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3D printing represents a key enabling technology in design-
ing photobioreactors. It allows rapid prototyping of complex
geometries at an affordable price. Yet, no study dealt with the
biocompatibility of 3D printing material with microalgae. Thus
microalga Chlorella vulgaris was cultivated in contact with dif-
ferent 3D printing materials (Acrylonitrile Butadiene Styren -
ABS, PolyCarbonate Blend - PC-Blend , PolyLactic Acid - PLA,
and acrylate methacrylate resin). Cell status was analyzed using
flow cytometry, fluorometry, and pigment profiling. Results re-
vealed that acrylate methacrylate resin material inhibits growth
and decreases photosynthetic apparatus functioning. ABS, PC-
Blend, and PLA led to nominal perfromances. Nevertheless,
PLA was the only material that did not induce an early onset
of intracellular reactive oxygen species. Therefore, resin can be
ruled out as photobioreactor material, ABS and PC-Blend could
be used after a curation period, and PLA induces no detectable
perturbations by the means used in this study.
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1. Introduction
Photosynthetically cultivated microalgae are regarded as
small biological factories capable of producing many
molecules with applications ranging from food and feed to
advanced compounds used in the cosmetic and pharmaceu-
tical industries (1, 2). Still, before they realize the full ex-
tent of their promises, their production cost has to be consid-
erably lowered. Photobioreactor design is key to this goal.
Indeed, numerous studies have highlighted that the combina-
tion of geometry and light delivery could lever high-density
and high-quality cultures (3–6). Nevertheless, the best way
to combine illumination and geometry, if any, has yet to be
unanimously acknowledged (7). Instead of finding a univer-
sal optimum for light and geometry combination, it is far
more likely that each strain-end product couple will have its

own. With this in mind, one can expect long and complex
explorations of hand-tailored photobioreactor designs. Still,
two tools come to assist scholars and engineers. First, com-
putational fluid dynamics allow fluid flow and illumination
reproduction within a numerical photobioreactor design (8).
This way, it is possible to quickly assess for shear stress (9)
and light patterns (10–12), without even going to physical
design process. Therefore, it allows the discard of unpromis-
ing designs at an early stage of the conception process. Sec-
ond, 3D printing allows a fast transition from a digital design
to a physical object at an affordable price, enabling what is
commonly known as rapid prototyping (13). This approach
is a potent tool to confirm or discard designs at an afford-
able price before their fabrication in a more resistant material,
which generally requires more expensive and slower fabrica-
tion technologies. Finally, 3D printing offers wider geomet-
rical freedom than classic technologies, enabling conceiving
reactors with advanced geometries.

Despite this undeniable potential for microalgal biotech-
nology, articles combining 3D printing and microalgae are
still few in the literature. Even more surprising, none explic-
itly dealt with the biocompatibility of 3D printing material
with microalgae, despite the fact that it represents a pivotal
prerequisite to their use. Among the few emerging articles,
nascent categories arise. The closest to the envisioned appli-
cation in this article is the use of 3D printing to design parts
intended for long-term use in the marine environment (aqua-
culture farms, ships, marine sensors, ...) (14). In this con-
text, the ability of 3D printing material to repel biofouling
is of interest, which represents an adverse focus with respect
to the current work. Nevertheless, the authors showed that
all the tested materials (comparable to the ones used here-
inafter) were covered with biofilm (86 % or more) in twelve
weeks. Furthermore, they examined the biofilm taxonomy
and discovered that early colonization was led by cyanobac-
teria, replaced in steady state by microalgae (30 to 60 % of
the total flora), supporting the idea of a possible long-term
association of 3D printing materials and microalgae.

