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Sustainability spotlight

A sustainable and biodegradable alternative to conventional glass slides
used in microscopy is presented by valorizing discarded sh-scale bi-
owaste into a functional bio-slide with optical and mechanical properties
comparable to commercial glass, enabling safer laboratory practices by
integrating biowaste valorization, green material design, and safety
innovation for a greener scientic ecosystem.
Microscopy is an indispensable scientific imaging tool that is used for

the magnified visualization of diverse kinds of cells, cellular structures

and post-labelled molecules for various microbiological, diagnostic

and biomedical applications. Conventionally, for microscopic imaging,

specimens are often mounted or fixed onto glass slides with or

without covering them with glass coverslips. However, both these

components are brittle, chemically inert, involve expensive and

sophisticatedmanufacturing, and possess razor-sharp edges that pose

safety hazards, causing blood borne disease transmission via acci-

dental cuts under clinical scenarios. In response to the growing need

for sustainable and safe laboratory materials, we developed a trans-

parent, biodegradable bio-slide processed frompristine fish-scale bio-

wastes. This is an extension of our previous study, where we utilized

the transparency of the scale for UV-vis spectroscopy. Rich in collagen

and hydroxyapatite, the scales were subjected to controlled demin-

eralization and bio-casting to yield slide-comparable optically clear

bio-slides with a mechanical strength of ∼40 ± 4 mPa. The bio-slides

demonstrated consistent (n = 10) light transmittance (over 82%),

acceptable autofluorescence, solvent compatibility and enhanced

sample adherence with a contact angle of 81°, supporting imaging of

a broad range of specimen (plant parts and tissue sections, bacteria,

and cells). As conventional microscopes are designed to stage “slides”,

a customized reusable 3D-printed slide-mimicking adapter was

developed to position our bio-slide on the microscope. The bio-slide

could withstand laser excitation, permitting imaging using confocal

microscopy, and showed high-compatibility towards dyes (Synap-

toRed C2, DAPI, crystal violet, and safranin) and antibody-labels (anti-

NeuN antibody and Alexa 555-conjugated secondary antibody (goat

anti-mouse IgG1)) enabling microbial and cell staining and immuno-

histochemistry of mice spinal cord neuronal sections (20 mm and 30

mm). Finally, the renewable and biodegradable nature of the bio-slide

supports circular bio-economy goals through effective bio-waste
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valorisation. This study introduces an eco-friendly class of bio-slides

for imaging using microscopy with promising applications in green

diagnostics, sustainable laboratory practices, and biomedical research.
1 Introduction

Microscopy is an extremely essential imaging technique that is
widely used in hospitals, diagnostic and research laboratories
for high-resolution visualization of structures and intricate
cellular and physiological processes beyond the limit of the
human naked eye.1,2 Its application spans across various
domains including cell biology, microbiology, materials science
and pathology, where microscopes ranging from conventional
light microscopes to advanced microscopes such as uores-
cence, confocal, and stimulated emission depletion (STED)
have become indispensable for elucidating subcellular
dynamics, biological structures, pathological conditions, and
driving innovations in microbiology, diagnosis and
biomedicine.3–5 The microscopy of diverse samples is typically
visualized by mounting or xing the specimen onto the gold
standard “glass-slide” based on the interaction of light beams
with a specimen to produce a magnied image, facilitating the
detailed examination of cellular architecture, microorganisms
and tissue morphology, their differentiation etc.6–8

