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Biodegradable alternatives to classic solid-state components are rapidly
taking place in front-end photonic systems like metamaterials, meta-
surfaces and photonic crystals. From this point of view, numerous
solutions have been proposed involving eco-friendly compounds.
Among them, the Luria Bertani agar (LBA) growth medium has been
recently proposed as a functional option with the remarkable advantage
of allowing the growth of fluorescent protein expressing bacteria. Such
a possibility promises to lead to development of a new generation of
biological and eco-sustainable optical sources based on meta-surfaces.
There is, however, still a main drawback to address, related to the highly
scattering nature of these compounds. To ensure adequate nutritive
elements for cell growth, LBA hosts several compounds like NaCl, yeast
extracts and tryptone. The presence of these components leads to very
scattering LBA films, thus hindering its performance as an optical
polymer. A trade-off arises between nutritive capacity and optical
performance. In this paper, we successfully address this trade-off,
demonstrating that a reduction of the basic nutrients (net Agar concen-
tration) of LBA largely enhances the optical properties of the film as a
photonic polymer without compromising its cell-viability. We consid-
ered two new LBA formulations with two- (LB,A) and four-fold (LB4A)
reduction of the nutrients and replicated a square-lattice meta-surface
used as a benchmark architecture. We demonstrated that both the
replica molding performances and the optical properties (absorption,
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New concepts

In this paper we introduce new formulations of the Luria Bertani Agar (LBA)
growth medium as functional biopolymers for bio-photonic applications. The
new formulations resolve the trade-off between cell-viability performances and
optical scattering, which hinders the performance of LBA as a polymer for
high-end photonics. We demonstrate that reducing the basic nutrients of the
LBA can significantly enhance its optical properties without compromising its
cell-viability. Our approach is substantially different not only from the classic
paradigm of optoelectronics but also from the most broadly explored bio-
inspired ones. Unlike the other available eco-friendly compounds, the LBA
growth medium stands out for its ability to support the growth of fluorescent
protein-expressing bacteria, paving the way for a new generation of bio-
inspired, eco-sustainable optical based on meta-surfaces.
Additionally, we demonstrate that new formulations of LBA are still suitable
as growth media. Moreover, we demonstrate that the photonic structure is not

sources

affected by the presence of large bacteria, paving the way towards fully
biological photonic technologies. Our findings also indicate the successive
blending of the classic LBA with new polymers and elements to further
customize its functional properties, for example, the fine tailoring of its
refractive index and optical dispersion.

scattering and diffraction efficiency) of LBA formulations increase
with decreasing nutrient concentration, without losing their cell-
growth capability. To demonstrate this fundamental aspect, we inocu-
lated the most critical case of LB;A with green-fluorescent-protein-
expressing E. coli bacteria, verifying both their vitality and good
photoluminescence properties. These results overcome one of the
main limitations of LBA as a functional biopolymer for optical applica-
tions, unlocking its use in a new generation of biological quantum
optical frameworks for all-biological weak and strong light—matter
interactions.

1. Introduction

Biodegradable materials used to replace classic materials for
photonic applications are emerging fast.'”” The always increas-
ing interest in these materials is due to the environmental

