Comment

https://doi.org/10.1038/s41592-025-02690-7

Challenges of microscopy technology
dissemination to resource-constrained

communities

Jesse S. Aaron, Caron A. Jacobs, Leonel Malacrida, Antje Keppler, Paul French,
Daniel A. Fletcher, Christopher Wood, Claire M. Brown, Graham D. Wright,

Satoshi Ogawa, Mahmoud Maina & Teng-Leong Chew

% Check for updates

Discussions at a recent conference on
microscopy technology dissemination
spotlighted the importance of setting
technology adoption capable of producing
scientific outcome as the end goal. This
Comment examines current global effortsin
microscopy dissemination and summarizes
the challenges and paths forward.

There is palpable momentum in the global effort to disseminate
microscopy technologies and expertise, especially to underserved
scientific communities. This impetus is propelled by the conflu-
ence of several factors. These include (i) the rapid development of
low-cost, open-source microscopes enabled by 3D printing technolo-
gies, advances in consumer electronics and increasing availability
of affordable high-performance optical components, (ii) powerful
open-source software, including machine learning approaches to
enhance microscope performance, and (iii) increasing appreciation
that technology distribution and access cannot continue to sideline
research in under-resourced communities, where frontline battles
against disease and global impacts of climate change are waged.

With the attention of international funders pivoting toward
open-access microscopy research infrastructure and local expertise
enhancement’, microscopy dissemination is a prominent topic in the
global scientific dialog. Although ‘technology sharing plans’ are now
commonly mandatory for technology development grant applica-
tions, sharing is not synonymous with dissemination. Technology
developmentis only as successful asits ability to address unmet needs.
Developers do not need further incentives to make their technology
publicly available. A more important question is whether mere tech-
nology sharing will translate into successful uptake and implementa-
tion. In fact, asking for a sharing plan is likely to invite perfunctory
promises of technology sharing with little realistic chance of broad
adoption. A technology can only reach target adopters by recogniz-
ing and overcoming the numerous barriers to ultimate uptake”. This
requires considerable investment, coordination and effort to bring to
fruition, as noted previously™.

Research technology uptake in resource-limited environments
must be deliberately fostered by a multipronged strategy. This
includes stimulating demand through creating awareness, building
accessibility, developing local multidisciplinary technical expertise,

incentivizing continued utilization of technology for scientific output,
addressinglocal scientificand medical needs, motivating governments
of low- and middle-income countries to lower regulatory, visa and
tax barriers, and encouraging capability sharing and investment of
local resources to develop capabilities. Because of the interdepend-
ency of each aforementioned element, failure to implement any one
effectively can limit the ultimate impact of a technology. There have
been numerous programs aimed at disseminating imaging technolo-
gies to resource-constrained regions. While necessary, dissemina-
tion alone is insufficient to cement broad uptake of microscopy by
resource-challenged scientists.

In May 2024, global imaging leaders held a conference entitled
“Microscopy Technology Dissemination to Underserved Communities”
atHoward Hughes Medical Institute’s Janelia Research Campus. During
this meeting, the problems hindering effective adoption of microscopy
were examined from the perspectives of tool developers, imaging
communities, publishers and funders. This Comment captures the
conclusions from these discussions and outlines the necessary steps
to bridge technology dissemination and scientific output.

Microscopy dissemination

Imaging scientists and funders across the globe have built unprec-
edented momentum in microscopy technology dissemination over the
pastdecade. These efforts form the necessary multipronged strategy
for successful technology dissemination (Fig.1). Key among these are
the formation of open-access platforms that offer access to imaging
technologies, expertise and other necessary infrastructure where none
may otherwise exist; regional and global imaging networks that provide
easy inter-institutional access where technology is already available;
and imaging user communities that can act as a galvanizing force to
advance microscopy-related issues among various stakeholders. Infact,
the continued formation of regional and global imaging communities
shows no sign of deceleration (Table 1). Microscopy workshops and
train-the-trainer programs are being offered at such arate that it is
impossible to keep pace. Capacity-building and open-access platforms
(Table 1) continue to be created to provide national and continental
accessibility to microscopy tools.

