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Introduction: Ammonia is a toxic metabolic waste produced during mammalian
cell metabolism, with inhibitory effects against cell growth.

Methods: This study focuses on developing and optimizing an ammonia removal
approach to support spent media recycling throughout sustainable cultivated
meat biomanufacturing.

Results: Among the various methods evaluated, the alkalization-stripping method
was found to be significantly more efficient and rapid than other strategies to
remove ammonia ions while preserving the remaining glucose contents. The
optimized process parameters were determined to be a pH of 12 following a
15-minute stripping process, achieving more than 82% ammonia removal
efficiency. When applied to lamb satellite cells, the treated spent media
improved the cell growth rate without inducing any morphological changes.

Discussion: A 50:50 ratio formulation of treated spent media to fresh media
demonstrated an efficient, cost-effective, and environmentally friendly solution
for spent media recycling, providing a practical approach to implementing
sustainable media recycling in cultivated meat production.
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1 Introduction

Cell culture techniques have been developed and advanced as a novel approach with
various research and industrial applications in medicine and agriculture, such as cancer
research, vaccine and hormone production, drug and antibody development, and, more
recently, the development of cellular agriculture. Cellular agricultural bioprocesses have
been proposed as sustainable strategies to address the current and future challenges of food
security and global climate change (Wikandari et al., 2021). Emerging major problems
related to the growing population and the harmful environmental impacts of conventional
agriculture are driving the demand for sustainable alternatives through cellular agriculture
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(Chodkowska et al., 2022). Therefore, cell cultivation technologies
have been successfully developed and are emerging as novel and
promising biotechnological approaches for biomanufacturing
cultivated meats, thus enabling production in bioreactors much
more efficiently and rapidly than in traditional animal farming.
Cultivated meat production and consumption have already been
legalized in some countries around the world, such as the
United States, Singapore, and Israel, and it is expected to be
authorized and approved as a food source in other major
countries soon (Santos et al., 2023; Rasmussen et al., 2024). On
the other hand, the number of companies focused on scaling up and
commercializing cultivated meat products has increased globally in
recent years. More than 100 companies around the world, located in
North America, Europe, and Asia, are now focusing on
biomanufacturing cultivated beef, seafood, poultry, pork, and
some exotic meats such as kangaroo and horse. However, despite
the blossoming development of cultivated meat research and
industry, numerous challenges remain to be addressed (Kirsch
et al., 2023; Lee et al., 2024).

Economically and technically, the development, reuse, and
recycling of cell culture media have consistently been among the
most serious and significant challenges in cell culture techniques and
cellular agriculture. It has been estimated that 55%–95% of the total
cultivated meat production cost is attributed to providing the culture
medium (Yang et al., 2023). Despite their cost and scalability
limitations, commercially available cell culture media, such as
Dulbecco’s modified Eagle medium (DMEM) and Roswell Park
Memorial Institute (RPMI) cell culture media, are widely used in cell
line development and in vitro assays for cell biology research (Myers
et al., 2023). However, as cellular agriculture and cultivated meat
biomanufacturing transition to industrial-scale production, it is
imperative to prioritize sustainable, cost-effective, and scalable
alternatives (Mattick et al., 2015). These include the development
of novel cell culture media formulations and the implementation of
cell culture medium recycling strategies (Yang et al., 2023). From the
perspective of the first strategy, different plant-based and animal-
free cell culture medium formulations have been developed, with
ongoing efforts dedicated to creating and optimizing additional
formulations (O’Neill et al., 2021; Reiss et al., 2021). Since it has
been estimated that as much as 42 L of cell culture media are
required to produce 1 kg of cultivated meat, recycling and reusing
culture media can be prioritized over the development of new
media—particularly considering the critical aspects of
sustainability and cost-effectiveness (Yang et al., 2023; Reiss
et al., 2021). Through cell metabolic activities, nutrients in the
cell culture medium are consumed, and specific waste metabolites
are simultaneously produced, which can accumulate and
significantly inhibit cell growth and productivity. The removal of
these inhibitory metabolites presents a critical challenge to effective
recycling and reuse of cell culture media (Yang et al., 2023; O’Neill
et al., 2021; Woiciechowski et al., 2024).

Ammonium (NH4
+) is one of the most challenging metabolic

waste products generated during cellular metabolism, exerting
inhibitory and toxic effects on cell growth. Therefore, the
minimization of ammonia concentration is critical for developing
a culture media recycling approach that supports achieving high cell
densities in cellular agriculture biomanufacturing (Zhang et al.,
2022; Hertz et al., 2017). To date, there have been very few

efforts to develop and optimize efficient strategies for removing
ammonia from spent cell culture media. In addition to ammonium
ions, the spent media also contain significant amounts of glucose,
lactate, glutamine, and some minerals such as sodium, potassium,
and calcium (O’Neill et al., 2022; Elliott et al., 2020). Ammonia was
selected as the target in this study due to its more pronounced
cytotoxicity than that of lactate under non-replaced medium
conditions, although the literature suggests that ammonia
accumulation exerts a more immediate inhibitory effect on cell
growth during the early phases of culture (Zhang et al., 2022;
Saldanha et al., 2023; Yang et al., 2025). An optimal and
sustainable approach for ammonia removal from spent culture
media should achieve high ammonia removal rates while
minimizing the detrimental effects on glucose integrity and other
nutrients (Yang et al., 2023; O’Neill et al., 2022). The cost-
effectiveness of the developed method should also be carefully
considered. A membrane-based system was previously designed
and successfully developed to remove toxic ammonia from spent
cell culture media; however, limited consideration was given to the
cost-effectiveness of the method due to the significantly high cost
required to provide the membranes (Martins et al., 2024). Since
ammonia is a significant pollutant and a critical water quality
parameter, the most effective and affordable ammonia removal
approaches were primarily tailored for application in wastewater
treatment processes (Kinidi et al., 2018). There are several
approaches for removing ammonia ions from wastewater, including
ion exchange, membrane filtration, chemical precipitation, ion
adsorption, photocatalytic oxidation, and air stripping methods (Ye
et al., 2018). We hypothesize that these cost-effective and efficient
ammonia removal strategies also have the potential to remove
ammonium ions from spent cell culture media while minimizing
the detrimental impacts on essential nutrients, mainly glucose, thus
providing a sustainable spent media recycling strategy.

To date, there have been a limited number of studies on the
development, optimization, or evaluation of an effective and cost-
efficient ammonia removal strategy from spent media, leaving a
significant gap in providing a practical solution for media recycling
in cultivated meat production. Therefore, we first aimed to test our
hypothesis by employing and modifying, if necessary, the wastewater
ammonia recovery methods to remove ammonium ions from the
spent media. We then aimed to model and optimize the process
parameters of the selected method using a widely recognized and
robust statistical modeling and design of the experiment strategy—the
response surface methodology (RSM)—which enabled us to identify
the most efficient process parameters. We ultimately sought to assess
the proliferation activity of culturedmeat cells in recycled spent media
treated with the optimized selected approach and subsequently
developed and optimized a recycling strategy based on a
formulation of treated spent media and fresh media.

2 Materials and methods

2.1 Spent cell culture medium preparation
and collection

Lamb satellite cells (LSCs) used in this study were previously
isolated in our laboratory using the method previously described by
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Stout et al. (2023). LSCs were incubated in DMEM (Thermo Fisher
Scientific) supplemented with 20% fetal bovine serum (FBS, Thermo
Fisher Scientific), 1% antibiotic–antimycotic solution (Thermo
Fisher Scientific), and 1 ng/mL human fibroblast growth factor-2
(FGF-2, Thermo Fisher Scientific) at 37°C with 5% CO2 for 72 h at
more than 80% confluence. The spent media was harvested by
centrifugation at 1,800 rpm for 5 min and was passed through a
0.22-µm filter membrane (Stout et al., 2023). Spent cell culture
media from lamb muscle cell cultivation, containing 1.214 ±
0.029 mmol/L ammonium ions (NH4

+), was used as the spent
media in this study. After harvesting, the remaining glucose level
in the spent media was 2.717 ± 0.053 g/L. The initial levels of
ammonia ions and glucose in the regular growth medium (DMEM)
were 0.176 ± 0.002 mmol/L and 4.946 ± 0.011 g/L, respectively. The
pH value of the collected spent media was also measured to
be 7.42 ± 0.08.

2.2 Ammonia removal strategies

In this study, we initially evaluated four practical and well-
known strategies previously employed for ammonia removal from
wastewater—alkalization-stripping, zeolite, struvite precipitation,
and titanium dioxide nanoparticles (TiO2-NPs)—to remove
ammonia ions from cell culture spent media while minimizing
any significant impact on glucose content. All the ammonia
removal strategies applied to spent media samples in this study
were performed under aseptic conditions. To reduce experimental
error, all treatments were carried out in biological triplicates, and
each experiment was conducted in technical triplicates. The most
efficient strategy was then selected for the development and
optimization of a targeted ammonia removal strategy from the
spent media.