This journal is © The Royal Society of Chemistry 2025
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advantage they possess over petroleum-based plastics. Their
characteristics like large availability in nature and biodegrad-
ability lead to their exceptional performance in terms of trans-
parency, Young’s modulus and processability, making them a
winning alternative to classic materials. Polynucleotides like
RNA and DNA are typically used to decorate photonic structures
like nanoparticles and to endow them with specific sensing
capabilities.®* Polypeptides like silk and keratin>™*” or poly-
saccharides like cellulose,'®' chitin,?®*! chitosan,>*** and
alginate®*™>° are commonly used for applications in photonics.
Great attention is paid to the optical functionality of the
biopolymers but their capability to support living organisms
is often neglected. Such a characteristic turns critical in a
scenario where biological photonic structures are required to
interact with bio-luminescent entities like fluorescent proteins
expressed in competent bacteria towards all-biological optical
sources.”” Fluorescent-protein-expressing bacteria constitute
an exceptional alternative to harmful solid state semiconduc-
tors like perovskites or quantum dots.** ! Bio-emitters such as
fluorescent proteins can, indeed, easily reproduce the proper-
ties of their high-performing solid-state counterparts with the
invaluable advantage of being eco-friendly. Bio-emitters like the
green fluorescent protein show a naturally large transition
dipole moment (TDM) that can compete and in some cases
even outperform those of most recently developed Pb-based
semiconductors like perovskites. For example, photoemissive
proteins like phiYFP, EYFP and GFP-S65T (mutagenic version of
the natural GFP) show a transition dipole moment of around
10.5 D,>”*> while recently calculated TDM values for perovskite
quantum wells are around 9.5 D to 11 D.** Fluorescent proteins
also show a very large quantum yield (QY). For example, cyan
fluorescent protein variants with QY from 0.84 to 0.87 were
broadly documented,***” while a quantum yield as high as 0.93
was documented for the fluorescent protein mTurquoise2,*®
revealing that the fluorescent protein can easily reproduce the
emission properties of the most recently developed Pb-based
semiconductors like perovskites.*®*%*! Moreover, the expres-
sion of photoluminescent proteins in living organisms like
bacteria can lead to environmentally friendly production of a
large number of proteins by simply leveraging the natural
replication capabilities of these organisms, while classic semi-
conductors necessitate harmful synthesis procedures that pose
serious issues for the disposal of synthesis byproducts like
solvents. In the end, producing variants of the classic GFP with
tailored emission wavelengths is a very easy, inexpensive and
well-established routine that does not prevent the expression in
competent bacteria,>” while tuning the emission wavelength of
perovskites, for example, necessitates environmentally harmful
processes.”® For all these reasons, the need for an all-biological
photonic platform with performance comparable to the solid-
state ones but with the advantage of being completely
eco-friendly emerges. Bacteria, however, require a specific
cell-viable scaffold to survive and keep producing fluorescent
proteins through their metabolic functions. From this point of
view, LBA is an unbeatable option but its glass-like refractive
index necessitates its appropriate micro- or nano-structuring in
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order to manifest resonant properties and work as an in-plane
optical cavity. This challenge has been recently addressed by
our group, demonstrating that LBA can constitute a great
alternative to common bio-polymers used for photonics, with
the advantage of ensuring incomparable cell viability.>® How-
ever, there are two main drawbacks to overcome: (i) humidity/
exsiccation and (ii) nutritive/scattering properties, which still
hinder LBA from expressing its potentiality as an all-biological
photonic structure. Certainly, these two concerns manifest as
trade-offs and are intimately connected to LBA’s dual nature of
being a biological and an optical material. The former trade-off
is brought about by the water content constraint in LBA, which
must be drastically reduced with respect to the classic formula-
tion to achieve a good replica molding, severely compromising
the cell viability properties of the obtained LBA photonic
structures. Such a challenge has, however, been adequately
addressed in a previous publication, where water activity mea-
surements allowed finding a compromise between humidity
and replica-molding performances.*® The latter trade-off
resides in the fact that the nutritive components of LBA, like
NacCl, yeast extract and tryptone, are highly scattering in nature,
leading to optical signals being affected by scattering-related
speckles. This feature leads to poor optical properties, like
blurred diffraction patterns.*® Techniques to reduce the scat-
tering of a sample are several and sophisticated. For example,
techniques based on statistical analysis and successive filtering
have been revealed to be successful.*® Pump-detector depolar-
ization or de-modulation techniques can also be very effective
in scattering reduction.*®*! Signal chopping is another very
efficient technique to reduce the scattering.**™*> Even though
all these techniques may lead to exceptional results, they do not
solve the problem from the root since they are external
reduction methods of scattering of the sample. In our system,
the photonic structure is directly replicated in the scattering
polymeric matrix. Therefore, an external scattering reduction
method would be useless. A different approach is needed that
directly reduces the scattering of the polymeric matrix where
the photonic structure is printed. The problem can, in princi-
ple, be faced following two different strategies: adding plasti-
cizers like glycerol that could lead to smoother films or
reducing the nutritive components. The first choice does not
ensure an adequate reduction of the scattering parameters
since, if on one hand it is true that smoother surfaces lead to
less-scattering films, on the other, adding new components
could hinder the functionality as a growth medium. The second
strategy, reducing the nutritive components, is a more feasible
choice that could result in significant scattering reduction and
enable the new LBA composition to carry out its main biological
task of keeping cells alive. In this work, we address this second
trade-off by demonstrating that the composition of the LBA can
be modified to accommodate the constraints posed by the
photonic application, without losing its cell viability capabil-
ities. We propose two additional formulations in which except
for agar, whose amount is fixed, all the other components
(NaCl, yeast extract and tryptone) are two- (LB,A) and four-
fold (LB,A) decreased, respectively. We demonstrate that both
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scattering and absorbance are substantially decreased with
respect to the classic LBA formulation. Regarding the cell growth
properties, we found that those related to the LB,A formulation
are comparable to classic LBA, while the LB,A composition is still
adequate as a growth medium, despite its performances being
slightly decreased. To prove the validity of both these new
formulations as biological scaffolds for photonic applications,
we replicated vig a standard replica molding technique a com-
mon photonic crystal with a hexagonal unit cell, demonstrating
through atomic force microscopy (AFM) measurements that
reducing the scattering nutrients also leads to better replica-
molding performance in terms of morphology and fidelity with
respect to the original master mold. By collecting the diffraction
pattern generated by each of the replicated samples, we demon-
strate that the effect of the scattering-derived speckle is substan-
tially reduced by decreasing the nutritive component percentage,
with a related enhancement in the diffraction efficiency as well.
In the end, we demonstrate the capability of the LB,A formula-
tion (the most critical one for this task) to host and keep green-
fluorescent-protein-expressing E. coli bacteria vital, without com-
promising the diffraction properties of the replicated structure.
Our findings remove a fundamental obstacle towards the effec-
tive employment of growth media as high-end photonic plat-
forms, paving the way towards much more sophisticated
architectures to be replicated. In addition to the possibility of
being functionalized with photo-emissive materials and/or inocu-
lated with fluorescent-protein-expressing bacteria, the outstand-
ing replica molding properties allow envisioning strong and weak
light-matter interaction scenarios where these new LBA formula-
tions can be involved.

