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A bright future in medicine for chemical

engineering

Robert Langer & Nicholas A. Peppas

M Check for updates

Chemical engineering principles will continue
to help scientists design and optimize new
medical devices, treatments and modalities.
This Comment reflects on historical
developments and potential opportunitiesin
medicine for chemical engineering.

In a paper published 20 years ago, we gave a detailed analysis of the
early days of biomedical engineering and the influence chemical engi-
neering had inmedicine'. Indeed, chemical engineers have long used
their background in fluid mechanics, materials engineering, mass
transfer, reaction systems, control theory and process design to con-
tribute to many areas of medicine. Theseinclude the development of
artificial organs; blood rheology and thrombosis; tissue engineering;
regenerative medicine; advanced biomaterials and medical devices;
controlled drug delivery systems; genetic therapies; advanced vaccine
development; medicalimaging; biosensors; approaches toimproved
enzyme characteristics by immobilizing them on appropriate sup-
ports, placing them in organic solvents or using directed evolution;
and contributions to synthetic biology, such as enabling mammalian
cells to take on new functions by designing appropriate molecular
switching systems”°. Developing linear and nonlinear mathematical
models for the analysis of advanced biomedical problems is an area
where chemical engineers have been active for many years”®. Arecent
example where mathematical models are proving usefulisin predicting
optimal vaccine schedules and developing new vaccines’. Biomedical
engineering has become an increasingly important part of chemical
engineering research and education in the past 60 years. Chemical
engineers are well suited to address interdisciplinary problems, in
particular, those requiring convergence'® and the integration of com-
plexmolecular systems®. This Comment provides our perspectives on
several historical developments and future opportunitiesin medicine
for chemical engineering.

Biomaterials, artificial organs and tissue engineering

The development of new biomedical materials, scaffolds for tissue engi-
neering, and synthetic and hybrid materials has enabled the design and
optimization of new medical products that exhibitimproved selectivity
and specificity towards specific analytes or therapeutic agents used
for medical applications. For example, artificial organs have been an
important and life-saving development. Artificial kidneys are used to
providerenal replacement therapy for some 2 million patients yearly.
Membrane science and chemical engineering have played animportant
role in enabling better, safer and more effective systems for kidney
dialysis". Artificial hearts and other artificial organs have also provided
life-saving technologies.

el LFF

3 aatall &

N Ay

P &
Ll &.&A {

ERLL b

-ai-‘

iR <0 - Wk

Tissue engineering, which can manifest itself in creating com-
pletely new tissues and organs from first principles, promises to take
artificial organs several steps further™. For example, by taking specific
cells, placing them in a correct configuration often on a specifically
designed biomaterial and growing them in an appropriate bioreac-
tor, the cells canreorganize and create a tissue. This type of approach
has already led to artificial skin that is now clinically used, and the
creation of many other tissues, including blood vessels, tendons,
spinal cords, pancreas, vocal cords, cartilage, bone, kidney, corneas
and heart muscle, have all been studied in animals or humans®. This
approach has also led to organs or tissues on a chip that can enable
morerapid approachesto drug development, because they canenable
high-throughput screening. This may also someday lead toareduction
in theamount of animal and human testing®.

One of the key areas of research in tissue engineering has been
the development of biomaterials. Up until the latter part of the twen-
tieth century, nearly all biomaterials that were used clinically were not
initially developed for medical purposes. The individuals responsible
for deciding the type of material to be placed in the humanbody were
physicians, not chemical engineers. The strategy they employed was
toreplaceatissue or organ with an off-the-shelf household object that
resembled the organ or tissue they were trying to fix. The material now
used in artificial hearts, a polyether urethane, was originally used in
ladies’ girdles because ithad good flex properties. The material used for
the artificial kidney was sausage casing, made of cellulose acetate. The
material used for a vascular graft (artificial blood vessel) was Dacron
(poly(ethylene terephthalate)) because the material was easy to sew
with, and the materials used for breastimplants were lubricants (such
assilicone) or mattress stuffing (such as polyurethane)®.

This approach of taking off-the-shelf materials enabled medical
problemsto be solved to anextent. However, the solutions had limita-
tions. For example, large-diameter vascular grafts can be made with
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Dacron; however, vascular grafts with a diameter of less than 6 mm
may cause clots and be non-functional. The artificial heart can function
and has saved lives. However, when blood contacts the surface of the
artificial heart, it can form a clot that can go to the patient’s brain and
cause a stroke. One area where chemical engineers have made major
contributions, and we expect will continue to do so, is to develop syn-
thetic strategies for creatingimproved biomaterials. An approach the
Langerlaboratory and several other research groups have usedis rather
than to take off-the-shelf materials, is to ask the question what one
wants in abiomaterial from an engineering, chemistry and biological
standpoint, and then design and synthesize the biomaterial from first
principles. One example of this was the development of polymers that
have specificamino acids to enable cell attachment. Another example
isthe development of surface-eroding polymers such as certain polyan-
hydrides that can prevent dose dumping (and hence prevent toxicity)
for more complex drug delivery systems®.