A second category of 3D printing material/microalgae in-
teraction is the application of 3D printing to design parts (15),
sensors (16), or modules for microalgae-related processes
(17). For example, Syed et al. designed an hydrocyclone
allowing to pre-concentrate a microalgae culture (from 0.045
MCell/mL to 3.2 MCell/mL, i.e., 7.13 concentration factor)
(17). In their work, the authors used Visijet M3 Crystal 3D
printing material as it is medical grade, claiming biocompat-
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ibility with blood cells. With such a material, the authors
aimed at minimizing the effect of the 3D printing material on
the cells, yet, without confirming this biologically. Neverthe-
less, given the short contact time between the cells and the
material (below 1 minute), they could have resorted to other
materials, as Visijet M3 Crystal is about ten times more ex-
pensive than classical polylactic acid. In addition to the cost
of the material itself, the 3D printing technology used for this
fabrication was multi-jet printing. This professional technol-
ogy is not available to the general public and is far more ex-
pensive. Another study examined how 3D printed structures
could help manage biofilm in photobioreactors (15). The
authors showed that adequately shaped and sized structures
(i.e., 10 mm spheres) could significantly reduce biofilm for-
mation by managing bubble bursting and yield almost dou-
bled biomass and lipid productivities. Nevertheless, they did
not investigate nor mention a potential effect of prolonged
contact between microalgae and 3D printing material.

Moving away from the focus of this work, another cate-
gory of application combining microalgae and 3D printing is
food 3D printing (18, 19). Authors have investigated the fea-
sibility and relevance of such a combination using robocast-
ing technology, where a slurry is deposed layer by layer to
create the object using a syringe as the extruder of the system.
They conclude that microalgae inclusion (up to 4 % in mass)
increased the pressure required to extrude the dough but does
not alter the final results in terms of shape. They also showed
that it was possible to co-extrude microalgae-enriched dough
within classical dough. This way, microalgae supplementa-
tion, which hinders the product’s appeal by making it darker,
can be hidden within regular dough, creating a cookie that is
both microalgae-enriched and regular looking.

Finally, one is to mention that high density (45 % in vol-
ume in water or oil) Chlorella paste (from dried microalgae)
was also demonstrated to be 3D printable (20), especially
when mixed with hexane and oil. However, the scope of ap-
plication for this process remains to be deciphered.

All in all, there is, to the authors knowledge, no study
dedicated to the impact of 3D printing materials on microal-
gae. Nevertheless, by widening the scope, one has to men-
tion a study led on zebrafish which concluded to the toxic-
ity (lower hatching and survival rates, higher occurrence of
developmental abnormalities) of common 3D printing mate-
rials (21). Nevertheless, zebrafish are complex organisms,
higher placed in the trophic chain, and undoubtedly too dif-
ferent from microalgae to translate any conclusion. There-
fore, this work aims at filling this gap in the literature. To do
so, Chlorella vulgaris was cultivated in contact with four dif-
ferent 3D printing materials: Acrylonitrile Butadiene Styren
(ABS), PolyCarbonate Blend (PC-Blend), PolyLactic acid
(PLA), and acrylate methacrylate resin. The three first corre-
spond to the affordable and widespread Fused Filament Fab-
rication 3D printing technique. The last one is used for stere-
olithographic 3D printing by photopolymerization of a resin.
Among the notable differences between the two techniques,
the key one in the context of photobioreactor prototyping is
the water tightness of the material under pressure. While both

techniques can produce watertight objects, only the stere-
olithographic technique allows the parts to handle high water
pressure, as its results do not feature any microporosity. This
might be convenient if one wants to design a long tubular
photobioreactor with a high pressure drop between the inlet
and the outlet. Still, the stereolithographic techniques may
suffer a potential drawback. Indeed, as they use photosensi-
tive resins and as photobioreactors are constantly exposed to
light, this might reduce the lifetime of designed parts.

Chlorella vulgaris was chosen as the model strain for two
reasons. First, Chlorellae make a fast-growing and ubiqui-
tous genus often used for ecotoxicological studies (22, 23).
Second, from a biotechnological point of view, Chlorella vul-
garis is commonly encountered in industrial and scientific
communities, approved as food and feed by (EFSA - Ares
(2022) 1668627 - and US FDA - GRN 00396 -), and features
a sizable potential (24). Among the potential applications,
scholars investigated bioenergy (25, 26), phycoremediation
(27), biofertilisation (28), protein production (29, 30), ...