2. Results and discussion

We propose three different LBA compositions: (i) the standard
LBA growth medium, (ii) an LB,A version, where the nutritive
component concentration is half of the standard LBA, and (iii)
LB,4A, where the nutritive elements are four-fold reduced with
respect to the standard LBA. The agar amount is equal for all
three formulations. For each composition, a thin film has been
fabricated by solvent casting (see the Experimental section). Its
absorption and scattering properties have then been character-
ized through spectrophotometric measurements (Fig. 1a,
absorption and Fig. 1b, scattering). Details are given in the
Experimental section. Noticeably, the LB,A formulation
resulted in the lowest absorption and scattering, serving as
the best option for a replica-molding material for photonic
applications. In turn, LB,A showed intermediate properties
between LBA and LB,A, while, as expected, standard LBA was
demonstrated to be the most absorptive and scattering one. In
particular, the scattering value of the LB,A composition was
two-fold decreased with respect to common LBA (Fig. 1b), thus
demonstrating its suitability as a material for photonic applica-
tions. We attribute this achievement to the reduction of com-
ponents like NaCl crystals and yeast extract powders that act as
scattering centers. We notice that the absorption value of the
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Fig. 1 (a) Absorption and (b) scattering of the standard LBA (solid red
curves), LB,A (dashed blue curves) and LB4A (dotted green curves).

LB,A formulation is still high in the spectral region below
450 nm, being significantly larger than those of conventional
optical polymers like PDMS or biodegradable alternatives like
cellulose."®***” However, in the visible range (>450 nm), the
absorption coefficient drastically reduces to around 30%, a
value that, as will be demonstrated further, is suitable for
optical applications.

We then checked the viability of all three compositions to
confirm that the enhancement of the optical performance did
not affect their biological properties. Standard cell cultivation
experiments were performed for each of the proposed formula-
tions to obtain the related growth curves in terms of the
concentration of colony-forming units per ml (CFU ml*, log
values) (Fig. 2a, see the Experimental section for details). In this
case, as expected, the standard LBA showed the best perfor-
mances (see Fig. 2a, the solid red curve and dots).

