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Abstract

My career has not been straightforward. Although I am a chemical engineer,
and I’m proud of that, I took a path from chemistry and engineering to one
that also involved experimental biology and medicine. This was very unusual
many decades ago. In so doing, I met with rejection and ridicule early in my
career. However, by going down that path, I was able to make discoveries
and inventions that I hope have saved and improved lives, and I’ve been able
to train a great number of people who are going down the road I began
traveling over many years ago.
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MY EARLY YEARS

I was born on August 29, 1948, in Albany, New York, and grew up there. My father, Robert, ran
a small liquor store. He was very smart. I remember him doing complicated crossword puzzles
very quickly. He worked very, very hard. But when he came home, he would play math games with
me. My mother, Mary, was a homemaker. She took care of me and my sister, Kathy. My mother
worried a lot, but she was one of the nicest people you could ever meet. I hope some of that rubbed
off on me.

Among the gifts my parents got me when I was between the ages of 10 and 13 were Erector,
microscope, and chemistry sets. I loved these sets. I would make robots and rocket launchers with
the Erector set and watch shrimp hatch with the microscope. I set up a little laboratory with the
chemistry set in the basement of our small house, where I would mix chemicals together and watch
them turn different colors. I'd make rubber, polymers, and other materials.

I’d get other gifts as well, like baseball gloves, a basketball, and a football. I loved these too, and
I played a lot of sports with my friends in the neighborhood. I think I had a pretty normal, happy
childhood.

HIGH SCHOOL AND COLLEGE

From the time I was 12 to 17 years of age, I went to Milne High School in Albany, New York.
I was very good in math and pretty good in science. However, courses like English and French
were very challenging to me. Both my father and my guidance counselor said I should become an
engineer because I was good in math and science, and that’s what I did.

T applied to engineering schools and was fortunate to be accepted to Cornell University. In my
freshman year, chemistry was my favorite subject by far, and it was the only course I did really well
in, so I decided to major in chemical engineering. I did poorly grade-wise my first three terms
at Cornell. One of the biggest issues I had in high school and college was paying attention in
class. Today, I realize I had what is called ADHD (attention-deficit hyperactivity disorder), but
at the time I thought there was something wrong with me. Nonetheless, to compensate for my
inability to learn in class, I worked very hard at Cornell and memorized things like the organic
chemistry texts, and I taught myself how to do homework problems. My grade point average the
last five semesters was greater than a 4.0 (an A was 4.0—I had many A+s). I also got my first
taste of teaching as a teaching assistant in a course on heat and mass transfer. I loved it and loved
interacting with and teaching students just a year younger than myself. When I graduated from
Cornell, I received several job offers to run chemical plants, but I didn’t think I’d be very good at
it, nor was it exciting to me, so I decided to apply to graduate school.

T applied to six graduate schools and chose to go to the Massachusetts Institute of Technology
(MIT). While at MIT, I did two things. The first was my doctoral thesis on enzymatic regeneration
of adenosine triphosphate. The goal was to explore enzymes for synthetic purposes, and an energy
source—adenosine triphosphate—was required. On the positive side, my advisor, Clark Colton,
was very thorough, and one of the postdoctoral fellows in the lab, Colin Gardner, taught me how
to do very careful, reproducible research. But on the negative side, after the first year or two, I
started to think that the research I was doing wasn’t really important. I couldn’t see how it would
have great impact or change the world. That discouraged me about research. The second thing
I did was to get involved in a lot of educational outreach, particularly teaching underprivileged
children. During my first year at MIT, I did a lot of tutoring in poor communities. During my
second year, some people wanted to start a school for poor high school students who had dropped
out of the public schools. They asked me to help, and we started the Group School. I helped
create and chaired the math and science departments. My big goal was to make math and science
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interesting. I got MIT to fund a program to create a novel chemistry lab course where we would
teach chemical principles using practical experiments—for example, making rubber illustrated a
chemical reaction, and making ice cream illustrated freezing point lowering because you need to
lower the freezing point of water to make ice cream into a solid. I also created math games to help
make math interesting. The people at the school were very liberal, and students were not required
to take math or science. I remember when I first came, only 5 of 42 students signed up for math.
But one year later, 45 out of 50 did. This experience reinforced my love of teaching.

I finished graduate school with a doctorate in chemical engineering, and I didn’t know what I
wanted to do career wise. I graduated in 1974, and at that time there was a big gas shortage. The
price of gas went way, way up, and you had to wait in line at the gas station for hours to fill up your
car, at least in Boston, where I lived. Consequently, if you were a chemical engineer, you received
a lot of job offers. In fact, many of my classmates in the 1970s joined oil companies. They had
many openings, and that’s really where the high-paying jobs in chemical engineering were at that
time. I got 20 job offers from oil companies—4 from Exxon alone. I also got offers from Shell,
Chevron, and others. One job interview made quite an impression on me. It was at Exxon in Baton
Rouge. One of the engineers there asked, if I could increase the yield of a particular chemical by
approximately 0.1%, wouldn’t that be wonderful? He said that would be worth billions of dollars.
I remember flying home to Boston that night, thinking to myself that I really didn’t want to do
that.

What did I want to do? Well, from my college experiences, I had this dream of using my
background in chemistry and chemical engineering to improve people’s lives. As mentioned, I
had spent a lot of time starting a school for poor high school kids and developing new chemistry
curricula. One day, I saw an advertisement for an assistant professor to develop chemistry curricula
at City College in New York. I wrote them a letter applying for the job; they didn’t write me back.
But I liked that idea, so I found all the ads I could for an assistant professor position to develop
chemistry curricula. I found approximately 40 such ads. I wrote to all of them, but I don’t think
any wrote back.