While vital, open-access platforms remain largely inaccessible to
scientistsinunder-resourced regions. This gap, however, can be filled
by exchange programs to build researchers’ expertise, creative instru-
ment distribution efforts’, open-access programs, and frugal micro-
scopes that can be easily disseminated or locally manufactured*®.
These solutions are further propelled by many open-source machine
learning tools’ " designed to enhance the performance of optical
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Dissemination

Necessary ingredients: Necessary ingredients:

« Imaging communities
« Training programs

« Capacity-building

« Open-access platforms
- Travel grants

« Tools distribution

—
« Capacity-sharing

« Analysis support

Adoption

« Integrated scientific and
imaging communities
- Targeted and contextualized training

« Equitable accessibility

Scientific output

Necessary ingredients:

« Capacity-sharing

« Sustainable accessibility

- Sustainable reagent availability

- Sustainable analysis support

- Sustainable research funding

« Sustainable instrument maintainence

« Distribution of validated tools

Fig.1| Technology uptakeis a stepwise process thatincludes dissemination
and adoption, leading to scientific output. While the underlying principles in
the dissemination phase are similar to that in the adoption phase, there are key

differences in the approach that are necessary to transition the disseminative
groundwork to successful technology adoption. These changes in approach
must also be sufficiently sustained to support scientific output.

Table 1| Examples of various global microscopy dissemination efforts

Microscopy platform example Regional representation

Website

France Biolmaging National platform

http://france-bioimaging.org

Microscopy Australia National platform

http://micro.org.au

SingaScope National platform

http://singascope.sg

ABIS National platform

https://www.nibb.ac.jp/abis

Euro-Bioimaging Continental platform

http://www.eurobioimaging.eu

Africa Microscopy Initiative Continental platform

http://www.microscopy.africa

Microscopy community example Regional representation

Website

Canada Biolmaging National network

https://www.canadabioimaging.org

South Africa Biolmaging National network

http://www.sabioimaging.org

Wambian Regional network

http://www.wambian.org

African Biolmaging Consortium Continental network

http://www.africanbioimaging.org

Imaging Southeast Asia Regional network

http://www.imagingsea.org

Latin American Biolmaging Continental network

http://labi.lat

Biolmaging North America Continental network

http://www.bioimagingnorthamerica.org

Global Biolmaging Global network of networks

http://globalbioimaging.org

Opportunity example Support type

Website

Imaging Africa Continental workshops

http://www.imagingafrica.org

SWIFT Awards Continental microscopy access

http://www.africanbioimaging.org/swift

AMI Imaging Centre

Continental microscopy access

http://www.center.microscopy.africa

AMI PEER program

Continental microscope distribution

http://www.equipment.microscopy.africa

openScopes

Global dissemination of capability

http://www.openScopes.com

Imaging4All Global microscopy access

http://globalbioimaging.org/i4a

instruments, even under suboptimal conditions. But perhaps the most
consequential effort is the formation of imaging networks, many of
them self-tasked with the explicit mission of technology dissemination.
These organizations (Table 1) have pioneered key initiatives toward
developing imaging capacity, training programs, image analysis sup-
portand community-building. They have further connected biologists
with regional and global imaging centers through travel grants.
Despite these investments, many efforts have struggled to pro-
duce wider microscopy adoption in under-resourced scientific com-
munities. Researchers in these communities are still experiencing
barriers that slow microscopy-driven discoveries. There will always be
aconsiderable time lag between technology adoption and scientific
output, even under the best circumstances®. Indeed, most promising

technologies need to go through a period of ‘teething pain’ where
appropriate pairing with biological applications, protocol develop-
mentand data handling pipelines must occur’. However, these hurdles
donotaccount fortheapparentlack of microscopy technology uptake.
In other words, we have not been able to successfully cross the finish
line of technology adoption yet (Fig. 1). This prompts the question of
whether there has been a miscalculated step.

As we have previously discussed, the adoption barriers arrayed
against microscopy are numerous and enormous?’. In addition, the
nature of these barriers varies widely across regions owing to uneven
local governmental research support. Consequently, recent efforts to
overcome these myriad barriers have likewise varied in their empha-
sis on the ultimate goal: technology adoption to facilitate scientific
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output. The overt focus on dissemination first has meant that “adop-
tion” and “scientific output” have hardly made it into the lexicon of
strategic dialogs yet. In fact, the terms “adoption” and “scientific out-
put” havenotbeenclearly defined in the context of microscopy uptake.
Here, we define adoption as the recognition of microscopy by biologists
asanindispensable research tool, whereby imaging-centricapproaches
arewellincorporatedintotheir research and well leveraged to address
key questions. By contrast, microscopy-driven scientific outputin
resource-constrained settings must be defined more broadly than
conventional bibliometric measurement. It should include rigorous,
peer-reviewed scientific discoveries enabled by microscopy; deploy-
able, quantitative evaluations such as point-of-care diagnosis or rapid
field sample assessment for agricultural, ecological and environmental
work; andlocal adaptation and development of imaging capabilities to
address local priorities. While also important, here we have excluded
the adoption of microscopy for educational purposes and focus solely
onresearchand field work applications. These definitions and bounda-
ries allow us to focus on the root causes of — and solutions to — the
lagging adoption of imaging techniques to enable scientific output.