Noticeably, we found out that the LB,A formulation is
almost as valid as the standard LBA growth medium (see
Fig. 2a, the dashed blue curve and dots). The LB,A formulation,
instead, presents the worst growth properties (see Fig. 2a, the
dotted green curve and dots), but nonetheless it also proved to
be valid as a growth medium. In addition, we estimated the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Growth curves reporting colony-forming units (CFU on a logarith-
mic scale) per milliliter for E. coli bacteria in LBA (solid red curve and circles),
LBA (dashed blue curve and circles) and LB4A (dotted green curve and circles)
on a time scale of 24 hours. (b) Details of (a), together with (c) time-dependent
optical density, measured at 2 = 600 nm (OD600), corresponding to the
exponential growth phase (first six hours), together with the linear fits.

effect of nutrient reduction in terms of the doubling time (g) and
instantaneous growth rate (k), taking into account the exponen-
tial growth phase (for details, see the ESL} Section S1).
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The doubling time for E. coli bacteria was estimated to be around
15 minutes for common LBA, ~17 minutes for LB,A and
~34 minutes for LB,A. Moreover, we found that the k value of
LB,A is 1.20 h™%, thus confirming the slower replication rate of
E. coli bacteria in this formulation with respect to LB,A and LBA,
which present values of 2.43 and 2.73 h™", respectively. To further
confirm this slowdown, we determined CFU ml ™" (log values in
Fig. 2b) as well as the optical density measured at A = 600 nm
(ODgpo, Fig. 2c) both as a function of time in the exponential
growth phase (the first six hours), for all three formulations.
The three systems start from almost the same values for both
CFU ml™" and ODgg,. Then, as expected, the evolution of the
LB,A formulation (green dotted curves in Fig. 2b and c) is much
slower than those of LB,A and LBA. To confirm this aspect, we
performed a linear fit of all the measured CFU ml " concentra-
tions (see curves in Fig. 2b) and demonstrated that the smallest
slope is obtained for LB4A. This is evidenced by the fact that after
6 hours the logarithm of CFU ml ™" concentration is about 10 for
the LB,A formulation, while it is around 12.5 for LB,A and 13 for
LBA. This measurement also allows concluding that the LB,A
formulation shows intermediate growth speed between LBA (the
best one) and LB,A, as expected. The measurement of the ODgg
quantity confirms the results obtained for the CFU ml~" concen-
tration: classic LBA shows a larger ODg, value (around 5, after
6 hours), LB,A shows intermediate ODgo (around 2.2, after
6 hours), while LB,A shows the lowest ODgg (around 1.2,
after 6 hours). We underline that, despite, as expected, the viability
properties of LB,A being the worst among the three formulations, it
still shows cell-growth capability. Such a result was somehow
expected since we are moving out of the optimal growth conditions
for bacteria. On the other hand, the LB4A formulation is by far the
best performing formulation from an optical point of view, showing
an ideal trade-off between biological and optical properties towards
bio-photonic applications. The validity of the three formulations as
photonic platforms was proved by carrying out classic replica
molding experiments, where a 2D square-lattice photonic crystal
was used as a master mold. The technique is very similar to that
shown in recent publications by our group.'®** The performance of
the replicas, which can act as biological metasurfaces, was char-
acterized by atomic force microscopy (AFM) experiments (see the
Experimental section for details). The AFM morphology of the
master mold is shown in Fig. 3a, together with those of standard
LBA (Fig. 3d), LB,A (Fig. 3g) and LB,A (Fig. 3j) replicas. The first
qualitative analysis of the replicas is provided through a compar-
ison of the AFM profiles collected along the white lines traced over
each of the respective AFM topography panels (Fig. 3a, d, g and j),
between the master mold (Fig. 3b) and LBA (Fig. 3e, orange profile),
LB,A (Fig. 3h, orange profile) and LB,A (Fig. 3k, orange profile)
replicas, respectively.

All three replicas showed good height fidelity with respect to
the master mold. To further quantify the quality of the replicas,
we calculated the average areas of the top (bottom) circular
surfaces of the master mold’s (replica’s) pillars (holes). A very
similar procedure has recently been proposed elsewhere by the
authors.*® The average area of the top circular surface of the
master mold is S, = 2.3 pm?, while for the replicas we have:

Mater. Horiz., 2025,12,1008-1017 | 101
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Fig. 3 AFM morphology of (a) the master mold 2D photonic crystal, (d) LBA, (g) LB>A, and (j) LB4A replica together with (b), (e), (h) and (k) their related
height profiles along the orange lines traced in the AFM topography panels. Statistical distributions of the AFM z-coordinates of the (c) master mold, (f)
LBA, (i) LB2A and (1) LB4A replicas.

