
Advanced Healthcare Materials

www.advhealthmat.de

RESEARCH ARTICLE

Evaluating Cytocompatibility of Corynebacterium
glutamicum-poly Vinyl Alcohol Living Biomaterials for
Ocular Use
Krupansh Desai1,2 Lorely Garcia-Sanchez1 Maryam Amini1 Lara Luana Teruel-Enrico1,2 Silke Siegrist1
Aránzazu del Campo1,2 Sara Trujillo1

1INM-Leibniz Institute for New Materials, Saarbrucken, Germany 2Chemistry Department, Saarland University, Saarbrucken, Germany

Correspondence: Sara Trujillo (sara.trujillomunoz@leibniz-inm.de)

Received: 5 August 2025 Revised: 5 November 2025 Accepted: 24 November 2025

Keywords: co-cultures | corynebacterium glutamicum | cytocompatibility | immunogenicity | living biomaterials | poly vinyl alcohol

ABSTRACT
In ophthalmology, living biomaterials have appeared as promising drug delivery and biosensor devices to tackle dynamic sensing
and delivery of compounds. Their living character complicates their assessment with the also dynamic ocular tissues. The use of
animal experiments increases complexity, and most animal ocular models are anatomically different from humans. Thus, in vitro
ocular systems applied specifically to living biomaterials are required to assess their safety, compatibility and efficacy. Here, we
report on an in vitro cornea model for co-cultures with Corynebacterium glutamicum-polyvinyl alcohol living biomaterials, which
are reported as suitable living contact lenses, to study their cytocompatibility to the eye.We co-cultured this living biomaterial with
human primary corneal cells (epithelial and fibroblasts) for 7 days, mimicking contact lens extended wear. We studied bacterial
proliferation, biocontainment and biosafety. We investigated potential cytotoxicity and pro-inflammatory responses of living
biomaterials to corneal cells. Our results revealed that the living biomaterial does not trigger cytotoxicity or pro-inflammatory
phenotypes on corneal cells during the 7-day co-culture. We placed the living biomaterial on top of the corneal epithelium,
observing no cytotoxic effects. Overall, these findings highlight the potential of in vitro investigations for living biomaterials and
the applicability of these devices for ophthalmology purposes.

1 Introduction

Living biomaterials are shifting the paradigm of drug delivery [1]
and biosensing [2, 3] devices in healthcare. However, the dynamic
nature of these devices requires comprehensive investigations
to evaluate their biocompatibility, safety, and functionality over
time and at the targeted site. Preclinical assessment is needed at
all levels, and yet, there is a significant lack of in vitro models
specifically applied to living biomaterials [4]. Cytotoxicity or
immunogenicity due to living biomaterials can be triggered by
biochemical factors such as the release of bacterial metabolites,
proteins, toxins, or enzymes [5]. For example, a stronger immune

response from peripheral blood mononuclear cells was reported
in the presence of living biomaterials encapsulating E. coli
compared to ClearColi, an endotoxin-free variant of E. coli [6].
Therefore, the preclinical investigation of living biomaterials
under physiologically relevant conditions in vitro is crucial to
advance safer and compatible devices to the clinic.

So far, researchers have primarily evaluated the cytocompatibility
of living biomaterials either by using supernatants [4, 6–8] or
by co-culturing living biomaterials with mammalian cells [9–11].
Both are equally important; however, most studies have been
restricted to short-term observations, with a typical duration of
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24 h [12, 13]. This could be mainly due to the lack of optimized
culture conditions suitable for the growth of both living systems
and tissue models in vitro for longer periods of time. Longer
co-cultures have been achieved in some cases using complex
antibiotic mixtures to slow down bacterial proliferation, which
are not physiologically relevant [14, 15]. On this regard, our group
has recently developed a screening methodology to evaluate the
effects of culture media on the viability and proliferation of
different bacterial strains embedded in polyvinyl alcohol (PVA)
hydrogels [7]. By using this method, we were able to find suitable
culture conditions for 2 out of 3 bacterial strains investigated and
used these culture supernatants to assess murine fibroblast and
humanmonocyte viability. The system did not allow for direct co-
cultures between the living biomaterials and themammalian cells
used. This is a critical step in performing preclinical evaluations
of living biomaterial prototypes at relevant timescales.

Moreover, an appropriate tissue mimic will help in the prediction
of the translatability potential of the living biomaterial due to
the unique characteristics of each tissue (e.g., different cellular
types, extracellular matrix, architecture, function, etc.). A few
tissue-specific preclinical models have been used to assess the
functionality of living biomaterials in vitro. Dhakane et al. uti-
lized human umbilical vein endothelial cells seeded on collagen-
gelatin gels as an in vitro model to study the angiogenic potential
of a living biomaterial engineered to secrete a vascular endothelial
growth factor peptidomimetic [16]. Praveschotinunt et al. used
a monolayer of Caco-2 cells seeded on transwells to study the
invasion potential of their living system designed to promote
intestinal barrier function [17]. Similarly, Wu et al. utilized lung
epithelial (Calu-3) cells seeded on transwells at the air-liquid
interface to develop an infected in vitro lung model together with
their living material incorporating multiple microbial species
[18].

In ophthalmology, living biomaterials could potentially solve
current challenges of drug-eluting contact lenses, such as prob-
lematic drug loading of one or more drugs or achieving the
desired pharmacokinetics [19]. Puertas-Bartolome et al. devel-
oped a living contact lens by encapsulating Corynebacterium
glutamicum in polyvinyl alcohol (PVA) hydrogels. The bacteria
were engineered to produce hyaluronic acid, which was shown to
increase the lubrication of the contact lens [20]. Another example
of living contact lens was developed and evaluated in vitro and
in vivo. Zhu et al., fabricated a double-layered alginate/chitosan
hydrogel containing cyanobacteria as a contact lens to treat
refractory keratitis. In the study, increased proliferation rates of
human corneal epithelial cells were observed after application of
the device using an in vitro scratch migration assay. The murine
in vivo study using a model for refractory keratitis revealed that
the application of the living contact lens improved the corneal
damage with no signs of inflammation or corneal edema [21].
This is, to the best of our knowledge, the only study of living
biomaterials applied to corneal cells.

Here, we have embedded Corynebacterium glutamicum (Cg) in
PVAhydrogels as amodel of living biomaterial for ophthalmology
purposes. Corynebacterium glutamicum was selected for the
living biomaterial as the Corynebacterium species is a natural
commensal of the eye microbiome [22]. In addition, it has been
granted the Generally Regarded As Safe (GRAS) status by the

Food andDrugAdministration,meaning that it is safe to consume
[23]. This strain is a particularly well-studied bacterium, used
to produce several products, and its genetic toolbox is highly
developed [24, 25]. PVA polymer was selected as it is used in
contact lens fabrication and presents suitable physicochemical
properties for ocular use [26, 27]. The combination of C. glu-
tamicum embedded in PVA hydrogels was shown to achieve
similar transparency and oxygen permeability values to those
of commercial contact lenses [20]. In this work, we optimized
conditions for the direct co-culture of C. glutamicum embedded
in PVA hydrogels (Cg-PVA) with human primary corneal cells
(epithelial and fibroblasts) for up to 7 days. We then quantified
bacterial proliferation, leakage potential, plasmid diffusion, and
glucose consumption within the hydrogels, as well as the cyto-
toxicity of the Cg-PVA hydrogels to corneal cells and the potential
inflammatory response of the corneal cells exposed to the living
biomaterials. Finally, we assessed the cytocompatibility of Cg-
PVA on top of a mature in vitro corneal epithelium differentiated
at the air-liquid interface. This work will help in the assessment
of living biomaterials-ocular surface interactions and therefore,
help to advance living material therapeutic investigations for
ophthalmology purposes.