2.3 Alkalization-stripping method

The alkalization-stripping method, a modified air-stripping-
based ammonia removal strategy involving pH adjustment and
high-speed vortexing (1,400 rpm), was used in this study to
remove ammonia from spent media. We used diluted 0.1 N
NaOH and 0.1 N HCl for pH adjustment. The pH values of the
spent media samples were adjusted to pH = 11, and the samples were
then subjected to high-speed vortexing at 1,400 rpm at room
temperature (RT = 25°C) for 30 min and 120 min. The
temperature was maintained at RT during the process (Kinidi
et al., 2018). After the treatment, the pH values of the samples
were adjusted back to the initial pH value (pH = 7.4), and they were
kept at −20°C until further chemical analysis. Untreated spent media
(pH = 7.4) were considered the negative controls for all treatments.
Fresh standard growth medium was also treated and used as a
control in this study.

2.4 Zeolite method

In this study, commercial agricultural-grade natural zeolite
granules (1.0–1.5 mm granule size) were purchased from the

local market and supplier (VORganic, Vermont Organics
Reclamation Co., VT, United States) and utilized as the
absorbent material to remove ammonia ions from the spent
media. To eliminate dust and water-soluble residues, zeolite
granules were washed three times with distilled water and then
dried using the oven at 105°C overnight. Before their use, zeolite
granules were sterilized by autoclaving at 105°C for 20 min. For the
ammonia removal treatment of the spent media, zeolite granules
were added to the spent media samples at concentrations of 5 g/L
and 20 g/L. The samples were then incubated at RT with shaking at
180 rpm for 1 and 4 days. Following the treatments, the zeolite
granules were separated by filtration through the sterile 0.45-µm
syringe filters, and the treated samples were stored at −20°C until
further analysis (Kameda et al., 2021).

2.5 Struvite precipitation strategy

The struvite precipitation method was also used as another
practical strategy to remove the ammonia ions from the spent media
in this study. As previously described by Diwani et al. (2007),
magnesium, ammonium, and phosphorus were used in a ratio of
1.6:0.6:1 and at equal molar concentrations based on the initial
ammonia concentration in spent media (1.214 ± 0.029 mmol/L).
Accordingly, specific amounts of MgCl2 (3.237 mmol/L) and
KH2PO4 (2.023 mmol/L) were added to the spent media for
struvite formation, and the samples were then shaken at 160 rpm
at RT for 60 min. After the treatment, the samples were centrifuged
at 4,000 rpm for 20 min for struvite separation and stored at −20°C
until chemical analysis (Lorick et al., 2020; El Diwani et al., 2007).

2.6 TiO2-NP strategy

The TiO2-NP strategy was also used as a novel wastewater
nitrogen removal method to remove ammonia ions from the
spent media in the present study. Commercially available, UV-
activated TiO2-NPs (Sigma-Aldrich, Darmstadt, Germany) were
utilized in this study to treat spent media and remove ammonia
ions (Zheng et al., 2011). The primary particle size of the TiO2-NPs,
as reported by Sigma-Aldrich, was 21 nm. In the present study,
0.05 g/L and 1 g/L concentrations of TiO2-NPs were added to the
spent media samples, and they were then shaken at 200 rpm at RT
for 1 and 5 days. Centrifugation at 3,800 rpm for 15 min was used to
remove TiO2-NPs from the samples (Hashemi et al., 2022; Baqer
et al., 2021). Treated spent media was stored at −20°C until
further analysis.

2.7 Quantification of ammonium ions and
glucose content

Glucose and ammonium ion concentrations in the spent media
and control samples were measured using the BioProfile
FLEX2 Automated Cell Culture Analyzer machine and the
Chemistry Module (Nova Biomedical, Waltham, MA,
United States), according to the manufacturer’s instructions. All
measurements were carried out in technical triplicate (De et al., 2010).
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2.8 Experimental design and analysis

Based on the results obtained from the initial evaluation of
different ammonia removal strategies to remove ammonia and
protect glucose in spent media, we selected the alkalization-
stripping strategy for development and optimization. In this
study, response surface methodology based on central composite
design (RSM-CCD) was employed to describe and optimize the
processing parameters of the alkalization-stripping method. The
pH value and processing time were used as independent variables,
while the ammonium concentration reduction—or ammonia
removal efficiency (ARE)—was the sole response (Y1) or
dependent variable (Table 1). ARE was measured using the
following formula:

ARE %( ) � A0 − A
A0

× 100.

Here, A and A0 represent the ammonia concentration after the
treatment and the initial ammonia concentration (A0 = 1.214mmol/
L), respectively. Since the glucose content was not affected
significantly during the process, this factor was not treated as a
separate response variable.

Based on the initial evaluation results, the experimental
conditions for the tests were also determined and are
summarized in Table 1. RSM-CCD was implemented using
Design-Expert software version 13.0.5.0 (Stat-Ease Inc., MN,
United States). The following quadratic equation describes the
behavior of the process variables:

Y1 � A0 +∑
n

i�1
AiXi +∑

n

i�1
AiiX2i + ∑

n

i ≠ 1,j�1
AijXiXj + ε.

Here, Y1 represents the response; A0 represents the fixed
response value determined at the central point of the
experimental design; Ai/Aj, Aii, and Aij denote the linear,
quadratic, and second-order interaction coefficients, respectively;
Xi and Xj represent the independent variables; n represents the
number of independent variables; and ε represents the random
error. As previously described and suggested by Montgomery
(2017), the correlation coefficient, F value, adequate precision
ratio, and lack of fitness were measured to evaluate the accuracy,
significance, signal-to-noise ratio, and fitness of the fitted model,
respectively, and improve the model if necessary. Based on the
number of factors (k = 2; non-central points, n = 8) and central
points (n = 6), 14 experiments were designed and conducted in
this study.

2.9 Effects of treated media on cell
characterization

To evaluate the cell proliferation activity of the treated spent
media for recycling and reusing, the treated and reference samples
were characterized for cell growth, activity, and viability. These
characterizations include short-term growth, live/dead cell viability,
and immunostaining analysis of the LSCs.

2.10 Culture and maintenance of LSCs

Prior to cell assessment, the cells were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 1 ng/mL of FGF-2
(Thermo Fisher Scientific), 20% FBS (Thermo Fisher Scientific), and
1% antibiotic–antimycotic solution (Thermo Fisher Scientific).
Before cell seeding, the flasks were coated with 0.1% (W/V)
gelatin (VWR). The cells were grown to approximately 80%
confluency and then harvested using a 0.25% trypsin–EDTA
solution (Thermo Fisher Scientific). The applied environmental
conditions for the cells’ incubation and maintenance were 37°C
and 5% CO2.

2.11 Short-term growth study

The growth rate of LSCs was evaluated in a media sample over
3 days. A 96-well plate (VWR) coated with 0.1% w/v gelatin (VWR)
was incubated at 37°C for 30 min. The cells were then seeded at 103

cells per well containing the standard medium and incubated
overnight at 37°C and 5% CO2 to allow adherence. The medium
was then removed, and the cells were washed with Dulbecco’s
phosphate-buffered saline (DPBS, MilliporeSigma).

After aspirating with DPBS, fresh standard growth medium
(defined as the control medium) containing DMEM (Thermo Fisher
Scientific) supplemented with 1 ng/mL of FGF-2 (Thermo Fisher
Scientific), 20% FBS (Thermo Fisher Scientific), and 1%
antibiotic–antimycotic solution (Thermo Fisher Scientific). Spent
media (defined as the negative control), treated spent media (defined
as the main treatment containing spent media treated according to
the optimized process characterizations in this study), and treated
fresh standard growth medium were added to the cells. The LSCs
were incubated for 72 h at 37°C with 5% CO2. After the incubation
time, the cultured LSCs were imaged using an inverted microscope
(CKX53 Olympus). The CyQUANT™ NF Cell Proliferation Assay
Kit (Thermo Fisher Scientific) was used to evaluate cell proliferation

TABLE 1 Experimental design of the process dependent and independent variables.

Variable name Independent/dependent Symbol Coded levels (-α, −1, 0, +1, +α)

−1.41 −1 0 +1 +1.41

pH value Independent X1 5.96 7 9.5 12 13.03

Time (min) Independent X2 8.78 15 30 45 51.21

AREa (%) Dependent Y1

aARE: ammonia removal efficiency.
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according to the manufacturer’s protocols. All experiments were
performed in three biological and three technical replicates to ensure
reliability and accuracy (Stout et al., 2023; Chen et al., 2023).

2.12 Live/dead cell viability assay

Live/dead imaging was carried out on the third day of the short-
term study to assess the cell viability in the treated and control media
that demonstrated the highest performance in the CyQUANT assay.
The LIVE/DEAD Cell Imaging Kit (Thermo Fisher Scientific),
containing calcein AM and BOBO-3 iodide to label live cells in
green and dead cells in red, respectively, was used to stain LSCs
cultured in the fresh standard growth medium, spent media, and
treated spent media, following the manufacturer’s protocols.
Following a 30-min incubation at room temperature, the LSCs
were washed with DPBS and subsequently imaged using a
fluorescence microscope (Stout et al., 2023).