Siea = 1.65 um? for the standard LBA formulation, Sue,a = F = Sreplica/Sm, Which accounts for the accuracy with which
1.61 um? for the LB,A formulation, and Sip,a = 1.93 um? for the top surface of the pillars is converted into a hole. It turns
the LB,A formulation. We define the figure of merit as out that for the LBA case F = 0.72, for LB,A F = 0.7 and for LB,A

1012 | Mater. Horiz., 2025, 12, 1008-1017 This journal is © The Royal Society of Chemistry 2025
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F = 0.84. Noticeably, the LB4,A formulation shows the best
surface fidelity during the replica molding process, confirming the
beneficial role played by the nutrient reduction. The values obtained
for the LBA and LB,A formulations are, however, very good as well,
showing around 70% fidelity, which is very good compared to other
results.®® The AFM characterization also provides rich information
on the height fidelity of the fabricated replicas. According to a
procedure reported in a previous publication,®® a statistical analysis
is carried out over the z-coordinate (i.e., the heights) retrieved by AFM
measurements. The frequency of occurrence C(Zeoora) Of a particular
z-coordinate value can be fitted as a superposition of Gaussian
distributions, as expressed in eqn (1):

iy 0

Here, 4; is the amplitude, o; is the standard deviation and (z); is the
expected value of the ith component of the complete multi-Gaussian
distribution. The term ¢, is the offset value for that specific
component. The multi-Gaussian distribution for the master mold
is shown in Fig. 3c (solid black curve), overlapping the histogram of
the z-coordinates of the related AFM analysis. Although this dis-
tribution can be adequately fitted with three components, only two
of them are relevant for our investigation, the one with (2); =
99.13 nm (indicated as (z,) in Fig. 3c), which represents the pillars’
top, and the one with (z); = 21.14 nm (indicated as (z,) in Fig. 3c),
which represents the background. The average height of the pillars
can, therefore, be calculated as 4, = (z,) — (z,) = 78 nm, very close to
the nominal one. The multi-Gaussian distributions inherent to the
replicas are all much more complex than the master mold. One of
the main difficulties is caused by the “wavyness” of the sample after
the peel-off procedure, which can severely hinder the possibility of
carrying out a meaningful statistical analysis. To address this issue,
we set up a custom MatLAB based algorithm that removes the
background envelope from the AFM measurements carried out on
the replicas. As a result, the statistical analysis is much more reliable,
but the coordinate of the holes’ bottom assumes negative values. In
contrast, the top surface is around zero nanometer. The case of the
LBA replica is shown in Fig. 3f. Here, the background Gaussian
component is centered around (z;) = —11 nm, while the holes’
bottom peak (z;,) is located at about —71 nm. The holes’ depth 4y, =
|{zn) — (zg)| = 60 nm. The aspect ratio T of the replicas can be
calculated as 4,/ This parameter provides useful insights into the
capability of the proposed LBA formulations to follow the three-
dimensional profile of a structured master mold without introducing
any surfactant. The value of T for the LBA sample is equal to 0.77,
revealing that the depth of the replicated LBA holes is equal to the

Table 1 Morphological parameters and figures of merit
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Fig. 4 Diffraction patterns of (a) standard LBA, (b) LB>A and (c) LB4A
replicas.

77% of the master mold’s pillar height. This result is very good,
compared to previous systems.*® The statistical analysis of the LB,A
system is shown in Fig. 3i. For this system, (z,) = —10 nm, (z,) =
—73.2 nm, 4, = 63.2 nm and T = 0.81, which are very good values
confirming the better morphological properties of the LB,A formula-
tion with respect to the standard LBA. In the end, the case of the
LB,A sample is shown in Fig. 3. For this formulation, (z;) =
—12 nm, (z,) = —80.3 nm, Ay = 68.3 nm and T = 0.88. These
outstanding values confirm that the LB,A formulation is the best for
photonic applications. All the salient parameters for the morpholo-
gical characterization are provided in Table 1.

The diffractive properties of the proposed biological meta-
surfaces were analyzed by measuring their diffraction efficiency
(see the Experimental section for details). All three proposed
structures manifested good diffractive properties, in line with
the expected diffraction pattern obtained for the master mold
(Fig. 4a-c).*®

It can be found that the pure LBA formulation shows a blurred
diffraction pattern (Fig. 4a). This is mainly due to the effect of the
speckle image generated by the large presence of scattering
centers like NaCl crystals and yeast extracts. As demonstrated
by the measurements reported in Fig. 1b, a reduction of the
nutrients leads to a reduction of the scattering as well.

