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UCSB researchers develop a genetic
sensor that could allow MRIs to
image molecular-level changes

You've seen people sliding into the tube of a magnetic resonance imaging (MRI)
machine on your favorite medical drama, or maybe you’ve been inside one yourself,
waiting as the noisy scanner makes images of your brain, heart, bones or other
structures, which doctors use to identify injury or disease.

Since the 1970s, MRIs have been important diagnostic tools, combining a magnetic
field and radio waves to produce snapshots of the body’s interior without using
ionizing radiation, which can create health risks at higher doses. An MRI can typically
capture changes in anatomy, but the molecular-level changes that could further aid
understanding of disease have been beyond its reach.

Now, in a new article published in Science Advances, UC Santa Barbara researchers
report the invention of a modular, genetically encoded, protein-based sensor that
enables MRI machines to visualize molecular activity inside cells — a development
that could transform how scientists study cancer, neurodegeneration and
inflammation.

“You can see the structures of your tissues — whether it's the brain, the heart, the
kidneys or the stomach — but you don’t get molecular information,” said Arnab
Mukherjee, an associate professor of chemical engineering in UCSB’s Robert
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Mehrabian College of Engineering. “So, the only time you can know that something
is going wrong or something has changed is if you take another MRI, and the
structure and morphology of the tissue changes.” For many diseases and conditions,
he added, by the time the structure has changed, the disease has progressed.

Ever since he was a postdoctoral researcher at California Institute of Technology
(Caltech), Mukherjee has been looking to improve the usefulness of MRIs for
identifying real-time changes at the molecular level to aid basic science and animal
studies, which may have future applications for human health. “If we can see these
molecular-level changes happening in real time, then we can ask questions like,
‘How do tumor cells metastasize?’ or ‘How does neurodegeneration progress at the
molecular level as an animal ages?’” he said. “There’s currently no way to do that.”

A sensor-based approach

Mukherjee and his colleagues are applying concepts related to synthetic biology to
catch structural and molecular changes “in the act.” To that end, they have created
a protein-based sensor that can be genetically engineered into cells, allowing an MRI
to visualize molecular processes. The technique could increase understanding of
neurodegenerative diseases, cancer development, inflammation and other
irregularities that cause changes in health. The team has developed a sensor that is
modular, allowing researchers to attach or substitute specific proteins to target
different processes within cells. Their Science Advances article details the sensor
and its LEGO-like architecture.

To enable the MRI to detect such fine-grained changes in cells, Mukherjee and his
team had to find a sensor that the MRI would be able to “see” inside cells, tissues
and other structures. An MRI works by creating a magnetic field, which aligns most
of the hydrogen atoms in the structure being scanned. Radio waves then use the
remaining hydrogen atoms to create an image. It's a powerful way to peer inside the
body, but it cannot be used to obtain molecular level information.

Since the 1960s, researchers have been using genes found in jellyfish-derived
fluorescent proteins to tag proteins, genes and individual molecules in a cell and
then watch what unfolds under a fluorescence microscope. These glowing proteins
have allowed scientists to watch processes such as an immune cells’ response to a
pathogen or the growth of tumor cells in real time.



At Caltech, Mukherjee began looking for proteins that would allow an MRI to do
something similar, that is, to give off a “glow” that could be picked up in the
magnetic field and then imaged. This molecular precision would give researchers
and, someday, health-care providers, the ability to track the progress of
neurodegeneration in the brain or to see whether a particular drug is successfully
keeping cancer cells at bay.

His work led him to aquaporin, a protein that forms an hourglass-shaped channel in
the cell membrane, allowing water to move in and out of the cell. “Our water
molecules are tiny, tiny magnets,” Mukherjee said. “If you can control or affect the
rate at which water molecules move back and forth across the cell, you can make
that magnetic signal specific to certain types of cells or biological processes, which
would allow the MRI to report on this process at the molecular level, thus providing
much more detailed information than are currently possible.”

Once Mukherjee arrived at UCSB, in 2017, he started working to make this approach
useful for visualizing a variety of cellular targets and processes. He and his
colleagues began combining aquaporin with different proteins to make genetic
“circuits” that can be tailored to what a researcher is studying. Asish Ninan Chacko
(Ph.D. '26), then a chemistry and biochemistry Ph.D. student in Mukherjee’s lab,
worked to fine-tune the system. “This protein can be regulated using a lot of
chemical signals,” which can be added like building blocks to the sensor, said
Chacko. “We can even replace this particular protease with another type of
protease, and use it to detect many different processes.”

Building blocks

The interchangeable system, called MAPPER (for modular aquaporin-based protease-
activatable probes for enhanced reporting), makes it possible to use aquaporin-
driven MRI to track a number of chemical processes inside cells in a laboratory
setting. “That’s a first in this paper,” Chacko said, “because so far in the scientific
literature, you’ve seen only four or five genetic sensors, each used to detect a
unique analyte” — the chemical or compound being measured. “In this paper, we
describe close to ten systems we can detect with this one setup.”

The researchers envision their tool being used to improve the reliability of animal
studies in disease progression, while reducing the demand on lab animals. “Right
now, if you need to access an animal’s internal organs as part of a study, there is no



way to do it without sacrificing the animal. And you’re limiting your experiment to a
single snapshot in time — which can be misleading because animals vary in their
metabolism and response to treatment,” Chacko said. “Our approach allows
continuous imaging of the same animal over the course of a study, giving a far more
accurate picture of disease and of biology.”

Because of the building-block nature of the system, that is, the ability to stack
aquaporin with a custom array of proteins to visualize different processes,
researchers would not need to design a new MRI sensor from scratch each time they
wanted to monitor a new chemical or process. Instead, they could add different
components to the MAPPER system — enabling them to develop a sensor within a
few months, explained Mukherjee, who envisions creating a summer training
program for undergraduates to learn the process.

“We want to take these sensors and put them in the hands of people who will
actually use them,” he said, “whether that’'s neuroscientists, who would be able to
use MAPPER to look at calcium changes in the brain, or developmental biologists,
who could use the tools to track mouse development from embryo to adult.”
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About UC Santa Barbara

The University of California, Santa Barbara is a leading research institution that also
provides a comprehensive liberal arts learning experience. Our academic community
of faculty, students, and staff is characterized by a culture of interdisciplinary
collaboration that is responsive to the needs of our multicultural and global society.
All of this takes place within a living and learning environment like no other, as we
draw inspiration from the beauty and resources of our extraordinary location at the
edge of the Pacific Ocean.
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