Glass slides, while widely used in microscopy, present
several pressing limitations that can affect imaging quality and
experimental outcomes. Additionally, glass may exhibit auto-
uorescence under specic imaging conditions, such as
Sustainable Food Technol., 2026, 4, 2527–2535 | 2527
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uorescence microscopy, leading to background noise and
reduced signal-to-noise ratio.9,10 The chemical resistance of
glass is also limited, as certain solvents or reagents may cause
etching or degradation of the glass surface, making imaging
difficult.11,12 Furthermore, repeated cleaning and reuse can
result in surface scratches, reducing sample adhesion and
optical performance over time. Most importantly, their inherent
fragility and razor-sharp edges make them highly vulnerable to
breakage and accidental piercing, posing great risks to the
clinical practitioners.13,14 Such incidents not only result in
physical wounds but also raise serious concerns regarding
occupational transmission of infectious agents (e.g. hepatitis B,
human immunodeciency virus), particularly in diagnostic,
pathology and microbiology labs handling biohazardous
samples. Reports from laboratory personnel document deep
cuts caused by accidental slide breakage during routine tasks,
underscoring the slide's sharpness even aer chemical staining
procedures.15 Additionally, environmental health and safety
offices report cases where broken glass, including slides, has led
to eye injuries and blood exposure incidents.16 These injuries
are recognized as sharps-related accidents, prompting the need
for strict disposal protocols and the use of forceps or puncture-
resistant containers.17 The frequent occurrence of such acci-
dents highlights the urgent need for safer, biodegradable
alternatives to conventional glass slides, particularly those
made from bio-waste derived materials that eliminate sharp
edges and fragility while maintaining optical pellucidity.

Preferably, sourcing functional materials from bio-waste
aligns with the Sustainable Development Goals (SDGs) of
preserving both the green and blue economies.18 Biological
scaffolds inherently exhibit properties suited for specic
applications, making them highly attractive for sustainable
material development.19,20 Among such bio-wastes, sh scales,
discarded in millions of tons globally, stand out due to their
compelling optical, semi-absorptive, mechanical, metal-
binding, oxido-reductive, and electronic characteristics rooted
in their collagenous chemical composition.21 These properties
have enabled their use in diverse applications, including tele-
vision displays, piezoelectric nanogenerators, heavy metal
remediation, wound healing, low-volume spectroscopy22 and
self-degrading prosthetic implants.23 Given the signicant land
occupancy, disposal costs, environmental hazards, and risk of
pathogen propagation associated with unmanaged sh scale
bio-waste, the responsible valorization of scales is a matter of
utmost global priority.24,25 Moreover, sh scale derivatives are
naturally biodegradable, making them inherently green and
environmentally sustainable.21,31

Herein, we present sh scale waste as a biodegradable bio-
slide for microscopy, leveraging its inherent transparency
(over 82%), hydrophilicity and superior specimen-retention
capability.32 Because conventional optical microscopes are
optimized for standard glass slides, we fabricated a customized,
reusable 3D-printed adapter to securely accommodate our bio-
slide onto the microscope stage. The bio-slide exhibited
outstanding structural integrity under laser excitation and
exceptional compatibility to common dyes and labelling agents,
thereby facilitating high-resolution confocal imaging of cells
2528 | Sustainable Food Technol., 2026, 4, 2527–2535
and tissues. This performance is attributed to its superior
optical transmittance across the visible and uorescence range
(350–900 nm). In addition, the bio-slide proved compatible
while imaging bacteria, transverse sections of plant leaves and
stems, pollen, and staining protocols to enable uorescence
immunohistochemistry on mouse spinal cord sections, all
visualized with clarity and diagnostic relevance. Notably, unlike
glass, which is prone to etching and degradation in non-polar
solvents, the bio-slide remained chemically stable. This inno-
vation not only provides a sustainable alternative to traditional
glass slides but also highlights a transformative approach to
repurposing food waste into functional platforms for routine
microscopy.
2 Materials and methods
2.1. Materials

Fish scales of rohu (Labeo rohita) having an average diameter of
∼12–18 mm were brought from the local sh market. Staining
dyes were purchased from Himedia Ltd India. E. coli and S.
aureuswere purchased fromMicrobial Culture Collection, CSIR-
NCL, Pune, India. All other chemicals and reagents were from
standard commercial sources and of the highest quality
available.
2.2. Animal experiments

C57BL/6NCrl mice were procured from Hylasco Biotechnology
Pvt. Ltd, Hyderabad, India. Mice were housed under a 12 h
light–dark cycle with food and water provided ad libitum at the
Central Animal Facility, University of Hyderabad, India. Mice
used in this study were part of another experiment (3R prin-
ciple). All the animal experiments were conducted in accor-
dance with the Institutional Animal Ethical Committee (IAEC)
approval (UH/IAEC/MGB/2023-1/05) and under the regulations
of the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), India.