The cultures were led in shake flasks over six days until
the entry of the culture in the stationary phase. For each ma-
terial, the cells were put in contact with one, two, or three
10 mm 3D printed cubes of the selected materials (biological
duplicate, with positive and negative control). This protocol
was retained to assess for a potential dose-response mech-
anism. Cell proliferation was monitored daily by means of
optical density recording. In addition, cell status (morphol-
ogy, chlorophyll fluorescence, and intracellular reactive oxy-
gen species) was also followed daily using a flow cytometer.
At the end of the runs, microalgae photosynthetic apparatus
status was qualified by fluorometric assays, and their pigment
content was also quantified. Finally, submerged cubes were
recovered and observed using a microscope to check for mi-
croalgae colonization of the structure or alteration of the ma-
terial.

2. Materials and methods

2 1. Strain and culture medium
The Chlorella vulgaris strain (CV 211-11b) was obtained
from Sammlung von Algenkulturen (SAG) Culture Collec-
tion, Germany. B3N medium (autoclaved) (31) was used
throughout this study. Before entering the test phases, cells
were subcultured in this medium for more than five genera-
tions. This medium was chosen as, from our group experi-
ence, it allows flourishing cultures of Chlorella vulgaris.

2 2. Cultivation and tested conditions
Tests were conducted in shake flasks (250 mL, 50 mL
medium, 100 rpm) under continuous moderate light (50
µmolPhotonPAR/m2/s) for six days. Moderate illumination
was chosen to allow high pigment expression, therefore mag-
nifying potential discrepancies between the tested configu-
rations. Furthermore, preliminary tests within our device
showed that, under nominal conditions, six days were suf-
ficient for the culture to enter the early stationary phase. Fi-
nally, cultures were not supplemented in carbon dioxide, and
temperature was kept within a 22-24 °C range.
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2.5 Photosynthetic apparatus qualification - OJIP assays

For each material (ABS, PC-Blend, PLA, and resin), a set
of 10 mm side cubes was fabricated out of a single batch
of raw material. ABS (Raide3DTM Premium) and PLA (3D
Printz Ltd.) were printed with Creality CR-10 Max 3D
printer (slicer - PrusaSlicer 2.6.0). PC-Blend (Prusament PC
Blend Natural) was printed with Prusa MK3 printer (slicer
- PrusaSlicer 2.6.0). Cubes made of resin (3DM-TOUGH)
were printed with Prusa SL1S printer (slicer - PrusaSlicer
2.6.0). Furthermore, these last cubes were postprocessed by
UV light exposure, as recommended by the manufacturer,
and the study of Oskui et al., who showed significantly lower
toxicity of the material after curation (21). Once printed,
cubes were checked visually to detect potential defects or
foreign material (e.g., leftover of a previous print on the 3D
printer bed). No anomalies were detected. Before being used,
they were stored in a clean, mild temperature and dim light
room. Finally, one should note that detailed 3D printing ma-
terials composition were not available, as they are considered
a trade secret, a common problem already encountered by
other research teams (14, 21).

Runs were started on Friday. First, 500 mL of Chlorella
vulgaris culture with an optical density of 0.03 (750 nm) was
prepared and thoroughly mixed. Then, 50 ml were trans-
ferred into eight different flasks. Two flasks were supple-
mented with one cube, two others with two cubes, and an-
other set of two with three cubes (all cubes made of the same
material). The two remaining flasks were used as negative
control (B3N medium and cells only) and positive control
(B3N medium, cells, and potassium dichromate at 4 mg/L
(32, 33)). Flasks were then installed in this incubator and
monitored daily (except over the weekend).

