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The increasing prevalence of dry eye syndrome in aging and digital societies
compromises long-term contact lens (CL) wear and forces users to regular
eye drop instillation to alleviate discomfort. Here a novel approach with the
potential to improve and extend the lubrication properties of CLs is presented.
This is achieved by embedding lubricant-secreting biofactories within

the CL material. The self-replenishable reservoirs autonomously produce

and release hyaluronic acid (HA), a natural lubrication and wetting agent, long
term. The hydrogel matrix regulates the growth of the biofactories and the HA
production, and allows the diffusion of nutrients and HA for at least 3 weeks.
The continuous release of HA sustainably reduces the friction coefficient of the
CL surface. A self-lubricating CL prototype is presented, where the functional
biofactories are contained in a functional ring at the lens periphery, outside

of the vision area. The device is cytocompatible and fulfils physicochemical

management, digital medicine, and
communication.!! The transfer of this
vision into widely accepted user products
demands CL materials with the highest
and most durable comfort.[?l In soft CLs,
user comfort depends on the capacity of
the CL material to retain moisture, provide
high lubrication, and avoid adsorption of
tear fluid molecules on the CL surface,
among other factors.’l Wettability and
water retention in CLs have been sig-
nificantly improved in commercial CLs
by grafting hydrophilic polymer layers,
surfactants, or lipids on the surface of
the lens (e.g., MoistureSeal, Aquaform or
Hydraluxe technologies, among others).[*]

requirements of commercial CLs. The fabrication process is compatible with
current manufacturing processes of CLs for vision correction. It is envisioned
that the durable-by-design approach in living CL could enable long-term
wear comfort for CL users and minimize the need for lubricating eye drops.

1. Introduction

Smart contact lenses (CLs) for therapeutic delivery, diagnostics
or augmented vision have the potential to revolutionize health
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Alternative academic approaches have been
recently suggested based on embedded
electronics®! or engraved microchannels!®!
to transport and retain tear fluid at the
eye—lens interface.

The release of wetting and lubricating
agents (i.e., poly(vinyl alcohol) (PVA),
hydroxypropyl = methylcellulose,  and
hyaluronic acid (HA)) and lipids previously adsorbed or embed-
ded in the lens, is currently the gold standard to improve lubrica-
tion and hydrophilicity in CLs and user comfort.”l However, the
limited capacity of the CLs to uptake hydrophilic molecules by
soaking, and the rapid clearance of components in the tear fluid,
limit the duration of the wetting and lubrication effects to a few
hours in commercial CLs. CL wearers that experience discom-
fort are therefore dependent on the regular use of eye drops to
externally provide the lubricant agent. Considering the increas-
ing incidence of dry eye symptoms with an aging population
and the increased use of digital formats,!®! alternative solutions
for long-term supply of wetting, and lubricant agents are to be
developed.

A promising academic alternative for extending the amount
and delivery time scale of a lubricant on a gel surface is
the Lubricant-infused surfaces (LIS), inspired by the skin of
earthworms.[®] In LIS, lubricant molecules are embedded within
microdroplets in the bulk of the material and diffuse to the sur-
face to form a self-repairing lubricant film. This strategy has been
successfully applied to extend the lubrication of porous and elas-
tomeric surfaces and more recently hydrogel surfaces.['”) How-
ever, in order to extend the lubrication for the complete lifetime
of the material, as in the skin of the earthworm, lubricant reser-
voirs with a refilling function would be necessary for LIS. In the
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Figure 1. Design and composition of the living self-lubricating CL. Created with BioRender.com.

earthworm, this is fulfilled by skin-embedded glands that self-
produce lubricant molecules. In a CL scenario, self-replenishable
lubricant depots would allow counteracting the rapid and con-
tinuous clearance and dilution of the lubricant in the tear layer
during wear time.

Here we propose a design for long-term, self-lubricating CLs
based on embedded self-replenishable reservoirs that can au-
tonomously produce and release a lubricating agent (Figure 1).
The reservoirs are living biofactories programmed to produce
and release HA, the natural wetting and lubrication agent used
as the gold standard in ophthalmic applications. The release
is passively regulated by the composition and crosslinking of
the hydrogel network. This controls the activity of the biofac-
tories and the diffusion rate of the lubricant and therefore de-
termines the rate of self-replenishment and renewal of the sur-
face layer. The engineered living hydrogel with self-lubricating
properties supports a long-term delivery of HA and can be
processed as a CL laboratory prototype. We envision that this
design can be applied to new CLs with durable wetting and
lubrication.

2. Results

2.1. Design of the Living Contact Lens (CL)

The envisioned self-lubricating, living CL is a soft, hydrogel lens
that contains bacteria embedded at the rim of the device, out-
side of the vision area (Figure 1). In this work, the biofactory is
metabolically engineered from the soil-inhabiting, Gram-positive
Corynebacterium glutamicum. This microbe forms no endotoxins
and is generally recognized as safe (GRAS), allowing the synthe-
sis of a range of commercial products granted GRAS status by
the United States Food and Drug Administration for the food
and pharmaceutical industries,!'! including amino acids, vita-
mins, and bioactives.I'?) Furthermore, it serves as a model for
taxonomically related organisms.[**] In our work, C. glutamicum
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DSM 20300 is taken as a working model for Corynebacterium
mastitidis, a taxonomically related commensal microbe of the hu-
man eye that has already demonstrated beneficial properties as a
probiotic.'*15 The wild type was metabolically engineered to syn-
thesize and secrete HA. In a first step, we eliminated the native
ldhA gene encoding lactate dehydrogenase from the genome in
order to prevent potential accumulation and secretion of lactate
in case of oxygen-limiting conditions. A positive clone, obtained
after two recombination events, yielded the shortened PCR frag-
ment, expected for the deletion. After validation of the correct
modification using Sanger sequencing, the mutant was desig-
nated C. glutamicum AldhA. Subsequently, we expressed the two-
gene biosynthetic cluster hasAB from Streptococcus equisimilis, en-
coding HA synthetase and UDP-glucose dehydrogenase, respec-
tively, in the mutant to enable HA production. The heterologous
operon comprised the constitutive promoter P, upstream of
hasAB to enable constitutive expression in the host. When grown
in suspended culture, the strain formed and excreted HA which
could be quantified in the supernatant (Figure S1, Supporting In-
formation).

The embedding hydrogel containsPVA and PVA functional-
ized with vinyl sulfone (VS) groups.!*! (Figure S2, Supporting In-
formation). The VS functionalization allows covalent crosslink-
ing of the chains to form a stable network. The addition of sac-
rificial, non-crosslinkable PVA allows modulation of the porosity
of the network. PVA is a clinically approved hydrogel for use in
CLs."] and is also used for probiotic encapsulation.'®-2l PVA-
VS/PVA hydrogels were prepared by the polymerization of PVA-
VS and PVA mixtures using LAP as photoinitiator. In screening
experiments, solutions with 5-10% w/v concentration of PVA-
VS (177 kDa) with a degree of VS functionalization of 1.5 + 0.2%
formed transparent and mechanically stable hydrogels. Prelim-
inary encapsulation experiments with C. glutamicum demon-
strated that the bacterium was able to grow inside these hydro-
gel compositions (data not shown). This preliminary information
narrowed the useful compositional range for the design of the
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Table 1. Physicochemical properties of PVA-VS/PVA hydrogels and the commercial PVA-based Focus Dailies CL (Alcon) measured in STF.

Material Polymer Equilibrium water Oxygen permeability Water contact Transmittance Refractive Storage modulus
content [% w/v] content (EWC) [%] D, [barriers]?) angle [] [%]) index G’ [kPa]?
Focus Dailies - 61+3 19+2 28+4 >99 1.380 156 £0.2
PVA-VS/PVA 100:0 10 87.5+09 539+24 29+3 99.1+0.5 1.336 17.9 +£0.1
PVA-VS/PVA 100:0 5 86.1+0.6 509+ 15 23+7 98.4 + 0.6 1.334 22+03
PVA-VS/PVA 99:1 5 86.6 + 1.1 52.1+28 22+3 98.4+0.3 1.333 1.6 +0.2
PVA-VS/PVA 95:5 5 853 +05 49.4 + 1.1 23+1 98.7+0.8 1.334 1.5+0.1

b . .
3 Calculated from EWC measurements; = Value at 600 nm; 9 Obtained from time sweep measurements.

living CL. The properties of the final hydrogel formulations and
the behavior of the embedded bacteria are specified in the next
sections.