2.2.1. Perfusion, xation, cryo-blocking and sectioning of
the tissues. The animals were deeply anesthetized with a cock-
tail of ketamine and xylazine and were transcardially perfused
with 1× phosphate buffer saline (PBS), followed by 4% para-
formaldehyde (PFA). The spinal cord was dissected and xed in
4% PFA at 4 °C for an additional 2 h. Aer xation, spinal cord
tissues were gently washed in 1 × PBS at room temperature – 3
times@2 h each. The tissues were then transferred to 20%
sucrose solution and incubated at 4 °C until the tissues were
completely sunk. Eventually, the spinal roots were carefully
peeled, and lumbar segments were embedded using OCT
compound in Peel-A-Way embedding molds. The blocks were
frozen using liquid nitrogen (N2)=cooled isopentane and were
stored at −80 °C until further use. From the prepared spinal
cord cryo-blocks, spinal cord sections (20 mm and 30 mm) were
obtained using a Leica cryostat and the sections were directly
collected onto nitrocellulose-coated bio-slides. The slides were
stored at either −20 °C or at 4 °C until further use.

2.2.2. Immunohistochemistry. The bio-slides with tissue
sections were taken in a 12-well plate (single section per well)
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00685f


Communication Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 2
:3

2:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and were processed for immunohistochemistry. The bio-slides
with spinal cord cross-sections were washed three times in 1×
PBS (10 minutes each wash). The sections were then incubated
overnight at 4 °C with primary antibody (anti-NeuN antibody 1 :
200 dilution; cat. #MAB377 Chemicon) diluted in blocking
solution (2% BSA, 0.5% Triton X-100 in 1× PBS). Following
incubation with primary antibody, the bio-slides with sections
were washed thrice in 1× PBS (10 minutes each wash). Then the
sections were incubated with Alexa 555-conjugated secondary
antibody (goat anti-mouse IgG1) for 2.5 h at RT. Aer incuba-
tion, the sections were washed thrice in 1× PBS (10 minutes
each wash). The sections were then mounted with glass cover-
slips (mounting medium 50% glycerol in 1× PBS) and prepared
for confocal microscopy by placing them in a customized 3D
printed adapter. For regular uorescence microscopy, we used
a rapid protocol for immunohistochemistry. All washes with 1×
PBS were similar to the protocol mentioned above for confocal
microscopy. The incubation with primary antibodies was for 5 h
at 32 °C and it was 2 h for the secondary antibodies. Aer nal
PBS washes, the sections were mounted with a glass coverslip
using Mowiol as mounting medium and were imaged on
a Nikon Eclipse Ti2 microscope.

2.3. Valorization of pellucid bio-slides from discarded sh
scales

Fish scales were rst gently rubbed with Milli-Q water to remove
surface mucopolysaccharides and other debris. They were then
subjected to a sequential etching process involving rocking at
200 rpm in 50 mL of 1 M NaOH, followed by treatment with
50 mL of 10% HCl at room temperature for 1 h to achieve
demineralization and decellularization. Aerward, the scales
were soaked overnight in Milli-Q water for further purication
and then air-dried for 24 h to obtain a transparent scale.
Following each treatment stage, the scales were rinsed thor-
oughly with Milli-Q water using mild friction. Aer attaining
a transmittance of over 82%, the scales were uniformly cut into
1 cm × 1 cm pieces, hereaer designated as “bio-slide,” using
scissors, and were stored in sealed, airtight containers until
future use.

2.4. Assessing the pellucidity, surface architecture and
wettability of the bio-slide

To assess optical pellucidity (absorbance and transmittance),
UV-vis spectra of the bio-slide were recorded using a multi-
scanner sky spectrophotometer (Thermo Scientic, California,
USA) operating at a wavelength resolution of 1 nm. A custom-
designed adapter developed by us22 was used to securely posi-
tion the bio-slide for accurate measurements of the thin lm.