2 3. Growth monitoring
Samples of 1 mL were withdrawn from the flasks daily. Cell
development was followed using optical density (Shimadzu
UV-1800 spectrophotometer) as a proxy of cells’ dry weight.
Samples with an optical density above 0.4 were diluted to fall
below this value in order not to go over the linear portion of
the calibration curve. The optical density was recorded at 750
nm. Indeed, this wavelength allows to account for cell walls
and not pigments, hence measuring only for biomass (34).
Furthermore, frequent microscope observations were done to
check the cell condition (size, aggregation, color, presence of
a large vacuole (35), ...) and potential contamination.

2 4. Flow cytometry assay
In parallel to biomass quantification, cell status was analyzed
using flow cytometry (BD Fortessa x20). Four parameters
were recorded: forward scatter (or FCS, blue laser at 488
nm) as a proxy of cell size, side scatter (or SSC, blue laser
at 488 nm, 488/10 nm detection) as a proxy of cell complex-
ity, chlorophyll fluorescence (blue laser at 488 nm, 695/40
nm detection), and cell reactive oxygen species content, by
means of H2DCFDA probing. H2DCFDA is a molecule en-
tering the cells before being cleaved by esterase and reacting
with reactive oxygen species to release its fluorescent com-
pound. Its use requires a specific procedure (36, 37). In

short, fresh cells were incubated in the dark in the presence
of 120 µM fresh H2DCFDA (Sigma Chemicals, 200 µL dye,
and 800 µL culture) for 15 minutes. Afterward, to remove
the probe in excess, cells were pelleted (15000 rpm, 4 °C, 5
min), and the supernatant was discarded. The pellet was re-
suspended before immediate analysis. The dye signal was re-
covered using the blue laser (488 nm, 530/30 nm detection).
In addition, positive control cells viability was assessed us-
ing propidium iodine. This molecule enters permeable, i.e.
dead, cells and binds to their DNA, incidentally inducing its
fluorescence upon excitation. To lead this assay, 990 µL of
fresh cells were mixed with 10 µL of 1 g/L fresh propidium
iodide (Sigma Chemicals). Afterward, cells were pelleted by
centrifugation (15000 rpm, 4 °C, 5 min), and the supernatant
was discarded to separate the cells from the probe remain-
ing in suspension. The pellet was resuspended before im-
mediate analysis. The dye signal was recovered using the
yellow-green laser (561 nm, 610/20 nm detection). Finally,
for all the aforementioned tests, at least 30 000 events were
recorded per analysis.

2 5. Photosynthetic apparatus qualification - OJIP as-
says
At the end of the runs, fresh samples (circa 3 mL) were col-
lected and placed in a dark enclosure for 15 minutes imme-
diately after their withdrawal from the culture vessel. Af-
terwards, transient variable chlorophyll fluorescence assays
(also referred to as OJIP tests) were carried out in order to
evaluate photosynthetic apparatus status (AquaPen 110-C).
First, the signals were checked for potential saturation (never
encountered). Then, they were processed according to the
recommendations of Strasser (38). From a qualitative per-
spective, the general dynamic of the fluorescence signal was
analyzed (succession of OJIP stages). From a quantitative
perspective, values relatives to the Reaction Centers (RC)
were computed. The three primary parameters were: ab-
sorption per reaction center (ABS/RC), trapping per reac-
tion center (TR0/RC), and transfer per reaction (ET0/RC).
ABS/RC accounts for the quantity of energy captured by an-
tennae associated with a reaction center. TR0/RC focuses on
the fraction of this energy that is directed toward the core
of the photosystem II (PSII). Consequently, the dissipated
amount of energy can be computed as ABS/RC - TR0/RC.
Finally, ET0/RC relates to the amount of excitation leaving
the PSII down the electron chain (towards the PQ pool, the
cytochrome b6/f , and the PSI).