2.13 Immunostaining analysis

The PAX7 immunostaining assay was employed in this study to
assess the cell differentiation potential and proliferation of LSCs
cultured in the fresh standard growth medium, spent media, and
treated spent media. After fixation with 4% paraformaldehyde
(Thermo Fisher Scientific) at room temperature for 30 min, the
cells were permeabilized for 20 min with 0.5% Triton X-100
(MilliporeSigma). To prevent nonspecific binding, the LSCs were
blocked for 1 h with 5% bovine serum albumin (BSA) (Thermo
Fisher Scientific). The primary antibody was incubated at 4°C
overnight using anti-PAX7 (1:100 dilution, Thermo Fisher
Scientific, #PA5-68506). The LSCs were then washed with PBS
and incubated for 1 h at room temperature with the secondary
antibody (anti-rabbit 1:500 in blocking buffer, Thermo Fisher
Scientific, #A-11072) in the dark. The nuclei were subsequently
stained for 15 min with DAPI (Abcam, #ab104139; 1:200 dilution,
Abcam). After a single wash with PBS, the cells were imaged using a
fluorescence microscope (Stout et al., 2023).

2.14 Evaluation of the recycling strategies

To evaluate and develop the recycling strategy, the growth rate
of LSCs cultured in different formulations of treated spent media
and fresh media was evaluated using the short-term growth assay
(Stout et al., 2023). The recycling formulations used in this study
consisted of treated spent media mixed with fresh media at ratios of
90:10, 80:20, 70:30, 60:40, and 50:50.

3 Results

3.1 Evaluation of ammonia removal methods

The initial goal of this study was to find an appropriate strategy
for removing ammonia ions and preserve the remaining glucose in
the spent media; therefore, we aimed to develop wastewater

treatment-based ammonia removal methods since these
approaches are significantly more affordable and efficient. To treat
the spent media, four cost-effective and efficient ammonia removal
strategies were selected for this study, namely, alkalization-stripping,
zeolite, struvite precipitation, and titanium dioxide nanoparticles. The
initial ammonia (NH4

+) and glucose concentrations in cell culture
spent media were measured at 1.214 ± 0.029 mmol/L and 2.717 ±
0.053 g/L, respectively, in this study. The significant effects of the
alkalization-stripping strategy on the ammonia and glucose levels in
treated spent media under pH conditions of 7 (neutral) and 11
(alkaline) after 30 min and 120 min are illustrated in Figures
1A–F. No significant decrease was observed in ammonia
concentration after 30 min and 120 min of stripping treatment at
the neutral pH (pH = 7; Figure 1A); however, the ammonia
concentration was significantly (p < 0.005) decreased after 30 min
of stripping treatment at the alkaline pH (pH = 11; Figure 1B). An
alkalization treatment (pH value changing from 7 to 11) contributed
to a significantly (p < 0.05) lower ammonia concentration in the
stripped spent media (Figure 1C). There was no significant change in
the glucose content during the stripping process at the natural
pH (Figure 1D); however, the glucose content was significantly
(p < 0.0001) affected and decreased by the treatment at the
alkaline pH level (Figure 1E). The effect of alkalization on the
glucose content in stripped spent media was significant (p < 0.05),
but the change was relatively minor (Figure 1F).

The effects of using zeolite as an ion exchange strategy to remove
ammonia and preserve glucose in the spent media using different
zeolite concentrations (5 and 20 g/L) during 4 days of treatment are
illustrated in Figures 1G–L. The ammonia ions and glucose
concentrations were relatively stable during the process at a 5 g/L
concentration of zeolite (Figures 1G,J). In a time-dependent manner,
ammonia ions were significantly decreased after 1 (p < 0.005) and
5 days (p < 0.0001) of treatment (Figure 1H). As shown in Figure 1I,
the zeolite treatment also dose-dependently decreased the content of
ammonia ions significantly (p < 0.0001); however, no significant
zeolite dose-dependent effects were observed on the glucose content.
The struvite precipitation strategy was not significantly able to affect
the ammonia and glucose contents in the spent media (Figures
1M–P); however, a slight but statistically significant decrease (p <
0.05) was observed in ammonia concentration, which was observed,
though it was comparatively negligible (Figure 1N). Glucose and
ammonia levels were also not significantly decreased in the spent
media treated with various concentrations (0.05 and 1 g/L) of TiO2-
NPs after 5 days of treatment (Figures 1Q–V). To summarize the
findings at this stage, the alkalization-stripping and zeolite methods
were capable and struvite precipitation and TiO2-NP approaches were
incapable of removing ammonia and preserving glucose in spent
media. Since the alkalization-stripping method proved to be
remarkably more efficient and faster than the zeolite strategy, we
proceeded with it, ultimately developing an optimized approach for
ammonia removal from spent media.

3.2 Optimization of the selected method by
RSM-CCD

According to the preliminary data obtained from the first part of
this study, we proceeded with the process characterizations outlined
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in Table 1. A total of 14 experimental runs were conducted using a
central composite design, with the pH value (A) and time of the
treatment (B) as independent variables and ARE% as the single

response; the experimental conditions and results are presented in
Table 2. We also observed that the glucose content was significantly
unaffected by the factors in this study. Consequently, we decided to

FIGURE 1
Ammonia and glucose concentrations in cell culture spent media treated with different ammonia removal strategies: ammonia content after
alkalization-stripping at pH = 7 (A); ammonia content after alkalization-stripping at pH = 11 (B), ammonia content after 120 min of alkalization-stripping
(C); glucose content after alkalization-stripping at pH = 7 (D); glucose content after alkalization-stripping at pH = 11 (E), glucose content after 120 min of
alkalization-stripping (F); ammonia content after treatment with zeolite at 5 g/L concentration (G); ammonia content after treatment with zeolite at
20 g/L concentration (H); ammonia content after 4 days of treatment with zeolite (I); glucose content after treatment with zeolite at 5 g/L concentration
(J); glucose content after treatment with zeolite at 20 g/L concentration (K); glucose content after 4 days of treatment with zeolite (L); ammonia content
after treatment with struvite precipitation approach (M); ammonia content after 60 min of struvite precipitation treatment (N); glucose content after
treatment with struvite precipitation approach (O); glucose content after 60min of struvite precipitation treatment (P); ammonia content after treatment
with activated TiO2-NPs at 0.05 g/L concentration (Q); ammonia content after treatment with activated TiO2-NPs at 1 g/L concentration (R); ammonia
content after 5 days of treatment with activated TiO2-NPs (S); glucose content after treatment with activated TiO2-NPs at 0.05 g/L concentration (T);
glucose content after treatment with activated TiO2-NPs at 1 g/L concentration (U); and glucose content after 5 days of treatment with activated TiO2-
NPs (V). *, **, ***, and **** indicate different significance levels. Statistical significance levels were evaluated using one-way ANOVA with Duncan’s
multiple range test. Comparisons are between all samples.
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exclude the glucose content as a dependent variable from the
experimental design. The observed percentages of ammonia
removal efficiency for the selected method in this study varied
between 38.63% and 98.43%.

The analysis of variance for the fitted quadratic response surface
model of ammonia removal from spent media, along with the
associated regression parameters, is presented in Table 3. As
provided in Table 3, the F- (F-value = 26.20) and p-values (p <
0.0001) of the model indicated that the alkalization-stripping
process was significantly modeled to remove ammonia from the
spent media. p-values less than 0.05 showed that the coefficients of

the model terms, including the pH value (p < 0.0001) and time (p =
0.7291), were significant and insignificant, respectively. The second
order of all the factors (A2 and B2) was also significant. Other
coefficients of the model terms were not significant; therefore, they
were eliminated to simplify the model. The lack of fitness of the
quadratic model was statistically significant (p = 2,861). The fit of the
model to the experimental data for ammonia removal from spent
media was evaluated using the determination coefficients, including
R2 (R2 = 0.92) and adjusted R2 (R2

adj = 0.88), which were higher than
0.8 (Montgomery, 2017). The adequate precision ratio of the fitted
model was measured at 13.24 in this study. The final coded
regression quadratic model is presented using the following
second-order polynomial equation:

ARE %( ) � 46.53 + 15.23A – 0.7516B + 12.77A2 + 10.30B2.

Model fitting plots of the alkalization-stripping process for
ammonia removal from spent media including the studentized
residuals vs. runs, studentized residuals vs. predicted values,
predicted vs. actual values plots, and the normal probability plot
of the studentized residuals are shown in Figures 2A–D, respectively.
Figures 2A, B illustrate that most of the experimental running points
are randomly distributed and all values range from −4 to 4,
indicating that the proposed model has been fitted satisfactorily.
The predicted values of the ammonia removal efficiency rates
(Figure 2C) obtained from the actual experiments were in
correspondence with those from the model. The normal
probability of the residuals confirmed the normal distribution of
the standard deviations between the actual and predicted responses.
The normal probability plot (Figure 2D) shows a normal
distribution of the residuals following a straight line, indicating
that the fitted model can be used for navigating the design spaces.