Optical pellucidity and surface morphological appearance of
the bio-slide were further evaluated using an Olympus Micro-
scope CKX53 (Olympus, Tokyo, Japan) installed with a Magcam
MU2A camera.

Static and time-domain wettability measurements of our bio-
slide by drop casting 5 mL of sessile droplets were performed
using a contact angle goniometer (HO-IAD-CAM-01, Holmarc,
India). Contact angle values were obtained from recorded
© 2026 The Author(s). Published by the Royal Society of Chemistry
videos using ImageJ soware by drop shape analysis. All the
measurements were carried out at least in triplicate to ensure
reproducibility.

Tensile strength is measured using a universal testing
machine (2D Strain Master-LaVision, Germany) with a 100 N
load cell and a frame capacity of 1 kN at a cross head speed of 6
mm min−1.

2.5. Design and 3D printing of a reusable bio-slide holder

The bio-slide, being a 1 cm × 1 cm expendable piece, was tted
into a re-usable slide-like support with a holding groove in the
middle, which was designed and printed using polylactic acid
material via a 3D printer (Fig. 3).

2.6. Visualization of the bacteria on the-bio-slide

As a proof-of-concept, slide comparable imaging potential of
the bio-slide was rst assessed using the smallest living crea-
tures on the planet. Briey, 5 mL each of the two morphologies;
rods (Escherichia coli) and spheres (Staphylococcus aureus) of
bacteria having an optical density of 0.6 were placed in the
middle of the bio-slides, spread gently using a pipette tip for air-
drying. The bio-slides were immediately placed in the groove of
the slide support to mount them onto the stage of the micro-
scope for imaging at different magnications.

2.7. Exploitation of the bio-slide to image biogenic macro-
structures and tissue sections

For the real-time microscopy observations, 5 mL each of various
samples, including trans-sectioned plant leaves and stem,
pollen, and eukaryotic cells (HeLa and MBA-MB-231 cell lines),
were placed separately in the middle of the bio-slide, spread
across gently using the tip, and the bio-slide was carefully
placed on the groove of the slide-support using forceps while
facing the droplet upwards suitable for microscopy.

2.8. Staining compatibility of the bio-slide

The staining compatibility test of the bio-slide was performed
using a bio-slide Gram staining assay.26 First, 5 mL of the
bacteria is air-dried on the bio-slide to from a bacterial smear on
the bio-slide. Then, the bio-slide is ooded with crystal violet,
followed by Gram's iodine to x the primary stain. Next, we
applied a decolourizer to remove the dye from Gram-negative
cells. Finally, a counterstain, safranin, is applied to stain the
decolorized cells pink, allowing observation of the purple Gram-
positive and pink Gram-negative bacteria under a microscope
upon drying.

2.9. Microscopy and image quantication

Compatibility assessment of our bio-slide for laser confocal
microscopy was performed by imaging immune-stained mouse
spinal cord cross sections on a confocal microscope (LSM 710,
Carl Zeiss, Germany) in brighteld mode to locate the region of
interest. Once the region was focused, the system was switched
to confocal mode. Imaging parameters such as pinhole size,
laser power, photomultiplier gain, and signal offset were
Sustainable Food Technol., 2026, 4, 2527–2535 | 2529
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Fig. 1 Scheme illustrating the development of fish scales into pellucid
bio-slides for glass slide comparable microscopy. (a) Design and
development of highly transparent bio-slides upon etching the scales
and a 3D printed holder to place the bio-slide. (b) Mounting of the bio-
slide onto the slide-holder of the microscope for capturing images.
Right panel: comparative microscopy images of plant stem sections,
pollen grains, and stained eukaryotic cells mounted on bio-slides and
glass slides, demonstrating comparable optical clarity and resolution.
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carefully adjusted to optimize image quality and minimize
photobleaching and signal saturation. The sections were scan-
ned sequentially with laser excitation appropriate for Alexa 555
to capture high-resolution uorescence images. The sections
were also visualized under transmitted light microscopic eld.
All the images were captured at various magnications using
the Carl Zeiss soware. Regular uorescence imaging was per-
formed on a Nikon Eclipse Ti2 microscope. For auto-
uorescence intensity measurements, similar gain and expo-
sure settings were used for image acquisition. Image quanti-
cation was performed using Fiji soware.37 All quantications
were performed on raw images (.nd2 les).