2 Results and Discussion

We investigated in vitro cytocompatibility of Corynebacterium
glutamicum embedded in polyvinyl alcohol hydrogels (Cg-PVA)
as a model of living biomaterial to be applied in ophthalmology
[20]. We focused on investigating the effects of Cg-PVA interact-
ing with human primary corneal cells (epithelial or fibroblasts)
in a co-culture system (a schematic of the setup can be found in
Figure S2). These co-cultures allow individual assessment of Cg-
PVA hydrogels and corneal cells, which is critical as both evolve
over time in a different manner.

The optimal co-culture medium for Cg-PVA hydrogels and
corneal epithelial cells was found to be a 50:50 mixture of RPMI
+ 20% FBS (optimized medium to grow Cg-PVA hydrogels [7])
and CEpiM (optimal medium to grow corneal epithelial cells).
Similarly, the optimal co-culture medium for Cg-PVA hydrogels
and corneal fibroblastswas found to be a 70-30mixture of RPMI+
20% FBS and CFM (optimal medium to grow corneal fibroblasts).
Bacteria did not grow in either CEpiM or CFM alone, probably
due to the low amounts of glucose present in these media and
lower supplementation with FBS (Figure S3b,f).

Prior to the start of the co-culture, Cg-PVA hydrogels were
monitored for 24 h to ensure the absence of bacterial leakage.
After that, the co-culturesweremaintained for 7 days. Tomeasure
possible bacterial escape, we sampled the culture medium and
used it to inoculate a bacterial culture in brain heart infusion
medium at 30◦C. Possible growth of bacteria was monitored over
24 h, which is enough time to achieve the stationary growth
phase for this bacterial strain. C. glutamicum did not escape
from the PVA hydrogels during the 7-day co-culture carried
out with both corneal epithelial and fibroblast cells (Figure
S4a,b). Then, we investigated the potential for horizontal gene
transfer from the hydrogels by encapsulating plasmids in PVA
hydrogels and studying their diffusion over 7 days (Figure S4c).
Results showed that only 0.15 ± 0.01% of the total encapsulated
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FIGURE 1 Bacterial growth in Cg-PVA hydrogels in co-culture with human corneal epithelial cells. (a) Schematic representation of the co-culture
setup of Cg-PVA and corneal epithelial cells. (b) Glucose consumption by Cg-PVA in 50-50 (mean ± SD, n = 3). (c) Proliferation (alamarBlue assay) of C.
glutamicum in a co-culture setup with corneal epithelial cells (mean ± SD, n = 3). (d) Representative fluorescence Z-stack images of C. glutamicum in
a co-culture setup with corneal epithelial cells (scale bars: 50 µm). (e) Number of colonies per field of view (FoV). (f) Frequency distribution (in %) for
colony area. (g) Fluorescence intensities per colony area of C. glutamicum in a co-culture setup with corneal epithelial cells. Significances are depicted
as follows: p-values <0.05 (∗), p-values <0.01 (∗∗), p-values <0.005 (∗∗∗), p-values <0.001 (∗∗∗∗), ns = not significant.

plasmids diffused through the hydrogel. The absence of bacterial
leakage and low plasmid diffusion over 7 days indicated high
biosafety features of the Cg-PVA living biomaterials, which are
in accordance with other living biomaterial systems [6, 8, 28].
In this case, biocontainment of bacteria is mainly associated
with the biomaterial structure that allows bacterial growth in a
controlled way [29]. The addition of non-crosslinked PVA in the
PVA-VS/PVAmixture allows for control of bacterial growth. PVA
diffuses over time, creating more space for bacteria to occupy, but
still restricting bacterial escape [20].

After ensuring no bacterial escape for 7 days, we moved to
investigate bacterial growth in the Cg-PVA hydrogels in co-

culture with corneal epithelial cells or fibroblasts (Figures 1
and 2). First, we measured glucose consumption in the Cg-
PVA hydrogels in the selected media over time (Figure 1b for
50-50 and Figure 2b for 70-30). The starting concentration of
glucosewas different for eachmixture, as RPMImedium contains
higher amounts of glucose, and there was a higher proportion
of this medium in the 70-30 mixture. Measurements obtained
for PVA control without bacteria were constant over time, with
average values measured of 11.7 ± 2.6 mg/dL for cultures in
50-50 mixture and 23.5 ± 6.3 mg/dL for 70-30 (Figure S5a,b).
When looking at bacteria growing in eachmedium, they followed
a similar trend reaching a plateau on day 4 of approximately
6 mg/dL of glucose, which was maintained up to day 7. Glucose
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FIGURE 2 Bacterial growth in Cg-PVA hydrogels in co-culture with human corneal fibroblasts. (a) Schematic representation of the co-culture
setup of Cg-PVA and corneal fibroblasts. (b) Glucose consumption by Cg-PVA in 70-30 (mean ± SD, n = 3). (c) Proliferation (alamarBlue assay) of Cg-
PVA in the co-culture setup with corneal fibroblasts (mean± SD, n= 3). (d) Representative fluorescence Z-stack images of C. glutamicum in a co-culture
setup with corneal fibroblasts (scale bars: 50 µm). (e) Number of colonies per field of view (FoV) (f) frequency distribution (in %) for colony area, and
(g) fluorescence intensities per colony area of C. glutamicum in co-culture setup with corneal fibroblasts. Significances are depicted as follows: p-values
<0.05 (∗), p-values <0.01 (∗∗), p-values <0.005 (∗∗∗), p-values <0.001 (∗∗∗∗), ns = not significant.