2.2. Physicochemical Properties of the Hydrogel Matrix

Solutions of 10% w/v PVA-VS and 5% w/v PVA-VS/PVA
precursors with PVA-VS/PVA ratios of 100:0, 99:1, and 95:5
(Table 1) formed hydrogels within seconds by exposure to light
at 365-480 nm (6 mW cm™2), according to rheology experiments
(Figure S3a, Supporting Information). We used an irradiation
time of 120 s (420 nm, 6 mW cm™?) for gel formation to en-
sure full conversion of the VS-mediated crosslinking reaction.
At this wavelength, exposure times of 30-300 s at an irradi-
ance of 6-10 mW cm~2 are compatible with living bacteria.l?1-*]
The 10% w/v PVA-VS hydrogel showed a shear modulus (G’)
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of 17.9 + 0.1 kPa, close to G’ of commercial PVA CLs (Table 1,
Figure S3b—d, Supporting Information). By reducing the PVA-VS
content or by replacing a fraction of the PVA-VS by PVA, softer
hydrogels were obtained (Table 1). Other physicochemical prop-
erties of relevance for CLs (oxygen permeability, transmittance,
etc.) measured in simulated tear fluid (STF) were in the range
of commercial PVA-based CL (Focus Dailies, Alcon), as shown
in Table 1. Images of the obtained hydrogel lenses are shown in
Figure 2a.

We evaluated hydrogel properties of relevance for bacterial en-
capsulation and HA release, i.e., the long-term stability of the hy-
drogel in STF and the diffusion rate of large molecules through
the hydrogel, which indirectly reflects the porosity of the network.
All hydrogels retained their shape for at least 21 days in STF.
GPC analysis of the supernatant (Figure 2b) showed no PVA re-
lease from 5% w/v PVA-VS/PVA 100:0 hydrogels, indicating that
the PVA-VS chains were covalently attached or at least physically
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Figure 2. a) Transparent PVA-VS/PVA 100:0 hydrogel discs. Scale corresponds to 1 cm. b) Cumulative PVA release from 5% w/v PVA-VS/PVA hydrogels
after incubation in STF at 30 °C for 3, 5, 7, 14, and 21 days as obtained from GPC measurements. The GPC curves are shown in Figure S4 (Supporting
Information). ANOVA of the results for PVA-VS/PVA hydrogels at each time point was performed at the significant level of *p < 0.05. c) Protein diffusion
kinetics through PVA-VS/PVA hydrogels. A mixture of proteins with molecular weights in the range of 12.3-160 kDa were used for the study. Protein
concentration was measured by BCA assay. In the control sample, no hydrogel was used (free diffusion). The dotted line represents the maximum
concentration. Complementary data are shown in Figure S5 (Supporting Information) and Table 2.
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Table 2. Time point at which individual proteins became visible in the electrophoresis gel in the diffusion experiment in Figure S5 (Supporting Infor-
mation). The table also indicates the molecular weight of the proteins used for the experiment and the band assignation in Figure S5b (Supporting

Information).
Protein My, [kDa] Band My, [kDa] Diffusion time

PVA-VS/PVA 95:5 (5%) PVA-VS/PVA 100:0 (5%) PVA-VS/PVA 100:0 (10%)
Cytochrome C 12.3 12.3 4h 4h 4h
Myoglobin equine 17.8 17.8 4h 4h 4h
Chymotrypsinogen A 25 25 4h 4h 4h
Albumin egg 45 45 4h 1day 1day
Albumin bovine (BSA) 67 67 4h 1 day 14 day
Aldolase 160 40% 4h 14 day -

* The band corresponding to Aldolase was detected at 40 kDa (M,, of its subunits) due to the denaturation of the protein caused by the dodecyl sulfate.

entrapped in the network. In contrast, 99:1 and 95:5 PVA-VS/PVA
hydrogels released part of the PVA to the supernatant (<20% of
the initial amount) after a few days. The molar mass distribu-
tion of the eluted polymer was the same as of PVA precursor
(Figure S4, Supporting Information), indicating that only non-
crosslinked PVA was released from the hydrogels.

To study the porosity of the network, we quantified the dif-
fusion rate of proteins with molecular weight between 12.3 and
160 kDa through hydrogel films crosslinked within the insert of a
trans-well plate (Figure S5a, Supporting Information). Using the
BCA assay (Figure 2¢) and gel electrophoresis. All proteins were
able to diffuse through the 5% w/v hydrogels, indicating that the
pores of the network are larger than 160 kDa. Differences in dif-
fusion kinetics as a function of protein size were observed (Figure
S5b, Supporting Information and Table 2). Proteins with molec-
ular weight <25 kDa diffused through the hydrogels within 4 h.
Proteins with size >25 kDa required 4 h to diffuse through the hy-
drogel that included non-crosslinked PVA, and 1 to 14 days when
the PVA-VS content increased from 5% to 10% w/v. In summary,
the developed hydrogels allow slow diffusion of medium to large
molecules. The diffusion rate is dependent on the protein size
and can be adjusted by tuning the content and the fraction of
PVA-VS and PVA in the hydrogel.

2.3. Preparation of the Living Hydrogel and Functionality of the
Embedded C. glutamicum

Bacteria-laden hydrogels were prepared by mixing a suspension
of C. glutamicum with 5% w/v PVA-VS/PVA 95:5 precursor solu-
tions in culture medium and photocrosslinking in a mold. The
contact time of the bacteria and the precursors before crosslink-
ingis 1 min. Itis not expected that polymer chains with molecular
weight 177 kDa penetrate through the membrane of the Gram-
positive bacteria in this time scale.[?*] Therefore, we do not ex-
pect the bacteria to be crosslinked to the network, only trapped
in it. The growth of bacteria in the hydrogel during incubation
in medium for 21 days at 30 °C was monitored by fluorescence
imaging after Live/Dead staining (Figure 3a). This time scale
was selected as representative for the life time of a reusable CL
(weekly to monthly lenses). We imaged a 132.12 X 132.12 X 18 ym
volume at the central part of the hydrogel to avoid interfacial ef-
fects from the walls of the well. Initially, individual bacteria at
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low density and homogeneously distributed in the gel were ob-
served. During incubation, bacteria proliferated within the hy-
drogel (Figure 3a and Figure S6, Supporting Information). Bac-
teria growth, estimated by image analysis of the volume occupied
by live bacteria in the hydrogel over time, showed and induction,
growth and a steady state phase over several days (Figure 3b). The
viability of the biofactories inside the hydrogel was high for the
21 days (Figure 3a,c). Gels remained stable during the 3 weeks
of incubation and the bacteria neither grew nor escaped from
the hydrogel into the medium, which is important for safety re-
quirements (Figure S7, Supporting Information). We evaluated
the metabolic activity of the bacteria in the hydrogels by quanti-
fying the ATP concentration in the encapsulated population us-
ing the CellTiter-Glo 3D viability assay (Figure 3d and Figure
S8, Supporting Information).[?>2%] An increase in the average
metabolic activity measured was observed during the first week,
followed by a constant value at longer times. In conclusion, the
5% w/v PVA-VS/PVA 95:5 hydrogel supports encapsulation, spa-
tially contained growth and activity of C. glutamicum for at least
three weeks.

The induction phases of the bacteria population within the
hydrogels occur within the time scale of several days, whereas
these phases in suspension take hours (Figure S9a, Support-
ing Information). The slower growth rate can be associated
with the spatial confinement imposed by the 3D hydrogel net-
work, as suggested in preliminary experiments (Figure S9b,
Supporting Information) and supported by findings reported
for other encapsulated bacteria strains.?'?3?728] When form-
ing a biofilm, C. glutamicum has also been shown to grow
slower than in suspension.??3% According to reported work, !>l
the slow growth mode is accompanied by higher cell tolerance
and viability, which would be favorable in an application sce-
nario. In summary, the developed PVA-VS/PVA hydrogels rep-
resent a functional and safe platform for the encapsulation of
C. glutamicum.

2.4. Release of Hyaluronic Acid (HA) from the Living Hydrogel

To assess the long-term capacity of encapsulated C. glutam-
icum to release HA, the 5% w/v bacterial hydrogels were incu-
bated in medium for 21 days, with medium changes on days
7 and 14. The cumulative release of HA was quantified by

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Representative confocal fluorescence microscopy images of 5% w/v PVA-VS/PVA 95:5 bacterial hydrogels after 0, 3, 7, 14, and 21 days
of incubation in BHI medium at 30 °C and Live/Dead staining. Medium was exchanged on days 7 and 14. Represented data corresponds to N = 1,
the experiment was performed at least in triplicate. An independent experiment (N = 2) is represented in Figure S6 (Supporting Information). Live
bacteria appear in green and dead bacteria in magenta. Images of a size of (xy) 132.12 x 132.12 pm and Z-stacks of 18 um were acquired. b) Volume
fraction occupied by viable bacteria within PVA-VS/PVA 95:5 hydrogels at 0, 3, 14, and 21 days quantified from Live/Dead image analysis using Imaris
software. c) Viability of encapsulated bacteria within PVA-VS/PVA 95:5 hydrogels at 0, 3, 14, and 21 days quantified from Live/Dead image analysis
using Imaris software as the percentage of viable cells compared to the total number of cells. d) ATP quantification of bacteria encapsulated in PVA-
VS/PVA 95:5 hydrogels during incubation for 21 days in BHI medium. The CellTiter-Glo 3D bioluminescence assay was used for quantification. Medium
was exchanged on days 7 and 14. Represented data corresponds to N = 1, the experiment was performed at least in triplicate, and average and standard
deviation are given. An independent experiment (N = 2) is represented in Figure S8 (Supporting Information), presenting a batch-to-batch variability

while a similar trend is obtained.