3 Results and discussion

Biological matrices inherently possess diverse structural and
functional attributes that, when thoughtfully adapted, can be
translated into useful applications for human benet.27,28

Leveraging the natural pellucidity and hydrophilicity of sh
scales, this study extends the valorization of discarded sh
scales into transparent bio-slides for microscopy imaging. This
innovation pioneers a sustainable alternative to conventional
glass slides, which, due to their fragility and sharp edges, are
prone to breakage and accidental injury, causing disease
(hepatitis B, human immunodeciency virus etc.) transmission
via accidental cuts, posing signicant risks to clinical practi-
tioners.29 Etched sh scales that were transformed into bio-
slides demonstrated excellent optical transparency and hydro-
philicity, enabling their direct use in microscopy with the aid of
a 3D-printed slide-mimicking holder, as the bio-slides are 1 cm
× 1 cm pieces.

As a proof-of-concept, comparative imaging studies of
diverse samples mounted on bio-slides exhibited clarity and
resolution on par with conventional glass slides, conrming
their suitability for diverse microscopic applications. A sche-
matic illustration of the transformation of discarded sh scale
bio-wastes into highly transparent bio-slides suitable for mul-
tiplexed microscopy of diverse species, including prokaryotic
and eukaryotic cells and tissue transverse sections, is given in
Fig. 1. Additionally, the bio-slides facilitated staining-based
monitoring of cells and tissues using confocal microscopy in
situ, withstanding exposure to laser excitation, underscoring
their potential as eco-friendly and versatile platforms for high-
resolution microscopy, and microbiological and clinical
diagnostics.

The collagenous and mineral-rich composition of scales
likely contributes to their transparency and rigidity when pro-
cessed, thereby mimicking the performance of glass.30 Impor-
tantly, the use of bio-slides introduces a sustainable alternative
by valorizing aquaculture waste into a functional laboratory
material. This not only reduces reliance on energy-intensive
glass production but also addresses waste management chal-
lenges through biodegradability.31 While the current results
validate their compatibility with routine microscopy. Further
improvements in uniformity and durability could expand their
utility in high-throughput and advanced imaging platforms.
Beyond safety, this approach also aligns with the broader
2530 | Sustainable Food Technol., 2026, 4, 2527–2535
imperative of fostering environmentally stable and sustainable
practices.
3.1. Derivation of pellucid bio-slide, morphological and
optical characterization

Aer thoroughly washing using Milli-Q water to remove the
surface monosaccharides, sand and other debris, subsequent
base and acid etching of intact sh scales led to their decellu-
larization and demineralization attaining the inner transparent
corneal stromal lamellar skeleton, named “bio-slide”. Etching
treatment thinned the sh scales from ∼0.425 mm ± 0.025 mm
to ∼0.11 ± 0.02 mm, obtained by measuring 50 samples using
a screw gauge (Fig. S5), elevating their high transparency and
uniformity. The evolution of see-through transparency
increased gradually with every etching step as reected by the
clearer appearance of the label “BIO-SLIDE” placed underneath
(Fig. 4c). The etching is not restricted to Labeo rohita, and the
bio-slide could be produced using scales of other sh species
such as Catla catla and Clupea ilisha (Fig. S9).