POSTDOCTORAL RESEARCH

Another way I thought I could help people was through health-related research, so I applied
to a lot of hospitals and medical schools. None of them wrote back either. Then one day, one
of the people, Barry Bunow, in the lab where I worked said I should write to a surgeon named
Dr. Judah Folkman at Harvard and Boston’s Children’s Hospital. He said, “Sometimes he hires
unusual people.” Dr. Folkman was kind enough to offer me a job. I took what, at that time,
seemed to all chemical engineers like a huge risk and began doing postdoctoral work in a hospital.
It might seem more common today, but at that time few, if any, chemical engineers had done
postgraduate work in a surgery lab. Dr. Folkman was trying to understand how blood vessels
grow toward cancerous tumors in the body. He postulated that the tumors can grow because they
produce a chemical substance that induces blood vessels to grow into them. That way, the tumor
receives nutrients and can grow much larger. But if you could prevent nutrients from getting
to the tumor, that might stop the tumor from growing. When I started working with him, this
concept was only theoretical, and many people disagreed with Dr. Folkman. Moreover, this area
of blood vessel growth was difficult to study. We realized that to solve this problem, we would
need to isolate a blood vessel inhibitor, which is often in the form of a large molecule, but as has
often been the case in the development of new medicines, discoveries were hampered because no
bioassays existed. So we needed to develop a bioassay. We chose the cornea of a rabbit to study
blood vessel growth, because there are normally no blood vessels in the cornea, and the chick
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chorioallantoic membrane, which has very few blood vessels in certain areas. We put a tumor in
these places in a way that would mimic what happens in humans. Over time, blood vessels grow
toward the tumor. We wanted to stop those blood vessels from growing, but to do that, we needed
a controlled-release system (e.g., composed of a polymer or lipids) that could protect and deliver
the different molecules I was isolating. Because no such delivery system existed, I tried to develop
one.

However, delivery of large molecules faced serious challenges. Swallowing them did not work
because they were too large to be absorbed by the gastrointestinal tract, and they would also be
destroyed by enzymes or acid in the stomach or intestines. They were also too large to use in
a transdermal skin patch. If you tried injecting the molecules, they were quickly destroyed by
enzymes. Delivering such molecules on a chronic basis would require a way to deliver them in an
unaltered form and yet protect them from harm. When we started this work, the conventional
wisdom in the field was that it could not be done. Scientists felt it was not possible to slowly
release these large molecules from biocompatible materials, any more than a person could walk
through a solid wall. Dr. Folkman contacted many experts, including Paul Flory, a Nobel laureate
in chemistry for his work in polymers, and they told him it couldn’t be done (1).

Against this background, I began working in the laboratory to see if I could make tiny parti-
cles that could deliver these molecules. Over two years of experimentation, I found hundreds of
unsuccessful methods. Finally, I discovered one way to make it work. My students and I took water-
repellant or lipophilic polymers and dissolved them in organic solvents, usually at extremely low
temperatures like —80°C. We added the molecules to them and slowly dried off the solvent. This
is how we created small microparticles or even nanoparticles. We published in Nature that you
could use this approach to release molecules of almost any size (2, 3). These molecules could even
be released for more than 100 days in test tubes. Although the release rates were not constant
in those initial studies, we later developed mathematical models to design systems with certain
shapes that could ensure constant release rates (4). At first, our concepts were not accepted, and
many scientists ridiculed my work. For example, in 1976, as a very naive postdoc, I was asked for
the first time to give a major lecture—at the Midland Macromolecular Symposium. I was 27 years
old, addressing distinguished elder chemists and engineers. I was very nervous about this talk, so
starting two weeks in advance, I practiced it over and over into a tape recorder. Finally, the day
came, and I was pleased that I hadn’t forgotten too much of what I’d intended to say and didn’t
stammer too much. I thought that when I was done all these older, distinguished chemists and en-
gineers in the audience would want to encourage me, this young guy. But instead, people gathered
around me and stated, “We don’t believe anything you’ve said. We know that you can’t deliver
these molecules.” It wasn’t until several years later that others began repeating what we did, and
then the question shifted to, “How could this possibly happen?” In fact, I spent a good part of
my early career at MIT understanding how these delivery systems functioned (5, 6) and trying to
make them useful for different applications.

BECOMING A PROFESSOR

Shortly after that talk, I sought funding to support my research and wrote many grants. My first
nine were rejected. They were reviewed by medical study sections who felt engineers had little
ability to do experimental medical research. Also, when I was finishing my postdoctoral work, I
applied for faculty positions in several chemical engineering departments. However, I could not
get a faculty job because people felt, at that time, that what I was doing wasn’t engineering. They
thought it was more like biology. So I ended up joining what was then the Nutrition and Food
Science Department at MI'T. But the year after I got the position, the department chairman who
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hired me left, and several senior faculty in the department decided to give me advice: I should start
looking for another job. As my colleague at the time, Michael Marletta, recalled,

One evening, I went to a faculty dinner at a Chinese restaurant with Bob Langer and some senior MIT
professors. A senior scientist sat quizzing us while smoking a cigar. When the older scientist heard
Langer’s concepts for polymeric drug delivery, he blew a cloud of smoke in Langer’s face and said, “You
better start looking for another job.” I thought I was in a Fellini movie. (7)

So there I was, getting my grants turned down and people not believing in my research, and it
appeared I would not even get promoted to Associate Professor. Fortunately, within the next few
years, scientists in the pharmaceutical industry and at different universities started using some of
the principles and techniques I developed, and slowly things began to turn around.