GPC analysis of the supernatant at different time points between
3 h and 21 days (Figure 4a). HA with a molecular weight of 30—
70 kDa was detected in the supernatant of the hydrogel after 14 h
of incubation (Figure S10, Supporting Information). This result
confirms the ability of encapsulated C. glutamicum in PVA-VS
hydrogels to produce and release HA. We note that the release
of HA in C. glutamicum cultures is detected already after 8 h
(Figure S1, Supporting Information). The delayed detection of
HA in the hydrogel supernatant is presumably due to the slower
growth of the encapsulated bacteria population or the slow dif-
fusion through the hydrogel network. The HA concentration in
supernatant continuously increased during the 21 days of incu-
bation, which agrees with the retained metabolic activity detected
in the ATP assay. The release rate can be controlled by modulat-
ing the covalent crosslinking and the medium used. As seen in
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Figure 4b, the adddition of non-crosslinked PVA in the hydro-
gel network (5%) can lead to higher HA release, presumably at-
tributed to the faster growth of the organisms, as suggested in
preliminary experiments (Figure S9b, Supporting Information),
and faster molecular diffusion in less crosslinked networks.

2.5. Self-Lubrication Properties of the Living Hydrogel

The self-lubrication properties of the bacterial hydrogels were
quantified by measuring the friction coefficient of PVA-VS/PVA
95:5 hydrogel discs loaded with HA-producing C. glutam-
icum. As controls, we used hydrogels containing wild type
C. glutamicum which did not produce HA. We used a rheology-
based methodology3!32] in which a hydrogel disc is attached to

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) Cumulative HA concentration released from bacterial PVA-VS/PVA 95:5 hydrogels during 21 days incubation in BHI medium and medium
exchange on days 7 and 14 (samples from Figure 3) measured by GPC analysis of the supernatant. Represented data corresponds to N = 1, experiment
was performed at least in triplicate, and average and standard deviation are given. b) Cumulative HA concentration released from bacteria PVA-VS/PVA
95:5 and 100:0 hydrogels after different incubation times in BHI medium or STF measured by GPC analysis of the supernatant. N = 1, the experiment was
analyzed in triplicate, and average and standard deviation are given. The GPC curves are shown in Figure S10 (Supporting Information). c) Coefficient of
friction of PVA/PVA-VS 5:95 hydrogels without bacteria, containing C. glutamicum wild type, or containing the engineered HA-producer C. glutamicum,
measured in a rotating rheometer. Measures were performed with hydrogels incubated for 0, 3, and 7 days. N = 2, data were performed at least in
duplicate, and average and standard deviation are given. Box charts indicate 75 and 25 percentile values, whiskers indicate standard deviation values,
and p-values are calculated using one-way ANOVA at the significant level of *p < 0.05. d) Coefficient of friction of commercial PVA-based Focus Dailies
CL (Alcon) measured in a rotating rheometer in the presence of STF or the supernatant of the bacterial hydrogel releasing HA during 7 days. N = 2, data
were performed at least in duplicate, and average and standard deviation are given. Box charts indicate 75 and 25 percentile values, whiskers indicate
standard deviation values, and p-values are calculated using one-way ANOVA at the significant level of *p < 0.05.

the upper plate of the rheometer and the torque is measured
against a steel bottom plate in the presence of the corresponding
supernatant while an angular force is applied.**! This method-
ology does not take into account the curvature of the eye sur-
face but is considered sufficient to test the relative differences
between the hydrogels. We compared the friction coefficient of
the hydrogels in the presence of the supernatant after incubation
for 0, 1, and 7 days (Figure 4c and Figure S1la—c, Supporting
Information), from which no HA, a low or a medium concen-
tration of HA was expected (Figure 4a). On day 0, all hydrogels
showed a similar friction coefficient (0.14-0.21). The coefficient
of friction of control hydrogels without bacteria did not vary af-
ter incubation for 1 or 7 days. Hydrogels containing the C. glu-
tamicum wild type showed a progressive increase in the friction
coeflicient on day 7, up to a value of 0.30-0.40. This is presum-
ably due to the release of metabolites and proteins that can in-
teract with the hydrogel. In contrast, the coefficient of friction of
hydrogels containing the engineered, HA-producing C. glutam-
icum gradually decreased with the incubation time in a signifi-
cant way and reached 0.05-0.09 on day 7. We attribute this decay
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to the presence of HA in the supernatant and eventually on the
surface of the hydrogel, and the consequent self-lubrication ef-
fect. However, we cannot exclude some contribution from a soft-
ening of the PVA-VS hydrogel as it gets replenished with PVA.
Control friction experiments were performed with the commer-
cial PVA CLs (Focus Dailies) in STF and in 7-day supernatant
from HA-releasing bacteria (Figure 4d and Figure S11d, Sup-
porting Information). Also in this case, the friction coefficient of
the CL surface significantly decreased when measured in super-
natant, corroborating the lubricating properties of the secreted
molecules.

2.6. Fabrication of Laboratory Self-Lubricating CL Prototypes

We fabricated laboratory CL prototypes in a two-step molding
process (Figure 5a). A ring-shaped PVA-VS/PVA 95:5 hydrogel
(5% w/v) containing C. glutamicum was first molded (10 mm
diameter). The ring was embedded in a second molding step into
10% w/v PVA-VS hydrogel with a CL form. The hydrogel had

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of the fabrication process of the bacterial ring-implanted CL. Created with BioRender.com. b) Top side view images of
a ring-implanted hydrogel CL (silica gel at 50% w/w was used to improve visualization of the ring), and confocal visualization of encapsulated bacteria on
the border of the ring after 7 days of incubation and Live/Dead staining. The live bacteria stained appear in green and the dead bacteria appear in magenta.
¢) HA concentration released from bacterial ring-CLs after incubation in two nutrition scenarios: release in STF during 7 days, or incubation/release
cycles of 16 h in BHI and 8 h in STF respectively during 7 days. Represented data correspond to N = 3, and average and standard deviation were given.
d) Viability (LDH assay) and e) metabolic activity (Alamar Blue) of NIH-3T3 fibroblasts performed after 24 h in contact with bacterial ring-CL supernatant
supplementation. CL supernatants were collected after incubation of the CL prototypes in two nutrition scenarios: release in STF during 7 days, or
incubation/release cycles of 16 h in BHI and 8 h in STF respectively during 7 days. Controls correspond to cells cultured in cell culture medium.
Represented data in (d) and (e) correspond to N = 1, the experiment was performed in quadruplet, and average and standard deviation were given.

11 mm diameter and 1.5 mm thickness. We used a lager thick-  trition” scenarios (Figure 5c): i) release in STF, and ii) incuba-
ness than in commercial CLs to facilitate manipulation during  tion/release cycles of 16 h in BHI and 8 h in STF respectively,
the experiments. There is no inherent limitation in the material ~ which tries to mimic the CL usage time. In both scenarios, a
or the approach preventing adjustment of the protocol to a thin-  7-day experimental period was chosen based on HA release re-
ner sample. After crosslinking, mechanically stable and transpar-  sults from the previous study (Figure 4a). The released HA was
ent hydrogel CL prototypes were obtained (Figure 5b). When in-  quantified by GPC of the supernatants. In the first case, HA re-
cubated in medium, C. glutamicum grew within the ring volume,  lease decreased with time, as expected from a medium with no
outside of the vision area (Figure 5b), and no outgrowth or leak-  nutrients. In the second case a constant release of HA was ob-
ing of bacteria were observed (Figure S12, Supporting Informa-  served, indicating that the cyclic exposure to nutrients can sustain
tion). the HA production. This demonstrates that the living CL proto-

CL prototypes were first incubated in BHI medium for 3 days,  type can provide sustained HA delivery in a scenario that simu-
and HA release was evaluated afterward in two possible “nu-  lates overnightincubation and daily HA release. Altogether, these
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Figure 6. a) Representative confocal fluorescence microscopy images of 5% w/v PVA-VS/PVA 95:5 bacterial hydrogels after 24 h of incubation with
increasing lysozyme concentrations (0.65, 1.86, and 5.55 mg mL™") at 30 °C and Live/Dead staining. Live bacteria appear in green and dead bacteria in
magenta. Images of a size of (xy) 132.12 x 132.12 pm and Z-stacks of 18 um were acquired. Represented data corresponds to N = 1, the experiment
was performed at least in triplicate. b) Viability (LDH) and c) metabolic activity (Alamar Blue) of NIH-3T3 fibroblasts performed after 24 h in contact
with bacterial-PVA-VS/PVA 95:5 hydrogels supernatant supplementation. Supernatants from bacterial-PVA-VS/PVA 95:5 hydrogels were collected after
incubation in BHI medium at 30 °C for increasing times between 3 h and 21 days (samples from Figure 3). Controls correspond to cells cultured in cell
culture medium. Represented data correspond to N = 1, experiment was performed in quadruplet, and average and standard deviation were given. d)
Cytocompatibility of bacterial-PVA-VS/PVA 95:5 hydrogels after incubation for 24 h with increasing lysozyme solutions (0.65, 1.86, and 5.55 mg mL™").
Bacteria viability was calculated using Live/Dead image analysis from (a) using Imaris software as the percentage of viable cells compared to the total

number of cells.

results show different alternatives for the replenishing of a living
cCL in a possible application scenario.