For the validation of the bio-slides for microscopy experi-
ments, their surface architecture was examined using epi-
uorescence microscopy. Pristine bio-slide samples showed
naturally patterned structures (Fig. 2a), likely originating from
the collagenous hierarchy of sh scales, while the glass slide
(Fig. 2d) displayed a smooth and featureless surface. Despite
these minute structural differences, optical characterization
conrmed comparable performance between bio-slides and
glass slides. These ridges were so small (∼45–75 nm) and did
not interfere or impact with any of the specimen imaging and or
staining performed. The UV-vis absorption spectra (Fig. 2e)
showed that bio-slides possess negligible absorbance in the
visible region (350–900 nm), similar to glass, ensuring minimal
background interference during imaging. Correspondingly,
transmittance spectra (Fig. 2f) demonstrated that bio-slides
achieve high transparency across the visible wavelength range,
with transmission values of over 82%, nearly overlapping those
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical and surface characterization of bio-slides versus
conventional glass slides. (a and d) Epi-fluorescence microscopy
images showing the surface morphology of bio-slides (a) and glass
slides (d). UV-vis absorption spectra (b) and transmittance (c) of bio-
slides, showing negligible absorbance in the visible region. Compar-
ative absorbance (e) and transmittance (f) of the bio-slide vs. glass
slide, confirming high optical transparency comparable to glass slides.
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of conventional glass slides. These results collectively validate
that bio-slides retain the optical clarity necessary for micros-
copy, effectively transmitting light without distortion or signif-
icant scattering. The intrinsic biomolecular composition of sh
scales, comprising hydroxyapatite and collagen, likely contrib-
utes to their optical performance when processed.30 Impor-
tantly, this work emphasizes that such bio-waste-derived
substrates can match the quality of standard glass slides while
offering the added advantage of sustainability, biodegradability,
and reduced environmental impact. Future renements in
surface polishing and uniformity could further enhance their
consistency, positioning bio-slides as reliable eco-friendly
alternatives for routine laboratory and educational microscopy.

3.2. Sample drop-cast ability of the pellucid bio-slide

Specimen drop-cast potential of the bio-slide, as measured
using contact angle, revealed that the bio-slide is hydrophilic
with a contact angle of 81° (Fig. 3a). The wettability of the bio-
slide as a function of time demonstrated a decrease in contact
angle from 83° to 81° within 2 min, aer which the angle
remained constant (Fig. 3a). To accommodate the imaging of
non-aqueously suspended specimen, the bio-slides were coated
Fig. 3 Contact angle and mechanical strength analysis of bio-slides.
(a) Wettability measurements of bio-slides versus glass slides over
time, showing that glass slides (∼40°) are more hydrophilic than bio-
slides compared to nitrocellulose uncoated bio-slides (∼81°). Nitro-
cellulose coated bio-slides exhibited intermediate wettability (∼79°).
(b) Tensile strength measurements of Cu2O@biotemplate with tensile
specimen orientation and geometry as the dog bone standard (inset).

© 2026 The Author(s). Published by the Royal Society of Chemistry
with 40% nitrocellulose, and doing so did not reect their
contact angle (Fig. 3a). The bio-slide showed high mechanical
strength, with a tensile strength of∼40± 4mPa (Fig. 3b), due to
hierarchically oriented collagen bres and hydroxyapatite
within the mineralized layers of sh scales (Fig. 3b). This high
tensile strength and malleable nature ensured stability against
mechanical shear and tear during sample processing for diverse
microscopic observations. Together, these features make our
bio-slide compatible for the microscopic observation of rare,
solvent-compatible (Fig. S7), hydrophobic and hydrophilic
sample specimens.
3.3. Design and 3D printing of a reusable bio-slide holder

As our bio-slide is a 1 cm × 1 cm piece, to ensure compatibility
with standard microscopy infrastructure, a custom 3D-printed
holder was designed (Fig. 4). This holder is re-usable with
a holding groove in the middle to t the bio-slide (Fig. 4a). The
schematic shows the cross-sectional and dimensional layout,
enabling the holder to mimic the footprint of a conventional
glass slide. The bio-slide holding position on the support was
marked exactly in the middle of the slide-like support so that it
can be securely mounted onto the stage of the microscope and
falls in the centre of the objective. This design overcomes the
variability in scale size and geometry, ensuring reliable inte-
gration without requiring instrumentation modications.
3.4. On bio-slide imaging of diverse biological specimens