As a result, the diffraction pattern of the LB,A and LB,A
replicas does not present any visible blurred contribution from the
speckle. To better quantify such a beneficial effect, we measured
the diffraction efficiency 7,4, related to the first order (m = 1, white
circles in Fig. 4a), for each of the three structures (see the
Experimental section for details) and found that 7,4 is equal to
0.22 for the LBA structure, 0.32 for the LB,A structure and 0.67 for
the LB,A structure. These results confirm the validity of LB,A as a
biologically suitable platform for photonic applications.

To confirm the capability of the LB,A formulation to ensure
cell viability, we inoculated green-fluorescent-protein-
expressing E. coli bacteria into the LB4A solution before the
replica-molding process. The produced micro-structured sample
(Fig. 5a) shows very good diffraction properties, as demonstrated

Average surface

area (um?) F (Step/Smas) (zg) (nm) (zp) (nm) (zn) (nm) 4, (nm) Ay (nm) T (An/4p)
Master 2.3 — 21.14 99.13 — 78 — —
LBA 1.65 0.72 —-11 — —-71 — 60 0.77
LB,A 1.61 0.7 —-10 — —73.2 — 63.2 0.81
LB,A 1.93 0.84 —-12 — —80.3 — 68.3 0.88

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 GFP-expressing E. coli bacteria inoculated LB4A micro-structure under white light illumination. The presence of the diffraction pattern is well
visible in the left part of the micro-structured area. (b) Fluorescence confocal image of the area highlighted with a red circle in (a), showing the presence
of GFP-expressing E. coli bacterial agglomerates. (c) SEM image of the LB4A replica, in which the bacterial agglomerates are well evident. (d) GFP-
expressing E. coli colonies grown over a standard LBA plate after cultivation of the replica in (a) together with (e) the fluorescence confocal image of the
area highlighted with the red circle in (d). The green fluorescence expressed in (e) confirms that the colonies in (d) are generated from living bacteria in (a).
(f) SEM image of GFP-expressed bacteria belonging to a colony formed from the original inoculated LB4A sample.

by the glaring presence of a multi-color diffraction pattern in
Fig. 5a, confirming that the inoculation does not prevent the
optical functionality of the LB,A growth medium. A fluorescence
confocal microscopy analysis has been carried out within the area
highlighted with a red dashed circle in Fig. 5a. This analysis
reveals the presence of fluorescent bacteria agglomerates, as
shown in Fig. 5b. To demonstrate that these bacteria are still
alive, we cultivated the inoculated replica over a standard LBA
plate to form new colonies (Fig. 5d). The growth colonies
manifested the same photoluminescence properties as those of
the original bacteria (reported in Fig. 5b), as detected via fluores-
cence confocal imaging analysis, thus demonstrating that the
inoculated bacteria were successfully kept alive by the LB,A
growth medium (Fig. 5e). This result confirms that the LB,A
formulation constitutes an ideal platform to address the trade-off
between nutritive properties and low optical scattering. Scanning
electron microscopy (SEM) analysis has been performed to show
the presence of these bacterial agglomerates over (but even
included in) the obtained replicas (see Fig. 5¢ and f).

3. Conclusions

In conclusion, in this work we successfully addressed the trade-
off between the viability and optical suitability of the LBA
growth medium. In particular, we gradually reduced the
concentration of nutritive elements like NaCl, yeast extracts

1014 | Mater. Horiz., 2025, 12, 1008-1017

and tryptone that made LBA highly scattering, verifying that not
only the new formulations (two- and four-fold reduced nutri-
ents) are still valid as growth media, but also, by reducing the
scattering components, the optical properties are enhanced.
We demonstrated this aspect by measuring the scattering and
absorption of the three LBA versions and found that, as
expected, both these parameters decrease with decreasing
nutrient concentration. Moreover, we recorded the growth
curves of the three new formulations and found out that LB,A
shows a practically comparable growth capability relative to the
standard LBA, while LB,A is still valid for cell growth, serving as
the best option for bio-photonic applications where both good
optical properties and cell viability are required. The replica
molding performances are very good for all three compositions,
while the diffraction efficiency increases when reducing the
nutrients as a consequence of the reduced scattering. We also
verified the capability of the LB;A-based metasurface to incor-
porate fluorescent bacteria keeping them vital. This result is of
great interest, since it confirms the validity of the LB,A-
inoculated replica as both a photonic platform and a growth
medium. Our biological metasurfaces hold great promise in
both optical and biological frameworks. From the optical point
of view, the spotlight is pointed over new, fully biological planar
and photoemissive systems. Structures like meta-lenses can be
readily replicated in our new LBA formulations to produce
biological and biodegradable meta-lenses. Planar optics like