2 6. Pigment extraction and quantification
Once the sample dedicated to the photosynthetic apparatus
qualification had been withdrawn, the remaining biomass and
the cubes were recovered. Cells were washed twice by cen-
trifugation and resuspension in milliQ water (4 °C, 11000
rpm, 10 minutes). The pellet was then frozen and freeze-
dried (1-day primary drying, 1-day secondary drying, Christ
alpha 1-2 LD +). If not processed immediatly, the microalgae
powder was stored in the dark at -20 °C before being used for
pigment extraction. For the extraction, 1 mg of powder was
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Fig. 1. Illustration of Gaussian curve overlap for different Cohen’s d value. Standard deviation - 1, Reference curve mean - 3

homogenized in 5 ml pure methanol using MP Biomedicals
FastPrep42 bead beater. Followinf Porra’s advice for recalci-
trant microalgae, such as Chlorella vulgaris, the suspension
was cooked for 20 minutes at 60 °C (shaded from light) (39).
Finally, after a cooling period, the extract wasfiltered (0.22
µm) and absorbance spectrum was recorded (Shimadzu UV-
1800). The obtained spectra were processed with the help of
Wellburn’s equations for pure methanol and high precision
spectrophometer (Eq. 1, 2 and 3). Ultimately, these equa-
tions allowed to compute chlorophyll a, chlorophyll b and
total carotenoids (40) concentration.

Chla = 16.72 A665.2nm −9.16 A652.4nm (1)

Chlb = 34.09 A652.4nm −15.28 A665.2nm (2)

Carx+c = (1000 A470nm −1.63 Chla −104.96 Chlb)/221
(3)

where A665.2nm, A652.4nm, and A470nm are the recorded
absorbance of the pigment extracts at the wavelengths speci-
fied as subscripts.

2 7. Recovered 3D printing material cubes observa-
tions
Recovered cubes were qualitatively inspected to assess if and
to which extent microalgae would have colonized their sur-
face. To do so, they were placed under a microscope (Zeiss
Apotme 2, up to 168x magnification) mounted with fluores-
cence capabilities. In order to enhance the contract between
the cells and the materials, the scenes were observed with
a fluorescence setup (572/26 nm excitation and 645/90 nm
emission) as it stimulates chlorophyll fluorescence. There-
fore, Chlorella vulgaris cells appear as tiny glowing white
dots on the pictures. In addition to cubes put in contact with
microalgae, pristine cubes were also observed as control.

2 8. Statistical analysis
Statistical significance was assessed using the ANOVA test.
When the null hypothesis was rejected (p < 0.05), data were
further analyzed using Tukey’s Honestly Significant Differ-
ence test. In terms of reporting, if not stated otherwise, the

following results are presented as the mean of the replicate,
while the error bars account for the spread. Indeed two tests
are too few to draw meaningful standard deviations. For the
same reason, in most figures, the two runs of the duplicate
were drawn.

Another statistical tool was used to analyze flow cytometry
readings. As all the populations exhibited a Gaussian shape,
it was possible to resort to Cohen’s d index to qualify how far
away from each other they were. Using this index allows to
report synthetic results without drawing each population (7
runs x 4 time-points x 4 monitored parameters, i.e., 112 per
tested materials) in overcrowded graphs. From a technical
point of view, Cohen’s d index is calculated by norming the
difference of the means of two populations by their pooled
standard deviation (Eq. 4) (41, 42). Figure 1 illustrates the
span between different Gaussian curves for various Cohen’s
d index values. From the graph, one can draw a general rule
of thumb for cytometry readings: d < 0.5 represents a small
difference, 0.5 < d < 1 a medium one, 1 < d < 2 a significant
one, with the two populations starting to detach from one an-
other, and d > 2 a clear indicator of two different population.

d= µ1 −µ2√
(n1 −1)σ2

1 +(n2 −1)σ2
2

n1 +n2

(4)

where d is Cohen’s metric, µ1 and µ2 the mean values of
the two populations tested, σ1 and σ2 the standard deviations
of the two populations tested, and n1 and n2 the number of
samples of the two populations tested.