The compatibility and suitability of the bio-slide for microscopy
imaging was rst validated by observing the bacteria. We care-
fully picked rod shaped Gram-negative (E. coli) and spherical
shaped Gram-positive (S. aureus) bacteria (Fig. 5a–d) so as to
infer that diverse species and shapes of bacteria can be visual-
ized. Another reason for picking two distinctly far species is to
establish non-interference of our bio-slide to various biological
staining procedures in this case exposure to crystal violet and
safranin, conrming that standard biological staining and
imaging workows remain unaffected (Fig. 5). To our predic-
tion, the bio-slide worked awlessly by capturing images of
Fig. 4 Design and 3D-printing of slide-like holder for bio-slides. (a)
Schematic representation showing cross-sectional, side, and top
views of the holder. (b) Fabricated adapter mimicking the footprint of
a conventional glass slide. (c) Processed bio-slide. (d) Bio-slide
mounted on the holder for microscopy.
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Fig. 5 Microscopic visualization of rod-shaped and spherical bacteria
on bio-slides and glass slides. Representative micrographs showing
the morphology of rod-shaped bacteria (E. coli) on the bio-slide (a)
and the glass slide (b) and spherical bacteria (S. aureus) on the bio-slide
(c) and the glass slide (d). Both bacterial types displayed well-preserved
morphology, clear cellular outlines, and sharp contrast, confirming
that bio-slides provide imaging performance comparable to glass
substrates.

Fig. 7 Microscopic images of eukaryotic cell lines on bio-slides and
glass slides. Images showing MDA-MB-231 under bright field (a),
SynaptoRed C2 (b) and DAPI (c) on bio-slides and glass slides (d–f)
under similar conditions, displaying imaging and staining compatibility
and cellular outlines comparable to those of glass slides.
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bacteria that were comparable to similar imaging on glass slides
(Fig. 5a–d).

Having learned that our bio-slide can be used for micros-
copy, to validate its diversied use in imaging we exploited the
bio-slide further to visualize other higher organisms. Repre-
sentative micrographs demonstrated that the plant leaf section
(Fig. 6a), plant stem section (Fig. 6c), and pollen grain structure
(Fig. 6e) could be clearly visualized with excellent contrast and
resolution comparable to similar imaging on typical glass slides
(Fig. 6b, d and f). As can be inferred transverse sections of
different plant parts can be clearly visualized using our bio-
slide.

Likewise, our bio-slide showed high compatibility to visu-
alize, examine and capture different eukaryotic cell lines
including MDA-MB-231 (Fig. 7) and HeLa (Fig. S8), and with
different staining dyes such as SynaptoRed C2 to stain
Fig. 6 Microscopic imaging of different transverse sections of plant
parts on bio-slides in comparison to glass slides. Representative
micrographs of the plant leaf section (a), plant stem section (c), and
pollen grain structure (e) compared to similar imaging on typical glass
slides (b, d and f).

2532 | Sustainable Food Technol., 2026, 4, 2527–2535
cytoplasm and DAPI to visualize nuclei for wider exploitation of
our bio-slide (Fig. 7 and S8). Different staining protocols
produced sharp cellular outlines, well-dened structures, and
minimal background interference, validating the ability of bio-
slides to support in vitro cell imaging. All specimens were
visualized with high clarity and contrast, on par with glass
slides, conrming the compatibility of bio-slides with diverse
microscopy applications.

To further validate the potential of bio-slides for uores-
cence microscopy, we performed uorescence immunohisto-
chemistry on mouse spinal cord cross sections and imaged
them using a confocal laser scanning microscope. Auto-
uorescence measurements of bio-slides in different channels –
UV (excitation: 377.5 nm; emission: 457.5 nm), FITC (excitation:
475 nm; emission: 535 nm), and TRITC (excitation: 550 nm;
emission: 603.5) – when compared with glass slides were
slightly higher but were within an acceptable range (Fig. S11)
and did not affect the image quality (Fig. 7 and 8). Even though
bio-slides showed slightly higher autouorescence as compared
to glass slides, this would be taken care of during image anal-
ysis, wherein background subtraction will result in corrected
uorescence intensities.