The 3D response surface and contour plots of the fitted quadratic
model are illustrated in Figures 3A, B, showing the effects of different
pH levels and treatment duration in the alkalization-stripping method
on ammonia removal efficiency in spent media. The maximum
observed ARE was 98.43% at the pH value of 13.05 after 30 min of
alkalization-stripping treatment. The minimum ARE percentages were
observed at the central experimental points, including the pH value of
9.5 after 30 min of treatment. As shown in Figures 3A, B, increasing
pH values led to an increase in ARE, with a particularly dramatic
increase observed after a pH value of 9.5. The response of AREwas very

TABLE 2 Experimental design including different factors and response
values.

Run no. Factor Factor Response

A B 1

pH Time ARE

Min %

1 9.5 8.8 72.5

2 12 45 76.6

3 9.5 51 70.6

4 9.5 30 46.1

5 7 15 50.6

6 12 15 81.3

7 9.5 30 54.3

8 5.9 30 53.1

9 9.5 30 49.3

10 9.5 30 38.6

11 7 45 51.9

12 9.5 30 44.4

13 9.5 30 46.4

14 13 30 98.4

TABLE 3 Analysis of variance for the fitted quadratic model.

Source Sum of squares Degree of freedom Mean square F-value P-value Statistical significance

Model 3,709.18 4 927.29 26.20 <0.0001 Significant

A-pH 1856.37 1 1856.37 52.45 <0.0001

B-Time 4.52 1 4.52 0.1277 0.7291

A2 1,203.80 1 1,203.80 34.01 0.0002

B2 782.91 1 782.91 22.12 0.0011

Residual 318.54 9 35.39

Lack of fit 183.38 4 45.84 1.70 0.2861 Not significant

Pure error 135.17 5 27.03

SD, 5.95; PRESS, 1,060.62; R2 = 0.9209; R2
adj = 0.8858; R2

pred = 0.7367; Adeq precision = 13.2414.
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sensitive to the pH changes, and the influence of this factor was
significantly greater than that of the process duration on ARE. The
process parameters were also optimized by RSM-CCD, reaching the
optimum value of ARE. The desired goal for the factors and response
including the pH value, time, and ARE% were chosen as “in range,”
“minimize,” and “maximize,” respectively. As shown in Figure 3C, D, an
ARE of 85.57% with more than 81% desirability was predicted
according to the optimized processing conditions, including the
pH value of 12 after 15 min of stripping treatment. An additional
experiment according to the optimized operational conditions
(pH value = 12; time = 15 min) was carried out to confirm the
optimization result; ultimately, an ARE of 82.45% (0.213 mmol/L
ammonia concentration) was obtained, which was reasonably and
significantly (p < 0.05) close to the predicted value in this study.

3.3 Effects of treated spent media on cell
characterizations

Short-term growth, CyQUANT, and PAX7 immunostaining
assays were used in this study to characterize the growth,
activity, and viability of LSCs cultured in treated spent media.
The spent media treated using the alkalization-stripping
ammonia removal strategy optimized in this study supported
significantly greater cell growth (p = 0.0002) than the untreated
spent media (p < 0.0001), as illustrated in Figure 4. However, treated
media also significantly (p < 0.05) decreased cell growth, which can
be ignored (Figure 4). Bright-field images and the morphology of
LSCs in Figure 5 also showed that treated spent media were more
capable of improving LSC growth than spent media in this study.

FIGURE 2
Studentized residuals vs. run number (A), studentized residuals vs. predicted values (B), predicted vs. actual values (C), and normal probability vs.
studentized residuals (D) plots for ammonia removal efficiency during the alkalization-stripping process modeled and optimized using RSM-CCD to
recover ammonia from cell culture spent media.
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Immunostaining and CyQUANT assays also confirmed the short-
term growth evaluation (Figure 6). These results demonstrate a
remarkably enhanced proliferation of LSCs grown in treated spent
media compared to those grown in the untreated spent media. This
finding suggests that the ammonia removal strategy optimized in
this study can effectively transform spent media into a culture
medium capable of substantially supporting the maintenance and
growth of LSCs.

3.4 Recycling strategies

We evaluated the short-term growth of LSCs in different
formulations of treated spent media and fresh media, including
ratios of 90:10, 80:20, 70:30, 60:40, and 50:50 (the treated spent
media to fresh media), to assess and optimize recycling strategies. As

shown in Figure 7, the recycling strategy utilizing a 50:50 ratio of
treated spent media to fresh media significantly enhanced the
growth rate of LSCs compared to the other formulation ratios.
Furthermore, no significant difference was observed in the short-
term growth rate of LSCs cultured under this recycling strategy
compared to those cultured in fresh media.

4 Discussion

Mass biomanufacturing of a great diversity of cellular
agricultural products, especially cultivated meats, has been
considered one of the most promising and sustainable aspects of
these novel technologies. On the other hand, scaling up and
biomanufacturing in bioreactor systems are crucial components
and the main technical keys to developing this innovative

FIGURE 3
Response surface (A), contour (B), desirability (C), and prediction (D) plots for ammonia removal efficiency during the alkalization-stripping process
modeled and optimized using RSM-CCD to recover ammonia from cell culture spent media.
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industry (Rischer et al., 2020; Eibl et al., 2021). Considering the
long-term economic costs and the cost of the medium
throughout the industrialization of this innovation, providing
sustainable culture media by developing alternatives such as
plant-based medium formulation and the spent media
recycling strategies could be valuable and helpful in
overcoming these challenges (O’Neill et al., 2021; Nikkhah
et al., 2023). Because reusing the spent media is substantially
more sustainable, cost-effective, and environmentally friendly
compared to alternative culture medium formulations, we
attempted to develop and optimize an affordable, rapid, user-
friendly, and sustainable strategy for recycling the spent media in
cultivated meat production. The most prominent challenge in
media recycling is the inhibitory effects of the accumulation of
metabolic by-products, mainly the secondary metabolites,
against the growing cells in the medium culture (O’Neill
et al., 2021; O’Neill et al., 2022; Ye et al., 2018).

Ammonia and lactate are the principal toxic metabolites with
inhibitory effects on cell growth and activity, which should be
removed from the spent media to achieve an efficient recycling
strategy (O’Neill et al., 2021; Wynne et al., 2024). The lactic acid in
the spent medium is produced through glycolysis and amino acid
catabolism. At higher glucose concentrations, most of the glucose
content is converted into lactic acid; however, at lower
concentrations, most of it is oxidized to carbon dioxide. At
concentrations above 40 mmol/L, lactic acid is more susceptible
to limiting cell growth and yield by altering the pH and mainly
affecting enzymatic activities, such as the inhibition of lactate
dehydrogenase activity (Yang et al., 2023; O’Neill et al., 2021;
O’Neill et al., 2022). Ammonia in spent media is mainly derived
from the metabolism of some specific primary products such as
L-glutamine. L-glutamine is essential for nucleic acid and protein
synthesis in cells. It is highly unstable and immediately degraded and
hydrolyzed to ammonia ions and L-glutamate or glutamic acid in

FIGURE 4
Short-term growth and proliferation of LSCs over 3 days with
fresh media (control), treated spent media, spent media, and treated
fresh media. *, **, ***, and **** indicate different significance levels.
Statistical significance levels were evaluated using one-way
ANOVA with Duncan’s multiple range test.

FIGURE 5
Bright-field images of LSCs grown for 3 days in fresh media (A), treated spent media (B), and spent media (C).
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culture media (Yang et al., 2023; O’Neill et al., 2021; Wynne et al.,
2024). Ammonia ions can negatively and directly affect cellular
metabolism by inhibiting glutamate dehydrogenase activity and
ATP production through cytoplasmic acidification. A range of
1.8–33 mmol/L concentration of ammonia ions induces
inhibitory and toxic effects on most mammalian cells; however,
some cell types, such as Vero cells, are insensitive to ammonia
(Saldanha et al., 2023; Hubalek et al., 2022). Since the growth and
activity of the mammalian cells are believed to be more affected by
the presence of ammonia ions in spent media, this study prioritized
ammonia removal as a key focus in developing a strategy for spent
media recovery.

In this study, we went through four practical wastewater
treatment-based ammonia removal strategies. We found the
alkalization-stripping strategy to be more efficient than other
methods in removing ammonia ions significantly and preserving
the remaining glucose contents in cell culture spent media. Glucose
preservation was prioritized as a key indicator of nutrient retention
due to its essential role in energy metabolism, and while high
pH may cause denaturation or precipitation, immediate
neutralization post-treatment helped mitigate such risks, as
supported by the stable cell morphology and growth rates. While
replenishing glucose post-treatment is a viable approach, preserving
glucose offers a more integrative recycling strategy, maintaining

FIGURE 6
Immunofluorescent staining of LSCs grown for 3 days in treated spent media [(A)DAPI, (B) Pax7, and (C)Merge] and spent media [(D)DAPI, (E) Pax7,
and (F) Merge].