MOVING OUR RESEARCH FORWARD

One of my goals in doing laboratory work has been to move beyond just conducting experi-
ments and publishing the results to also applying that work to helping people. I worked with Dr.
Folkman to use this delivery system in the bioassay mentioned earlier to find substances that could
stop blood vessels from growing. I had isolated many different substances, and I tested all of them
in 100 different studies. Every substance but one failed to stop the blood vessels from growing.
For the one that did, we did more than 20 different experiments, and for the first time we saw that
blood vessels growing toward a tumor could be halted. They actually formed a zone of inhibition
around the area where the inhibitor had been placed. That never had happened before in thou-
sands of control experiments. In 1976, we published a paper in Science showing for the first time
that inhibitors of blood vessel growth did exist and providing bioassays that could be and were used
to isolate future inhibitors (8). Today, many inhibitors of blood vessel growth have been isolated
(9). Without this bioassay, the isolation of these inhibitors would likely not have been possible. As
Judah Folkman (10) noted in his abstract for the 2006 Symposium Celebrating Thirty Years of
Robert Langer’s Science,

Early research in tumor angiogenesis was propelled by the pioneering work of Robert Langer who
discovered how proteins and other macromolecules could undergo sustained release from polymers that
could be implanted into the avascular cornea of animals and into other tissues. This advance provided a
general platform for the subsequent discovery and purification of angiogenesis regulatory molecules. It
is difficult to imagine how such proteins could have been isolated and their angiogenic activity identified
without Langer’s contribution.

Similarly, as Cramer (11) has written, “The first proof that numerous angiogenic proteins stim-
ulate new vessel formation arose from an elegant feat of chemical engineering by Robert Langer,
who devised a polymer bead. The bead, when placed in the avascular cornea, slowly and continu-
ously released these proteins to stimulate the formation of new vessels.” The National Academy
of Sciences’ (12) Beyond Discovery Report, “Polymers and People,” notes that “Robert Langer
and Judah Folkman used this approach to isolate the first angiogenesis inhibitor.” Many angio-
genesis inhibitors, such as Avastin, have now been approved by regulatory authorities and are in
widespread use. According to Carmeliet (13), they are expected to be used by 500 million patients
worldwide.

TRANSLATING SCIENTIFIC DISCOVERY TO BENEFIT MANKIND
IN BIOLOGY AND MEDICINE

The above controlled molecular release research has also significantly impacted developmental bi-
ology, starting with Silberstein & Daniel’s (14) paper in Developmental Biology, in which they used
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our delivery systems to study the development of mammary and salivary glands. Many other in-
vestigators have used our systems to release different substances to study developmental processes
(see, for example, 15-20). Importantly, the principles established for the controlled movement of
molecules have been essential to the development of numerous clinically used therapeutics. As
former Nature editor Phil Ball (21, p. 241) wrote,

It was widely believed at first that polymer delivery systems would not be equal to this task—the few
polymeric materials that would allow large molecules to diffuse through them, such as polyacrylamide
gels, gave too great a rate of discharge and could also damage tissues. But in 1976, Robert Langer and
colleagues found that certain polymers, generally ones that were highly hydrophobic (water-repellent)
such as copolymers of ethylene and vinyl acetate, could be mixed with powdered proteins and formed
into microspheres that would release the proteins at a steady, slow rate, persisting sometimes for up
to one hundred days. There seemed to be no limit to the size of the large molecules that could be
released controllably in this way, nor to their nature: proteins, nucleic acids, and polysaccharides (sugar
polymers) could all be used....In 1989, a controlled-release system of this sort—microspheres made
from a safe biocompatible copolymer of lactic and glycolic acid—was approved by the U.S. Food and
Drug Administration for use with a large-molecule peptide drug that combats prostate cancer. This
was the first polymeric controlled-release system for peptide-based drugs to find medical approval, and
it now provides the most widely used treatment for advanced prostate cancer.

Patients worldwide use numerous controlled-release polymer systems that continuously
release these peptides for up to 6 months from a single injection (Lupron Depot®, Zoladex®, and
Decapeptyl®). Similar microspheres or other polymer systems containing bioactive molecules
have led to new treatments for schizophrenia (Risperdal Consta®), alcoholism, opioid addiction
(Vivitrol®), arthritis (Zilretta®), control of bleeding (Floseal®, Surgiflo®), pituitary dwarfism
(Nutropin Depot®), type 2 diabetes (Bydureon®), and many other diseases (22). All drug-eluting
stents are also based on this research (23).

In addition, this work has had a large impact on aquaculture. In the 1980s, I visited Israel and
was invited to the Aquaculture Center in Eilat. There, I met Yonathan Zohar, who then came
to my lab for a sabbatical. He used the drug-delivery systems we developed to release GnRHa
(gonadotropin-releasing hormone agonist) to induce spawning and control reproduction in fish.
These provided the industry with a means of inducing fish to spawn in captivity, thus opening the
spawning bottleneck and enabling hatchery-based aquaculture. These GnRHa delivery systems
are now used in fish hatcheries around the world to induce spawning and egg/juvenile production
in scores of fish species, ranging from salmon to branzini (European seabass) to bluefin tuna. Over
the years, Zohar’s group has published many papers on the development and use of the technology
(24-34). A small grant from BARD to Dr. Zohar and myself created more than $12 billion of value,
and aquaculture is now a ~$230 billion industry globally (34).

EXTENSIONS TO NANOMEDICINE

The original controlled-release materials we developed were small particles, in many cases mi-
croparticles. However, nanoparticles are often critical for delivering significant payloads of any
drug into cells, particularly newer potential drugs such as small interfering RNA and messenger
RINA (mRINA). Yet, once nanoparticles are injected into the body, they are destroyed almost im-
mediately by macrophages and are unstable and often aggregate. These characteristics made their
use essentially nonexistent. We defined seven key characteristics we wanted to build into nanopar-
ticles to address these problems (35). We found that nanoparticles composed of a block copolymer
of polyethylene glycol (PEG) and any other material, such as polylactic acid, and an added drug
could circulate for hours in vivo, remain shelf stable for years, and not aggregate. Another issue
with nanoparticles is that for nucleic acids, it is desirable that they have cations so that they can
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complex negatively charged nucleic acids. However, charged nanoparticles can cause toxicity. Dan
Pack, David Putnam, and I added molecules to nanoparticles that made them neutral at physio-
logic pH but charged inside the cells (36, 37). This approach (ionizable polymers or lipids) also
enables endosomal escape inside cells. Many scientists and companies are now using these prin-
ciples to practice nanomedicine. The US Food and Drug Administration (FDA) has approved a
lipid nanoparticle with PEG and an ionizable lipid (Onpattro®) to treat the protein-misfolding
disease transthyretin-related hereditary amyloidosis or transthyretin amyloidosis, abbreviated as
ATTR amyloidosis. Another nanoparticle we helped develop (Inveltys®) has been approved to
treat postoperative inflammation and pain following ocular surgery (38). Nanoparticles con-
taining PEG and ionizable lipids have been essential for all mRNA therapeutics and vaccines
(39).