3. Results and discussion

3 1. Cell proliferation
Figure 2 presents the evolution of the cultures’ optical density
at 750 nm (proxy of the cell concentration) over the duration
of the experiments. As one can see, all the cultures exhibit an
exponential trend followed by a slowdown around the exper-
iments’ last day, corresponding to the entry in the stationary
phase. ABS, PC-Blend, and PLA materials showed growth
profiles similar to negative controls (p-values of 0.244, 0.943,
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3.2 Cell status

Fig. 2. Culture optical density at 750 nm over time for the four tested materials. When optical density was higher than 0.4 a dilution was applied. Shaded area - spread of all
the control runs

and 0.233, respectively). The resin material offers a growth
profile appearing below the controls. This observation can be
deemed marginally significant (p = 0.059). Going further, it
is the 3-cube runs that fall below the range of nominal per-
formances (p = 0.077). This finding suggests the existence
of a dose-response mechanism with this material, discussed
hereinafter.

For all the runs, the positive control showed no sign of cell
proliferation. The optical density kept stable around the in-
oculation value. Moreover, microscope examination revealed
that the majority of the cells were bleached.

3 2. Cell status

Monitoring cell growth can only be the first step in evalu-
ating the interactions between microalgae and 3D printing
material. Indeed, while of prime interest, especially from a
biotechnological point of view, its macroscopic nature would
prevent it from detecting subtle cell-scale changes. With this
view in mind, flow cytometry offers a potent tool to discrim-

inate these potential evolutions at the cell level. Flow cy-
tometry analyses are reported in Figure 3 by means of Co-
hen’s d indices. For all the time points, the negative control
was taken as the reference. Therefore, the presented curves
represent the standardized difference between a given con-
figuration (material and number of cubes) and the associated
control run.

First of all, a general comment is that cells’ morphology
(Forward SCatter, or FSC, as a proxy of size, and Side SCat-
ter, or SSC, as a proxy of cytoplasmic complexity) did not
exhibit much changes compared to control for most materi-
als. Only ABS appears to transiently induce swelling of the
cells, with a somewhat larger size and complexity on days
four and five. The same comment can be drawn for all the
materials regarding chlorophyll fluorescence signal. Indeed,
none reached a Cohen’s d value above 0.5. From these indi-
cators, it can be concluded that the cells appear in the same
conditions as the control, with similar size, internal morphol-
ogy, and color.
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Fig. 3. Flow cytometry reading presented as standardized deviations to control (Cohen’s d index, see Eq. 4). For PLA material on day five, the H2DCFDA of the control run
yielded abhorrent values. After checking that H2DCFDA of the test configurations were within the range of the previous and the following days, it was decided to remove the
computed indices and replace them with their linear interpolations, marked as crosses

Yet, H2DCFDA modulates this purely observational con-
clusion. Indeed, reactive oxygen species probing shows that
most of the materials actually induce an intercellular re-
sponse. ABS and PC-Blend curves show a clear decreas-
ing trend. It starts with a medium to large difference to
control on day three, and decreases to a medium to small
difference at the end of the run. The signal level also ap-
pears to be correlated with the number of cubes, suggest-
ing a potential dose-response mechanism that attenuates in
time. This trend may correspond to a progressive metabo-
lizing of some substance initially released by the cubes. In-
deed, plastic materials are not pure polymers. They are often
supplemented by plasticizers (7 % in mass, on average)(43).

Those molecules (e.g., dibutyl phthalate, bisphenol A, 3,3’-
diaminobenzidine-like substances (44)) can be water soluble
and enter in contact with microalgae cells. In the ecotoxic-
ity community, they are commonly identified within plastic
leachates, and their overall detrimental effects on microal-
gae are well-established, while the associated metabolic path-
ways are still unclear (45–47). Focusing on the 3D printing
material/microalgae interaction, some authors deployed cu-
ration procedures to eliminate the leachates (14). In contrast,
others did not (15, 17) without seeing detrimental effects, al-
legedly because they used PLA or medical-grade material.
Another possibility could be the unknown compounds man-
ufacturers use to improve their 3D printing materials proper-
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3.4 Photosynthetic apparatus status