2.7. Cytocompatibility of the Living Hydrogel

In a living CL, bacteria are shielded from direct contact with the
eye surface by the PVA-VS/PVA hydrogel matrix. No physical con-
tact is possible between the engineered organisms and the cells
on the eye surface but their secretome, such us the produced HA,
will be exchanged through the tear fluid. We performed cytocom-
patibility studies to evaluate the potential cytotoxic effect on host
cells of aliving CL. An established mouse fibroblastic cell line was
selected to test cytotoxicity. NIH-3T3 fibroblasts were incubated
with the supernatant from bacteria hydrogels collected after dif-
ferent times of incubation (between 3 h and 21 days) and mixed
with cell culture medium. The viability and proliferation of the
fibroblasts were quantified by LDH and Alamar Blue assays af-
ter 24 h in contact with the supernatant supplementation. High
cell viability (>80%, Figure 6b) was found for cells in contact
with the studied samples according to the LDH assay. No signifi-
cant difference in cell proliferation was observed between control
(medium) and supplementation with supernatants from the bac-
teria hydrogels, according to the Alamar Blue assay (Figure 6¢).

Adv. Mater. 2024, 36, 2313848 2313848 (8 of 14)

RIGHTS L

The released products from our bacterial hydrogels do not seem
to compromise the vitality of fibroblasts within the evaluated con-
centrations. Fibroblasts were also exposed to supernatants from
the CL prototypes collected after incubation in the two nutrition
scenarios previously mentioned: release in STF during 7 days,
or incubation/release cycles of 16 h in BHI and 8 h in STF re-
spectively during 7 days. High cell viability was also observed
after 24 h in contact with the CL supernatant supplementation
(Figure 5d,e).

In tear fluid, lysozyme is an abundant protein with an an-
timicrobial function that can degrade the bacteria cell wall.34
Lysozyme is a small protein with 14.5 kDa and can dif-
fuse through the PVA hydrogels.?¥ We quantified the via-
bility of C. glutamicum encapsulated in the hydrogels after
24 h incubation in BHI medium supplemented with lysozyme
concentrations between 0.65 and 5.55 mg mL™' (from the
minimum to the maximum concentration values found in
the tear fluid)!*! by image analysis after Live/Dead staining
(Figure 6a). The viability of C. glutamicum was >69% for all
tested lysozyme concentrations (Figure 6d). Note that C. glu-
tamicum used in our study was taken as a model of C. mas-
tiditis which is a commensal of the eye microbiome and is ex-
pected to naturally withstand the presence of lysozyme in the tear
fluid.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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3. Discussion

To extend the wearing time of CLs, HA is commonly delivered
to the eye surface either by passive release from the CL or by
active application of eye drops. The amount of HA that can be
released from a CL is limited by the loading capacity of the CL,
and the lubrication effect typically vanishes after a few hours. In
HA-containing eye drops, the lubrication effect is limited by the
inherent low efficiency of eye drop delivery (<5%) and the rapid
turnover of tear fluid. To increase the residence time of HA in
the tear layer, ultrahigh molecular weight HA drops.l*®! (up to
2500 kDa) and CLs with grafted HA-binding protein domains
on the surface have been proposed.’’] In this context, our self-
lubricating CL represents an innovative alternative for long-term
lubrication with theoretically no inherent limitation of HA deliv-
ery time and control and flexibility in the delivery rate.

The self-lubricating living CL contains an embedded func-
tional ring at the periphery of the lens, outside of the vision area.
The reported two-step fabrication process allows the use of differ-
ent polymer content and crosslinking degree in the embedding
ring and in the rest of the lens. The possibility to adjust hydrogel
properties independently to support (embedded ring) or prevent
(surrounding lens) bacteria growth within a single device is an
advantage of this approach since it allows maximizing functional
and safety requirements. A growth step of the living CL could
be also added as part of the manufacturing process to decrease
the delay time in the HA production and obtain a fully opera-
tional lens. In addition, the versatility of both the material and the
method used allows the ring and lens geometry to be modified as
needed. CL production by molding is a standard process in the
CL industry, and the embedding of functional components—as
in embedded microelectronic devices—seems a feasible method
for upscaling. Therefore, the proposed CL design and processing
methodology is, in principle, transferrable to a medical product
manufacturing context. Although PVA-based CLs are commer-
cially available, the extension of the current design to silicone
hydrogels, which show the highest comfort and have the largest
market share, is a necessary step for further development of this
concept into a real product.

According to the instructions of HA containing eye drops
AQuify (CIBA Vision), the recommended daily therapeutic dose
of HA is 1 ug per day considering the HA concentration in
the drops (0.1% w/v) and estimating a 2% uptake efficiency for
eye drop delivery.*®] Assuming a HA-uptake efficiency of >50%
for CL-mediated HA delivery, the required daily dose delivered
by a CL would be 2 ug per day.®¥! Table S1 (Supporting In-
formation) compares HA release from reported CL prototypes
loaded with HA by molecular imprinting,*?! entrapment during
synthesis,[***1] or soaking.[*!) methods. With these prototypes, a
release of 12-170 ug HA from the hydrogel within 4 days to 7
weeks has been reported. In all cases, >50% of the entrapped
HA was eluted within the first hours, and the physical and op-
tical properties of the CL material were affected by HA-loading.
These features limit the applicability of these strategies.[****] HA
has also been loaded in a ring enclosed at the periphery of the
lens. In this case, 50 pg were released within 15 days and the
optical properties were not compromised.(*®! This approach was
combined with drug loading (timotol,/**! moxifloxacin HCL,!**! or
timolol/bimatoprost combinations(“®!). A cumulative HA release
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of ~10 pg in 72 hi*) and 96 days!**! was reported. Higher re-
lease was obtained by embedding HA-loaded nanoparticles in the
ring, with a HA release up to 285 pg in 14 days (90% of the total
loaded amount).[*’] The self-lubricating CL in our study shows an
estimated overall release rate of 9.3 pg per day which is higher
than what is estimated to reach a therapeutic level for HA de-
livery in tear fluid as previously mentioned.®®] In contrast to all
the other cases, the release rate can be tuned by adjusting the
hydrogel composition and incubation conditions. Increasing the
initial amount of embedded biofactories or the content of sacri-
ficial PVA in the hydrogel enabled higher release rates. HA pro-
duction can be sustained long-time in incubation/delivery cycles
that resemble the night/day cycles of CL users. Our experiments
showed a sustained release of ~17 ug per day.

In our living CL, the eye surface is protected from direct con-
tact with the bacteria by the PVA-VS/PVA hydrogel matrix. This
means that no physical contact occurs between the engineered
biofactories and the host cells on the eye surface. This is expected
to reduce the possible host immune response. However, the se-
cretome will be exchanged through the tear fluid. This is desired
since HA is part of the secretome, and the nutrients in the tear
fluid could help maintaining the activity of the biofactories dur-
ing wear time. However, by-products from the secretome of the
engineered bacteria could trigger unwanted reactions from the
host cells. Our cytotoxicity experiments show promise for high
biocompatibility of the living CL but additional experiments with
corneal epithelial cells or tissue samples and with variable bacte-
ria concentrations growth in different conditions are needed to
assess the biocompatibility in vitro to prepare follow up in vivo
studies.

The self-replenishing biofactories in the living CLs are in-
spired by the glands in the skin of earthworms, leeches or fishes
that secrete their lubricant epidermal mucus. In nature, the clear-
ing and self-renewal of the lubrication layer confers not only low
friction, but also long-term protection from biofouling.[*->!! This
property would also be beneficial for CLs and remains to be tested
in the physiological environment. The continuous release flow
of HA from living LC could mimic this self-renewal capacity of
the lubricating layer and would also help minimize the deposi-
tion and accumulation of debris and proteins on the lens surface,
which is an important consideration for long-term CL wear.

4, Conclusions

We have developed a self-lubricating living CL based on embed-
ded biofactories programmed to continuously produce and re-
lease the natural lubricating agent HA. The design includes a
ring containing the biofactories which is embedded at the periph-
ery of the CL. The proposed living CL is based on PVA function-
alized with VS groups. At 5% concentration, this hydrogel can
be mixed with biofactories. After crosslinking, it supports bacte-
rial viability and metabolic activity for at least three weeks while
containing their proliferation to the volume of the ring. Our ex-
periments showed 7 days HA release in a tunable and sustained
manner. This approach represents a sustainable alternative for
long-term lubrication and might allow extended wear and greater
comfort of future CLs. However, systematic studies of HA release
studies as function of bacteria density, hydrogel composition
and nutrient concentration are required to fully understand and
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control release profiles long term and their dependence on exter-
nal conditions.