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Pakbin et al. 10.3389/fbioe.2025.1617115

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1617115


medium integrity and reducing the need for re-supplementation of
multiple components (Yang et al., 2025; Haraguchi et al., 2022;
Thyden et al., 2025). All methods that were developed and used to
remove ammonia ions during wastewater treatment, fermentation
bioprocess, and microbial and cell media culture recovery were
classified into five main strategies, namely, the modification of cell
culture formulation, genetic engineering techniques, biocatalytic
methods, adsorption, and electrochemical procedures, all of
which have several challenges and potential issues (Yang et al.,
2023; Wynne et al., 2024; Hubalek et al., 2022). One promising and
effective technique to reducing the accumulation of toxic cellular
secondary metabolites is cellular engineering, involving targeted
amplification or disruption of some specific genes, such as
glutamine synthetase and lactate dehydrogenase A genes, in
mammalian cells to reduce ammonia and lactic acid production
in culture media during cellular growth and activity. Since the
cultured cells are ultimately intended for consumption and
consumer concerns regarding genetically modified foods persist,
such strategies are not advisable for use in cultivated meat
production and related industries (Yip et al., 2014; Martinez-

Turrillas et al., 2022). Some cultivation-based strategies have also
been designed and employed to streamline the recycling process of
cell culture media, including fed-batch cultivation and optimization
of culture medium formulations to reduce ammonia production by
using alternatives to L-glutamine, such as L-alanine and L-glutamine
dipeptides. Due to their high cost and limited cost-effectiveness,
cultivation-based methods have not been regularly recommended
for ammonia removal during cell culture cycling. On the other hand,
any modifications in culture medium formulations significantly
affect the efficiency of mammalian cell growth (Ritacco et al.,
2018; Yao and Asayama, 2017).

Physicochemical methods such as adsorption and precipitation
strategies for removing ammonia nitrogen have emerged as popular
procedures for wastewater treatment and have recently been used as
more favored, cost-effective, user-friendly, and efficient approaches
to remove the toxic compounds of mammalian cell metabolism
(Yang et al., 2023; Wynne et al., 2024). The materials used for the
precipitation or adsorption of toxic metabolites must satisfy key
requirements, including strong preservation of essential nutrients,
minimal impact on medium pH value, and non-cytotoxicity. Some
of these materials that are routinely used as absorbents for
wastewater treatment and recommended to be employed to
remove accumulated toxic compounds for culture medium
recycling are zeolite, TiO2 (TiO2-NPs), activated carbon, and
zirconium phosphate (Yang et al., 2023; Elliott et al., 2020).
Zeolites are crystalline aluminosilicates with a structure
containing pores filled with water molecules and cations,
permitting reversible dehydration and ion exchange (exchange
with NH4

+). The zeolite adsorption approach was previously
applied as a promising strategy to remove ammonia from cell
culture media; however, we found that it is not as efficient and
rapid as the alkalization-stripping approach used in this study
(Kameda et al., 2021; Ma et al., 2022). Due to the presence of
different amino acids and some specific inorganic ions, such as Mg+,
K+, Ca+, and Na+, in cell culture media, which can be competitively
adsorbed, the efficiency of zeolites is significantly reduced for
ammonia adsorption compared with the other strategies (Yang
et al., 2023; Kameda et al., 2021). Alternatively, zirconium
phosphate, resin, and activated carbon can also be used as
substitutes for zeolites to remove ammonia from spent media as
an adsorption approach; however, the presence of inorganic ions in
media still remains a significant challenge (Yang et al., 2023; Wynne
et al., 2024; Gil-San-Millan et al., 2021).

In this study, the adsorption of ammonia ions by TiO2-NPs and
struvite precipitation approaches proved ineffective in removing
NH4

+ from spent media; however, these strategies were strongly able
to remove ammonia within wastewater applications. These methods
were not previously employed for the treatment of cell culture spent
media and were only successfully used for wastewater treatment.
Several researchers reported that TiO2-NPs are capable of
photocatalytic degradation or photodegradation of ammonia ions
in wastewater. The UV-activated TiO2 as a catalyst can
photochemically react with ammonia ions and turn them into
harmless nitrogen and hydrogen gases (Liu et al., 2021; Haruna
et al., 2022). As previously reported by Shavisi et al. (2014), one of
the most effective parameters for the removal efficiency of the
treatment by TiO2 is the initial concentration of ammonia ions.
They found that the maximum ammonia removal efficiency can be

FIGURE 7
Short-term growth and proliferation of LSCs over 3 days with
fresh media (control); 90:10 ratio of TSM to FM; 80:20 ratio of TSM to
FM; 70:30 ratio of TSM to FM; 60:40 ratio of TSM to FM; 50:50 ratio of
TSM to FM; and spent media and treated spent media. TSM,
treated spent media; FM, fresh media; SM, spent media. *, **, ***, and
002A*** indicate different significance levels. Statistical significance
levels were evaluated using one-way ANOVA with Duncan’s multiple
range test.
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achieved when the initial concentration of the ammonia ions is
10 mmol/L. Since the initial concentration of ammonia in spent
media is typically below 5 mmol/L, the results obtained in this study
align with expectations and, therefore, were predictable (Shavisi
et al., 2014). Yang et al. (2025) recently employed sodium zirconium
phosphate for the adsorption and removal of ammonia ions from
spent cell culture media in cultivated meat applications, reporting
the method to be highly biocompatible and suitable for repeated use
in media recycling (Yang et al., 2025).

Some other ammonia separation approaches, such as the
precipitation method with struvite formation, were also used to
remove and recover nitrogen and phosphorus from the wastewater.
Struvite or magnesium ammonium phosphate hexahydrate
(MgNH4PO4.6H2O) forms when ammonium (NH4

+), magnesium
(Mg2+), and phosphate (PO4

3−) ions are present in sufficient
concentrations. According to the mechanism of struvite
formation, the presence of ammonia facilitates the precipitation
of ions through the addition of extra amounts of phosphate and
magnesium ions, leading to the formation of struvite crystals (Lorick
et al., 2020; Wu and Vaneeckhaute, 2022). Due to the significantly
higher amount of ammonia and phosphate ions in wastewater,
struvite precipitation was observed as an efficient and cost-
effective strategy for the recovery of these compounds in
wastewater treatment (Wu and Vaneeckhaute, 2022). However,
significantly lower concentrations of ammonia ions in spent
media present a substantial challenge in employing this practical
strategy for ammonia removal from spent media as we also observed
no significant change in the ammonia content after struvite
precipitation in this study (Yang et al., 2023). As previously
reported by Simoes et al. (2018) and Jing et al. (2019), alkaline
pH (pH = 9.3–10) mediates ammonia removal through struvite
precipitation. On the other hand, ammonia ions can be efficiently
removed in alkaline pH values using the air-stripping process, which
is considerably more cost-effective and environmentally friendly
than the struvite precipitation strategy; therefore, we were
encouraged to develop and evaluate the fourth approach, the
alkalization-stripping strategy (Simoes et al., 2018; Jing et al., 2019).

Among all the approaches developed and evaluated in this study,
we found the alkalization-stripping strategy to be the most efficient,
rapid, cost-effective, and environmentally friendly method to
recover ammonia from the spent media. As discussed before, due
to the limited amounts of phosphate ions and low concentrations of
ammonia ions in spent media, the alkalization-stripping method can
be more technically efficient and economically feasible for removing
ammonia from spent media than struvite precipitation; however,
both approaches have been considered highly efficient for ammonia
removal and nutrient recovery during wastewater treatment, as
comprehensively reviewed and discussed by Wynne et al. (2024)
and Wu and Vaneeckhaute (2022). The alkalization-stripping
method, but at higher temperatures (more than 100°C), has also
been previously used for ammonia recovery from cow manure and
landfill leachate. Since there are some specific compounds in the
spent media that are highly sensitive to thermal processing, mainly
proteins, we implemented the procedure at room temperature.
Ammonia nitrogen can exist in two forms in aqueous solutions:
the ionic form (NH4

+) or dissociated ammonia and the
undissociated form of ammonia (NH3, free or volatile forms of
ammonia) or ammonia gas. There is a balance between ionic

ammonia and ammonia gas according to the pH value of the
solution. Alkalinity or pH values higher than 7 contribute to the
formation of ammonia gas (from the ionic form of ammonia in the
aqueous solution), which is volatile and can immediately be
separated from the aqueous solution (Kinidi et al., 2018; Lorick
et al., 2020; Wu and Vaneeckhaute, 2022).