CONTROLLING THE MOVEMENT OF MOLECULES
BY EXTERNAL FORCES

Even though by 1980 we could continuously release molecules of any size or charge, a problem
central to the field of controlled-release technology is that all vehicles developed up until that time
displayed drug-release rates that either were constant or decayed with time. There had been no
way to change or modulate the release rate on demand once release had commenced. Furthermore,
in many cases, constant or decreasing drug-release rates, as achieved with most drug-delivery
systems, do not mimic the body’s natural pattern of providing chemicals. For example, for drugs
such as insulin, pulsatile delivery is desirable.

Magnetic Control of Molecular Release

The first approach involving external forces to control the movement of molecules within mate-
rials involved incorporating magnetic beads in an elastic polymer (40, 41). When an oscillating
magnetic field was applied (e.g., as may someday be achieved in a wristwatch-like device), more
molecules were released. This occurred reversibly and repeatedly over several months. The exter-
nal magnetic field appears to cause alternative expansion and contraction of the drug-carrying
pores. Key factors for achieving pulsatile release are magnetic bead strength, magnetic field
strength, polymer elasticity, magnetic bead size, and polymer matrix structure (42).

Ultrasound Control of Molecular Release

We also discovered that ultrasound enhances transport of molecules entrapped within polymer
systems. The enhancing effect of ultrasound on molecular release appears largely due to cavitation.
Ciritical parameters in controlling molecular movement from polymers are ultrasound frequency,
molecular mass of the incorporated drug, and polymer matrix structure (e.g., the size of pores in

the polymer network) (43).

Electrical Control of Molecular Release

A third approach involves electrical control. In one case, we developed a solid-state silicon mi-
crochip that can provide controlled release of single or multiple chemical substances on demand
(44). The release mechanism is based on the electrochemical dissolution of thin anode membranes
covering micro-reservoirs filled with chemicals in solid, liquid, or gel form. Although it was used
as a model compound in these initial studies, gold has been shown to be biocompatible (44). Sub-
sequently, we also found platinum alloys to be useful and even demonstrated this approach could
work in humans (45).
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NEW MATERIALS

Another area I started thinking about involved new biomaterials. Working in a hospital, I realized
that almost all materials used in medicine were derived from household objects, and their medical
use was driven by clinicians who wanted to use them in medical areas based on their physical
properties. For example, the polyether urethanes used in ladies’ girdles are now used in artificial
hearts because of their good flexural properties. The polyurethanes in mattress stuffings are used
in breast implants. Yet, such an approach often leads to problems. Artificial hearts, for example,
can cause clots to form when blood hits their surface—the ladies’ girdle material—and these clots
can cause strokes and death (46).

Against this background, I began thinking of ways of solving medical problems other than to
search for materials in everyday settings. As a chemical engineer, I believed that researchers could
take an engineering design approach, asking what we want in a biomaterial from engineering,
chemistry, and biology standpoints and then synthesizing the materials from first principles. As a
proof of principle, we decided to synthesize a new family of biodegradable polymers for medical
use. In particular, we wanted materials to display surface erosion to eliminate the possibility of
dose dumping that could potentially occur with bulk eroding materials—the only such materials
approved by regulatory authorities at the time of this endeavor in 1980. The first step was to
decide on the mechanism of biodegradation. We selected hydrolysis, because excess water is
present in people at all times, as opposed to enzymatic degradation, because enzyme levels can
vary between patients as well as over time. Then we selected anhydrides as the bonds to connect to
monomers due to their susceptibility to hydrolysis. To select the specific monomers—the building
blocks of the polymer—I asked Mike Marletta what hydrophobic monomers (which would make
polymers water repellant), from a list of substances we thought might make good polymers,
would be safe in the human body. We then synthesized these polymers and discovered that by
changing compositions we could make them last anywhere from days to years (47-49). Then with
Henry Brem, who is now Chief of Neurosurgery at Johns Hopkins, we had the idea to use this
polymer system to locally deliver drugs to treat brain cancer. However, I had to raise money for
this project, so I wrote grants to the National Institutes of Health and other funding agencies.
These grants were then repeatedly reviewed by Study Sections composed of other professors
occurring over a decade and were rejected every time. However, in 1996, the FDA approved this
treatment—the first time in more than 20 years that the FDA approved a new treatment for brain
cancer, and the first time they approved polymer-based local chemotherapy (50).

The funding we obtained to support this research was from companies that licensed our polyan-
hydride patents. Twenty-eight years after their approval, these polymer systems are still used to
treat brain cancer patients in more 30 countries. They have provided an entirely new paradigm
in the drug-delivery field, paving the way for drug-eluting stents and other local delivery systems
23).