5. Experimental Section

Materials:  PVA (Mowiol 18-88, 130 000 Da, 86.7-88.7% hydrolysis
degree), NaOH, HCI, Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) were purchased from Sigma Aldrich (USA). Divinyl sulfone (DVS)
was purchased from Alfa Aesar (USA). STF was prepared in MilliQ wa-
ter (pH 7.4) according to a protocol reported in a previous study.[>?] The
composition of the STF is described in Table S2 (Supporting Information).
Nelfilcon A CLs were purchased from Alcon (Alcon Laboratories, USA).

Methods: '"H-NMR spectra were recorded on a Bruker Avance
300 MHz. Gel permeation chromatography (GPC) was performed using a
HPLC PSS GPC-MALLS System. Rheological and friction experiments were
evaluated using a rotational rheometer DHR3 (TA Instruments) equipped
with an OmniCure UV Source (Series 1500, 365480 nm). An OmniCure
UV light source with control unit (LX500) was used for crosslinking of hy-
drogels (420 nm, 6 mW cm™2 for 2 min). An OCA 35 Optical Contact An-
gle Meter (Dataphysics) and an Abbemat multiwavelength refractometer
(Anton-paar) were used for characterization of water contact angle and re-
fractive index of the hydrogels. A Tecan Infinite M Plex multi-mode plate
reader was used for transmittance, absorbance and bioluminescence mea-
surements. Aqueous gel permeation chromatography/size exclusion chro-
matography (GPC-SEC) system (Agilent 1260 Infinity Il Multi-Detector
GPC/SEC equipped with ultraviolet, refractive index, light scattering, and
viscosity detectors was used to measure PVA and HA release from hydro-
gel supernatants. Microscope images were taken using Zeiss Cell Discov-
erer 7 microscope equipped with ZEISS LSM 900 and AiryScan 2 (Zeiss,
Oberkochen, Germany) or Zeiss LSM-880 confocal laser scanning mi-
croscopy (Zeiss). Cell concentration in liquid cultures was quantified as
optical density at 660 nm. High performance liquid chromatography (Agi-
lent 1290 Infinity 11, Rl and UV detector) was used to quantify glucose and
lactate from culture supernatant.

Strain Engineering and Evaluation: The wild type strain C. glutamicum
DSM 20300 was obtained from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany). HA-producing
C. glutamicum derivatives were constructed through stepwise metabolic
engineering. The pClik int sacB vector was used for genomic modifica-
tion of C. glutamicum, and the pClik 5a MCS vector was used for episo-
mal expression of genes of interest.[>3] Escherichia. coli strains DH5a and
NM522 were for vector amplification and methylation, prior to transfor-
mation C. glutamicum. For the latter, the pTc plasmid was co-expressed
in E. coli NM522. All strains and plasmids were stored in cryostocks at
—80 °C. Cloning strategies were designed using SnapGene software (ver-
sion 5.1.4.2, GSL Biotech LLC, Boston, MA, USA). Plasmid DNA was syn-
thesized, purified, and analyzed as described previously.[>*] In short, PCR
was used to amplify desired DNA fragments from genomic DNA (Phusion
High-Fidelity PCR Master Mix with HF Buffer, New England Biolabs, Frank-
furtam Main, Germany) using specific primers. Vectors were linearized us-
ing Smal (FastDigest, Thermo Fisher Scientific, Waltham, MA, USA). The
obtained fragments and the linearized vector backbone were assembled
in vitro, and the obtained plasmids were transformed into E. coli by heat
shock and into C. glutamicum by electroporation.[*3] Correct clones were
verified by PCR (Phire Green Hot Start || PCR Master Mix, Thermo Fisher
Scientific) and Sanger sequencing (Azenta, Chelmsford, MA, USA).

To delete the IdhA gene (cg3219) encoding NAD-dependent L-lactate
dehydrogenase (EC 1.1.1.27) from the genome, the upstream (570 bp)
the downstream region (612 bp) of IdhA were amplified from genomic
DNA. The fragments were then assembled in vitro with the linearized in-
tegrative vector. The vector was amplified and methylated in E. coli, iso-
lated and then transformed into C. glutamicum DSM 20300. After two ho-
mologous recombination events, the desired deletion strain (C. glutam-
icum AldhA) was obtained. For episomal expression of the hasA and hasB
genes from Streptococcus equisimilis,[>*] encoding UDP-glucose dehydro-
genase and HA synthase, respectively, a synthetic monocistronic operon
based on digital sequence information (GenScript Biotech, Rijswijk, The
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Netherlands) was synthetized. Genes were expressed under control of the
two native promoter of the P, and P, 4 respectively, encoding elonga-
tion factor TU and previously shown to enable constitutive expression in
C. glutamicum 58] The two genes were separated by a 20 bp ribosomal
binding site to enable efficient co-expression.[>”] Insertion into the vector
backbone yielded pClik P, hasA P4 hasB. To visualize the active expres-
sion of hasAB in suspended and encapsulated cells, the mCherry gene was
used as a reporter.’®] For this purpose, the gene, together with a 20 bp
ribosomal binding site, was cloned downstream of hasAB yielding the epi-
somal vector pClik P, hasA P,y HasB mCherry. Further details on the
cloning protocols can be taken from previous work.[*°] Strains, plasmids,
and primers, used in this study are summarized in Table S3 (Supporting
Information).

The obtained strains were evaluated in liquid cultures for the desired
phenotype. In the first step, C. glutamicum was precultured in BHI medium
(37¢g L~!, Brain heart Infusion, Becton Dickinson, Heidelberg, Germany).
For subsequent precultures and main cultures, a minimal medium was
used. Per liter, it contained 10 g of w, 15 g of (NH,),SOy4, 1 g of NaCl,
200 mg of MgSO,-7H,0, 55 mg of CaCl,, 20 mg of FeSO,-7H,0, 1 mg
of thiamin HCl, 1T mg of calcium pantothenate, 0.5 mg of biotin, 100 mL
of 2 M potassium phosphate buffer (pH 7.8), 10 mL of a trace element
solution (200 mg L~' FeCl;-6H,0, 200 mg L~ MnSO,-H,0, 50 mg L™!
ZnSO,-7H,0, 20 mg L' CuCl,-2H,0, 20 mg L~' Na,B,0,-10H,0,
10 mg L=' (NH4)gMo;0,,4-4H,0, adjusted to pH 1.0 with HCl), and
30 pg L' 3,4-dihydroxybenzoic acid. To maintain episomal plasmids, the
medium was amended with 50 ug mL~" kanamycin. For growth experi-
ments, single colonies from BHI plates (20 g L™" Difco agar), preincubated
at 30 °C for 48 h, were used to inoculate the first preculture (10 mL BHI
medium in 100 mL baffled shake flasks), which was grown overnight on
a rotary shaker (230 rpm, 85% humidity, Multitron, Infors AG, Bottmin-
gen, Switzerland). Then, cells were harvested (3 min, 8800 X g, room tem-
perature) and used to inoculate a second preculture in minimal medium
(25 mL in a 250 mL baffled shake flask). Cells were harvested (3 min,
8800 x g, room temperature) during mid-exponential growth and used
to inoculate the main cultures in minimal medium. These were inoculated
in biological triplicate (50 mL medium in 500 mL baffled shake flasks) and
incubated on an orbital shaker at 30 °C as given above. Growth, substrate
consumption, and product formation were monitored over time. In ad-
dition, fluorescence microscopy was used to monitor the expression of
mCherry.

Bacterial Growth: Cell growth was monitored as optical density at
660 nm using photometry.

Glucose and Lactate Quantification: Glucose and lactate were quanti-
fied by HPLC (1260 Infinity Series, Agilent Technologies) using an Aminex
HPX-87H column (7.8 mm x 300 mm x 9 pum, 55 °C, Bio-Rad Laborato-
ries, Hercules, CA, USA) as the stationary phase and 3.5 mm H,SO, as the
mobile phase (0.5 mL min~"). Glucose and lactate were measured using
refractive index analysis (1260 RID, G1362A, Agilent Technologies), and
their quantification was based on external standards.