concentration decreased approximately 50% in 50-50 cultures and
70% in 70-30. We also measured the amount of metabolically
active bacteria via alamarBlue assay (Figure 1c, Figure 2c). For
bacteria growing in 50-50 cultures, there was an increase in the
number of metabolically active bacteria from day 1 to 4, and
this number slightly decreased on day 7. This correlates with
glucosemeasurements as bacteria proliferate faster in logarithmic
phase, consuming glucose from day 1 to 4, then they reach

the stationary phase where growth is slowed down, and the
number of new bacteria equals dead bacteria. After 7 days, the
bacterial culture reached the death phase, where a decrease in
the number of metabolically active cells was observed (Figure 1c).
To confirm this, we imaged the bacterial colonies in the Cg-PVA
hydrogels over time as C. glutamicum was engineered to express
the fluorophore mCherry (Figure 1d). We then quantified the
number of colonies per field of view, the distribution of colony
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areas, and the fluorescence intensity per colony area (Figure 1e–
g). The number of colonies observed in the images increased
from day 1 to 4, and it remained stable from day 4 to 7, also
shown in the quantification (Figure 1e). The distribution of colony
areas was similar over time, and the expression of mCherry
– quantified as fluorescence intensity per colony area – was
also similar over time (Figure 1f, g). Taken together, bacteria
in the Cg-PVA hydrogels remained proliferative up to day 4,
also increasing their expression of mCherry. Then, from day 4
to 7, bacteria slow down proliferation, and mCherry expression
decreases. This could be due to a decrease in nutrient availability
for bacteria. As colonies grow, diffusion of nutrients through the
colony also decreases, slowing down the proliferation machinery
of the bacteria. We observed a similar trend for Cg-PVA hydrogels
cultured in the 70-30 mixture (Figure 2). When looking at the
number of metabolically active bacteria in 70-30, there is no
increase from day 1 to 4 as seen for the cultures in 50-50 mixture.
This could be due to the higher nutritional values present in
the 70-30 mixture, which could allow bacteria to proliferate at
a higher rate from fabrication to day 1 of the experiment and
therefore reach a plateau faster compared to 50-50 (Figure 2c).
A decrease in metabolically active cells was observed from day
4 to 7, similar to the behavior observed in cultures with 50-
50 mixture. Interestingly, results from the images showed an
increase in the number of colonies per field of view up to day 7
(Figure 2d,e). The distribution of colony area was also different,
observing a higher percentage of big colonies (>1000 µm2) on
day 7 (Figure 2f). The expression of mCherry also increased over
time, with the highest fluorescence intensities in colonies on day
7 (Figure 2g). These results diverge from the results obtained
in glucose consumption and the number of metabolically active
cells. Achieving faster proliferation rates at the beginning of the
culture led to an increase in the initial number of colonies on
day 1 compared to bacteria grown in 50-50 mixtures. This might
facilitate the growth of each colony separately. This could result
in more and bigger colonies, as observed in the images. However,
bigger colonies might have fewer metabolically active cells in the
core of the colony, as is observed in the images, where purple color
marks lower fluorescence intensities compared to orange colors.
This could result in an average decrease in metabolically active
cells as observed in Figure 2c, but with an increase in the number
and size of the colonies as quantified from the images. Taking
all together, the selection of an appropriate culture medium
might be critical to control bacterial growth and expression of
engineered recombinant proteins over time. This will require
careful consideration during the design of living biomaterials
depending on the target application.

Having more insights on bacterial proliferation and expression
of the recombinant protein mCherry over time in the selected
culture media, we moved to investigate the interactions between
Cg-PVA hydrogels and human primary corneal cells in co-
culture (Figures 3–5). First, we investigated potential cytotoxicity
effects due to the presence of Cg-PVA. These measurements were
carried out following international guidance for the evaluation
of cytotoxicity effects of medical devices, but applied to human
corneal cells. After 24 h of co-culture, the percentage of cell death
was measured by LDH assay (Figures 3a and 5a). As a positive
control, we used Triton X-100, a non-ionic surfactant known to
be cytotoxic as it triggers cell membrane lysis. Results showed
a very low percentage of cell death (<10%) for all conditions

evaluated, indicating that neither Cg-PVA nor PVA hydrogels
induced corneal epithelial or fibroblast cell death at the time point
studied. International guidance suggests that devices with >80%
cell viability are considered non-cytotoxic. This was expected
as PVA is a widely used polymer in the clinic [27, 30], and
we observed that the presence of C. glutamicum in the system
had no effect on cell death. These results were corroborated by
performing Live/Dead staining and visualizing the cells (Figures
S6a and S7a).

After confirming that Cg-PVA hydrogels were not cytotoxic
to the corneal cells, we moved to investigate proliferation.
First, we investigated the proliferation of corneal epithelial cells
(Figure 3b). As controls, we included: corneal epithelial cells
growing in their optimal medium (CEpiM), corneal epithelial
cells growing in the optimized medium for the co-cultures (50-
50), and PVA hydrogels cultured in 50-50 medium (PVA). The
controls showed a similar trend, with a slight increase in the
number of metabolically active cells over 7 days, although not
statistically significant. Interestingly, we observed an increase in
the number of metabolically active cells in cultures with Cg-
PVA hydrogels over 7 days. Corneal epithelial cells are normally
seeded at semi-confluent cell densities, as they tend to prioritize
cell-cell contact in healthy phenotypes [31]. Therefore, they do
not proliferate as much as other cell types. We looked at total
cell numbers and cell areas from images obtained during the
co-culture (Figure 3c; Figure S6b–d). We observed an increase
in the number of cells from day 1 to 7 as quantified by the
number of nuclei in the images. The increase in cell number
was similar for Cg-PVA and all other controls. This increase
in cell number resulted in a decrease in cell area, which was
expected as the total culture area remained constant. Taking
these results together, we quantified a similar total number of
cells but observed an increase in the number of metabolically
active cells only in the Cg-PVA co-cultures. This indicates that
the presence of C. glutamicum was inducing a more active
phenotype, which did not translate into higher proliferation;
therefore, other phenotypical changes might be occurring in this
case.

These results moved us to investigate further possible phe-
notypical changes in the corneal epithelial cells in co-culture
with Cg-PVA hydrogels. In particular, we were interested in a
possible pro-inflammatory phenotypic change induced by the
presence of bacteria in the co-cultures. Wemeasured the secreted
amounts of two key pro-inflammatory cytokines: IL-6 and TNF-
α (Figure 3d; Figure S6e). As a positive control, we spiked
corneal epithelial cells with lipopolysaccharide (LPS), known to
trigger inflammation in corneal epithelial cells and provoke the
production of pro-inflammatory cytokines like IL-6, IL-8, and
TNF-α [32, 33]. Our results showed that the values measured
for secreted IL-6 were similar in Cg-PVA, PVA hydrogels, and
controls (50-50 and CEpiM) on days 1 and 7. Positive controls
showed the highest amount of IL-6 secreted. No secreted TNF-α
was observed, even in positive controls. Lipopolysaccharide does
not trigger the secretion of all known pro-inflammatory cytokines
in all cell types at the same time or with the same concentration,
so it is possible that longer treatments or different concentrations
of LPS might be needed to induce the secretion of TNF-α in
these cells. For example, some studies use LPS concentrations of
10 µg/mL [32], whereas others use lower amounts (50 ng/mL)
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FIGURE 3 Cytocompatibility investigation of corneal epithelial cells in co-culture with Cg-PVA hydrogels. (a) Percentage of cell death (via LDH
assay) of corneal epithelial cells in co-culture with Cg-PVA on day 1 (mean ± SD, n = 3). A positive control (C+) using Triton X-100 for cell lysis was
used. (b) Proliferation (via alamarBlue assay) of corneal epithelial cells in co-culture with Cg-PVA on day 1, 4, and 7 (mean ± SD, n = 3). Positive control
of cells growing in their optimal medium (CEpiM) was included. (c) Cell staining of corneal epithelial cells in co-culture with Cg-PVA on day 1 and day
7 (green – phalloidin and blue – DAPI), scale bar: 100 µm. (d) Quantification of IL-6 production by corneal epithelial cells in co-culture with Cg-PVA on
day 1 and day 7 (mean ± SD, n = 3). Cells treated with lipopolysaccharide (LPS) were used as positive control (C+). Differences among groups are shown
as: p-values <0.05 (∗), p-values <0.01 (∗∗), p-values <0.005 (∗∗∗), ns = not significant.

