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Abstract

Purpose of Review The aim of this review is to summarize the development of the photoactivated depot (PAD) approach for the
minimally invasive and continuously variable delivery of insulin.

Recent Findings Using an insulin PAD, we have demonstrated that we can release native, bioactive insulin into diabetic animals
in response to light signals from a small external LED light source. We have further shown that this released insulin retains
bioactivity and reduces blood glucose. In addition, we have designed and constructed second generation materials that have high
insulin densities, with the potential for multiple day delivery.

Summary The PAD approach for insulin therapy holds promise for addressing the pressing need for continuously variable

delivery methods that do not rely on pumps, and their myriad associated problems.
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Introduction

The body requires insulin in continuously varying amounts
that depend on food intake and activity. For patients with type
1 diabetes, the only currently clinically used delivery method
that meets this demand is the insulin pump. The insulin pump,
or continuous subcutaneous insulin infusion (CSII) is an im-
provement over multiple daily injections (MDI). It can reduce
the number of hypoglycemic episodes observed and increase
the convenience of administration. In addition, it reduces the
number of injections required and allows for a more natural
continuously variable delivery, as opposed to the inherent dis-
crete dosing required of MDI.

But despite this, pumps are subject to a range of problems,
all associated with the inherent physical connection of the
insulin reservoir on the outside of the patient, and the delivery
site on the inside of the patient. These include biofouling,
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occlusion, infection and crimping. Because of this, we are
developing a photoactivated depot (PAD) to allow for the
controlled release of insulin in a minimally invasive, continu-
ously variable manner. These PAD materials are injectable
into the skin, like normal insulin, but remain inactive until
stimulated using a compact external LED light source. This
source in turn can be driven by information from a continuous
glucose monitor, and in so doing, create a closed loop artificial
pancreas without the use of a pump. This article will review
the motivation for the insulin PAD, its design, in-vivo valida-
tion and subsequent refinement.

Insulin, Highs and Lows

The discovery of insulin and its subsequent production on a
large scale has been a triumph of modern biomedicine.
Patients with type 1 diabetes are no longer burdened by the
health consequences associated with high blood glucose or
condemned to a severely shortened lifespan. Insulin that is
no longer produced by the pancreas can now be provided
exogenously, stimulating the cells of the body to absorb blood
glucose, allowing it to be used as an energy source and reduc-
ing its toxic burden on the body [1-3]. The revolution in
human health introduced by insulin however comes with
new challenges. Because insulin is a protein, it is a substrate
for proteases and peptidases and is as surely digested as any
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other dietary protein. Hence, insulin delivery has been tradi-
tionally limited to injections, typically subcutaneously, to
avoid the rapid degradation associated with the GI tract.

A second and perhaps greater problem associated with in-
sulin is the requirement for continuously variable delivery, as
the body’s requirement for insulin varies continuously
throughout the day (higher when blood glucose is high, lower
when blood glucose is low). This differentiates insulin from
most other therapeutics, which typically only need to remain
above a static effective blood level. This then leads to the
burden faced by people with type 1 diabetes, a lifelong re-
quirement to a) determine their blood glucose level, b) make
a decision based on this value, and ¢) administer an appropri-
ate amount of insulin. In a sense, the person with diabetes and
their medical team are being asked to act “in loco pancreas”.
The mental wear and tear this represents can not be overstated.
In addition, the consequences of over or under administering
insulin can be acutely dangerous (in the case of hypoglycemia
and diabetic ketoacidosis) or dangerous in the long term (in
the case of hyperglycemia) with a risk of developing diabetic
complications.

The Artificial Pancreas

Over 50 years ago, a solution to this problem was proffered:
the artificial pancreas (AP) [4, 5]. The AP was conceived of as
capturing the essential functions of the pancreas, at least as
regards to insulin release. These functions were a) the measur-
ing of blood glucose, b) the calculation of a needed insulin
dose and c) the delivery of the required insulin [6-9]. To a
large extent, these three (Measure, Decide, Deliver) compo-
nents have persisted and, to a degree, been optimized.
Recently, several AP systems have been subjected to clinical
trials, and shown to have similar or superior health outcomes
in comparison with standard insulin therapy. Of the three
pieces of an artificial pancreas, we argue that the Measure
and Decide components have had significantly more innova-
tion than has the Deliver component. Continuous glucose
monitors (CGMs) have become smaller, more accurate and
longer lived [10-12]. A range of technologies have been ex-
plored, including more traditional electrochemical quantita-
tion of blood glucose and more recently, methods using opti-
cal signatures that follow binding to a glucose receptor. In the
area of decision making, or algorithm development, multiple
teams have made increasingly sophisticated algorithms that
incorporate feedback, motion detection, and adaptation as
well as the standard input from CGMs [13-15].