Chemical Functionalization of Poly(Vinyl Alcohol) (PVA) with Vinyl sul-
fone Groups (VS): 4 g of PVA Mowiol 18-88 (130 kDa, 86.7-88.7% hy-
drolysis degree) were dissolved in water at 4% w/v by constant magnetic
agitation at 90 °C for 4 h. NaOH was slowly added to get a final poly-
mer concentration of 2% w/v in 0.1 M NaOH. A 1.5 molar excess of DVS
with respect to the hydroxyl groups of PVA was added at room temper-
ature under vigorous vortexing. The reaction was stopped after 1 min
by adjusting the pH to 2 by dropping a 5 m HCI solution. The reaction
mixture was purified by dialysis for 3 days against milli-Q water using a
Spectra/Por Dialysis Membrane (MWCO: 3.5 kDa, Spectrum Laborato-
ries, USA). After dialysis, the PVA-VS was freeze-dried and stored at rt.
The degree of modification (DM) was quantified from the "H NMR spec-
trum in D,O (Figure S2b, Supporting Information) as the ratio between
the integral of the signal corresponding to the vinyl protons from the VS
groups (6 = 6.9 ppm, 1H) and the signal corresponding to the methylene
protons of the polymer backbone (6 = 1.5 ppm, 2H) using MestReNova
software (Mestrelab Research, Spain). The molecular weight of the purified
PVA-VS was quantified by GPC (Figure S2c, Supporting Information) using
0.1 m NaCl and 30% MeOH as mobile phase at flow rate of 1 mL min~".
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Measurements were carried out at 35 °C and 51 bar. A column combina-
tion of PSS SUPREMA LUX precolumn (dimensions 8 X 50 mm?, particle
size 10 um) and a PSS SUPREMA Linear M (dimensions 8 x 300 mm?, par-
ticle size 10 um) separation column was used. An RID Agilent detector with
positive signal polarity was used at 35 °C. Pullulan-ReadyCal-Standards
from PSS of molecular weights in the range of 180 Da to 1.39 MDa were
used for the calibration. The sample injection volume was 100 uL.

Preparation of Stock Solutions of PVA-VS and PVA: ~ Solutions of PVA-VS
and PVA at 10% w/v concentration in water were prepared by heating at
90 °C for 4 h. Higher polymer concentrations did not render homogeneous
solutions in water.

Preparation of PVA-VS/PVA Hydrogels: PVA-VS and PVA stock solu-
tions were diluted to 5% w/v total polymer concentration. Variable PVA-
VS/PVA ratio (95:5, 99:1, and 100:0) were prepared at room temperature
by mixing the corresponding volumes of the stock solutions and diluting
with a 1% w/v solution of LAP photoinitiator in BHI 2x medium. The con-
centration of LAP initiator in the final mixture was 0.5% w/v. For 10% w/v
PVA-VS/PVA 100:0 hydrogels, LAP was directly added to the PVA-VS stock
solution in a 0.5% w/v concentration. The precursor solutions were vor-
texed for 10 min, transferred to a mold (37 uL) of 12 mm diameter, and
photocrosslinked with a UV light source (365-480 nm) at irradiance of
6 mW cm™2 for 2 min. Flat hydrogel discs of 12 mm diameter and 300 um
thickness were obtained.

Preparation of Bacterial-PVA-VS/PVA Hydrogels:  C. glutamicum was in-
oculated and cultured in BHI supplemented with 50 ug mL~" of kanamycin
overnight at 30 °C. A subculture with OD600 0.01 was isolated for 4 h
before encapsulation. The bacterial suspension in BHI 2x medium was
mixed with 10% w/v aqueous stock solutions of PVA-VS and PVA with
PVA-VS/PVA 95:5 ratio and a LAP photoinitiator solution to obtain a 5%
w/v total polymer concentration, 0.5% w/v LAP initiator and an OD600
of 0.05 (=4 x 10° cells mL~"). The polymer/bacteria suspension was vor-
texed for 1 min, transferred to a mold, and photocrosslinked as specified
in the previous section.

Rheological Properties: The rheological properties of PVA/PVA-VS hy-
drogels were evaluated using a rotational rheometer equipped with UV
Source (365-480 nm, 6 mW cm~2). A 20 mm Peltier UV transparent bot-
tom plate and a smooth stainless steel 12 mm top plate geometry were
used. Measurements were performed at room temperature using 37 uL
of the hydrogel precursor solution and 300 um gap between plates. Sam-
ples were sealed with silicon oil for the measurements and a solvent trap
was used to avoid water evaporation. Strain sweep oscillatory experiments
recorded from 0.001% to 1000% at a constant frequency of 1 Hz, and fre-
quency sweep oscillatory experiments performed from 0.01to 100 Hz at a
constant strain of 0.1%, were tested to determine the linear viscoelastic re-
gion of PVA-VS/PVA hydrogels 15 min after preparation (Figure S3¢,d, Sup-
porting Information). Time sweep oscillatory experiments of PVA-VS/PVA
solutions were performed to monitor mechanical properties. For that,
samples were irradiated at 6 mW cm~2 after 80 s of experiment for 120 s
at 0.1% strain and 1 Hz frequency (found to be in the linear viscoelastic re-
gion), and the changes in the storage or elastic (G’) and the loss or viscous
(G") moduli were monitored for 3.5 min (Figure S3a, Supporting Informa-
tion). G’ and G” at 0.1% strain and 1 Hz frequency were also monitored
for the commercial Focus Dailies CLs (Table 1). All the experiments were
performed in triplicate.

Equilibrium Water Content (EWC) and Oxygen Permeability: The EWC
and oxygen permeability of PVA-VS/PVA hydrogel discs and the commer-
cial Focus Dailies CLs were evaluated. PVA-VS/PVA flat hydrogel discs of
12 mm diameter and 300 um height (37 uL of polymer precursor solu-
tion) were prepared by molding as previously explained. Hydrogel samples
were dried at 60 °C for 4 h and the weight of the dried hydrogels (W) was
recorded. Dried hydrogels were then submerged in 1.5 mL of STF for 24 h
at 30 °C. After incubation, the hydrated samples were blotted using filter
paper and weighted (W,) again. The percentage of EWC was calculated
using Equation (1):

W, — Wy

t

X 100 )
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Measurements were done in triplicate and average and standard devi-
ation were given. The oxygen permeability, indicated as Dy, where “D” is
the diffusivity of the lens and “k” is the oxygen solubility in the material,
were calculated according to Equations (1) and (2):160.61]

Dk — 1.6780'0397EWC (2)

Water Contact Angle:  Water contact angle measurements of PVA/PVA-
VS hydrogel discs and commercial Focus Dailies CLs were performed us-
ing an OCA 35 Optical Contact Angle Meter (Dataphysics) and the ses-
sile drop method. PVA-VS/PVA flat hydrogel discs of 12 mm diameter and
300 um height (37 L of polymer precursor solution) were prepared by
molding as previously explained. A 2 uL water droplet was deposited on
the surface of the sample at room temperature and a side-view photo was
taken to determine the contact angle. Measurements were performed at
least in triplicate and average and standard deviation is given.

Optical Transmittance: PVA-VS/PVA hydrogels (40 uL of polymer pre-
cursor solution) were prepared from stock solutions by molding into a
transparent, flat-bottom, 96-well plate by photocrosslinking with a UV light
source (420 nm) at irradiance of 6 mW cm™2 for 2 min. Optical transmit-
tance of the hydrogels was measured with a plate reader. Measurements
were performed after hydrogel preparation, and after incubation for 2 and
24 h of in STF at 30 °C (Figure S13, Supporting Information). Absorbance
scans were taken at wavelengths from 400 to 800 nm at 5 nm increments
and optical transmittance was calculated from the absorbance readings.
Values at 600 nm (representative point of the visible spectrum range) are
given in Table 1. Measurements were done in quadruplets and average and
standard deviations were given.

Refractive Index: PVA-VS/PVA flat hydrogel discs of 12 mm diameter
and 300 pum height (37 uL of polymer precursor solution) were prepared
by molding as explained above. Hydrogel samples prepared and the com-
mercial Focus Dailies CLs were incubated in STF for 24 h at 30 °C. The
refractive index of the hydrated samples at 589.3 nm was measured and is
presented in Table 1.

Quantification of PVA Release: PVA-VS/PVA flat hydrogel discs of
12 mm diameter and 300 um height (37 uL of polymer precursor solu-
tion) were prepared by molding as previously explained and immersed in
1.5 mL of STF at 30 °C. After specific time points (3, 5, 7, 14, and 21 days)
supernatants were collected and evaluated using GPC-SEC system. The in-
jection volume was 100 uL. A mobile phase comprising HPLC grade water
was used at a flow rate of 1 mL min~'. A PL aquagel-OH MIXED-H 8 um,
7.5 X 300 mm SEC column (part number: PL2080-0700) was used with a
particle size of 8 um and a molecular weight range of 610 000 kDa. The
InfinityLab EasiVial PEO/PEG standards with M,, of 61-1608 kDa, 19.4—
1046 kDa, 10.6-545 kDa, and 85.2 kDa were used for column calibration. A
calibration curve of PVA was performed with PVA Mowiol 18-88 solutions
at 1.0, 0.5, 0.2, 0.1, 0.05 mg mL~'. Measurements were done at least in
triplicate and average and standard deviation were given. Analysis of vari-
ance (ANOVA) using Tukey grouping method of the results for PVA release
from PVA-VS/PVA 99:1 and 95:5 hydrogels was performed at a significant
level of *p < 0.05.