Sometimes it is difficult to predict where the materials we develop will have the greatest im-
pact. Over the years, we have synthesized many new polymers. For example, we developed a
new synthesis for poly(hydroxamic acid) (51). Interestingly, although our initial intent was to de-
velop protective coatings for implantable medical devices, these polymers became widely used as
a flocculent (Superfloc®) to decontaminate swimming pools and other areas. We also synthesized
the first degradable shape-memory polymers (52, 53), the first degradable electrically conduct-
ing polymers (54), and materials that could change surface characteristics by throwing a simple
switch (55). These materials allowed new potential uses in medicine and other areas, e.g., self-
tying sutures for shape-memory polymers. Another approach to create biomaterials developed
by David Lynn, now on the faculty of University of Wisconsin—-Madison, and Dan Anderson,
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now on the MIT faculty, when they were postdoctoral fellows in our laboratory at MIT in-
volved synthesizing large polymer libraries. For example, by developing chemical and robotic
methods that lent themselves to high-throughput parallel synthesis and screening approaches,
we synthesized poly B-aminoesters. We synthesized thousands of such polymers and developed
screening assays to identify useful polymers based on DNA binding, solubility, and cell transfec-
tion (56). This approach was extended to the synthesis and screening of thousands of lipids (57,
58) and is accelerating the rate at which nonviral vectors can be discovered. It has already led to
many widely used gene therapy reagents (distributed by Sigma-Aldrich®, Clontech®, Stemgent®,
and others). Interestingly—and again an example of how one can never anticipate all possible
applications—some of these polymers have also become widely used as hair care products de-
veloped by Unilever/Living Proof, a company we started that also involved the actress Jennifer
Aniston.

CONTROL OF MOLECULAR DELIVERY THROUGH
PHYSIOLOGIC BARRIERS

We have also developed new approaches for delivering molecules through different physiologic
barriers.

Controlled Delivery to the Lung

Local delivery to the lung has been used in the treatment of respiratory diseases such as asthma
and more recently for protein therapies such as DNase for cystic fibrosis. The deep part of the
lung also has potential advantages for systemic delivery of molecules, including a large surface
area, thin tissue lining, and a limited number of proteases. Most current lung delivery systems
deliver drugs in liquid form, and many incorporate chlorofluorocarbon propellants, which may
be environmentally dangerous. In addition, many of these systems do not deliver the drug repro-
ducibly or efficiently; generally, less than 10% of the drug is received by the lung from the device
due, in part, to aerosol aggregation because the aerosols are so small (~2 pm in diameter). In ad-
dition, repeated delivery every few hours is often necessary. For decades, scientists attempted to
address the above issue by designing different inhalers that could break apart aerosol aggregates
or have other features. However, in the early 1990s, David Edwards came to my lab and took a
radically different approach: designing new aerosols by changing aerosol geometry. Prior work
always involved designing small-diameter (~2-mm diameter) nonporous aerosols. Our approach
was to create large (5-20-wm), highly porous particles with extremely low densities. By lowering
their density, we hypothesized that the particle aerodynamics would be altered, making it possible
for unusually large particles to enter the lungs through an airstream. We further hypothesized that
increasing aerosol particle size would lead to decreased particle aggregation, creating far greater
inhalation efficiency, as well as decreased phagocytosis by alveolar macrophages. The decreased
phagocytosis could result in sustained drug release. We then created such large and highly porous
aerosols and found that more than 10 times the number of molecules could be delivered this way,
compared with conventional aerosols and inhalers, and could last 10 times longer if desired (59).
This capability enables simple, small inhalers that can deliver 70 mg of substance (before this,
the delivery of 10 mg was difficult) in a single dose. These aerosols are leading to entirely new
treatments for Parkinson’s disease (Inbrija) and other diseases.

Controlled Delivery of Molecules Through the Skin

I was also interested in seeing if we could control the delivery of ionic molecules or large macro-
molecules through the skin. Transdermal delivery offers advantages compared with oral pills, in
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that it avoids first-pass metabolism and enables long-term therapy. Compared to injections, it
reduces pain and scarring risk. However, the skin has significant barrier properties; thus, only a
few very-low-molecular-weight lipophilic molecules have been successfully delivered transder-
mally. We thought of several ways to control molecular movement through the skin. The first
was ultrasound with Joseph Kost, who later became Dean of Engineering at Ben Gurion Univer-
sity. We had already shown that ultrasound could enhance molecular transport through polymers
(43), so we wondered whether it would work on skin. In our first study, we discovered appro-
priate ultrasound conditions to deliver mannitol, insulin, and physostigmine transdermally (60).
However, several groups tried to use ultrasound to transport other molecules through skin and
told us it did not work (though they used different ultrasound conditions). So Samir Mitragotri,
working with myself and Dan Blankschtein, investigated the possible mechanisms of ultrasound-
enhanced permeation, including temperature effects, transport through hair follicles and sweat
ducts, mixing effects, and acoustic cavitation. Acoustic cavitation was the dominant mechanism. By
understanding this mechanism, we immediately realized we could get greater transport if we used
very-low-ultrasound frequencies (61). We also did extensive research on the structural changes
in the skin during ultrasound exposure and developed mathematical models to predict optimal
delivery (62—64). As a result of these studies, SonoPrep became the first system to receive FDA ap-
proval using ultrasound. Ultrasound has also been used for glucose monitoring in humans (65) and
to deliver methylprednisolone and cyclosporine in humans to treat alopecia. A second approach
we examined to enhance molecular movement through the skin was electroporation, which Mark
Prausnitz pioneered when he was in our lab (66-71). He used scanning fluorescence microscopy to
image transport during electroporation and observed localized transport regions, through which
molecules could diffuse more easily. We also found that skin electrical resistance dropped by up
to 1,000-fold within microseconds. Electroporation-induced delivery of DNA vectors is now be-
ing used in human studies for the delivery of vaccines for treating Zika virus, Ebola virus, Middle
East respiratory syndrome, HIV, and hepatitis B and is also being used in different cancer treat-
ments (72). Our lab also analyzed how chemical enhancers affect skin permeability through a
combination of experimental techniques and two-photon microscopy. We developed mathemat-
ical models for describing skin permeability, using a theory of charge, fluid mass, and transport
through porous media under passive conditions, but also in the presence of the types of external
forces, such as those discussed above, that can enhance penetration (62, 73, 74). Mitragotri (72)
provided an analysis of some of our contributions to controlling molecular movement through
the skin.