This journal is © The Royal Society of Chemistry 2025
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meta-lenses are gradually winning the competition with their
classic, bulk counterparts. The proposed low-scattering LBA
formulation serves as an option for these kinds of applications
with the advantage that biological emitters can be readily
incorporated within to endow the system with photolumines-
cence properties. These considerations offer the possibility of
envisioning a biological quantum electrodynamical scenario, as
described elsewhere, where the system introduced in this
manuscript represents the very fundamental brick. In this
bio-photonic study, the two-level emitters are photoemissive
proteins expressed by competent bacteria, while cavities are
represented by planar resonant structures like metasurfaces.
The proposed systems offer a fundamental example of how
photoemissive bacteria can be incorporated into low-scattering
photonically structured growth media, thus demonstrating
their feasibility. The results we found, therefore, pave the way
towards a biological quantum optics scenario where strong
light-matter interactions between resonant metasurfaces and
emitters expressed by bacteria lead to the generation of polar-
itons, thus enabling the realization of polaritonic technologies
and optical sources. From the biological point of view, a
photonically structured growth medium opens up new oppor-
tunities for photoluminescent based assays where the photonic
structuration of the growth medium could enhance the PL
signal of the labels, thus increasing the sensitivity of the
technique without compromising the viability of the culture
medium.

4. Experimental section
Materials

LBA, LB,A and LB4A formulations were prepared using the
following reagents: tryptone (oxoid LP0042, lot 1900868); yeast
extract (oxoid LP0021, lot 1444496-02); sodium chloride (Carlo
Erba Reagents, catalog number 479687); bacteriological agar
(oxoid LP0011, lot 1449443-02); double-distilled water; ampicil-
lin sodium salt (Sigma-Aldrich, lot 0000208318); and chloram-
phenicol (Sigma-Aldrich, lot SLCJ7035).

Average top circular surface area calculation

Starting from the AFM images shown in Fig. 1a, d, g and j, a
thresholding procedure carried out through common routines
in Image] software allowed isolating only the top circular
surfaces of each of the cylinders included in the AFM image.
This procedure provides the measure of the surface area of each
of the individual circular surface. The average surface area is
then calculated from the obtained values.

Film preparation and replica molding

The film forming LBA, LB,A and LB,A composites are obtained
using a standard stock solution of the Luria Bertani (LB)
medium composed of tryptone (10 g L™%), NaCl (10 g L)
and yeast extract (5 g L") powders with agar powder at a fixed
concentration of 2.8% w/v. The LB solution was prepared by
dissolving tryptone, NaCl and yeast extract powders in double-

This journal is © The Royal Society of Chemistry 2025
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distilled water and magnetically stirred (200 rpm) at room
temperature until complete dissolution was achieved. The
LB,A and LB4A solutions were prepared by two- and four-fold
diluting the original LB stock solution in double-distilled water.
The solutions were autoclaved for 15 minutes at 15 psi and
121 °C and then poured (3 g of each solution) over the master
mold at T = 50 °C. The drying process of all the formulations
involves solvent evaporation through a multistep procedure
consisting of a temperature ramp down (1 °C min ' from
47 °C to 39 °C) and a soaking step at 38 °C for 12 hours. In
the end, the replica is separated from the master mold by a
peel-off procedure.*®

Bacterial culture and growth curve

The E. coli Rosetta (DE3) pLysS strain (Merck Life Science) and a
PsGFP-CVX plasmid (Voden) were used to achieve the expres-
sion of the fluorescent protein using a bacterial culture. The
standard CaCl, method*® was used to obtain competent cells
for DNA uptake. The psGFP-CVX plasmid was acquired by the
competent cells through heat-shock treatment. The trans-
formed colonies were selected through antibiotic resistance
analysis (the ampicillin-resistant gene of the plasmid and the
chloramphenicol-resistant gene of the strain). Cell-growth on
the two new compositions was tested over the standard LBA
formulation. The standard colony forming unit (CFU) method
was used (see Section S1 of the ESIt for details) to calculate the
number (N) of formed colonies as a function of time.*® DF is the
dilution factor and PV is the solution’s plated volume. In the
case of the reduced nutrient conditions, the corresponding
reduced fresh media (LB/, and LB/,) and agar plates (LB,-agar
and LB,-agar plates) have been used.