Immunohistochemistry assessments reveal that the spinal
cord sections have adhered well to the nitrocellulose-coated bio-
slides and displayed preservation of tissue morphology
(Fig. S10). NeuN-positive cells (shown in red) have been visual-
ized clearly on the spinal cord tissue sections. This indicates
that bio-slides facilitate antibody penetration and antigen–
antibody binding, similar to the binding observed on the
microscopic glass slides (Fig. 8). Furthermore, confocal
microscopy imaging conrmed that bio-slides enable high-
resolution visualization of uorescent neurons in the spinal
cord tissue sections. Moreover, to demonstrate the performance
of bio-slides in imaging thicker tissue sections, we performed
uorescence imaging on 30 mm spinal cord sections (Fig. S12).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Immunohistochemical staining of spinal cord tissue sections on
the bio-slide and glass slide. (a–c) Mouse spinal cord sections on bio-
slides. (d–f) Mouse spinal cord sections on glass slides. (a and d)
Transmitted light image at 10× magnification. (b and e) Anti-NeuN
immunostaining at 10× magnification. (c and f) Anti-NeuN immuno-
staining at 20× magnification. Scale bar represents 100 mm.
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These results highlight their versatility for both histological and
cytological applications on par with glass slides (Fig. S13).

To account for minor surface irregularities on our bio-slides
and to improve their performance in high-resolution imaging,
we are currently doing surface engineering experiments. Also,
we are planning to melt-down the scales and cast them into bio-
slides using smooth moulds, exploiting the innate polymerizing
ability of scales.

Collectively, these ndings demonstrate that sh scales
derived bio-slides are optically transparent, mechanically
robust, and biologically compatible, supporting microscopy.
Coupled with the custom 3D-printed adapter, they can be
seamlessly integrated into existing laboratory workows.
Beyond their technical performance, bio-slides offer ecological
and economic benets by valorizing aquaculture waste into
biodegradable laboratory tools, reducing dependence on
energy-intensive glass production and aligning with circular
economy principles.33–36 With further renements in unifor-
mity, durability, and large-scale standardization, bio-slides hold
promise as sustainable substitutes for glass slides in education,
diagnostics, and biomedical research.

4 Conclusions

This study implements sh scale-derived bio-slides as
a sustainable, biodegradable, and low-cost alternative to
conventional glass slides for microscopy. Through simple
etching and integration with a custom 3D-printed slide holder,
the bio-slides exhibited excellent optical clarity, high trans-
mittance, hydrophilicity and mechanical sturdiness, making
them highly compatible with standard light/uorescence
microscopy and confocal platforms. Comparative imaging of
plant and tissues sections, microorganisms, stained cells, and
in vitro cultured cells conrmed that bio-slides deliver resolu-
tion and contrast equivalent to glass slides. Surface character-
ization further revealed tuneable wettability, offering exibility
for diverse biological applications. Importantly, bio-slides
© 2026 The Author(s). Published by the Royal Society of Chemistry
address several limitations of conventional glass slides. Glass
slides are energy-intensive to manufacture, brittle, and non-
biodegradable, contributing to persistent laboratory waste.
Their fragility makes them prone to shattering, producing sharp
fragments that pose a signicant safety hazard to laboratory
personnel, particularly in teaching and clinical environments.
In contrast, bio-slides not only valorize aquaculture waste but
also provide biodegradability, surface tunability, reduced
breakage risk, and overall safer handling, positioning them as
a sustainable, safe and user-friendly alternative. The ability of
bio-slides to seamlessly integrate into existing laboratory
workows underscores their translational potential in low-
resource diagnostics, educational laboratories, and sustain-
able research practices cost-effectively. With future renements
in polishing, achieving surface uniformity, and scalable fabri-
cation, bio-slides hold promise as a viable green substitute for
glass slides, bridging ecological responsibility with scientic
utility while reducing laboratory hazards.
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