Performing a stripping process following the alkalization of the
solution could effectively be a practical strategy to recover the
ammonia ions from the aqueous solution in the form of gaseous
or volatile ammonia. At a pH value of 9.25, 50% of ammonia ions
volatilized immediately to free ammonia. As the pH of the aqueous
solution further increases to 11, the proportion of free ammonia
increases significantly, reaching up to 99%. More than 50% of the
volatilized ammonia ions are immediately removed from the
solution in the gaseous form, and the remaining ions can be
separated gradually throughout the stripping process (Lorick
et al., 2020; Wu and Vaneeckhaute, 2022). Since most of the
mammalian cells used in cellular agriculture for cultivated meat
production can only grow within neutral pH ranges, the treated
spent media subjected to the alkalization-stripping approach must
be neutralized and adjusted back to the original pH value of the cell
culture medium (pH = 7.42) (Leese et al., 2021; Synoground et al.,
2021). Ultimately, we designed an appropriately modified approach
for ammonia removal from cell culture spent media that can
subsequently be subjected to optimization for enhanced efficiency
and effectiveness.

RSM-CCD is a convenient and practical method that can be
widely used in different disciplines for optimization andmodeling of
the process parameters and their interactions (Chelladurai et al.,
2021). In the present study, we successfully modeled and optimized
the process parameters of the alkalization-stripping approach,
including the pH value and process duration, for ammonia
recovery from spent media using the RSM-CCD. The analysis of
variance and statistical parameters demonstrated that a quadratic
model represented by a second-order polynomial equation was
significantly fitted to describe and optimize the process
parameters. The optimal process parameters for ammonia
removal from spent media were ultimately determined to be a
pH of 12 followed by a 15-min stripping step. We also observed
that ARE (the response) increases with increasing pH values while
remaining independent of the duration of the process. As previously
discussed in this study, these results can be attributed to the
formation of volatile or free ammonia from the ammonia ions,
along with the immediate separation of over 50% of the ammonia
gas from the spent media following the alkalization step (Kinidi
et al., 2018; Lorick et al., 2020; Wu and Vaneeckhaute, 2022).

We were finally successful in removing more than 82% of the
ammonia ions from the spent media using the optimized
alkalization-stripping method in this study. There are a limited
number of studies making efforts to remove ammonia from the cell
or microbial culture spent media. Kameda et al. (2021) evaluated
zeolite and Prussian blue to remove ammonia from culture
solutions. They reported that zeolite and Prussian blue were able
to recover the ammonia from the aqueous solutions with maximum
efficiencies of 60% and 10%, respectively. Wu and Vaneeckhaute
(2022) also tried to develop a clinoptilolite-based platform for
ammonia removal from the cell culture spent media, and they
were finally able to remove 35.8% of the ammonia ions from the
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culture solution. To develop the final optimized strategy for
ammonia recovery from spent media, we conducted cell growth
characterization assays on LSCs to evaluate the effectiveness of the
treated spent media.

Our findings demonstrated that treated spent media significantly
enhanced the proliferation of LSCs without any considerable cellular
morphological changes compared to those grown in spent media. Due
to the direct toxic effects of ammonia on cellular metabolism and
energy transfer, higher levels of ammonia recovery from or reduced
accumulation of ammonia ions in cell culture media contribute to
enhancing cell proliferation and growth efficiency (Yang et al., 2023;
Wynne et al., 2024; Yao and Asayama, 2017; Pasitka et al., 2024). We
also evaluated different recycling strategies and found that the 50:
50 ratio of treated spent media to freshmedia can enhance the growth
rate of LSCs cultured in this formulation without any significant
difference compared to the growth rate of LSCs cultured in fresh
media. The treatment of spent media using the approach developed
and optimized in this study represents a sustainable strategy with
significantly reduced water and energy consumption and lower CO2

emissions. This optimized recyclingmethod offers a cost-effective and
environmentally friendly solution for ammonia removal in the
recycling of spent media, contributing to the sustainability of
cultivated meat production (Yang et al., 2023; O’Neill et al., 2021;
Barbaroux et al., 2024). We strongly recommend that future studies
investigate not only the effects of this ammonia removal treatment on
the growth rates of other cell types and nutrients beyond glucose in
cell culture media but also explore multi-cycle reuse and dynamic
recycling formulations as promising strategies to further enhance the
sustainability and efficiency of the process.

5 Conclusion

In conclusion, ammonia is a toxic compound for mammalian
cells and should be removed from cell culture spent media to enable
the development of a media recycling strategy in cultivated meat
production. We evaluated four practical wastewater treatment-
based ammonia removal strategies to recover ammonia from cell
culture spent media and found the alkalization-stripping approach
to be more efficient and rapid than other strategies for removing
ammonia ions while preserving the remaining glucose content. The
selected approach was successfully modeled and optimized using
RSM-CCD, and the optimal process parameters were determined to
be a pH of 12 followed by a 15-min stripping process, achieving
more than 82% ARE. Compared to spent media, treated spent media
improved the growth rate of LSCs without any significant
morphological change. Ultimately, a 50:50 formulation of treated
spent media and fresh media was suggested as an efficient, cost-
effective, and environmentally friendly recycling approach, offering
a practical solution to support sustainable media cycling in
cultivated meat production.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material; further inquiries can be directed
to the corresponding author.

Author contributions

BP: Investigation, Writing – review and editing,
Conceptualization, Methodology, Writing – original draft, Data
curation, Visualization, Formal Analysis, Software. AmA: Writing
– review and editing, Methodology, Visualization, Software, Data
curation. AiA: Writing – review and editing, Methodology, Formal
Analysis, Software, Visualization. AS: Writing – review and editing,
Methodology. RO: Resources, Project administration, Writing –

review and editing, Investigation, Conceptualization, Supervision,
Funding acquisition.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was
financially supported by the Agriculture and Food Research
Initiative (AFRI) Sustainable Agricultural Systems program, grant
no. 2021-699012-35978, from the USDA National Institute of Food
and Agriculture and Texas A&M AgriLife Research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Baqer, A. R., Beddai, A. A., Farhan, M. M., Badday, B. A., and Mejbel, M. K. (2021).
Efficient coating of titanium composite electrodes with various metal oxides for
electrochemical removal of ammonia. Results Eng. 9, 100199. doi:10.1016/j.rineng.
2020.100199

Barbaroux, M., Rosskamp, A., Dippel, J., Rees-Manley, A., Garska, B., and Tosato, R.
(2024). Concept for recycling a small-scale plastic-based bioreactor in a close-
loop–Technical approach. J. Clean. Prod. 471, 143436. doi:10.1016/j.jclepro.2024.
143436

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Pakbin et al. 10.3389/fbioe.2025.1617115

https://doi.org/10.1016/j.rineng.2020.100199
https://doi.org/10.1016/j.rineng.2020.100199
https://doi.org/10.1016/j.jclepro.2024.143436
https://doi.org/10.1016/j.jclepro.2024.143436
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1617115


Chelladurai, S. J. S., Murugan, K., Ray, A. P., Upadhyaya, M., Narasimharaj, V., and
Gnanasekaran, S. (2021). Optimization of process parameters using response surface
methodology: a review. Mater. Today Proc. 37, 1301–1304. doi:10.1016/j.matpr.2020.
06.466

Chen, Q., Huang, C., Su, Y., Zhao, Q., Pu, Y., He, X., et al. (2023). Transcriptomic
analysis reveals mRNA and alternative splicing events in ovine skeletal muscle satellite
cells during proliferation and differentiation. Animals 13, 1076. doi:10.3390/
ani13061076

Chodkowska, K. A., Wódz, K., and Wojciechowski, J. (2022). Sustainable future
protein foods: the challenges and the future of cultivated meat. Foods 11, 4008. doi:10.
3390/foods11244008

Derfus, G. E., Abramzon, D., Tung, M., Chang, D., Kiss, R., and Amanullah, A. (2010).
Cell culture monitoring via an auto-sampler and an integrated multi-functional off-line
analyzer. Biotechnol. Prog. 26, 284–292. doi:10.1002/btpr.303

Eibl, R., Senn, Y., Gubser, G., Jossen, V., Van Den Bos, C., and Eibl, D. (2021). Cellular
agriculture: opportunities and challenges. Annu. Rev. Food Sci. Technol. 12, 51–73.
doi:10.1146/annurev-food-063020-123940

El Diwani, G., El Rafie, S., El Ibiari, N., and El-Aila, H. (2007). Recovery of ammonia
nitrogen from industrial wastewater treatment as struvite slow releasing fertilizer.
Desalination 214, 200–214. doi:10.1016/j.desal.2006.08.019

Elliott, K., Harris, G., Harcum, S., Blakeman, K., Gavin, C., and Anderson, J. Y. (2020).
Spent media analysis with an integrated CE-MS analyzer of Chinese hamster ovary cells
grown in an ammonia-stressed parallel microbioreactor platform. Bioprocess. J. 19.
doi:10.12665/j19oa.elliott

Gil-San-Millan, R., Delgado, P., Lopez-Maya, E., Martin-Romera, J. D., Barea, E., and
Navarro, J. A. (2021). Layer-by-layer integration of zirconium metal–organic
frameworks onto activated carbon spheres and fabrics with model nerve agent
detoxification properties. ACS Appl. Mater. and Interfaces 13, 50491–50496. doi:10.
1021/acsami.1c12095

Haraguchi, Y., Okamoto, Y., and Shimizu, T. (2022). A circular cell culture system
using microalgae and mammalian myoblasts for the production of sustainable cultured
meat. Archives Microbiol. 204, 615. doi:10.1007/s00203-022-03234-9