Problems with Insulin Pumps
Only the delivery component of the AP has remained largely

unchanged in the past decades. Conceived originally as a
pump, it has remained in this form essentially until today.

@ Springer

This manifests as a reservoir that is outside the body and
which contains insulin, a motor that drives a piston or some-
thing similar, and a physical conduit for conveyance of the
insulin into the body, typically a cannula or needle that termi-
nates in the subcutaneous space. This conduit is the major
source of problems associated with artificial pancreas systems.
Perhaps the greatest problem is that of biofouling. The cannula
opening is rapidly blocked through a combination of cellular
responses to the foreign materials in the cannula, as well as
protein deposits from the delivered insulin itself. Because of
this, it is recommended that most infusion sets be replaced
every two days or so. This biofouling process takes place at
random intervals and so is hard to predict. The clinical conse-
quence of biofouling is severe: a rapid reduction in insulin
delivery and subsequent elevation in blood glucose levels
[16, 17].

Infection is an additional challenge that can compromise
the conduit insertion site, and is a natural consequence of
having a semi-permanent breach in the skin’s protective bar-
rier. Other tissue responses include fibrosis and thickening of
the tissue, which often necessitates the rotation of the cannula
insertion site to alternative sites on the body. In addition to
these biochemical and cellular problems, insulin pumps also
have a physical problem associated with them. The conduit,
whether cannula or needle, is subject to crimping, snagging,
and dislodging as well [18-25]. These make pump usage chal-
lenging for a normal, active life.

A Potential Solution: The Insulin PhotoActivated
Depot (PAD)

What we have sought is a way to capture the continuously
variable delivery that is found in the insulin pump, without
the inherent physical connection that is the source of so many
associated problems. This has lead us to conceive of and de-
velop the PAD approach for insulin delivery [26¢¢]. The over-
all approach is schematically depicted in Fig. 1a. An insulin-
containing material is injected into the skin, where it remains,
inactive, at the site of injection. A small LED containing light
source is placed on the surface of the skin on top of the injec-
tion site. In response to blood sugar information from a CGM,
the light source sends pulses of light through the skin which
stimulates the material to release insulin. By varying the in-
tensity and/or duration of light from the light source, the
amount of insulin released from the depot can be varied.
And because light itself can be easily controlled, the amount
of insulin released should be controllable as well, as long as
the process of insulin release has been effectively linked to
light exposure.

The insulin PAD can therefore potentially provide the con-
tinuous variable delivery of a pump without the physical con-
nection that a pump requires, and all of the problems associ-
ated with that physical connection. So then, how to actually
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Fig. 1 The photoactivated depot (PAD) approach for continuously
variable insulin delivery. a) The overall approach in schematic form,
showing injection of the material into the skin, followed by transcutenous
irradiation in response to blood glucose information, followed by insulin

release and absorption. b) First generation PAD material design utilizing
polymers in schematic form (top) and chemical form (bottom). ¢) Second
generation PAD materials with ten-fold increased insulin density.
Macropolymer (top), non-polar tag (middle) and charge tag (bottom)
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achieve this aim? In the broadest sense we are attempting to
link insulin solubility with a light triggered event. We want the
insulin to remain insoluble at the site of injection so that we
know where to aim the light to stimulate insulin release. Our
first generation materials achieve this light-stimulated solubil-
ity shift by joining insulin to an injectable but insoluble poly-
mer via a light cleaved linker (Fig. 1b). Making and attaching
this link, while conceptually straightforward, proved to be
technically quite challenging. Ultimately, we made the link
by using a new reagent of our own design that contains a
reactive diazo group. This preferentially modifies the carboxyl
groups found on the surface of insulin, and creates an ester
link that is photolabile. Upon irradiation with the correct
wavelength of light (365 nm in the case of the first-
generation material) it will cleave, releasing native soluble
insulin. From the earliest stages of this project, it was impor-
tant to us to release insulin that had no additional atoms or
moieties attached, in other words to be completely native,
thereby limiting the potential for “downstream” issues associ-
ated with introducing an unnatural insulin into the body.