Quantification of Diffusion Properties: PVA-VS/PVA hydrogels in the ra-
tios 95:5 and 100:0 at 5% w/v, and 100:0 ratio at 10% w/v, were prepared
on the bottom of a transwell insert (Falcon Cell Culture Inserts, transparent
PET membrane 8.0 um pore size). For this, 45 uL of hydrogel precursor so-
lutions (prepared as previously explained) were pipetted into the transwell
insert and crosslinked (405 nm, 6 mW cm~2, 2 min), obtaining hydrogels
with 6.3 mm diameter and ~1 mm thickness. The transwell inserts con-
taining the hydrogel were placed on a 24-well plate containing 700 L of
buffer (DPBS1x buffer without CaCl, or MgCl,). A solution containing the
following proteins was prepared: Aldolase rabbit 160 kDa, Albumin bovine
67 kDa, Albumin egg 45 kDa, Chymotrypsinogen A 25 kDa, Myoglobin
equine 17.8 kDa, Cytochrome C 12.3 kDa (SERVA, Germany). The protein
solution was prepared in the same buffer at equimolar ratio of 5.5 um for
each protein, and with a total protein concentration of 1 mg mL~". 200 pL
of the protein solution were loaded on the top of the inserts. The hydrogel
samples were incubated at 30 °C for 21 days. At defined incubation times
(1,2,3,7,10, 14, 21 days), a 25 L aliquot was collected from the bottom
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of each well and 25 pL of DPBS1x buffer was added to maintain the total
volume unmodified. The set-up is illustrated in Figure S5a (Supporting
Information). Protein quantification was calculated by using the Bicin-
choninic acid (BCA) assay (Pierce BCA Protein Assay Kit, Thermo Scien-
tific) with a plate reader (562 nm) and using a calibration curve. The cali-
bration curve was obtained by measuring the absorbance of a set of bovine
seroalbumin (BSA) standard solutions (concentration range from 25 to
2000 ug mL~", prepared in DPBS1x buffer) treated with the BCA assay kit
protocol at 562 nm. Measurements were done at least in triplicate and av-
erage and standard deviation were given. The collected samples were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) to evaluate the molecular weight of the diffused proteins (Figure
S5b, Supporting Information). 15 pL of each sample were firstly mixed with
5 pL of 4x Laemmli sample buffer, and incubated at 98 °C for 10 min, fol-
lowed by cooling down to 4 °C in a thermocycler PCR instrument, to dena-
ture the proteins. Resulting denatured samples and a reference ladder of
protein standards (Thermo Fisher, NEB P771859) were loaded into a 13%
w/w polyacrylamide resolving gel. Electrophoresis was performed at 100V,
in 1X running buffer (obtained by dilution in milli-Q water of 10X running
buffer: 1% w/w Tris-HCl, 1.92 m Glycine, 0.25 m SDS in milli-Q water) at
room temperature, for ~90 min, until the dye front reached the bottom of
the resolving gel. The resolved gels were rinsed thrice with milli-Q water
and then stained by incubation in 50 mL of Coomassie Brilliant Blue Dye
(Bio-Rad) for 1 h at room temperature, followed by destaining in milli-Q
water overnight at room temperature. For image acquisition, the destained
gels were analyzed in Gel-Doc (Cell Biosciences) with Flourochem Q soft-
ware.

Bacterial Viability:  Bacterial PVA-VS/PVA 95:5 hydrogels (10 uL) were
prepared in p-Slide Angiogenesis well-plates (Ibidi, Munchen, Germany)
and incubated with BHI medium at 30 °C for 21 days. The medium was
changed every 7 days. The LIVE/DEAD BaclLight Bacterial Viability assay
(Thermo Fisher Scientific L7012) was used following manufacturer in-
structions to stain the encapsulated bacteria inside the hydrogels. At
specific time points (0, 3, 7, 14, and 21 days), the supernatant was re-
moved and replaced by DPBS 1x containing the live/dead staining reagent.
Samples were imaged in the following 2 h using a Zeiss Cell Discov-
erer 7 microscope equipped with ZEISS LSM 900 and AiryScan 2 (Zeiss,
Oberkochen, Germany). Images were captured using AiryScan mode with
Zeiss Plan-Apochromat 20x/0.95 objective, optovar 1x Tubelens lens.
Excitation/Emission was set at 488 nm/450-555 nm and 561 nm/450—
700 nm respectively for live and dead bacterial populations. Images of a
size of (xy) 132.12 x 132.12 um (1328 x 1328 pixels), and a Z-stack of
18 um were taken in the center of the hydrogels and 10-30 um above
the plate surface for all the samples using ZEN 3.6 Blue software (Zeiss).
N = 2, experiments were performed at least in triplicate, average and stan-
dard deviation were given, and at least 3 different images per sample were
taken. The Imaris Surface module (Imaris v9.8, Bitplane, Zurich, Switzer-
land) was used to calculate the volume fraction of live and dead bacterial
colonies. All images were pre-processed using background subtraction be-
fore an automatic threshold was applied to create surfaces for live and
dead colonies (Imaris). The volume fraction of either live or dead bacteria
using Imaris.

ATP Quantification:  Bacterial PVA-VS/PVA 95:5 hydrogels (40 uL) were
prepared in opaque all-white 96-well plates and 300 pL of BHI medium
were added on top of each hydrogel. Samples were incubated at 30 °C for
different time points (from 3 h to 21 days) and medium was changed every
7 days. The CellTiter-Glo 3D Cell Viability Assay (Promega, USA) was used
to determine the amount of ATP of the encapsulated bacteria inside the
hydrogels. At each specific time point, medium was removed from the hy-
drogels and the CellTiter-Glo 3D reagent was added to the samples follow-
ing manufacture’s protocol. After 30 min of incubation in the dark at room
temperature while shaking, the luminescence of the sample was measured
using a multi-mode plate reader. As a control, empty hydrogels and bacte-
rial suspensions were cultured and analyzed under the same conditions.
N = 2, experiments were performed at least in triplicate, and average and
standard deviation were given. ATP quantification of bacteria encapsulated
in PVA-VS/PVA 100:0 and 95:5 hydrogels during incubation for 7 days in
BHI medium was also tested using the same methodology. N = 1, the ex-
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periment was performed at least in triplicate, and average and standard
deviation are given.

Test for Bacteria Release from Living Hydrogels: 2 pL of the super-
natant of bacterial hydrogels were streaked on agar plates prepared with
BHI medium and 50 ug mL~" of Kanamycin and incubated at 30 °C for
48 h to check if they contained bacteria. Negative control corresponds to
BHI medium, and positive control corresponds to a bacterial suspension
(OD600 0.05) in BHI medium.

Bacterial HA Production and Release: GPC was used to measure cu-
mulative HA concentration in supernatant samples from bacterial suspen-
sions and from the growth activity experiment previously described; and
supernatants of bacterial ring-CL prototype prepared and incubated as pre-
viously described. Extraction of HA from the supernatants was performed
following a protocol adapted from previous works.[6263] One volume of a
0.1% sodium dodecyl sulfate solution was added to the samples and in-
cubated at 20 °C for 30 min to avoid polymer precipitation. Then, samples
were centrifuged for 15 min at 15000g, and the supernatant was mixed
with two volumes of ice-cold ethanol (99%) for separation and precipita-
tion of HA. Precipitation was carried out overnight at 4 °C. Samples were
centrifuged a second time for 10 min at 10 000g to precipitate all the poly-
mer, and the precipitated was redissolved in the same initial volume of
HPLC grade ultrapure water. The final concentration and M,, range of HA
in the samples was finally measured by GPC-SEC analysis with reflection
index (RI), light scattering (LS), and viscometer (VS) detectors. The elu-
ent used was HPLC grade ultrapure water. The system was operated at a
temperature of 40 °C, with a flow rate of 1 mL min~! and an injection vol-
ume of 100 uL was used. PL aquagel-OH MIXED-H 8 um, 7.5 x 300 mm
SEC column (part number: PL2080-0700) was used with a particle size of
8 um and a molecular weight range of 6-10 000 kDa. The InfinityLab Ea-
siVial PEO/PEG with M,, of 61-1608 kDa, 19.4-1046 kDa, 10.6-545 kDa,
and 85.2 kDa were used for column calibration. Calibration curves of HA
and PVA were performed with HA standard solutions (Merck, Germany)
with different molecular weights (10-30 kDa, 150-300 kDa, 500-750 kDa,
1500-1750 kDa, 1750-2000 kDa), and PVA Mowiol 18-88 solutions at 1.0,
0.5,0.2,0.1,0.05 mg mL~". To increase separation, the flow rate decreased
to 0.8 mL min~! and the time was increased to 40 min in the method.
Two peaks were observed in the chromatograms at different molecular
weight ranges as observed in Figure S10 (Supporting Information), corre-
sponding to the HA and PVA present in the supernatants. They were ana-
lyzed separately using the corresponding calibration curves for both poly-
mers. Data for bacterial PVA-VS/PVA 95:5 hydrogels correspond to N = 1
performed at least in triplicate, and average and standard deviation were
given. Data for bacterial ring-CL prototypes correspond to N = 3, and av-
erage and standard deviation were given.