Microscopy adoption

Role of microscopy trainers in contextualizing teaching. The com-
plexity of modernbiological studies — whichrely onacadre of rapidly
evolving technologies in molecular biology, biochemistry, genom-
ics, flow cytometry, mass spectroscopy, proteomics and others —
requires most life scientists to be versatile jacks-of-all-trades. This,
however, can limit their capacity to gain intimate familiarity with the
full technical details and operational principles of modern, complex
microscopes. Likewise, the explosive growth of analytical software,
including machinelearning, in microscopy has further brought many
life scientists to even less familiar territories. In recognition of this,
in-person, virtual, and even self-driven training programs forimaging
and analysis, as well as resources steering researchers to such plat-
forms, have proliferated. Despite increased accessibility to training,
the rate of technology adoption by resource-constrained scientists
remains disproportionately low.

Itis often underappreciated that the appeal of microscopy liesin
its effectiveness in solving experimental challenges. Yet few training
courses have endeavored to directly relate microscopy techniques
to experimental questions, opting instead to focus predominantly
on theoretical instruction®. A training course that is not tailored to
atarget audience serves more to alienate attendees than to inspire
them™". To effectively reveal the power of microscopy, training pro-
grams should always spotlight science over technology. Therefore,
curriculamust emphasize how biologically informative results canbe
attained through rational, quantitative microscopy-based experimen-
tal design®, rather than obtuse optical physics-based lectures with little
biological context, which can overwhelm learners. Contextualization
of curricula to underserved communities further demands that the
tools being introduced are topic-specific, locally relevant and taught
by local scientists wherever possible, as exemplified by the Imaging
Africasatellite workshops®, as well as those conducted at the BioRTC™.

Role of imaging communities in creating integrated scientific
networks. Various imaging communities have fostered strong alli-
ances to promote seamless exchange of experience, expertise, tools,
best practices and training curricula. Such cooperation occurs at the
national, regional, continental and global levels. The important next
stepistoroutinely include inthis dialog other scientific communities

that could catalyze microscopy use. Efforts by Latin America Bioim-
aging (LABI)" to engage with regional structural biology community
(Centro de Biologia Estructural del Mercosur, CEBEM) and medical
imaging community (Symposium on Medical Information Process-
ing and Analysis, SIPAIM) demonstrate an important early success.
Especiallyimportant are those that represent research fields with key
microscopy users, including celland developmental biology, infectious
disease, cancer biology, histopathology and neuroscience. One way
to bolster awareness of microscopy would be to feature prominent
scientists who use microscopy at key scientific meetings. Addition-
ally, there are also major international biomedical research networks,
such as the Institut Pasteur and Fondation Mérieux, that should be
key allies for translating microscopy adoption to scientific output.
Forming scientifically integrated networks will constitute a virtuous
cycle, promoting microscopy uptake and expediting scientific output.

Role of tool developers in validating their inventions. Microscopy
centers with state-of-the-artinstruments and technical expertise must
serve as the centerpieces to anchor such integrated, collaborative
partnerships’.Infact, itis especially crucial that such shared infrastruc-
tureis available in resource-limited regions'®. However, such flagship
platforms must be complemented by a more distributed approach.
The cadre of do-it-yourself, frugal microscopes canfill this gap to push
uptake throughout these communities.

One advantage of frugal microscopes is their customizability for
local needs. Their low cost further lowers the entry barrier. Unfor-
tunately, frugality has often supplanted performance as the driving
design priority. This misplaced priority can create fertile ground for
technologies that overpromise and underdeliver, especially when
teaching microscopes are touted as research instruments”. Ill-advised
adoption of theseinappropriately promoted instruments can hamper
scientific output for several reasons. First, scientists who are already
resource-constrained may have only one opportunity to acquire a
single microscope. A microscope that fails to support rigorous and
quantitative science not only squanders limited resources, but it also
handicaps the very scientist who most needs it and who can least
weather scientific setbacks. Second, suchunderdelivery further fuels
theincorrectbeliefthat microscopy is not aworthwhile technique and/
orisahigh-end tool reserved for affluent regions. However, the most
devastating outcome of relying on underperforming microscopes is
when the resulting flaws in data quality fail to withstand peer review.
This can further perpetuate the already pervasive and biased percep-
tion in the Global North that resource-constrained communities can
only produce subpar science.