FUTURE DIRECTIONS FOR DRUG DELIVERY

Bill Gates came to visit me in 2012 because he wondered if we might be able to create new
medicines for the developing world by extending some of the principles we developed. In partic-
ular, we worked to develop new approaches for vaccine delivery for very long-term oral delivery
and for improving nutrition. Each is discussed below.

Controlling the Movement of Molecules to Improve Heath in the Developing
World: Vaccines

One area is vaccines, because patients often do not return for second or subsequent injec-
tions. In 1979, we published the first paper illustrating a single-step method of vaccination
(75). The Gates Foundation was particularly interested in the possibility of creating micropar-
ticles that release their contents in distinct, delayed bursts without any prior leaking. Again,
we thought of using polymers to accomplish this. To address these issues, we developed a new
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high-resolution microstructure fabrication technique to create microdevices with complex ge-
ometries using a variety of commercially safe materials, including lactide—glycolide copolymers
(PGLA), the most widely used biodegradable polymers for human applications. This approach,
termed StampEd Assembly of polymer Layers (SEAL), combines technology used for com-
puter chip manufacturing with soft lithography and an aligned sintering process to produce
small polymeric structures. We created several PLGA microparticles, each intended to pulse at
a different predetermined, desired period of time to deliver timed pulses of antigens, so that es-
sentially any vaccine could be delivered on whatever schedule was desirable in a single injection

(76).

Long-Term Oral Delivery and Oral Delivery of Macromolecules

The Gates Foundation believes that numerous diseases, such as malaria, could be treated in the de-
veloping world if the drugs could last enough to treat them. However, patient compliance is a major
issue. The Gates Foundation asked if we could make oral systems that could last one or two weeks
or a month. To address this problem, Gio Traverso, then a fellow in our lab, and now a professor
at MIT and Harvard, and other members of our lab designed a polymer drug-delivery system
with shape-memory properties such that it can be folded and placed inside a vitamin capsule;
when the capsule dissolves in the stomach, the polymer system escapes and assumes a shape large
enough thatit cannot pass through the pylorus but open enough to allow food to pass through (77)
(Figure 1). This system is now in multiple human clinical trials, including in the use of ivermectin
to prevent malaria. We have also used these systems to release three different drugs at once for
HIV treatment (78). In addition, Dr. Traverso, Alex Abramson, and our team designed a pill con-
taining a needle that can be made almost entirely of a pharmaceutical and injected into the stomach
or intestine after swallowing. To ensure the pill is always pointing in the correct direction to en-
able appropriate injection, we made it self-orienting by designing it to mimic the leopard tortoise.
Insulin, antibodies, and even mRNA have been shown to be available orally in animal studies
(79-81).

Controlled Delivery of Nutrients

Another area where we have applied our approaches is human nutrition in the developing world,
where micronutrient deficiencies are prevalent. They impact nearly two billion people and cause
up to two million childhood deaths per year, as well as numerous disabilities and diseases and
impaired growth in children. In particular, many populations in developing countries consume

a b C

Figure 1

() Star-shaped system containing the drug in the spokes. It can be (§) folded up and (c) placed in a capsule.
Image courtesy of Jessica Ballinger/Lyndra (2015).

www.annualreviews.org o My Struggles and Dreams as a Chemical Engineer — 8.11



CH16_Art08_Langer

ARjats.cls February 20, 2025 12:7

staple foods that often require extensive cooking, which introduces heat, moisture, and oxida-
tion challenges, leading to degradation and chemical changes of vitamins and minerals. As such,
the development of technologies that address these stability challenges can potentially have an
enormous impact on global health. To address these issues, we hypothesized that an encapsula-
tion system employing an appropriate pH-sensitive polymer could potentially remain stable in
boiling water for hours yet dissolve rapidly in acidic stomach conditions. We examined more
than 50 polymers and discovered a material with a unique combination of (#) stability in boil-
ing water for hours, yet rapid dissolution in gastric acid at body temperature; (b) proven safety
in humans; and (¢) the ability to effectively encapsulate nutrients with a wide range of chem-
ical and physical characteristics (82). We studied our system with 11 different micronutrients
and found that this microparticle platform enabled the individual encapsulation of iron; io-
dine; zinc; and vitamins A, B2, niacin, biotin, folic acid, B12, C, and D. In vivo studies in mice
confirmed rapid micronutrient release in the stomach and absorption in the intestines. Specif-
ically, encapsulated vitamin A exhibited statistically indistinguishable differences in absorption
as compared with free vitamin A in animal models and humans, highlighting that encapsula-
tion did not influence absorption (83). Two separate human studies with iron were performed,
and iron bioavailability was statistically the same as in the use of nonencapsulated iron (84).
The Joint Food and Agriculture Organization of the United Nations and the World Health
Organization Expert Committee on Food Additives responded positively to our encapsulation
material for food fortification at their eighty-sixth annual meeting, when we submitted our ap-
plication for approval, paving the way toward potentially reducing or eliminating micronutrient
malnutrition.

ENZYME APPLICATIONS

Although in most cases we were interested in delivering molecules, in some cases, I thought it
would be desirable to remove specific molecules. Examples are heparin (see below), which can
cause serious bleeding complications; bilirubin, which causes jaundice (84); low-density lipopro-
tein cholesterol, which can cause heart disease (85-87); and B,-microglobulin, which can cause
potentially fatal amyloid deposits (88).

Heparin represents an important example. It is widely used as an anticoagulant to treat and
prevent deep vein thrombosis, pulmonary embolisms, and thromboembolisms. However, it can
cause serious complications. The common way to neutralize heparin is by using protamine, which
has a charge opposite to that of heparin. However, protamine causes complications. It occurred
to me that an enzyme that could specifically degrade heparin—heparinase—might be used to
selectively remove heparin. With Charles Cooney, Bob Linhardt, and others, we developed ways
to produce heparinase by fermentation (89), purified it to homogeneity (90), cloned it (91), and
showed that immobilized heparinase could remove heparin in vivo (92).