We incorporated an azide group into the linker which
allowed us to conveniently make a second link of the modified
insulin to an insoluble polymer using a “click” reaction. Our
first generation material used a cross-linked polyethylene gly-
col (PEG) resin modified with a strained cyclooctyne moiety
to allow this final link to be made. One can conceive of a wide
range of ways of building this first-generation material, and
we had to try multiple avenues before finding the approach
described above. But once in place, the elements of it have
proven to be quite robust, and the diazo attachment approach
has remained a major strategy in constructing related
materials.

Our first tests of this material were in-vitro [26¢¢]. We dem-
onstrated that light released insulin with the expected molec-
ular weight of 5808 Da. We showed that the material in the
absence of light did nof release insulin and that pulses of light
from an LED light source resulted in pulses of insulin being
released into the supernatant buffer above the insoluble poly-
meric material. Furthermore, we showed that the release of
insulin with light showed release kinetics that were well fit
by a first order rate law. This suggested to us that we can
reasonably model the amount of insulin released for a given
amount of light.

We then turned to an in-vivo assessment of a similar poly-
mer based material [27¢¢]. All of our in vivo studies to date are
based on the streptozotocin model of diabetes in the rat, an
imperfect model that balances the ability to practically assess
material performance with the relevance of the results to hu-
man health. We assessed the polymer based PAD materials
using a dermal injection. The purpose of the dermal site was
two-fold: to increase the accessibility of light to the depot and
to increase the rate of insulin uptake after photo-release. The
subcutaneous site remains a significant future possibility, with
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the main advantages being the increased injection volume and
lower discomfort associated with injection. These are then
balanced with the greater depth and hence lower accessibility
of light to the site.

Using an injected dermal depot we were able to detect
insulin release only in animals that had been irradiated
using the LED light source. Control animals that had the
material injected as well showed no release either prior to
irradiation or after (the light being blocked by an aluminum
foil sheet). Of particular note to us was the observation of
insulin in the blood stream at the earliest time point (5 min
post irradiation). This puts the PAD insulin in the same
range as the fastest insulins, which could confer significant
clinical benefit for an artificial pancreas system. In addi-
tion to insulin release we also were able to detect blood
glucose reduction. This was a key observation, because it
confirmed that the insulin that we used retained its biolog-
ical activity despite having been involved in the multiple
synthetic steps required to make the material. The final key
observation we made in these earliest in-vivo studies was
that we could induce the release of two pulses of insulin
into the blood by irradiating the skin with two separate 30 s
irradiation periods. This further supported the idea that
insulin delivery can be metered by light. It should therefore
be possible to incorporate the insulin PAD into an artificial
pancreas system as the delivery component.

Deficits in 1st Generation PAD Materials

As effective as the first-generation polymer-based materials
are, they have significant deficits that we have attempted to
address in our subsequent materials. The first of these deficits
is the dependence on polymers to make the material insoluble.
After the insulin has been consumed there is then a need to
clear the polymer from the depot site. One can conceive of a
system in which the polymer is biodegradable, but then we are
burdened with the tricky design issue of maintaining stability
while the depot is being used, and then inducing instability
after the insulin has been released. We would prefer to avoid
this challenge. The second major problem associated with
polymer use to induce insolubility is the overall insulin den-
sity of the materials. In our first-generation materials the final
dry insulin content was ~10% w/w, meaning that 90% was
polymer. We prefer materials in which insulin is the majority
component, as this increases the potential lifetime of the de-
pot, and also increases the ease with which the insulin is
photoreleased. This is because the rate of photolysis increases
with the density of photocleavable groups residing in the light
beam. The increase in density can help address the require-
ment in humans for a greater number of moles of insulin
released than that observed in our rat studies. While these
studies showed blood insulin levels in the high pico-molar
range (close to what is required of human efficacy), the
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number of moles required in a human subject is 200 fold
higher, because of the 200 fold larger blood volume. But we
cannot simply make the light source area 200 times larger, so
we have to increase the moles released to get into the range of
what is needed in humans. Depot density is a prime way of
accomplishing this.