Fig. 4. Cell pigment content for the four tested materials, presented as mean and spread (error bars). One should note that positive controls are not reported as too little
biomass was harvest which prevented to lead proper pigment profiling

ties (14, 21). Some might be harmful, while others not.
The case of the resin material is even more striking. The

intracellular reactive oxygen species are detected at a large
level on day three and start soaring continuously from day
four. These observations lead to the conclusion that the resin
material itself may be the origin of the problem. This conclu-
sion is not surprising. Indeed, the cytotoxicity of such mate-
rial was evidenced in the dental context (48). In their study,
the authors exposed Hela cells to 23 monomers and tested vi-
ability in a dose-response approach. They concluded that the
acrylates were more toxic than the corresponding methacry-
lates and that the longer the chain, the lower the IC50. They
relied on literature to hypothesize that molecules’ lipophilic-
ity helped them to cross the cell membrane and deploy their
cytotoxic effects. Furthermore, tests on zebrafish showed that
resin-printed parts could induce severe detrimental effects
(preventing eggs from hatching and causing embryo deaths)
(21). In this test, the authors also confirmed the presence of
leachates in the culture medium for uncured resin material.
While they did not analyze them for cured resin, they hy-
pothesized that the improved performances of the UV-cured
resin were linked to their reduction.

Finally, PLA is the only material that does induce a rise in
intracellular reactive oxygen species levels, with a deviation
kept at a low level.

3 3. Cell pigment content

Figure 4 illustrates the cell pigment contents for all the con-
figurations. The first qualitative comment is that all the cul-
tures present a similar pigment profile. Indeed, statistical
analysis shows that the differences are mainly between sam-
ples, while most can be considered similar to control. From
a quantitative perspective, the observed pigment profile can
be deemed rich in chlorophyll a and b (23.2 ± 3.2 mg/gDW ,
and 8.4 ± 1.1 mg/gDW , respectively). Furthermore, total

carotenoid pigment levels are also quite stable (4.67 ± 0.79
mg/gDW ) with a ratio of total carotenoids over total chloro-
phyll of 0.15 ± 0.01. Taking a step back, these values corre-
late with previous studies with the same strain under a similar
illumination (49), and echoes the original intention to supply
non-limiting low illumination to exacerbate microalgae pig-
ment expression. Furthermore, the fact that all the runs are
relatively close to the control one suggests that the cell pho-
tosynthetic apparatus is not severely impaired. While inter-
esting, especially from a biotechnological point of view for
which pigments represent a subsequent part of the microal-
gae commercial value supporting the whole value chain, in
vivo pigment profiling is incapable of detecting subtle alter-
ation of photosynthesis functioning. Therefore, it is neces-
sary to dive further and analyze the dynamic of the in vivo
photosystems, which was accessed via OJIP tests.

3 4. Photosynthetic apparatus status

Table 1 reports the detailed photosynthetic apparatus status
for all the runs. First, one can see that the positive control
runs exhibit a severely impaired apparatus. The very high
values of ABS/RC, TR0/RC, and ET0/RC suggest that a large
fraction of the photosystems are damaged on both donor and
acceptor sides. Then, ABS, PC-Blend, and PLA runs yield
a behavior similar to control runs (p-values of 0.505, 0.378,
and 0.293 for the three indicators, respectively). This obser-
vation tends to agree with the flow cytometer reading. In-
deed, the amount of stress experienced by the microalgae is
maximum at day three and decreases afterward. As the OJIP
tests are led on the last day, cells were allowed enough time
to cope with it and return to a nominal functioning, at least
from a photosynthetic point of view.