One recurring theme of my career is that doing chemical research enables applications that
we would not always envision initially. This was no exception. In this case, two of my postdocs,
Ram Sasisekharan and Ganesh Venkataraman, began using heparinases along with mass spec-
troscopy and computer modeling to develop the first way to sequence heparin and other complex
polysaccharides (93). In 2008, Ram and I were contacted by the FDA (I had previously been chair
of the FDA’s Science Board—their highest advisory board), because hundreds of people in more
than 20 countries had died due to contaminated heparin. Using heparinase and these sequenc-
ing techniques, and working with the FDA and Centers for Disease Control, we uncovered the
contaminant—an oversulfated chondroitin sulfate (94)—which enabled new guidelines (95, 96).
After that, there were no more deaths.
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Schematic diagram of tissue engineering. Figure adapted with permission from Reference 116.

TISSUE ENGINEERING

In the early 1980s, Jay Vacanti, who was head of the liver transplant program at Boston Children’s
Hospital, asked me if we could create a new liver. Prior to this, several research groups had
worked on developing two-dimensional systems to create certain tissues. We started to use
two-dimensional cell/materials systems as well. However, after much work trying to grow liver
cells on two-dimensional structures (e.g., discs, Petri dishes) to test our prototypes, we realized
that we could not get enough cells per unit volume to create tissue with enough liver function.
One day on Cape Cod, Jay saw some seaweed. He called me and said, “Bob, could you make a
polymer system that was three-dimensional, like seaweed, and, if so, could that solve the surface-
to-volume problem?” So we did (see Figure 2). Through many experiments, we saw this approach
could address the surface-to-volume issue. We thought we could take isolated, dissociated cells
from patients themselves or from a close relative. These cells could include, for example, bone,
cartilage, liver, intestinal, and urothelial cells. Today, they can also include stem cells that could
be made to differentiate into a desired cell type. If the cells are injected at random, very little
happens. However, the cells can be “smart.” If you put these cells close enough together, they can
organize themselves and create structures. We wondered if we could make different tissues by
putting dissociated cells on a polymer template, in three dimensions, with the right media. We
would grow them outside the body, on the correct materials, and then ultimately return them
to the body to make whatever tissue we wanted. We would either use existing FDA-approved
polymers like PGLA or synthesize new ones. For example, Denise Barrera, who worked in our
laboratory, developed polymers in which one could attach amino acid sequences that would
be specific for certain cell types (97). Wang et al. (98) also synthesized new materials, such as
polyglycerol sebacic acid with adjustable elasticity (these were later approved by regulatory
authorities). Tony Mikos, David Mooney, and Prasad Shastri then developed a variety of methods
to convert different polymers into fibers or other three-dimensional structures that can be used
as substrates for cells to create a new tissue (99-103). These cell/polymer systems were implanted
in animals or humans. New blood vessels would grow toward the polymer system in response to
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polymer scaffold degradation. This process would lead to the creation of permanent, new tissue
that could function as a living tissue replacement. The cells could then go on to form vascularized
living tissue after implantation (104). This discovery has been credited by the National Academy
of Sciences (12) as “giving rise to the field of tissue engineering” and by Nature as “founding the
field of tissue engineering” (105). To move this area forward, we built upon these initial findings
in several ways. For example, Gordana Vunjak-Novakovi¢ and others developed flow bioreactors
to improve mass transfer as well as provide mechanical signals to the developing tissue. To create
new blood vessels, Laura Niklason hypothesized that the failure of others to create safe and
effective small-diameter blood vessels was due to the fact that in earlier studies, blood vessel
cells (smooth muscle cells, endothelial cells) were generally grown in static tissue culture. Yet, in
humans, these cells are connected to a pulsatile pump—the heart. Hence, she created bioreactors
that created pulsatile radial stress cells (165 beats/min) to simulate the heart to grow the cells.
The polymer scaffolds led to the first safe and effective way to create small-diameter blood vessels
(106), which are now being used in humans. [In this case, Niklason grew the cells in bioreactors
and then decelluralized the scaffolds once the scaffolds were strong enough to put into patients
(107).] In addition, we developed ways to use neuronal stem cells on a specialized polymer scaffold
to aid in spinal cord repair (108). We developed approaches using stem cells to create muscle
(109), created materials to make heart tissue (110), and synthesized the first surfaces for growing
stem or induced pluripotent stem cells in a completely xeno-free, serum-free environment (111).
"This work has also led to the creation of skin in humans that is now approved for burn victims and
patients with diabetic skin ulcers (e.g., distributed by Organogenesis). Already more than a million
patients have received tissue-engineered human skin (for burns or diabetic skin ulcers) (e.g.,
Dermagraft® uses the exact polymer we originally used, polylactic glycolic acid, in this case with
neonatal fibroblasts) (112). Since 1986, we and our colleagues have demonstrated the formation
of more than 20 different tissues of the body in animal models, as well as several tissues in humans.
In addition, our former students and others are now creating organs or chips to reduce animal
and human testing (from companies like TARA Biosystems and Emulate). Some groups are even
using tissue engineering to create meat (e.g., Aleph Farms) and leather (e.g., Modern Meadow).

CREATING COMPANIES AND PRODUCTS

T also wanted the inventions and materials we developed to help patients. This is difficult because
it takes a great deal of money to develop medical products. So I began writing patents on our work.
Today, we have licensed and sublicensed those patents to more than 400 companies, and I even
helped start several companies with my students. I should add that when I wrote these patents and
helped start these companies, many scientists looked down upon it. They thought it wasn’t a very
good thing for a professor to do. But today, these companies have made numerous products that
treat patients with cancer, heart diseases, COVID, and many other sicknesses. These companies
have also created many thousands of jobs throughout the world.