[33] to spike corneal cells. In our case, we investigated two
concentrations, 100 and 1000 ng/mL, obtaining similar results.

As comparable amounts of IL-6 in Cg-PVA and all negative
controls (PVA, 50-50 and CEpiM) were observed, and no TNF-α
was secreted by the corneal epithelial cells during the co-culture,
we decided to investigate gene expression of IL-6, TNF-α, and two
more pro-inflammatory cytokines: IL-8 and IL-1β (Figure 4).

Gene expression results showed an average increase in the
expression of TNFA, IL8, and IL1B genes from day 1 to 7 in
the positive control, while expression of the IL6 gene remained
constant. When comparing gene expression among conditions,
we observed a decrease in the expression of IL6 from day 1 to day 7
inCg-PVAand other controls (Figure 4a). This correlatedwith the
results obtained from quantification of secreted IL-6. Expression
of TNFA increased from day 1 to 7 in Cg-PVA, PVA, and 50-
50, obtaining similar expression values as the positive control.
This suggests a more stable TNFA expression in cells cultured

in CEpiM compared to the other medium used (Figure 4b). The
overall expression of TNFA was relatively low, in accordance
with our results on negligible secreted amounts of TNF-α. The
expression of IL8 increased from day 1 to 7 in Cg-PVA and
all controls, suggesting that the expression of this gene was
upregulated due to other factors, not the presence of Cg-PVA
hydrogels (Figure 4c). Interestingly, the average expression levels
of IL1B increased in all conditions from day 1 to 7, observing the
highest increase in Cg-PVA and PVA hydrogels (Figure 4d). This
suggests that the expression of this gene was triggered by the
presence of PVA rather than the presence of bacteria alone. This
could be due to the release of non-crosslinked PVA polymer that
could deposit on top of the cells, creating stress [34, 35]. It has
been shown that synthetic polymers such as polyethylene glycol
and polyvinyl alcohol can be used as cell protectants, depending
on the molecular weight used [36] or they can induce cell fusion
in some cases [37]. Further, the presence of TNF-α has been
shown to induce production of IL-8 in corneal epithelial cells
[38], and the presence of IL-1β was shown to increase production
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FIGURE 4 Gene expression quantification of corneal epithelial cells in co-culture with Cg-PVA hydrogels. Fold change (2−ΔCt) to housekeeping
gene for expression of (a) IL6 (b) TNFA (c) IL8, and (d) IL1B on days 1 and 7 (n = 7 for all groups, n = 3 for C+). Cells treated with lipopolysaccharide
(LPS) were used as a positive control (C+). Differences among groups are shown as: p-values <0.05 (∗), p-values <0.01 (∗∗), p-values <0.005 (∗∗∗), ns =
not significant.

of IL-8 and IL-6 in corneal epithelial cells in a dose-dependent
manner [39]. Therefore, the expression of these pro-inflammatory
cytokines is tightly regulated by a positive feedback loop involving
one another. Further investigations to separate the effects of the
medium used – as in the case of the expression of TNFA and IL8
– or the effects of the material alone – as in the case of expression
of IL1B – remain to be fully understood.

Then, we investigated the effects of Cg-PVA hydrogels on the
proliferation of corneal fibroblasts in co-culture (Figure 5b). The
number of metabolically active cells increased over time for Cg-
PVA hydrogels in co-culture and all the other controls. This was
expected, as corneal fibroblasts are initially seeded at a lower
density (compared to corneal epithelial cells) and are deemed
more proliferative in general. These results were confirmed by
observation of the cells under the microscope (Figure 5c). The
presence of Cg-PVA hydrogels, which were more proliferative
in the 70-30 media mixture (Figure 2), did not affect corneal
fibroblast proliferation, and all conditions behaved as the control
in the optimal medium (CFM). As with the corneal epithelial
cells, we investigated possible pro-inflammatory phenotypes by
quantifying IL-6 and TNF-α secretion (Figure 5d; Figure S7b). IL-
6 secretion increased from day 1 to 7 in Cg-PVA, PVA, and 70-30

control, which indicated that this increase could be due to the
use of the 70-30 mixture, because corneal fibroblasts cultured
in CFM did not secrete IL-6. On the other hand, the positive
control with lipopolysaccharide treatment showed high secretion
values on day 1 and a decrease on day 7, which could be due to
tolerance to LPS at this stage in culture. Studies using fibroblasts
from dermal origin report an increase in secretion of IL-6 up
to 24 h after the addition of LPS and a decrease in secretion of
IL-6 after that time, which shows that fibroblasts can build up
tolerance to LPS with time [40]. Similar observations have been
reported for other cellular systems, like skin organotypic cultures
[41] or macrophages [42]. Regarding TNF-α, no cytokine release
was observed on day 1 for any condition evaluated, nor for Cg-
PVA on day 7. For the other conditions on day 7, low amounts of
TNF-αwere detected (around 20 pg/mL), whichwere comparable
between groups (Figure S7b). Taking these results together, the
presence of Cg-PVA in co-culture with corneal fibroblasts did
not change the proliferative state of the cells nor induce the
expression of any of the two major pro-inflammatory cytokines
investigated. Further studies investigating possible fibroblast-to-
myofibroblast transition in the presence of Cg-PVA could be
carried out. However, looking at the secretion levels of TNF-α
measured, longer time points might be needed.
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FIGURE 5 Cytocompatibility investigation of corneal fibroblasts in co-culture with Cg-PVA hydrogels. (a) Percentage of cell death (via LDH assay)
of corneal fibroblasts in co-culture with Cg-PVA on day 1 (mean ± SD, n = 3). Triton X-100 was used to lyse cells and used as a positive control (C+). (b)
Proliferation (via alamarBlue assay) of corneal fibroblasts in co-culture with Cg-PVA on day 1, 4, and 7 (mean ± SD, n = 3). A positive control of cells
growing in CFM medium was used. (c) Cell staining of corneal fibroblasts in co-culture with Cg-PVA on day 1 and day 7 (green – phalloidin and blue –
DAPI), scale bar: 100 µm. (d) Quantification of IL-6 production by corneal fibroblasts in co-culture with Cg-PVA on day 1 and day 7 (via ELISA) (mean ±
SD, n = 3). Cells treated with lipopolysaccharide (LPS) were used as positive control (C+). Differences among groups are shown as: p-values <0.05 (∗),
p-values <0.01 (∗∗), p-values <0.005 (∗∗∗), p-values <0.001 (∗∗∗∗), ns = not significant.