On the contrary, developers of most advanced microscopes not
only delineate what their instruments are best suited to address, they
arealso careful to document their limitations. This unwavering sense
of accountability should be equally emphasized when developing
low-cost microscopesto foster the necessary trust. However, thorough
validation involves more than just technical characterization. The
instrument must be vetted for the applications and the environments
in which it will be deployed. The Squid®°, Octopi’, LoaScope*-** and
openFrame® systems provide exemplar case studies in this regard.
These efforts did not merely provide inexpensive microscope designs
but are coupled with targeted and persistent campaigns to pair their
unique capabilities with local scientific needs. These initiatives also
notonly served to validate their instruments*, but also helped shape
the environment and well-matched applications that sustain their
long-term adoption.
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Itiscommonto see distinct differencesinthe priority and urgency
placed on various public health needs between the Global North and
South. Parasiticinfections and other neglected diseases, for example,
have benefitted immensely from well-validated and easily disseminable
systems such as the Octopi’ and LoaScope”-*. Likewise, addressing
the increasing threats of climate change to food security is an unmet
need that can similarly benefit from advances in frugal microscopy®.
However, many researchers with limited resources view open-source
tools as too technically demanding to adopt, preferring to rely on
commercially supported systems. Thisisindeed an untapped market
for manufacturers, such as Thorlabs, who have successfully lowered
their manufacturing costs for research-grade microscopes. Likewise,
open-source microscopes that have transitioned to commercial
production, such as openScope and Cephla, have witnessed further
increases in adoption. However, dissemination and commercializa-
tion, while necessary, are tedious and time-consuming. They require
strategic acumen and stamina that most tool developers may not
have the luxury to commit. Without the explicit vision and support of
initial stakeholders who fund such technology development, newly
developed tools canlanguish rather than empower their target users.
Such outcomes are ultimately self-defeating for developers, funders
andresearchers alike.

Role of funders in incentivizing sustained microscopy use. It is
encouraging that many funders areincreasingly aware and supportive
of open-source tools that can be easily deployed. But the effectiveness
of a technology is ultimately measured by its uptake. Funders who
also support a comprehensive strategy for validating, disseminating
and adopting new technologies in their portfolios will maximize their
return on investment. To expect a resource-constrained scientist to
blindly accept the transformative power of microscopy severely under-
estimates therisk and investmentinherentin such an undertaking. This
barrier calls for careful de-risking, which must include well-validated
and curated instruments, committed image analysis support, avail-
ability of tailored imaging-related reagents, and trained technical per-
sonnel’. Together, these factors should exist within amultidisciplinary
culture where local physicists and engineers work with biologists to
develop and apply local capabilities. Devoid of such amultidisciplinary
ecosystem, a nascent technology is left to fend for itself. This ‘attrition”
approach will prematurely cripple enabling technologies.
Leveraging frugal microscopy is only part of a broader strategy
for increasing utilization of imaging technologies. Access to more
advanced microscopy techniques must complement these efforts to
fully empower researchers. However, advanced instrumentation can
be cost-prohibitive and service contracts are typically unaffordable, if
theyare evenavailable, in most resource-limited settings. Early recogni-
tion of the value of capacity sharing was demonstrated with the forma-
tion of various open-access platforms, such as the Advanced Imaging
Center at Janelia®*”, Euro-Biolmaging®® and the European Molecular
Biology Laboratory Imaging Centre®. This strategy has started to gain
footingin moreresource-constrained environments with the advent of
platformsinthe Global South, such as the Africa Microscopy Initiative
(AMI)® and the Advanced Bioimaging Unit (UBA) in Latin America®,
among others. While these platforms are predominantly supported by
international funders, national and local governments must recognize
the need to fund regional core facilities to provide a continuum of
access toimaging technologies for researchers at every level'®. A stellar
example of this is BioRTC* — supported by the Yobe state government
in Nigeria — which is now a key training and access hub in West Africa.

This local access to robust, research-grade imaging technology is
essential to allow scientists to explore imaging in their own settings
and to develop their work to leverage other advanced instruments
availablein continental hubs.

Discussion

The impact of global microscopy technology dissemination will be
indelible. Together, these efforts have created asolid, long-term foun-
dation for training, accessibility, infrastructure and networking that
will empower underserved scientific communities. In fact, the com-
munity has evolved from individual initiatives to a global movement,
reachingapoint of maturation. The focal point of this paper is therefore
notwhether these platforms should be built, but rather how to ensure
biologists take advantage of them. The global microscopy community
has united in recognition of the need to set our sights on crossing the
finish line of technology uptake, ensuring that microscopy technolo-
gies will be widely adopted to generate scientific output.