Haruna, A., Chong, F.-K., Ho, Y.-C., and Merican, Z. M. A. (2022). Preparation and
modification methods of defective titanium dioxide-based nanoparticles for
photocatalytic wastewater treatment—a comprehensive review. Environ. Sci. Pollut.
Res. 29, 70706–70745. doi:10.1007/s11356-022-22749-8

Hashemi, S. F., Sabbaghi, S., Saboori, R., and Zarenezhad, B. (2022). Photocatalytic
degradation of ammonia with titania nanoparticles under UV light irradiation. Environ.
Sci. Pollut. Res. 29, 68600–68614. doi:10.1007/s11356-022-20408-6

Hertz, L., Song, D., Peng, L., and Chen, Y. (2017). Multifactorial effects on different
types of brain cells contribute to ammonia toxicity. Neurochem. Res. 42, 721–736.
doi:10.1007/s11064-016-1966-1

Hubalek, S., Post, M. J., and Moutsatsou, P. (2022). Towards resource-efficient and
cost-efficient cultured meat. Curr. Opin. Food Sci. 47, 100885. doi:10.1016/j.cofs.2022.
100885

Jing, H.-P., Li, Y., Wang, X., Zhao, J., and Xia, S. (2019). Simultaneous recovery of
phosphate, ammonium and humic acid from wastewater using a biochar supported Mg
(OH) 2/bentonite composite. Environ. Sci. Water Res. and Technol. 5, 931–943. doi:10.
1039/c8ew00952j

Kameda, T., Kikuchi, H., Kitagawa, F., Kumagai, S., Saito, Y., Kondo, M., et al. (2021).
Ammonia adsorption by L-type zeolite and Prussian blue from aqueous and culture
solutions. Colloids Surfaces A Physicochem. Eng. Aspects 622, 126595. doi:10.1016/j.
colsurfa.2021.126595

Kinidi, L., Tan, I. A. W., Abdul Wahab, N. B., Tamrin, K. F. B., Hipolito, C. N.,
and Salleh, S. F. (2018). Recent development in ammonia stripping process for
industrial wastewater treatment. Int. J. Chem. Eng. 2018, 1–14. doi:10.1155/2018/
3181087

Kirsch, M., Morales-Dalmau, J., and Lavrentieva, A. (2023). Cultivated meat
manufacturing: technology, trends, and challenges. Eng. Life Sci. 23, e2300227.
doi:10.1002/elsc.202300227

Lee, S. Y., Yun, S. H., Lee, J., Mariano, E., Jr, Park, J., Choi, Y., et al. (2024). Current
technology and industrialization status of cell-cultivated meat. J. Animal Sci. Technol.
66, 1–30. doi:10.5187/jast.2023.e107

Leese, H. J., McKeegan, P. J., and Sturmey, R. G. (2021). Amino acids and the early
mammalian embryo: origin, fate, function and life-long legacy. Int. J. Environ. Res.
Public Health 18, 9874. doi:10.3390/ijerph18189874

Liu, X., Yu, X., Sha, L., Wang, Y., Zhou, Z., and Zhang, S. (2021). The preparation of
black titanium oxide nanoarray via coking fluorinated wastewater and application on
coking wastewater treatment. Chemosphere 270, 128609. doi:10.1016/j.chemosphere.
2020.128609

Lorick, D., Macura, B., Ahlström, M., Grimvall, A., and Harder, R. (2020).
Effectiveness of struvite precipitation and ammonia stripping for recovery of
phosphorus and nitrogen from anaerobic digestate: a systematic review. Environ.
Evid. 9, 1–20. doi:10.1186/s13750-020-00211-x

Ma, C., Kumagai, S., Saito, Y., Kameda, T., Watanabe, A., Watanabe, C., et al. (2022).
Production of BTX via catalytic fast pyrolysis of printed circuit boards and waste tires

using hierarchical ZSM-5 zeolites and biochar. ACS Sustain. Chem. and Eng. 10,
14775–14782. doi:10.1021/acssuschemeng.2c04031

Martinez-Turrillas, R., Martin-Mallo, A., Rodriguez-Diaz, S., Zapata-Linares, N.,
Rodriguez-Marquez, P., San Martin-Uriz, P., et al. (2022). In vivo CRISPR-Cas9
inhibition of hepatic LDH as treatment of primary hyperoxaluria. Mol. Ther.
Methods and Clin. Dev. 25, 137–146. doi:10.1016/j.omtm.2022.03.006

Martins, B., Bister, A., Dohmen, R. G., Gouveia, M. A., Hueber, R., Melzener, L., et al.
(2024). Advances and challenges in cell biology for cultured meat. Annu. Rev. animal
Biosci. 12, 345–368. doi:10.1146/annurev-animal-021022-055132

Mattick, C. S., Landis, A. E., Allenby, B. R., and Genovese, N. J. (2015). Anticipatory
life cycle analysis of in vitro biomass cultivation for cultured meat production in the
United States. Environ. Sci. and Technol. 49, 11941–11949. doi:10.1021/acs.est.
5b01614

Montgomery, D. C. (2017). Design and analysis of experiments. Hoboken, NJ: John
Wiley & Sons.

Myers, G. M., Jaros, K. A., Andersen, D. S., and Raman, D. R. (2023). Nutrient
recovery in cultured meat systems: impacts on cost and sustainability metrics. Front.
Nutr. 10, 1151801. doi:10.3389/fnut.2023.1151801

Nikkhah, A., Rohani, A., Zarei, M., Kulkarni, A., Batarseh, F. A., Blackstone, N. T.,
et al. (2023). Toward sustainable culture media: using artificial intelligence to optimize
reduced-serum formulations for cultivatedmeat. Sci. Total Environ. 894, 164988. doi:10.
1016/j.scitotenv.2023.164988

O’Neill, E. N., Ansel, J. C., Kwong, G. A., Plastino, M. E., Nelson, J., Baar, K., et al.
(2022). Spent media analysis suggests cultivated meat media will require species and cell
type optimization. npj Sci. Food 6, 46. doi:10.1038/s41538-022-00157-z

O’Neill, E. N., Cosenza, Z. A., Baar, K., and Block, D. E. (2021). Considerations for the
development of cost-effective cell culture media for cultivated meat production. Compr.
Rev. Food Sci. Food Saf. 20, 686–709. doi:10.1111/1541-4337.12678

Pasitka, L., Wissotsky, G., Ayyash, M., Yarza, N., Rosoff, G., Kaminker, R., et al.
(2024). Empirical economic analysis shows cost-effective continuous manufacturing of
cultivated chicken using animal-free medium. Nat. Food 5, 693–702. doi:10.1038/
s43016-024-01022-w

Rasmussen, M. K., Gold, J., Kaiser, M. W., Moritz, J., Räty, N., Rønning, S. B., et al.
(2024). Critical review of cultivated meat from a Nordic perspective. Trends Food Sci.
and Technol. 144, 104336. doi:10.1016/j.tifs.2024.104336

Reiss, J., Robertson, S., and Suzuki, M. (2021). Cell sources for cultivated meat:
applications and considerations throughout the production workflow. Int. J. Mol. Sci.
22, 7513. doi:10.3390/ijms22147513

Rischer, H., Szilvay, G. R., and Oksman-Caldentey, K.-M. (2020). Cellular
agriculture—industrial biotechnology for food and materials. Curr. Opin. Biotechnol.
61, 128–134. doi:10.1016/j.copbio.2019.12.003

Ritacco, F. V., Wu, Y., and Khetan, A. (2018). Cell culture media for recombinant
protein expression in Chinese hamster ovary (CHO) cells: history, key components, and
optimization strategies. Biotechnol. Prog. 34, 1407–1426. doi:10.1002/btpr.2706

Saldanha, M., Padhye, K., Warke, V. G., Dandekar, P., and Jain, R. (2023). A feed
enrichment strategy targeting the tricarboxylic acid cycle for increasing monoclonal
antibody production and alleviating ammonia accumulation in Chinese hamster ovary
cell culture. Biochem. Eng. J. 192, 108836. doi:10.1016/j.bej.2023.108836

Santos, A. C. A., Camarena, D. E. M., Roncoli Reigado, G., Chambergo, F. S., Nunes,
V. A., Trindade, M. A., et al. (2023). Tissue engineering challenges for cultivated meat to
meet the real demand of a global market. Int. J. Mol. Sci. 24, 6033. doi:10.3390/
ijms24076033

Shavisi, Y., Sharifnia, S., Hosseini, S., and Khadivi, M. (2014). Application of TiO2/
perlite photocatalysis for degradation of ammonia in wastewater. J. Industrial Eng.
Chem. 20, 278–283. doi:10.1016/j.jiec.2013.03.037

Simoes, F., Vale, P., Stephenson, T., and Soares, A. (2018). The role of pH on the
biological struvite production in digested sludge dewatering liquors. Sci. Rep. 8, 7225.
doi:10.1038/s41598-018-25431-7