In order to investigate Cg-PVA hydrogels in conditions more
physiologically relevant, we engineered a mature corneal epithe-
lium by differentiating corneal epithelial cells at the air-liquid
interface. Then, we placed the Cg-PVA hydrogels directly on top
(Figure 6). The differentiated epithelium was obtained by airlift-
ing cells on day 7 and cultivating the corneal epithelial cells at the
air-liquid interface for 14 days more (21 days in total) (Figure 6a).
First, we characterized the corneal epithelium by measuring cell
proliferation after airlifting (Figure 6b). Slight proliferation was
observed during the 14 days of air-liquid culture, as expected [43].
Cellular tight junction formation was investigated using TEER
measurements (Figure 6c). Increased TEER values were observed
up to day 7, when the cultures were air-lifted. After that, TEER
values decreased on day 10 and remained stable up to day 21.
TEER values were lower for air-lifted cells compared to cells not
subjected to airlifting, but they reached comparable values on
day 21. This suggests a tight corneal epithelial barrier on day 21,
which is characteristic of a healthy corneal epithelium.The values
of TEER obtained in this system are in line with those reported
for other airlifted epithelia [44]. Mucin production was also
evaluated as an indicator of mature corneal epithelium function

(Figure 6d) [45, 46]. Mucins were stained with Alcian Blue-PAS,
which stains for acidic and neutral mucins, respectively. Acidic
mucin secretion was mainly observed on day 14 (Figure S8a), as
shown by strong blue staining. On day 21, the corneal epithelium
presented both acidic and neutral mucins (blue and magenta
staining, respectively). Taking all results together, after day 21,
corneal epithelial cells cultured at the air-liquid interface showed
several of themain characteristics of amature corneal epithelium
[45, 47].

After obtaining the differentiated corneal epithelium, Cg-PVA
and PVA hydrogels were placed on top (Figure 6e). We decided
to use Cg-PVA hydrogels cultured for 1 and 7 days. This was
to mimic the possible use of Cg-PVA as a living contact lens.
Typically, soft hydrogel contact lenses are made for daily use,
which are worn for 12–16 h and then discarded [48]. Contact
lenses for extended wear also exist, which can be used for up
to 7 days (and in some cases, up to 30 days). These contact
lenses are typically made of silicone hydrogel [49, 50]. PVA-
based contact lenses are designed for daily wear; this is why we
tried Cg-PVA hydrogels on day 1. However, as the concept of
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FIGURE 6 Compatibility of corneal epithelium in direct contact with Cg-PVA hydrogels. (a) Schematic illustration of the experiment timeline.
(b) Proliferation (alamarBlue assay) of corneal epithelial cells on air-liquid interface on day 1, 7, 14, and 21 (mean ± SD, n = 3). (c) TEER measurements
of air-lifted and non-airlifted corneal epithelial cells up to day 21. (d) Mucin production staining via alcian blue-PAS on day 21. (e) Image of Cg-PVA
placement on top of corneal epithelium for 24 h (scale bar: 5 mm). (f) Cell viability (Live/Dead staining) of corneal epithelium in contact with Cg-PVA
on day 1, Cg-PVA on day 7, and PVA on day 7. Differences among groups are shown as: p-values <0.05 (∗), p-values <0.01 (∗∗), ns = not significant.

a living biomaterial for drug delivery is intended for sustained
release, we also investigated Cg-PVA hydrogels on day 7, which
would mimic extended wear. Then, as contact lens wear lasts
for 16 h, we decided to keep the Cg-PVA hydrogels in direct
contact with the corneal epithelium for 24 h, mimicking daily
wear.

We focused on corneal epithelium and Cg-PVA viability
(Figure 6f; Figure S8b,c). We stained the corneal epithelium
with a Live/Dead staining to visualize cell viability in areas
directly under Cg-PVA or PVA hydrogels. Results showed that
cell viability was very high in all conditions evaluated and
similar to areas with no contact with Cg-PVA or PVA hydrogels.
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The day of culture of Cg-PVA (day 1 or day 7) did not affect
corneal epithelium viability. Furthermore, we looked at possible
bacterial escape in this setup (Figure S8b) and observed no
bacterial escape in either Cg-PVA on day 1 or 7. Bacterial viability
in the Cg-PVA was also measured via alamarBlue (Figure S8c),
showing that there were metabolically active bacteria on both
Cg-PVA on day 1 and on day 7, having more active bacteria on the
samples cultured up to day 7. This confirmed that direct contact
of the Cg-PVA within the typical contact lens wear regime was
non-cytotoxic and that the bacteria remained viable even when
placed in the air (on top of the corneal epithelium) for 24 h. These
are encouraging results that would need to be further studied
for a full biocompatibility evaluation. For example, investigating
the behavior of Cg-PVA in conditions similar to the tear film
would be critical. The use of simulated tear fluid could help;
however, it might need to be supplemented, as we have observed
no growth of C. glutamicum in suspension using it (Figure S9).
Further, the effects of several naturally present components of
the tear fluid could affect Cg-PVA behavior, such as lactoferrin,
nucleases or antimicrobial peptides. For example, the presence of
lysozyme at different concentrations showed no toxic effects on
Cg-PVA hydrogels [20]. The fact that Corynebacterium is one of
the major natural commensal species of the ocular microbiome
could explain this result. Another major component of the tear
film is mucins, which we indirectly evaluated in our study as we
have shown the presence of both neutral and acidic mucins in
our differentiated corneal epithelium.

Overall, one of the major disadvantages of the co-culture setup
presented here is that the living biomaterial is not directly in
contact with the corneal cells. We selected a transwell culture
system to be able to assess in parallel Cg-PVA hydrogels and
corneal cells over time. Placing the Cg-PVA on top would
mean either more manipulation over time (taking the living
biomaterial from the contact with cells for every experiment),
which could translate into artificial disruption of the cellular layer
or disruption of the living biomaterial. This could be avoided
by changing the experimental design to end-point assessments,
such as the one presented in Figure 6. However, this would
exponentially increase the number of samples to be investigated,
and therefore, automation in the production of Cg-PVA would be
required.

More studies regarding the production and delivery of molecules
of interest and how and when they reach the ocular surface, or
studies investigating possible treatments from Cg-PVA hydrogels
secreting drugs in in vitro ocular models, should be investigated
in the future. Also, further studies using other Corynebacteria,
such as C. mastitidis, that are found in healthy eye microbiomes
[51, 52] could be implemented and investigated. Studies with
corneal models incorporating immune cells would be highly
desirable, and models of the ocular microbiome could help
understand possible interactions between the bacteria in the
living biomaterial and the natural microbiome of the eye.