Cell Culture:  Fibroblasts NIH-3T3 cells (from Swiss mouse embryonic
fibroblasts in 1963) were purchased from DSMZ (Germany). The NIH-3T3
cells (passages between 6 and 13) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) High Glucose (VWR, Germany) supplemented
with 10% v/v fetal bovine serum (FBS) (PAN Biotech, Germany), 1.0%
v/v GlutaMax (Gibco, Germany), and 1.0% v/v Penicillin/Streptomycin
(Gibco, Germany). They were cultivated in T75 (75 cm?) flasks and pas-
saged below 70% cell confluency.

Cytotoxicity of Bacterial Hydrogels: NIH-3T3 cells were seeded in p-
Plate Angiogenesis 96 well-plate (Ibidi, Germany) (16 000 cells cm~2) and
grown for 24 h. Then, cell culture media was removed, cells were washed
twice with DPBS, and they were fed with supernatants from the bacteria
hydrogels diluted in supplemented DMEM (1:9 dilution). The analyzed
samples correspond to supernatants from the ATP experiment and super-
natants from bacteria ring-CL prepared and incubated as previously de-
scribed.

After 24 h of incubation with the bacterial supernatant, the LDH as-
say was performed using the commercial kit CytoTox 96 Non-Radioactive
(Promega) and following manufacturer’s instructions. Briefly, equal vol-
umes of the CytoTox 96 Reagent and supernatants (30 uL each) were mixed
and incubated at room temperature for 30 min on a shaker (300 rpm) in
the dark. Then, 30 uL of the stop solution from the assay kit was added and
the absorbance at 490 nm (A,qq) was read using a plate reader (TECAN
Spark). A negative control of cells cultured on normal growth medium,

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD SAIERID 3(dedl|dde 8Ly Aq peusenob ae Sapiie YO ‘8sN JO Sa|nJ 0 A%iq1T8UIIUO AB]IM UO (SUORIPUOD-PLR-SULBYWI0D A8 | 1M Ale.d1|Bul [UO//:Sdny) SUONIPUOD Pue SWLB 1 8L 88S " [20zZ/TT/c0] Uo Ariqiauluo A8|1m ‘enbauioliqig Ariqi 14d3 A 8y8ETEZ0Z BWIPR/Z00T OT/I0p/Lod A | 1M AIq1euljuo//SdNy Wouy pepeojumod ‘.z ‘v202 ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202313848&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and a positive control of cells treated with 2.5% Triton X-100 for lysing
the cells (to induce 100% cell death) were also analyzed. The cell death
percentage was obtained by taking the ratio of A, of background-
corrected samples and the average of A,q, of background-corrected
positive controls and multiplying them by 100. Data for bacterial PVA-
VS/PVA 95:5 hydrogels correspond to N = 1 performed at least in trip-
licate, and average and standard deviation were given. Data for bacterial
ring-CL prototypes correspond to N = 3, and average and standard devia-
tion were given.

Alamar Blue assay was also performed on the samples. Alamar Blue
reagent (10% v/v, Invitrogen) was added to the cells following the
manufacturer’s protocol. After 2 h of incubation, fluorescence (Ex/Em
570/600 nm) of medium was analyzed using a plate reader (TECAN
Spark). A control of cells cultured on normal growth medium was also an-
alyzed. Fluorescence values were normalized with the values of the con-
trol. Data for bacterial PVA-VS/PVA 95:5 hydrogels correspond to N = 1
performed at least in triplicate, and average and standard deviation were
given. Data for bacterial ring-CL prototypes correspond to N = 3, and av-
erage and standard deviation were given.

Lysozyme Test:  Bacterial PVA-VS/PVA 95:5 hydrogels (10 uL) were pre-
pared in p-Slide Angiogenesis well-plates (Ibidi, Munchen, Germany) and
incubated with lysozyme (Carl Roth 8259.2, Lysozyme ~14 000 g mol~",
salt-free and albumin-free lyophilized powder) solutions at 0.65, 1.855, and
5.55 mg mL~" in BHI medium at 30 °C for 24 h. Samples incubated in BHI
medium were taken as a control. The LIVE/DEAD BacLight Bacterial Via-
bility assay (Thermo Fisher Scientific L7012) was then used to stain the en-
capsulated bacteria. Staining and imaging were carried out following the
protocol previously described in bacterial viability section. The bacterial
survival rate was calculated as the percentage of live bacteria considering
the total number of bacteria observed in the fluorescence images using
Imaris software. N = 2, represented data were performed at least in tripli-
cate, and average and standard deviation are given.

Quantification of the Friction Coefficient: The friction force of PVA-
VS/PVA hydrogel discs and commercial PVA-based CL (Focus Dailies, Al-
con) was measured at 25 °C using a rotational rheometer with a Peltier
plate following a reported methodology.[3%31 PVA-VS/PVA 95:5 hydrogel
discs at 5% w/v concentration without bacteria and containing C.[3"32]
PVA-VS/PVA 95:5 hydrogel discs at 5% w/v concentration without bacte-
ria and containing C. glutamicum wild type or HA-producer C. glutamicum,
were prepared as described in previous sections. Discs were then incu-
bated in BHI medium at 30 °C and the friction force was measured after
specific times of incubation (0, 1, and 7 days) in the presence of the su-
pernatant. The friction force of the commercial CLs was measured in the
presence of STF and supernatant of PVA-VS/PVA 95:5 hydrogel containing
Corynebacterium producing HA after 7 days of incubation. The surface of
the hydrogels (12 mm diameter) was blotted using filter paper and glued to
a 40 mm steel plate geometry with Loctite Super Glue 406 (Spain). 500 uL
of the corresponding supernatant were added on the Peltier plate and the
geometry was moved toward the plate until an initial gap of 300 um was
reached. First, a 15 min conditioning step was carried out to avoid the in-
fluence of relaxation on the measurement. Then, a peak hold step with an
angular velocity (®) of 0.05 rad s~ was performed for 15 min at a strain-
constant mode, and the torque (T) and the normal force (W) were de-
tected. The obtained torque is a total value over the velocity range from 0
to @R, where R is the radius of the gel disc, as the velocity changes with the
distance from the center of the axis. Therefore, the total frictional force (F)
and the coefficient of friction (u) were determined as follows using Equa-
tions (3) and (4):164]

4T
F=1z )
y= % @

Two independent experiments (N = 2) were performed. Represented
data were performed at least in duplicate, and average and standard devi-

Adv. Mater. 2024, 36, 2313848 2313848 (13 of 14)

RIGHTSE LI MN iy

www.advmat.de

ation are given. One sample per group was discarded because of handling
problems.

Fabrication of CL Prototype: A two-step molding process was used,
as illustrated in Figure 5a. 20 pL of bacterial polymer precursor solution
PVA-VS/PVA 95:5 at 5% w/v concentration were placed into a ring-shape
silicon mold (outside diameter 10 mm) and photocrosslinked (420 nm,
6 mW cm~2) for 2 min. The obtained ring-shape bacteria hydrogel was
placed into a convex silicon mold (Figure S14, Supporting Information).
50 pL of polymer precursor solution PVA-VS/PVA 100:0 at 10% w/v with
0.5% w/v LAP were dropped on the top (after sonication for 10 min) cover-
ing the external and internal part of the bacterial-hydrogel ring. The sample
was photocrosslinked (420 nm, 6 mW cm~2) for 2 min. A convex hydrogel
sample with diameter 11 mm containing the implanted ring of 1.5 mm
thickness was detached from the mold. For better visualization, a ring-CL
containing silica gel in the ring (50% w/w) was also fabricated (Figure 5b).

Incubation of CL Prototype in Different Culture Conditions for HA Release
Experiments:  CL prototypes were incubated in BHI medium at 30 °C for
3 days. Afterward, samples were either i) incubated in STF for 7 days and
the supernatants were collected and replaced by fresh one each day, or
i) subjected to incubation/release cycles of 16 h in BHI and 8 h in STF
respectively during 7. The STF supernatants from both scenarios were
collected and analyzed for HA release by GPC, and for cytotoxicity stud-
ies. Live/Dead staining was performed after 7 days of incubation/release
BHI/STF cycles and imaged using Zeiss LSM-880 confocal laser scanning
microscopy (Zeiss) and Zeiss EC Plan-Neofluar 10x/0.30 M27 objective.

Statistical Analysis: Al statistical analyses were performed with Origin
software and values were presented as mean + SD. One-way analysis of
variance (ANOVA) using the Tukey grouping method was used to analyze
statistical differences of multifactorial comparisons. A probability value of
p < 0.05 was taken as statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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