Travel restrictions, prohibitive importation taxes, difficulty in
sample shipment, and faltering scientific funding support collectively
constitute headwinds hampering technology uptake. However, it
remains important, albeit dispiriting at times, to examine how global
programs have fallen short in creating demand for microscopy in
underserved regions. In fact, the need has not kept pace with both
technology development and the fervor around dissemination efforts.
Thislack of headway permeates the entire microscopy adoption land-
scape, from early exploration of imaging techniques to the sustained
utilization of the technology. Despite its unique ability to span large
biological length scales and its versatility in driving both quantitative
and exploratory science®, modern quantitative microscopy remains
largely a novelty unfamiliar to scientists in resource-limited regions.
Historically, this is achasm caused by its prohibitive cost. The concept
of using a microscope to tackle an experimental question has rarely
seemed feasible to many scientists. Their preconception that micros-
copy isa costly technique has hardly been dispelled by the increasing
availability of low-cost microscopes for three key reasons: lagging
appreciation of the power of modern, quantitative microscopy, lack
of awareness of affordable microscopy solutions, and lack of docu-
mented performance verification and limitations for many custom
microscopes. Until theseissues are resolved, this hesitancy will persist,
to the detriment of researchers themselves.

We emphasize that these issues must be tackled in parallel. First,
microscopy workshops must be tailored to local needs, including
customizing the curriculum for local research interests, emphasiz-
ing instrumentation available to the attendees’ communities, and
highlighting successful local pilot studies. Microscopy communities
must reach out totheir regional scientificsocieties and articulate how
modern imaging techniques that are accessible to them can tackle
unanswered questions. Second, it is essential that low-cost micro-
scopes are appropriately curated, validated and de-risked so that
their capabilities can be better matched to specific needs. Failure
to do so can lead to confusion and entrenched disaffection toward
microscopy among end users. Third, the global imaging community
must establish standards against which the performance of low-cost
research-grade microscopes can be evaluated and verified. This will
allow various systems to be rigorously compared, facilitating informed
choiceby end users.

While these measures can persuade life science communities of
the power of microscopy, long-term adoption and subsequent scien-
tificoutput demand significantly more thanjustincreased awareness.
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Successfully convincing aresearcherto try anew technology does not
automatically translate into enduring adoption. An effective strategy
needstoinclude bothlong-termaccessibility and the necessary contin-
ued ancillary support. Inthe case of light microscopy, this includes easy
accesstolocal microscopy expertise,image analysis and imaging rea-
gents, as well as the ability to maintain, adapt and upgrade instruments.

Lastly, funding organizations should not mistake the promise of
tool sharing for widespread adoption. Technology dissemination relies
onteams who know how to formulate and implement effective strate-
gies. Tool developers may not necessarily be the best dissemination
experts (and vice versa). Their creativity and energy can oftentimes
be better spent on development®® while tasking dissemination and
training to microscopy networks and imaging scientists working in
core facilities. More importantly, dissemination requires substantial,
committed investment. While international funders are keen on seed-
inginitial fundstokick-start dissemination efforts, long-term sustain-
ability must also be the responsibility of local and regional funders
—whorequireaclearreturnoninvestment. Supporting their national
scientists to explore unfamiliar tools and their long-term utilization can
directly enable scientific output. Funders should recognize that their
investments increase their national scientific competitiveness, which
will translate to ‘brain-gain’ and better health research, ultimately
underpinning the prosperity and well-being of their people.

The road to technology uptake is paved with the foundation of
dissemination. Inthatregard, the globalimaging community has done
anexceptional job, notonlyinbuilding the necessary groundwork, but
alsoinsetting an excellent example of how communities with disparate
resources can unite in a purpose. The rapid alignment of missions
from imaging networks, tool builders and funders is a testament to
that shared vision. It firmly positions the community on the cusp of
success. If there were ever a question of whether lagging technology
adoptionrates have been the result of a misstep, the answer would be
aresounding no. In fact, without dissemination, we cannot begin to
explore technology adoption. However, there is indeed a missing next
step. The globalimaging community has not yet set technology uptake
to facilitate scientific output as the final goal. If we continue toignore
this blind spot, this missed step can spiral into a missed opportunity.
Imaging networks, however, are robust. With careful retooling of our
approach and messaging, we have the necessary platforms and col-
lective resolve to rapidly pivot and meet the only success metric that
matters: scientific output.
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