3 Conclusions

In this study, we have developed a co-culture system to inves-
tigate the interactions between a living biomaterial consisting
of Corynebacterium glutamicum embedded in PVA (Cg-PVA)

with human corneal cells. To do this, we first investigated
bacterial growth in co-culturewith either human primary corneal
epithelial cells or human primary corneal fibroblasts. Then, we
investigated phenotypical changes in both corneal cell types
during seven days of co-culture with the living biomaterial,
mimicking contact lens extended wear time. Results showed
that co-cultures with Cg-PVA and human corneal epithelial or
fibroblast cells had no significant effect on viability, proliferation
or cell morphology on both bacteria and human cells. Quan-
tification of secreted cytokines and gene expression of several
pro-inflammatory cytokines suggested that the presence of C.
glutamicum in the construct did not trigger an inflammatory
response. Finally, we mimicked typical contact lens wear by
putting in direct contact Cg-PVA with matured corneal epithe-
lium at the air-liquid interface, resulting in high viability of the
corneal epithelium after direct exposure to the Cg-PVA hydrogels
and high viability of the bacteria within Cg-PVA hydrogels
maintained in the air for 24 h. Results obtained from direct
contact of bacterial gels withmature corneal epithelium, induced
by air-liquid interface culture, demonstrate high viability of
both bacteria and epithelium. All in all, these results showcase
the potential applicability of Cg-PVA living biomaterials in
ophthalmology.

4 Experimental Section

The reagents used in this study include: Brain Heart
Infusion (BHI) medium, RPMI 1640 Medium ATCC
modification (Gibco GmbH), Trypsin-EDTA 1x (VWR
GmbH), Fetal Bovine Serum (FBS, PAN Biotech GmbH),
vinyl sulfonated—poly (vinyl alcohol) (PVA-VS), Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma Aldrich
GmbH), kanamycin (Kan, 50 µg/mL) (Carl Roth GmbH), Corneal
Fibroblast Medium (CFM, P60108, Innoprot), Corneal Epithelial
Medium (CEpiM, P60131, Innoprot). All reagents were used as
received unless otherwise stated.

4.1 Cell Culture

Primary human corneal epithelial cells (passages 1–6, P10871,
Innoprot) and primary human corneal fibroblasts (passages 1–6,
P10872, Innoprot) were used. Corneal epithelial cells were grown
in corneal epithelial cell medium (CEpiM). Fresh culture media
were added every 2 days, and cells were passaged (trypsin-EDTA,
5 min at 37◦C, 5% CO2) when reaching 90% confluency, following
the manufacturer’s protocol. For co-culture experiments, these
cells were seeded at a density of 30,000 cells/cm2 on 24 well-
plates. After 24 h, cells were put in contact with Corynebacterium
glutamicum embedded in PVA hydrogels (Cg-PVA) or control
empty gels (PVA) and co-cultures were incubated in 50:50 (V:V)
mix containing RPMI+ 20% FBS and Corneal Epithelial medium
(themixture is named: 50-50). To establish the corneal epithelium
model, corneal epithelial cells were seeded on inserts (pore size of
0.4 µm) at a seeding density of 60,000 cells/cm2 and lifted to the
air-liquid interface after 7 days of culture.

Similarly, corneal fibroblasts were cultured in Corneal Fibroblast
medium (CFM). Fresh culture media were added every 2 days,
and cells were passaged using trypsin-EDTA (2 min at 37◦C,
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5% CO2) upon reaching 90% confluency, following the manufac-
turer’s instruction. For co-culture experiments, these cells were
seeded at a density of 15,000 cells/cm2 on 24 well-plates. After
24 h, cells were exposed to Cg-PVA hydrogels or PVA hydrogels,
and co-cultures were maintained in a 70:30 (V:V) mix containing
RPMI + 20% FBS and Corneal Fibroblasts medium (CFM). The
mixture is named: 70-30).

4.2 Fabrication of Cg-PVA Hydrogels

Corynebacterium glutamicum constitutively expressing the pro-
tein mCherry was used (plasmid map is shown in Figure S1a).
Bacteria were inoculated from frozen glycerol stocks (20 wt.%
glycerol, stored at−80◦C) into 4mLofBrainHeart Infusionmedia
supplemented with 50 µg/mL kanamycin [7]. After an overnight
liquid culture, bacteria were subcultured to a final optical density
at 600 nm (OD600) of 0.05 and allowed to grow up to log phase
(OD600 0.85 to 0.95). Then, the cultures were diluted back to
OD600 0.5 right before mixing them in the appropriate media and
polymer mixtures. Polymer solutions were prepared as a mixture
of PVA-VS/PVA 95:5 with 5 wt. % total polymer content in MilliQ
water containing LAP 0.5 wt.% in RPMI + 20% FBS and bacterial
suspension a final OD600 of 0.05 in RPMI + 20% FBS. An empty
polymer mixture without bacteria was prepared first (60 µL of
polymer mixture) into a 24-well plate transwell insert (Greiner
GmbH, pore size 3 µm) and photocrosslinked for 45 s at 365 nm
using aUV-transilluminatorwith an intensity of 6mW/cm2 (UVP
Transilluminator PLUS, Analytic Jena). Subsequently, 60 µL of
the polymer mixture was layered on top and photocrosslinked for
2.5 min. C. glutamicum embedded in PVA hydrogels are referred
to as Cg-PVA, and hydrogel controls without bacteria are referred
to as PVA.

For experiments requiring direct contact between Cg-PVA hydro-
gels or PVA hydrogel controls and corneal epithelium, Cg-PVA
samples were taken out of the transwells on days 1 and 7 and
placed directly on top of the differentiated corneal epithelium
(cultured up to day 14 after air-lifting). These cultures were
maintained in 50-50 media supplemented with kanamycin.

4.3 Bacterial Gels Characterization

4.3.1 Bacterial Proliferation via Alamarblue Assay

Bacterial proliferation within Cg-PVA hydrogels was quantified
by alamarBlue assays on different time points during co-cultures.
In brief, the transwell inserts were moved to a new 24-well
plate. The cell culture media on the top and the bottom of
the transwell were replaced with fresh media containing 10%
alamarBlue reagent (300 µL on top and 800 µL at the bottom).
The samples were incubated at 37◦C and 5% CO2 for 4 h. After
incubation, the media containing alamarBlue reagent from both
sides of the insert were mixed. Afterward, 100 µL of this mixture
was added to a black bottom 96-well plate, and the fluorescence
was read at Ex/Em 530/570 nm and 580/610 nm in a Tecan Spark
plate reader (BioTek, Germany). The assay was performed in
triplicate.

4.3.2 Bacteria Leakage Test

Todeterminewhether bacteria leaked through theCg-PVAhydro-
gels during co-cultures, the presence of bacteria outside of the
hydrogel was quantified. For this purpose, 20 µL of supernatants
from apical and basal sides of the transwell were added to fresh
200 µL of Brain Heart Infusion media (optimal bacterial growth
media for Corynebacterium glutamicum), supplemented with
50 µg/mL kanamycin in a 96-well plate. The plate was incubated
at 30◦C (optimal growth temperature for this strain). Positive
controls (freshly inoculated bacterial cultures) and negative
controls (sterile Brain Heart Infusion media) were plated as well.
After setting up the plate, OD600 was read at the beginning (0 h)
and after 24 h (to allow growth up to the stationary phase),
using a Tecan Spark plate reader (BioTek, Germany). An increase
in OD600 compared to the negative control was interpreted as
bacterial growth, and thus leakage of the bacteria from the
hydrogels. The test was done in triplicate.