2nd Generation PAD Designs

We have addressed the issue of density and of reliance on
polymers in multiple ways. All of these methods still couple
insulin solubility with light but accomplish it without requir-
ing linking to a polymer, and typically by using smaller solu-
bility modulating moieties. Using these approaches we have
generated materials that have dry insulin densities of >85%
(see Fig. 1¢). In the first of these approaches, we created what
we call a “macropolymer” in which the monomers that make
up the polymer are insulin itself, which is then linked to other
insulin monomers using light cleaved linkers [28]. The result
is a highly insoluble material which is composed of mostly
insulin, with a minority of the material consisting of light
cleaved linkers.

The second approach we have pursued to eliminate poly-
mers in the creation of PAD materials is what we call a “charge
tag” [29]. With the charge tag approach, we modify insulin
with a light cleaved group in a manner similar to our first-
generation material. However to this group we have added
cationic moieties that effectively shift the isoelectric point of
the modified insulin from the normal value of 5.3 to a value of
near 7. The result is that these modified insulins are soluble in
formulation at slightly acidic pH values such as 5, but rapidly
precipitate upon injection into a neutral environment such as
the skin at pH ~7. Thus, they can remain homogenous in
formulation but effectively form a depot upon injection.
Then upon photolysis, the cationic groups are cleaved and
native, soluble insulin released, to be taken up into the capil-
lary bed and systemic circulation. Because the charge moieties
are very low in molecular weight, these PAD materials are
highly efficient, with dry insulin densities of approximately
90%.

The most recent approach we have examined for the
elimination of polymers is the non-polar tag approach
[30]. With this method insolubility is achieved by linking
a highly non-polar group to insulin via a light cleaved linker.
The result is a material that is >90% insulin and is highly
insoluble. We have found that we can mechanically mill the
material into low micron diameter particles. We can achieve
suspensions using this approach of 20 mM which are easily
injectable and which release native soluble insulin in re-
sponse to photolysis. A 140 pul injection of such a suspen-
sion contains the equivalent of ~1 week worth of insulin for
a typical adult patient.

Challenges

At this point in the development of the insulin PAD, there has
been much to encourage us: we have materials that release
insulin in response to light, that do not leach insulin in the
absence of irradiation. We can release native, unmodified in-
sulin without any additional atoms or linkers. The insulin re-
leased retains activity in-vivo, despite the synthetic processing
required. We have demonstrated that we can alter the amount
of insulin released in-vivo by altering the amount of light, and
that we can achieve a robust reduction in blood glucose.

Given all of these positive signs, it is worthwhile at this
point to examine some of the challenges that remain, and
briefly explore possible solutions to these challenges. The first
of these challenges is that of ambient light. There is a danger
with a light triggered process that ambient light from unnatural
and natural sources can stimulate the release of insulin. With
insulin this is a particularly critical issue, as overdose has
severe physiological consequences. We conceive of multiple
approaches to deal with this issue. The first is to shadow the
injection site with the light source. Having a strong adhesive
affixing the light source over the depot site will eliminate
ambient light and unintended insulin release.

We can also deal with ambient light by engineering the
material and source such that insulin will only be released in
significant quantities with the source. We have begun to ex-
amine this issue, determining the absolute irradiance of the
solar spectrum and comparing it with the absolute irradiance
in the narrow wavelength range that our LED light sources
generate. Our observation is that our source can generate sig-
nificantly higher intensity in this narrow range, and therefore
with the right material, ambient light will have minimal re-
lease of insulin, akin to basal insulin release. There appears to
be significant room for optimizing this interplay between the
material and the light source.

A second major challenge is that of depot longevity, i.e.
how long the depot can last after injection. In preliminary in-
vivo studies we have observed a reduction in the insulin re-
leased on the second day after insulin PAD injection. This may
be due to the nature of the material itself or the nature of the
interaction of the material with the biological matrix. It is
possible that this issue can be addressed by modification of
the material or the injection site.