Letme give a few examples. First, to expand on what I mentioned earlier, we developed polymer
systems that could slowly and continuously release large molecules. One of the challenges was
getting a patent. We filed a patent in 1976, and the Patent Office turned it down. In fact, they
turned it down five times between 1976 and 1981. The lawyer told me I should just give up,
but I’ve never given up easily, and I started to think about new ways in which we could get this
patent allowed. The patent examiner said that what we had done was obvious, but I knew that
wasn’t true because, as I mentioned, scientists said it was impossible. So, I scoured the literature
and discovered that a paper published by five famous chemists and chemical engineers in 1979
referred to our work by saying,
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Generally the agent to be released is a relatively small molecule with a molecular weight no larger than
a few hundred. One would not expect that macromolecules, e.g., proteins, could be released by such
a technique because of their extremely small permeation rates through polymers. However, Folkman
and Langer have reported some surprising results that clearly demonstrate the opposite. (113, p. 105)

I showed this to our lawyer, and he showed it to the patent examiner, who said, “I will allow this
patent if Dr. Langer can get affidavits from the five chemists and engineers saying they really
wrote this.” All five scientists were kind enough to sign the affidavits, and we got this very broad
patent. We then licensed it to two very large companies, one in animal and one in human health.
Both companies gave us grant money and promised to do experiments to develop our invention.
However, these companies were very large; they did a few experiments, and when they didn’t work
optimally, they gave up. So a few years later, Alex Klibanov said, “Bob, why don’t we starta company
ourselves?” I was able to get these patents back, and we started a company called Enzytech, which
later merged to become Alkermes. Alkermes has made long-acting injectable microspheres that
have helped millions of patients suffering from type 2 diabetes, schizophrenia, alcoholism, opioid
addiction, and pituitary dwarfism.

In a second example, in 2001, I started Momenta Pharmaceuticals (114) with Ram and Ganesh.
The technology in this case involved the use of enzymes called heparinases for polysaccharide se-
quencing, which I mentioned previously. Momenta used this polysaccharide sequencing approach
to create the first FDA-approved generic, low-molecular-weight heparin, which is an anticoag-
ulant. It was the largest syringe launch in history. A second product that received approval was
Copaxone®. In 2020, Johnson & Johnson acquired Momenta for $6.5 billion USD. Probably the
most well-known example is Moderna. Noubar Afeyan, Ken Chien, Derrick Rossi, and I decided
to start a company to make mRNA therapeutics. If mRINA was injected into patients, it would be
destroyed, so we encapsulated mRINA in nanoparticles based in part on some of the research I dis-
cussed earlier. Moderna was widely criticized by scientists, stock analysts, and the news media. For
example, The Boston Globe wrote an article saying “This is not how you do science,” with my pic-
ture underneath. However, all of them were wrong, and Moderna produced a COVID-19 vaccine
that saved millions of lives. Many other new medical treatments for cancer and other diseases are
in late-stage clinical trials. Polaris Ventures estimates that billions of people are or will be helped
by products created by companies I helped start (115).

The above companies are examples of how we have been able to move discoveries from the lab
to patients. We’ve helped launched approximately 40 companies. These companies are creating
new aerosols to treat diseases like Parkinson’s, doing new types of genetic therapy for treat-
ing diseases like cancer or heart disease, and even developing new hair and skin care products
(Unilever/Living Proof). Polaris Ventures estimates that billions of people are or will be helped
by products created by these companies (115).

TEACHING AND MY STUDENTS

T have also really enjoyed giving lectures, teaching classes, and helping students. One of the things 1
learned from helping start the Group School was the importance of making classes fun (if possible)
and relevant. When I was in the nutrition department, I was in charge of several laboratory classes.
When I subsequently joined the chemical engineering department, I taught thermodynamics and
an integrated chemical engineering course. In addition, I also taught and developed a course in
pharmacological engineering for several years. Finally, I created a summer course in drug-delivery
systems that I taught with Nick Peppas and several others for 40 years. We also gave the course in
Europe several times. It’s been a thrill to see how well the thousands of people in both the MIT
courses and the MIT summer course have done. I'm also so proud of the students and postdocs
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who worked in our laboratory. When I turned 70, they had a celebration, and more than 700 people
came. Today, more than 400 of our trainees are professors, more than 500 have worked in industry
or started companies, and another 100 or so have worked in government or other jobs. Forty-eight
have been elected to the National Academy of Inventors, 23 to the National Academy of Medicine,
23 to the National Academy of Engineering, three to the National Academy of Sciences, and 40
to the Technology Review 35.

MY FAMILY AND LIFE TODAY

I want to mention my personal life. I've been married for more than 35 years to a wonder-
ful, beautiful, and kind woman—my wife, Laura. I met Laura because she was the roommate
of one of my postdocs and I’d seen her running on the track where I also ran for exercise. I
thought she was very beautiful, stimulating, smart, and nice. Laura has a bachelor’s degree from
Harvard and a PhD in Neuroscience from MIT. Being married to someone with a scientific back-
ground has the added benefit that she knows the pressures I feel and the rewards I get from
science, and being able to share that with her has been wonderful. Laura is my best friend as
well as my wife. I've also been very lucky because Laura is a very straightforward person. I al-
ways know exactly where I stand. I should add that several years ago, my postdocs and students
had a symposium for me, and one of them, Edith Mathiowitz, made a graph of my productiv-
ity. She asked everyone a question: Why is there a big inflection point in 19867 Her answer?
That’s when Bob met Laura. We also have three wonderful children, Michael, Susan, and Sam
(Figure 3).

I feel incredibly fortunate that I've had such a wonderful staff at MI'T and such super students,
postdocs, and collaborators. I view my students and postdocs as an extended family, and I am so
very proud of them. I would not be where I am today (Figure 4) without having had so much
support and help from so many people.

Figure 3
The Langer family: (from left) Sam, Susan, Bob, Laura, and Michael Langer.
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Figure 4

Dr. Langer receiving (#) the National Medal of Science from President George W. Bush in 2006, (4) the National Medal of Technology
and Innovation from President Obama in 2011, and (¢) the Queen Elizabeth Prize for Engineering from Queen Elizabeth II in 2015.
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