Drug delivery systems

Controlled-release systems deliver adrugat a pre-determined rate for
afinite time and/or cantarget drugs to specific organs or tissues. They
can also protect sensitive drugs (such as peptides and nucleic acids)
frombeing destroyed before they can performtheir function. Among
the earliest forms of controlled-release systems designed were trans-
dermal systems that, upon placement on the skin, could deliver drugs
to the systemic circulation. Chemical engineers and other scientists
in the 1960s examined how membranes could control the flux of dif-
ferent molecules through the skin. They also developed mathematical
models to predict quantitively to what extent different drugs could
pass through the skin. Companies such as ALZA Corporation devel-
oped numerous transdermal drug delivery systems for drugs such as
nitroglycerin, estradiol and nicotine.

Inthe early1970s, the Langer laboratory began to address the pos-
sibility of delivering large molecules such as proteins and nucleic acids
to the body. Up until that time, controlled-release delivery systems
were limited in that they could only slowly release very low molecular
weight (M,,<300) lipophilic molecules. Infact, it was a fairly common
conception thatlarge molecules could not be delivered from biocom-
patible biomaterials. However, it was discovered that, by adding certain
powders of large-molecular-weight molecules to organic solvents
containing hydrophobic or lipophilic materials, microparticles or
nanoparticles could be formed*. Peppas”® and other chemical engi-
neers studied methods to release small and large therapeutic agents
from hydrogels and other hydrophilicand lipophilic carriers. All these
studies led to the development of new products for the treatment of
numerous cardiovascular, autoimmune and other diseases.

There now exist avariety of delivery systems for macromolecules
such as luteinizing-hormone-releasing hormone (LHRH) analogues
and other biomolecules. For example, controlled-release systems such
as Lupron Depot, Zoladex and Decapeptyl are available in microcap-
sules or rods that can be injected or implanted. These systems slowly
release LHRH analogues (M,, of 1,200) for up to 6 months and have
been used by millions of patients to treat advanced prostate cancer or
endometriosis. Similar systems are being used to treat other forms of
cancer, heart disease, opioid addiction, arthritis, schizophrenia and
many other diseases. Most recently, drug delivery systemsin the form
of lipid nanoparticles have been used to deliver siRNA (OnPattro) to
knock down genes that cause ATTR amyloidosis, anerve disease. Lipid
nanoparticles have also enabled messenger RNA to be protected and
delivered tobillions of people worldwide to provide vaccinations and

boosters for COVID-19, saving millions of lives’. Chemical engineers
have played a key role not only in designing numerous systems to
enabledrugdelivery, butin creating new materials for delivery systems,
mathematical models to guide drug delivery system development and
new approaches for manufacturing such as 3D printing.

Future directions

There have been other recentadvances inthis field, including the design
of ‘intelligent carriers’ that act on thermodynamic changes in the sur-
rounding biological or physiological fluids to deliver therapeutic agents
atwill. Thisisindeed important as patient treatment has turned towards
systems responding to external forces", much as chemical systems
would do the same in non-biological applications.

Advances incomputation, molecular design, and advanced ther-
modynamic models and theories that were developed in classical
chemical engineering are now being applied directly to the solution
of medical problems. For example, the advent of powerful compu-
tational methods allows calculations of thermodynamic properties
in multifunctional systems, leading to predictions of novel medical
devicesin ‘real’ biological systems that include protein, antibody, lipid
and cell interactions®.

Alongtheselines, one potential future direction involves modeling
theroles of cell condensates. For example, modeling of nucleic acidsin
transcriptional control suggests a non-equilibrium feedback control
mechanism, where low levels of RNA promote condensates formed by
electrostaticinteractions and high levels promote dissolution of these
condensates’. Understanding such phenomena could lead to abetter
understanding of disease development as well as the design of new
therapeutics. Advances in understanding thermodynamic behavior
of multicomponent systems are expected to predict characteristics
of mimetic systems with the associated ability to design surfaces that
include tethers, antibodies and cells, and that canactas attractants or
repellents of beneficial or non-beneficial compounds, respectively.

Artificialintelligence is another area that will help chemical engi-
neers develop new diagnostics and therapeutics. There will also be
importantresearchinbetter understanding vascular biology'* and pre-
dicting brain function, and in particular, the mechanisms that enable
molecules to cross the blood-brain barrier. Transport through other
biologicalbarriers, including the intestine, eye and ear, also represent
fundamental areas of study.

The principles of convergence' and the development of interdis-
ciplinary institutes within universities are expected to enable medical
advances to occur that might not have otherwise been possible. The
ongoing ‘revolution’ in biology, coupled with a deep understanding
of chemical engineering science, will lead to educational and research
opportunities for chemical engineers in the biomedical field.
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