On the contrary, the contact with resin material induced
a negative alteration of the cell photosynthetic apparatus.
It is characterized by a moderate, yet significant, increase
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Run ABS/RC TR0/RC ET0/RC

Negative control 1.66 ± 0.22 1.16 ± 0.07 0.48 ± 0.04
Positive control 5.32 ± 2.89 1.81 ± 0.67 0.54 ± 0.30
ABS 1 cube 1.63 ± 0.02 1.18 ± 0.02 0.50 ± 0.01

2 cubes 1.55 ± 0.00 1.14 ± 0.00 0.48 ± 0.01
3 cubes 1.53 ± 0.00 1.13 ± 0.01 0.49 ± 0.01

PC-Blend 1 cube 1.47 ± 0.04 1.09 ± 0.02 0.48 ± 0.00
2 cubes 1.55 ± 0.09 1.12 ± 0.05 0.48 ± 0.01
3 cubes 1.58 ± 0.00 1.14 ± 0.00 0.48 ± 0.00

PLA 1 cube 1.40 ± 0.15 1.13 ± 0.01 0.48 ± 0.01
2 cubes 1.62 ± 0.07 1.16 ± 0.03 0.47 ± 0.00
3 cubes 1.64 ± 0.01 1.15 ± 0.00 0.45 ± 0.01

Resin 1 cube 1.71 ± 0.08 1.23 ± 0.02 0.52 ± 0.02
2 cubes 2.03 ± 0.01 1.40 ± 0.00 0.56 ± 0.00
3 cubes 1.93 ± - 1.36 ± - 0.56 ± -

Table 1. Indicator of the photosynthetic apparatus functioning drawn from OJIP test.
Data of the duplicate run for resin material with three cubes were lost, hence the
lack of spread

in ABS/RC, TR0/RC, and ET0/RC, with p-values of 0.010,
0.001, and 0.004, respectively. Here again, this observation
aligns well with the flow cytometry readings and correlates
the important , yet non lethal, level of stress undergone by
the culture even at the end of the run.

3 5. Cubes observations
The study’s final analysis was to examine the cubes that had
been submerged for six days (for pictures, see supplementary
material). The first qualitative comment is that the cubes’
surfaces exhibit the expected surface condition: stacks of lay-
ers for ABS, PC-Blend, and PLA, mesh-like for the resin.
This mesh-like surface comes from the pixels of the screen
used in the 3D printer to realize the photopolymerization of
the resin. Then, some artifacts are already present on virgin
cubes. They appear as large white dots (especially in the case
of PC-Blend). Nevertheless, one can discern the microalgae
cells. They can be spotted as tiny white dots. For the three
first materials, they are usually grouped in between the 3D
printing materials layers, giving them the aspect of horizon-
tal lines. For the resin, they form small, unevenly spread, and
rare groups. For all materials, it can be concluded that mi-
croalgae did not alter the shape of the printed model, over the
course of the cultivation.

As for any visual observation, the evaluation is mainly
qualitative. Nevertheless, it is possible to assess a general
trend: PLA is the material hosting the highest amount of
cells, followed by ABS and PC-Blend. Finally, the resin sur-
face did not seem to host many groups of cells. Even though
qualitative, this observation is in good agreement with quanti-
tative data obtained from the flow cytometry and fluorimetric
assays.

These observations cannot help to assess for potential
dose-response mechanisms. Indeed, as for OJIP tests, they
were led at the end of the run, hence after a potential accli-
mation of microalgae to ABS and PC-Blend. Furthermore,
regarding the possible colonization of biofilm, it was not ev-
idenced in any configuration. Yet, the cultivation duration,
one week, might have needed to be longer to highlight such

a phenomenon (14, 15).

4. Conclusion
Microalga Chlorella vulgaris was cultivated in contact with
different 3D printing materials. Acrylate methacrylate resin
material inhibits growth. ABS, PC-Blend, and PLA led to
nominal growth, photosynthetic apparatus status, and colo-
nization of the materials by the microalgae. PLA was the only
material that did not induce an early onset of intracellular re-
active oxygen species levels. Therefore, resin is to be ruled
out as photobioreactor material, ABS and PC-Blend could be
used after a curation period. Finally, this studies calls for a
longer one studying 3D printing material aging when placed
in contact with microalgae and their culture media.

E-supplementary data for this work can be found in e-
version of this paper online.
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