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Abstract
We provide a brief review of the development and application of the Mesolens
and its impact onmicrobiology.Microbial specimens such as infected tissue sam-
ples, colonies surfaces, and biofilms are routinely collected at the mesoscale.
This means that they are relatively large multimillimetre-sized samples which
contain microscopic detail that must be observed to answer important ques-
tions across various sectors. The Mesolens presents the ideal imaging method
to study these specimens as no other optical microscope can thanks to its unique
combination of low magnification and high numerical aperture providing large
field-of-view, high-resolution imaging. We demonstrate the current applications
of the Mesolens to microbial imaging and go on to outline the huge potential of
the Mesolens to impact other key areas of microbiology.
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From Louis Pasteur’s disproof of spontaneous genera-
tion to Robert Koch’s germ theory, our understanding
of microorganisms has crucially depended on optical
microscopy. Microscopes, essentially like those used by
Pasteur and Koch, are still indispensable today as a com-
plement to biochemical and molecular methods in the
diagnosis of infection.
However, despite its widespread application in micro-

biology, the optical microscope has not changed in basic
design for over 100 years. The ratio of magnification to
numerical aperture (NA) has been set to a fixed value of
approximately 40:1 for all microscope objectives. The rea-
son for this is wholly historical: this proportion gives an
image in which the detail is suited to the capacity of the
human eye.1 In microbiology, a 4× NA 0.1 objective is
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original work is properly cited.
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often used for searching for an appropriate area on the
slide for study before switching to an objective of 60×, NA
1.3 for resolving individual bacteria. The magnification-
to-NA ratio is the same for both objectives, but forces
researchers to choose between imaging a few microbes in
detail or thousands so poorly resolved that their shape and
connectivity cannot be seen.
We are exploring the utility of mesoscale imaging in

microbiology by applying the Mesolens* to imaging of
large and complex specimens. The Mesolens, in which
the ratio mentioned previously is 8:1 rather than 40:1,
can resolve more spatial information than the human eye
can accommodate.2 Its design was originally specified for
imaging 12-day-old rodent embryos, but it has also been
used successfully to image a diverse range of specimens,
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from blood films and immunolabelled cell lines to intact
insects such as adult Drosophila3 and Tribolium adults
and larvae (mealworms).4 The lens was designed to pro-
vide a field of view of up to 6 mm in diameter with a
3 mm working distance while giving sub-cellular resolu-
tion throughout this unusually large imaging volume. It
is also chromatically corrected throughout the entire vis-
ible spectrum, and it has been used as an objective lens
in brightfield, darkfield, widefield epifluorescence, confo-
cal point-scanning,2 HiLo,5 lightsheet6 and total internal
reflection fluorescence mesoscopy.7
Here we report our progress on the application of the

Mesolens and image analysis methods compatible with
the large datasets it generates to advance our understand-
ing of single-species and dual-species bacterial colonies
growing on agar.8,9 Thesemicrobial communities are noto-
riously difficult to study by optical microscopy because
of their inherent structure; all such biofilms absorb
and reflect light because they are densely packed with
cell bodies and complex extracellular polymers. More-
over, biofilms exhibit phenotypes which often manifest
in morphological changes to overexposure to light or the
introduction of aqueous mountants. Routine microscopy
fails to reveal their internal structure, but the Mesolens
has proved highly useful. The ability to acquire a single
high-resolution image of an entire intact biofilm over-
comes the traditional drawbacks of lengthy acquisitions
by stitching and tiling. These methods often introduce
unwanted inhomogeneous intensity artefacts which can
complicate analysis. In addition, because biofilms are
prone to shedding, it is imperative to image them as
quickly as possible. The Mesolens can capture approxi-
mately one full-resolution image of the entire field every
15 seconds We conclude by suggesting other applications
where the Mesolens are likely to immediately impact
microbiology.

1 REVEALING THE ROLE OF
CHANNELS INMATURE COLONY
BIOFILMS

The internal architecture of whole live Escherichia coli
mature colony biofilms was investigated using widefield
and confocal fluorescence mesoscopy with the Mesolens.8
An example optical cross-section is shown in Figure 1A,
where contrast is provided by the constitutive expression
of a chromosomally encoded photoprotein. A network of
channel-like structures is clearly visible: this permeates
throughout the biofilm and links the centre of the colony
to the leading edge. To discover whether these channels
were functional, we prepared an agar substrate with a
lawn of 200 nm fluorescent microspheres and we used the

Mesolens to visualise the uptake of thesemicrospheres into
the colony biofilm. Figure 1A also shows a single optical
section image taken close to the midsection of the colony,
with E. coli cells in cyan and microspheres in magenta.
From these data, it was evident that themicrospheres were
transported into the biomass, suggesting that the channels
were active. Moreover, the physiological role of the trans-
port channelswas investigated using a fluorescent nutrient
biosensor – which led us to conclude that these newly
discovered channels may well assist biofilms to transport
nutrients centripetally.