4.3.3 Fluorescence Microscopy

Live bacteria imagingwas carried out using a Zeiss Celldiscoverer
7 microscope (Zeiss, Germany) equipped with LSM 900 and
Airyscan 2. Z stacks of 20 µm were captured using 20x/0.95
NA (ZEISS Plan-Apochromat) objective with optovar 1× or 0.5x
Tubelens lens, and temperature was maintained at 37◦C. The
Ex/Em of 561/565–700 nm was used to detect the mCherry
fluorophore expressed by the bacteria. To image, Cg-PVA samples
were taken out from the transwell insert by peeling off the
membrane. Then, they inverted and transferred to 48-well plates
to keep the working distance to a minimum for microscopy.
Triplicates for each condition were imaged, and each sample was
imaged at least at twelve different locations.

Image analysis was performed using Fiji (ImageJ v1.54p).
To determine the number of colonies and colony areas,
Z-stack images were projected using the Z-projection
tool (Image>Stacks>Z-projection>Sum Intensities). The
resulting images were thresholded using the Otsu method
(Image>Adjust>Threshold) to obtain colony masks. Masks
were used for quantification using the Analyze Particles
tool (Analyze> Analyze Particles). To measure fluorescence
intensity of the colonies, the projected images obtained after
applying the Z-projection tool were used. Colonies were selected
using the magic wand, and the Measure tool was applied
(Analyze>Measure) to quantify the fluorescence integrated
density. The values obtained were normalized to the colony area.

4.3.4 Plasmid Diffusion

To evaluate potential horizontal gene transfer, diffusion through
PVA hydrogels of encapsulated plasmid was analyzed using
Quant-iT PicoGreen dsDNA Reagent and Kit (Invitrogen, Ger-
many). For this purpose, the plasmid P256-staygold (564 ng/µL,
3.77 kB, 26.8 kDa, in Figure S1b) was encapsulated in the PVA
constructs. 6 µL of the plasmid solution (10% of the final volume
of outer layer) was added to the polymermixture containing PVA-
VS/PVA 95:5 with 5 wt. % total polymer content in MilliQ water
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containing LAP 0.5 wt.% prior to UV crosslinking. Empty PVA
hydrogels were prepared as controls. All samples were incubated
in PBS. 50 µL of supernatants were collected from both apical
and basal sides of the transwell at different timepoints. Samples
were stored at -20◦C until use. DNA quantification was carried
out as per the manufacturer’s instructions. Standard curves were
prepared by using 2 µg/mL stock solution of dsDNA, low (250
pg/mL to 25 ng/mL) and high range (10 ng/mL to 1 µg/mL).
50 µL of supernatants were mixed with Tris-EDTA buffer in 1:1
volume ratio in a 96-well plate. Afterward, 100 µL of aqueous
working solution of the Quant-iT PicoGreen dsDNAReagent was
added to the samples and standards. The plate was incubated
for 5 min at room temperature and protected from light. The
fluorescence intensity was read at Ex/Em 480/520 nm with a
Tecan Spark plate reader. The reagent blank was subtracted from
each of the samples and standards. Finally, DNA concentration
was determined using the standard curves.

4.3.5 Glucose Consumption Test

Glucose concentration was determined using the Glucose Colori-
metric Detection Kit (Invitrogen, Germany). Cg-PVA hydrogels
were prepared without co-culturing them with host cells. For
measurements, 10 µL of supernatants were collected from the api-
cal and basal sides of the transwell system at different timepoints.
The standards (32 mg/dL to 0 mg/dL) were prepared by serial
dilutions. To stay within the recommended standards range, the
supernatants were diluted in a ratio of 1:20 in the Assay Buffer
provided by the manufacturer. At first, 20 µL of glucose standards
or diluted supernatants were added to the plate. It was followed
by additions of 25 µL horseradish peroxidase, 25 µL of Substrate,
and 25 µL 1x Glucose Oxidase to each well. After 30 minutes
of incubation at room temperature, the absorbance was read at
560 nm with a Tecan Spark plate reader.

4.4 Cytocompatibility Assessment Through
Co-Cultures

4.4.1 Corneal Cell Metabolic Activity via alamarBlue
Assay

AlamarBlue assay was utilized to assess the changes in metabolic
activity of either human corneal epithelial cells or human corneal
fibroblasts in co-culturewith Cg-PVAhydrogels or PVAhydrogels
over time. At different timepoints during the co-cultures, the
transwell inserts with the samples were removed and placed in
new 24-well plates. Then, the medium was replaced with new
media supplemented with 10% of alamarBlue reagent (500 µL),
and samples were incubated for 1.5 h at 37◦C and 5% CO2. Then,
100 µL were transferred to a black bottom 96-well plate, and
the fluorescence intensities were read at Ex/Em 530/570 nm and
580/610 nm in a Tecan plate reader.

4.4.2 Cell Death Quantification via Lactate
Dehydrogenase Assay

Lactate dehydrogenase (LDH) assay (CytoTox 96 Non-
Radioactive, Promega, Germany) was performed to measure

the percentage of either corneal epithelial or fibroblast cells
with compromised cell membranes after 24 h of co-culture with
Cg-PVA hydrogels. The basal side supernatants were used to
perform this assay. All supernatants were diluted in PBS to 1:5
(fibroblast co-culture) and 1:40 (epithelial cell co-culture) to
prevent signal saturation for cell lysis controls. Then, 50 µL
of diluted supernatants were well mixed with 50 µL of the
CytoTox 96 reagent. The 96-well plate was incubated at room
temperature for 30 min, and then 50 µL of stop solution was
added. Absorbance was measured at 490 nm in a plate reader
(BioTek, Germany). Fresh media was used as a blank, and lysed
cells were used as positive controls. 80 µL of 37.5% Triton X-100
was used to lyse the cells. 80 µL of PBS was added to the rest of
the samples to keep the volumes equal.

4.4.3 Live/Dead Staining

Cells (corneal epithelial cells or corneal fibroblasts) were washed
gently with PBS once. Next, live staining (fluorescein diacetate,
5 mg/mL, Invitrogen) and dead staining (propidium iodide,
2.5 mg/mL, Invitrogen) were added to cells in media without FBS
for 5 min at a final concentration of 40 µg/mL and 5 µg/mL,
respectively. The staining was then replaced with fresh media
and imaged immediately with an epifluorescence microscope
(Keyence, Germany). At least 10 images were taken using a 10x
objective, and triplicate images for each condition were imaged.

4.4.4 Cell Staining

Cells (corneal epithelial cells or corneal fibroblasts) were washed
twice using PBS and fixed using 4% paraformaldehyde at room
temperature for 15 min. After fixation, cells were washed twice
with PBS. Next, cells were permeabilized using a permeabiliza-
tion agent (0.1% Triton X-100 in PBS) for 5 min, followed by
two washing steps with PBS. To avoid any unspecific binding,
blocking buffer (1% Bovine serumalbumin in PBS)was added and
incubated for 30min. Then, cells were incubated in the dark with
AlexaFluor 488-Phalloidin (1:400 dilution, Proteintech GmbH)
and DAPI (1:1000 dilution, Invitrogen) for 1 h. At last, cells
were washed five times with PBS before fluorescence imaging
(Keyence, 10x objective). Samples were prepared in triplicate, and
at least 3 images were taken per sample.