An additional potential challenge is that of immunogenic-
ity. We have seen some signs of immune response at the depot
site in dermal injections with some materials. Again, modu-
lating the material itself may help minimize this phenomenon.
Furthermore, injection into the subcutaneous space may re-
duce exposure and immunogenicity compared with the dermal
site. The body’s tolerance to multiple long acting depot forms
of insulin (e.g. degludec, glargine) suggests that immunoge-
nicity can also be avoided in PAD materials that have similar
levels of non-nativeness.
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The final challenge that the insulin PAD faces is one that all
insulin therapy faces: inter-patient variability. Skin depth dif-
ferences, pigmentation differences, injection variations and
other factors introduce variability into the delivery of insulin.
We believe that we will have to incorporate adaptation into the
control algorithm, wherein feedback from the CGM guides
the amount of light administered. The expectation is that we
will have a reasonable range of starting parameters, derived
from in-vitro and in-vivo analysis, that will ultimately be fine
tuned through feedback in the individual patient.

Next Steps

The focus of our next steps is closely linked with the chal-
lenges described above. A principal focus is on the number of
insulin moles both contained by our depot, and the moles
released in response to a tolerable dose of light. With the
above described high-density materials, we have begun to
address the issue of depot insulin content. With second gen-
eration materials, a tolerable injection volume of 140 ul can
contain 7 days worth of insulin for an adult (~470 units). Our
challenge is to release these with a tolerable light dose. To
increase the ease of insulin release, we are focusing on the
incorporation of new photocleavable groups into our materials
with improved photolytic properties. These improved proper-
ties include higher photolysis wavelength and higher photol-
ysis quantum yield. Our first materials use the di-methoxy
nitro phenyl ethyl group (DMNPE) for photolysis, which uti-
lizes 365 nm light in the far UV range. Incorporating longer
wavelength photocleavable groups (i.e. in the visible range)
can help eliminate any toxicity associated with far UV light. In
addition, longer wavelengths have greater skin penetration
potential, so that a larger proportion of the light applied can
reach the depot site, leading to more efficient insulin release
for a given amount of energy applied to the skin. Further
improvements to the photocleavable group include increasing
the amount of light absorbed by it (i.e. the extinction coeffi-
cient) and the yield of photolytic products formed upon ab-
sorption of a photon (the quantum yield). Improvements in
these areas can lead to ten fold or greater release of insulin
for a given energy of light.

In parallel to our work with insulin we are also examining
the release of glucagon with light, as the best control of blood
glucose should come from a combination of insulin and glu-
cagon release, as is found in the healthy pancreas [31, 32].
Indeed, successful artificial pancreas trials have been ad-
vanced using twin pumps with both insulin and glucagon,
with excellent results. Much of the technology that we have
developed for light stimulated insulin release can be directly
adapted for glucagon release. There is also the potential for
photo-orthogonality, in which a single material could release
insulin with one wavelength of light and release glucagon
with a different wavelength of light.
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Design Philosophy

We have approached the continuously variable delivery of
insulin guided by a specific design philosophy: simplicity,
both materially and operationally. We are aiming for sub-
stances that are as close to native insulin as possible, and
incorporate the least amount of unnatural materials as possi-
ble. The rationale is multifold: simple materials have lower
potential for toxicological issues. Simple materials that resem-
ble insulin will have a lower potential for immune reaction.
And finally, and perhaps most importantly, simple materials
are more likely to be robust and work. This stands in contrast
to more ambitious approaches such as smart insulins, in which
the material is expected to do all three things a pancreas does:
measure glucose, make a decision and finally meter insulin
[33, 34]. We are asking PAD insulin to do only one thing and
do it robustly: meter insulin in response to light. The glucose
measuring is left to a CGM and the decision making is left to
an algorithm. By limiting the PAD to a single purpose, we
increase the chances that we can actually effectively achieve
this goal.

In addition to this material simplicity we are also aiming for
operational simplicity. We mean to make materials that are
used in a fashion as close to current, familiar therapies.
PADs are meant to be injected by the patient using a familiar
31G syringe in a completely analogous fashion to normal
insulin, and we are trying to incorporate this characteristic
from the earliest stages of design. Again, simplicity of mate-
rials and operation will increase the likelihood that these be-
come actually incorporated into clinical practice and not exist
solely as an academic exercise.

Conclusions

In this review we have described the PAD approach for the
continuously variable delivery of insulin. Our motivation in
pursuing this work is to address the significant deficits in
currently existing delivery methods, specifically insulin
pumps. We believe that the goal of controlling insulin delivery
in a robust and minimally invasive way using light is well
within reach and can be attained through the execution of
the challenging but achievable steps outlined in this work.
The result has the potential to change the lives of patients with
diabetes by relieving much of the lifelong burden associated
with management of the disease.
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