2 QUANTIFYING THE ROLE OF
NUTRIENT AVAILABILITY ON CHANNEL
ARCHITECTURE/MORPHOLOGY

Armed with the new discovery of these functional chan-
nels being involved in nutrient transport, we hypothesised
that their morphology may be dependent on their local
environmental conditions. Escherichia coli colonies were
grown in different nutrient conditions by controlling the
carbon and nitrogen concentrations in the growth media
and were imaged using fluorescence mesoscopy with the
Mesolens (Figure 1B).9 Using a simple custom image anal-
ysis pipeline based on the open-source software FIJI and
the Python programming language (Figure 1B), it was
possible to measure intra-colony channel width at var-
ious positions inside the biofilm. These measurements
were used to quantify the effect of nutrient availability on
intra-colony channel architecture. Our results show that
channels are on average 25% wider inside carbon-limited
biofilms compared to nitrogen-limited biofilms, and that
channel width increases non-linearly with radial distance
from the centre of the biofilm.

3 UNDERSTANDING THE
INTERACTION BETWEEN PATHOGENS
IN DUAL-SPECIES MATURE COLONY
BIOFILMS

Microorganisms are not commonly found in the plank-
tonic state but predominantly form biofilms composed of
two or more pathogens. Bacteria in multispecies biofilms
can cooperate, compete, or have neutral interactions,
depending on the species involved. Two common skin
microorganisms, the bacterium Staphylococcus aureus and
the fungus Candida albicans, are often found together in
biofilm infections in those with underlying medical con-
ditions. Coinfections with C. albicans and S. aureus show
increased virulence and greater resistance to antimicrobial
drugs than infections with either species alone, making
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them hard to treat, and often resulting in poor patient
outcomes.
The Mesolens has been used to reveal the micro-

scopic andmacroscopic structures formedbyC. albicans/S.
aureus dual-species biofilms (Figure 1C). The Mesolens
allowed visualisation of a large area of biofilm with sub-
cellular resolution, providing a global view of biofilm
structure, and allowing identification of biological features
that would normally be missed by routine microscopy.
Community biofilms of C. albicans/S. aureus spanning
3.5 mm in diameter, which expressed different fluores-
cent photoproteins, were imaged as they developed over
time. Imaging revealed the spatial distribution and com-
partmentalisation of both C. albicans and S. aureus sub-
populations and the emergence and maturation of biofilm
architecture. These types of imaging experiments have
great potential in, for example, understanding the dynam-
ics of polymicrobial infection or monitoring the response
to new antimicrobial therapies in dual-species systems.

4 BEYONDMATURE COLONY
BIOFILMS

In this short review we have focused on the use of the
Mesolens in the study of mature colony biofilms, but we
believe that it has many potential uses in microbiology.
These include:

1. The study of microorganisms in large-scale three-
dimensional (3D) arrangements. These include spac-
ings and zonation in more complex biofilms, and
physiological confinement to diffusion zones, e.g., that
of Thiovulum spp. and other organisms in a sulphide
gradient.10 Dynamic pattern formation also occurs, as
in Tetrahymena,11 and large-scale structures can be
formed by association of amoeba, as in the grex of cellu-
lar slime moulds or the parallel association of ciliates.12
Spatial patterning in microbial communities has been
exploited in biotechnology and biomedical research13 –
understanding their 3D organisation could inform new
potential applications.

2. The study of quorum sensingmay benefit from the abil-
ity to image a volume of growth medium of hundreds
of cubic millimetres, in which the response of individ-
ual bacterial cells can be seen as well as patterns of
enhanced or suppressed growth.14

3. Rarely observed events, such as cell division or stages
in sporulation, could be measured with good statistics
because of the huge number of cells in the photometric
volume. Pathogens could be located even if present in
sputum or body fluids at very low concentrations.

4. Astrobiology is at the frontier of environmental micro-
biology and visualising the spatial organisation of
microbes in harsh environments is crucial to modelling
and understanding extra-terrestrial life. The survival of
extremophiles in harsh environments can be studied in
great detail, and billion-year-old fossilised biofilms can
be visualised to understand aspects of primordial life on
Earth.15 Insight into potential life in other areas of the
Solar System could be probed by mesoscopic imaging
of samples returned from exploration of Mars, Europa,
and Enceladus, which will help further our knowledge
of the origins of life.

5. Understanding the community architecture ofmicroor-
ganisms involved in biogeological and bioremedial
processes could contribute to improved sustainabil-
ity and remediation practices in ecosystems compro-
mised by human activity.16 For example, visualising
the stratification of marine microbial mats can pro-
vide means of predicting the impact of climate change
and natural disasters.17 Furthermore, biofilms estab-
lished deep in bedrock can be displaced because of
hydraulic fracking.18 Understanding the spatial organi-
sation, physical properties, and potential for displace-
ment of these biofilms informs their potential for
biofouling.

6. The large capture volume and high spatial resolution of
the Mesolens make it ideal for studying host-pathogen
interactions and inflammation in optically cleared bulk
tissue or small model organisms. For example, under-
standing the colonisation pattern of trypanosomes and
neural remodelling in intact mouse brains using light-
sheet mesoscopy,19 or understanding the host inflam-
matory response in excised chronically infected human
tissue.
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