4.4.5 Enzyme-linked Immunosorbent Assay (ELISA)
Assay

Quantification of IL-6 and TNF-α was carried out using Human
IL-6 DuoSet and Human TNF-α ELISA Kits (R&D Systems,
Germany) as directed. First, each well was covered with 100 µL
of their respective capture antibodies overnight. The next day,
the wells were washed three times with washing buffer (0.05%
Tween 20 in PBS). This was followed by a blocking step with
300 µL of Reagent Diluent (1% BSA in PBS) per well. The wells
were againwashed three times before incubating 100 µLof sample
or standards in Reagent Diluent for 2 h at room temperature.
After the washing step, 100 µL of the Detection antibody was
added to each well and incubated for 2 h at room temperature.
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Again, the washing step was repeated before adding 100 µL of
Streptavidin-HRP for 20 min at room temperature. Finally, after
washing the wells with wash buffer three more times, 100 µL
of Substrate Solution was added to each well, keeping the plate
protected from direct light. Plates were incubated for 20 min at
room temperature. Finally, 50 µL of Stop Solution was added to
each well, and the absorbance of each well was read using a plate
reader (Tecan Spark) set at 450 nm.

4.4.6 RNA Isolation, Reverse Transcription, and
Quantitative Polymerase Chain Reaction (qPCR)

Gene expression levels of IL-6, TNF-α, IL-1β, and IL-8 were
analyzed using quantitative polymerase chain reaction (qPCR).
For this purpose, total RNA was extracted from cell lysates using
the Monarch Spin RNA Isolation Kit (T2110S, NEB, Germany)
according to the manufacturer’s instructions. RNA was eluted in
20 µL of nuclease-free water, and the concentration and purity
were assessed using a NanoDrop One Microvolume-UV/VIS-
Spectralphotometer (Thermo Scientific, Germany). Reverse tran-
scription was performed using the OneTaq RT-PCR Kit (E5310S,
NEB, Germany) and Biometra TAdvanced thermocycler (Ana-
lytik Jena, Germany). qPCR reactions were carried out using the
SYBR Green qPCR Kit (204143, Qiagen, Germany) in combina-
tion with commercially available QuantiTect primers (Qiagen,
Germany) as follows: IL-6: QT00083720, TNF-α: QT01079561, IL-
1β: QT00021385, IL-8: QT00000322, TBP (housekeeping gene):
QT00000721. For qPCR experiments CFX96 Touch Real-Time
PCRDetection Systemwas used (Bio-Rad, Germany). The cycling
conditions were set as initial heat activation for 15 min at 95◦C,
followed by 45 cycles of 95◦C for 30 s (denaturation), 58◦C for 30
s (annealing), and 72◦C for 30 s (extension). Gene expression was
quantified using the 2−(ΔCt) method.

4.5 Cytocompatibility Assessment Through
Direct Contact

4.5.1 Corneal Epithelium Air-liquid Interface Culture

To establish a differentiated human corneal epithelium, human
corneal epithelial cells were seeded at 60,000 cells/cm2 on 0.4 µm
pore transwells (24-well/12-well plate ThinCert, Greiner GmbH,
Germany). The cells were allowed to reach full confluency for 7
days, and then the media from the apical side was removed to
airlift the cells, letting them grow at the air-liquid interface for
the next 14 days. Furthermore, to promote the differentiation, the
media on the basal side was supplemented with 1.5 mm of CaCl2
[53].

For co-cultures, the differentiated epithelium was exposed to
direct contact with bacterial gels for 24 h, and live/dead staining
was performed afterwards.

4.5.2 Proliferation of Corneal Epithelium via
Alamarblue Assay

Human corneal epithelial cells were cultured at the air-liquid
interface. At different timepoints of the air-liquid culture, fresh

media mixed with 10% alamarblue reagent on apical (500 µL) and
basal sides (1200 µL) was added. The samples were incubated
for 2 h at 37◦C and 5% CO2. Then, the media from both sides
were mixed, and 200 µL of the mixture was transferred to a black
bottom 96-well plate. Afterwards, fluorescence intensity was read
at Ex/Em 530/570 nm and 580/610 nm in a Tecan plate reader
(BioTek, Germany). These assays were performed in triplicate,
and inserts without cells were used as a negative control.

4.5.3 Transepithelial Electrical Resistance (TEER)
Measurement

Human corneal epithelial cells were cultured at the air-liquid
interface. At various time points, the TEER values weremeasured
using STX-2 electrodes plugged to an EVOM Epithelial Voltohm-
meter (WPI, USA). During the measurements, the media on both
sides of the inserts were changed to supplement free media. The
resistance recorded for empty inserts was subtracted from the
resistance of the samples. The TEER valueswere then normalized
by the transwell area (0.33 cm2), and non-airlifted cells were used
as control.

4.5.4 Alcian Blue-Periodic Acid Schiff Staining

Human corneal epithelial cells were cultured at the air-liquid
interface. Cells on different time points were fixed using 4%
paraformaldehyde for 15 min at room temperature. Then, the
samples were stained following the manufacturer’s protocol
(Morphisto GmbH, Germany). Briefly, samples were washed
with distilled water for 2 min. Then, samples were incubated in
Alcian blue 1% (pH 2.5 in acetic acid) for 5–10 min. The samples
were then rinsed using distilled water to remove excess stains.
Following this, Periodic acid 1% was added and incubated for
20 min. After another washing step with distilled water for 5–
10 min, the samples were stained with Schiff’s reagent for 15 min.
After rinsing with distilled water for 10 min, Hematoxylin was
added for 1 min. Finally, the samples were washed for 5–10 min
before imaging using a color camera fixed in a microscope (Leica
Microsystems, Germany).

4.6 Statistical Analysis

In this study, all experiments were carried out in triplicate unless
otherwise noted. Statistical analysis was performed using Graph-
Pad Prism v9 software. All plots represent the mean ± standard
deviation (SD) unless otherwise mentioned. The normality of the
data was tested by the Shapiro-Wilk Normality test. For normally
distributed data, one-way ANOVA (analysis of variance) was fol-
lowed by a Šidák post hoc test to correct for multiple comparisons
(three ormore groups). For comparisons of two groups at different
timepoints, data were analyzed via two-way ANOVA, followed by
Tukey’s post hoc test for multiple comparisons. It was performed
by matching time point as a factor. A full model was fitted
(“time” effect, “condition” effect, and time/condition effects).
Multiple comparisons were carried out to compare changes in
each condition through time and then to compare the different
conditions per time point. For not normally distributed data,
the non-parametric Kruskal-Wallis test was performed, followed
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by Dunn’s post hoc test to correct for multiple comparisons.
Statistical significance was defined as: p-values <0.05 (∗), p-
values<0.01 (∗∗), p-values<0.005 (∗∗∗), p-values<0.001 (∗∗∗∗), and
differences among groups not statistically significant (ns).
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