds, such as cultured meat production. The OpenLH system’s code is open source
and available on github [41], allowing users to customize, utilize and enhance it for conducting their
own experiments, thereby enhancing the versatility and applicability of this technology in tissue
engineering and related fields.

6. Patents

The OpenLH system is open-sourced on Github and Instructables all code and fabrication methods
are available [41,42].
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