Spectrophotometric measurements

A UV-vis-NIR spectrophotometer Varian Cary-5E equipped with
the integrating sphere DRA-CA-50 was used to measure the
optical absorption and scattering of non-patterned films
obtained as described in the section on film preparation. The
measurement was conducted in a spectroscopic range span-
ning from 350 nm to 750 nm.

Optical density (OD)

The optical density of cells at 600 nm (ODg,) is a measurement
used to monitor bacterial growth, based on the light scattering
by cells in suspension (see the ESIt). As described above, for
each time point (0, 1, 3, 6 and 24 hours) 1 ml of aliquot was
taken to obtain information regarding the quantity of cells
present in LB, LB, and LB, solutions during the growth. The
value reported in Fig. 2c was evaluated by comparing it to the
appropriate blank sample.

GFP-expressing E. coli replica inclusion procedure

The GFP-expressing E. coli was cultivated for inoculation of
LB4A. A bacterial aliquot is cultivated by following the method
explained before and the culture was stopped after two hours of
growth (ODggp ~ 0.3). The culture was centrifuged and the
residual pellet, containing only bacterial cells, was resuspended

Mater. Horiz., 2025,12,1008-1017 | 1015
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using phosphate buffered saline (PBS). The bacteria were added
to the LB4A solution, to which 100 pg ml™" ampicillin and
34 pg ml™ ' chloramphenicol were added previously. The
solution was slightly stirred and lastly 3 g of the solution was
poured on the master mold. The inoculated LB,4A solution was
exsiccated using a thermal profile of standard replica, and
lastly through peeling from the master mold, the replicas,
including GFP-expressing bacteria cells, were achieved.

Atomic force microscopy (AFM)

Topographic images of the samples were acquired using a
Bruker Catalyst atomic force microscope (AFM) equipped with
a Nanoscope V controller in tapping mode. The silicon canti-
lever probe (RTESPA-150, Bruker) with an elastic constant of
5N m " and a tip radius of 8 nm is used. Depending on the size
of the scan area, the acquisition speed and samples per line
were set. Height profiles and height distribution data are
extrapolated from topographic images acquired at 0.150-
0.250 Hz and 512 samples per line. The topographic images
were analysed using Nanoscope Analysis software (Bruker) and
WSxM software.

Diffraction efficiency measurement

A He-Ne laser source (Age_ne ~ 633 nm, Melles Griot) has been
used to acquire the far-field diffraction pattern of the obtained
replicas. Before impinging on the sample, the laser beam
crosses a filtering system composed of a zero-order half wave
plate and a linear polarizer. The diffraction efficiency of the
first order was calculated according to eqn (2):

6
>l
L (2)

Mo =771

Here I is the total transmitted intensity through the sample,
also including the scattering. I 4 is the intensity of a single
diffracted beam, and the sum is carried out over six diffracted
beams belonging to the first order hexagonal unit cell. The
intensity of each diffracted beam (I) has been recorded using a
digital oscilloscope (TDS7104, Tektronix) and a hi-speed Si
photo-detector (350 to 1100 nm, DET 110-Thorlabs).

Confocal microscopy

The samples were observed with a laser-scanning confocal
microscope (CLSM, TCS-SP8, Leica). The analysis was carried
out within the spectral range from 515 nm to 615 nm using a
20x water-immersion objective and the excitation wavelength
Jex = 488 nm was tuned to the absorbance peak of the green
fluorescent protein expressed by the inoculated bacteria.

Scanning electron microscopy

Scanning electron microscopy images were recorded on a
Quanta FEG 400 (FEI - Netherlands) scanning electron micro-
scope (SEM) by using an electron beam of energy 10 keV. All
acquired images show the typical morphology of the samples
deposited on carbon tape. Every sample was sputter-covered
with a thin graphite layer before analysis.
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