Stout, A. J., Rittenberg, M. L., Shub, M., Saad, M. K., Mirliani, A. B., Dolgin, J., et al.
(2023). A Beefy-R culture medium: replacing albumin with rapeseed protein isolates.
Biomaterials 296, 122092. doi:10.1016/j.biomaterials.2023.122092

Synoground, B. F., McGraw, C. E., Elliott, K. S., Leuze, C., Roth, J. R., Harcum, S. W.,
et al. (2021). Transient ammonia stress on Chinese hamster ovary (CHO) cells yield
alterations to alanine metabolism and IgG glycosylation profiles. Biotechnol. J. 16,
2100098. doi:10.1002/biot.202100098

Thyden, R., Dominko, T.,Weathers, P., Freitas dos Santos, A. C., Perreault, L., Reddig,
D., et al. (2025). Recycling spent animal cell culture media using the thermally resistant
microalga Chlorella sorokiniana. Syst. Microbiol. Biomanufacturing 5, 371–384. doi:10.
1007/s43393-024-00280-w

Wikandari, R., Manikharda, Baldermann, S., Ningrum, A., and Taherzadeh, M. J.
(2021). Application of cell culture technology and genetic engineering for production of
future foods and crop improvement to strengthen food security. Bioengineered 12,
11305–11330. doi:10.1080/21655979.2021.2003665

Woiciechowski, A. L., Scapini, T., Manzoki, M. C., Martínez-Burgos, W. J., Molina-
Aulestia, D. T., Karp, S. G., et al. (2024). Waste management in cultivated meat

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Pakbin et al. 10.3389/fbioe.2025.1617115

https://doi.org/10.1016/j.matpr.2020.06.466
https://doi.org/10.1016/j.matpr.2020.06.466
https://doi.org/10.3390/ani13061076
https://doi.org/10.3390/ani13061076
https://doi.org/10.3390/foods11244008
https://doi.org/10.3390/foods11244008
https://doi.org/10.1002/btpr.303
https://doi.org/10.1146/annurev-food-063020-123940
https://doi.org/10.1016/j.desal.2006.08.019
https://doi.org/10.12665/j19oa.elliott
https://doi.org/10.1021/acsami.1c12095
https://doi.org/10.1021/acsami.1c12095
https://doi.org/10.1007/s00203-022-03234-9
https://doi.org/10.1007/s11356-022-22749-8
https://doi.org/10.1007/s11356-022-20408-6
https://doi.org/10.1007/s11064-016-1966-1
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1039/c8ew00952j
https://doi.org/10.1039/c8ew00952j
https://doi.org/10.1016/j.colsurfa.2021.126595
https://doi.org/10.1016/j.colsurfa.2021.126595
https://doi.org/10.1155/2018/3181087
https://doi.org/10.1155/2018/3181087
https://doi.org/10.1002/elsc.202300227
https://doi.org/10.5187/jast.2023.e107
https://doi.org/10.3390/ijerph18189874
https://doi.org/10.1016/j.chemosphere.2020.128609
https://doi.org/10.1016/j.chemosphere.2020.128609
https://doi.org/10.1186/s13750-020-00211-x
https://doi.org/10.1021/acssuschemeng.2c04031
https://doi.org/10.1016/j.omtm.2022.03.006
https://doi.org/10.1146/annurev-animal-021022-055132
https://doi.org/10.1021/acs.est.5b01614
https://doi.org/10.1021/acs.est.5b01614
https://doi.org/10.3389/fnut.2023.1151801
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1038/s41538-022-00157-z
https://doi.org/10.1111/1541-4337.12678
https://doi.org/10.1038/s43016-024-01022-w
https://doi.org/10.1038/s43016-024-01022-w
https://doi.org/10.1016/j.tifs.2024.104336
https://doi.org/10.3390/ijms22147513
https://doi.org/10.1016/j.copbio.2019.12.003
https://doi.org/10.1002/btpr.2706
https://doi.org/10.1016/j.bej.2023.108836
https://doi.org/10.3390/ijms24076033
https://doi.org/10.3390/ijms24076033
https://doi.org/10.1016/j.jiec.2013.03.037
https://doi.org/10.1038/s41598-018-25431-7
https://doi.org/10.1016/j.biomaterials.2023.122092
https://doi.org/10.1002/biot.202100098
https://doi.org/10.1007/s43393-024-00280-w
https://doi.org/10.1007/s43393-024-00280-w
https://doi.org/10.1080/21655979.2021.2003665
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1617115


production, cultivated meat: technologies, commercialization and challenges. Springer,
265–276.

Wu, H., and Vaneeckhaute, C. (2022). Nutrient recovery from wastewater: a review
on the integrated Physicochemical technologies of ammonia stripping, adsorption and
struvite precipitation. Chem. Eng. J. 433, 133664. doi:10.1016/j.cej.2021.133664

Wynne, E., Yoon, J., Park, D., Cui, M., Morris, C., Lee, J., et al. (2024). Regeneration of
spent culture media for sustainable and continuous mAb production via ion
concentration polarization. Biotechnol. Bioeng. 122, 373–381. doi:10.1002/bit.28888

Yang, M., Wang, Q., Zhu, Y., Sheng, K., Xiang, N., and Zhang, X. (2023). Cell culture
medium cycling in cultured meat: key factors and potential strategies. Trends Food Sci.
and Technol. 138, 564–576. doi:10.1016/j.tifs.2023.06.031

Yang, M., Xiang, N., Tang, Y., Li, Y., and Zhang, X. (2025). Layered sodium zirconium
phosphate adsorbent for ammonia removal in cell culture media for cultivated meat
application. Sep. Purif. Technol. 364, 132415. doi:10.1016/j.seppur.2025.132415

Yao, T., and Asayama, Y. (2017). Animal-cell culture media: history, characteristics,
and current issues. Reproductive Med. Biol. 16, 99–117. doi:10.1002/rmb2.12024

Ye, Y., Ngo, H. H., Guo, W., Liu, Y., Chang, S. W., Nguyen, D. D., et al. (2018). A
critical review on ammonium recovery from wastewater for sustainable wastewater
management. Bioresour. Technol. 268, 749–758. doi:10.1016/j.biortech.2018.
07.111

Yip, S. S., Zhou, M., Joly, J., Snedecor, B., Shen, A., and Crawford, Y. (2014). Complete
knockout of the lactate dehydrogenase A gene is lethal in pyruvate dehydrogenase
kinase 1, 2, 3 down-regulated CHO cells. Mol. Biotechnol. 56, 833–838. doi:10.1007/
s12033-014-9762-0

Zhang, J., Cui, J., Wang, Y., Lin, X., Teng, X., and Tang, Y. (2022). Complex molecular
mechanism of ammonia-induced apoptosis in chicken peripheral blood lymphocytes:
miR-27b-3p, heat shock proteins, immunosuppression, death receptor pathway, and
mitochondrial pathway. Ecotoxicol. Environ. Saf. 236, 113471. doi:10.1016/j.ecoenv.
2022.113471

Zheng, X., Chen, Y., and Wu, R. (2011). Long-term effects of titanium dioxide
nanoparticles on nitrogen and phosphorus removal from wastewater and bacterial
community shift in activated sludge. Environ. Sci. and Technol. 45, 7284–7290. doi:10.
1021/es2008598

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Pakbin et al. 10.3389/fbioe.2025.1617115

https://doi.org/10.1016/j.cej.2021.133664
https://doi.org/10.1002/bit.28888
https://doi.org/10.1016/j.tifs.2023.06.031
https://doi.org/10.1016/j.seppur.2025.132415
https://doi.org/10.1002/rmb2.12024
https://doi.org/10.1016/j.biortech.2018.07.111
https://doi.org/10.1016/j.biortech.2018.07.111
https://doi.org/10.1007/s12033-014-9762-0
https://doi.org/10.1007/s12033-014-9762-0
https://doi.org/10.1016/j.ecoenv.2022.113471
https://doi.org/10.1016/j.ecoenv.2022.113471
https://doi.org/10.1021/es2008598
https://doi.org/10.1021/es2008598
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1617115

	Development and optimization of an ammonia removal strategy for sustainable recycling of cell culture spent media in cultiv ...
	1 Introduction
	2 Materials and methods
	2.1 Spent cell culture medium preparation and collection
	2.2 Ammonia removal strategies
	2.3 Alkalization-stripping method
	2.4 Zeolite method
	2.5 Struvite precipitation strategy
	2.6 TiO2-NP strategy
	2.7 Quantification of ammonium ions and glucose content
	2.8 Experimental design and analysis
	2.9 Effects of treated media on cell characterization
	2.10 Culture and maintenance of LSCs
	2.11 Short-term growth study
	2.12 Live/dead cell viability assay
	2.13 Immunostaining analysis
	2.14 Evaluation of the recycling strategies

	3 Results
	3.1 Evaluation of ammonia removal methods
	3.2 Optimization of the selected method by RSM-CCD
	3.3 Effects of treated spent media on cell characterizations
	3.4 Recycling strategies

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


