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Ultra-Fast Insulin–Pramlintide Co-Formulation for Improved
Glucose Management in Diabetic Rats

Caitlin L. Maikawa, Peyton C. Chen, Eric T. Vuong, Leslee T. Nguyen, Joseph L. Mann,
Andrea I. d’Aquino, Rayhan A. Lal, David M. Maahs, Bruce A. Buckingham,
and Eric A. Appel*

Dual-hormone replacement therapy with insulin and amylin in patients with
type 1 diabetes has the potential to improve glucose management.
Unfortunately, currently available formulations require burdensome separate
injections at mealtimes and have disparate pharmacokinetics that do not
mimic endogenous co-secretion. Here, amphiphilic acrylamide copolymers
are used to create a stable co-formulation of monomeric insulin and amylin
analogues (lispro and pramlintide) with synchronous pharmacokinetics and
ultra-rapid action. The co-formulation is stable for over 16 h under stressed
aging conditions, whereas commercial insulin lispro (Humalog) aggregates in
8 h. The faster pharmacokinetics of monomeric insulin in this co-formulation
result in increased insulin–pramlintide overlap of 75 ± 6% compared to only
47 ± 7% for separate injections. The co-formulation results in similar delay in
gastric emptying compared to pramlintide delivered separately. In a glucose
challenge, in rats, the co-formulation reduces deviation from baseline glucose
compared to insulin only, or separate insulin and pramlintide administrations.
Further, comparison of interspecies pharmacokinetics of monomeric
pramlintide suggests that pharmacokinetics observed for the co-formulation
will be well preserved in future translation to humans. Together these results
suggest that the co-formulation has the potential to improve mealtime
glucose management and reduce patient burden in the treatment of diabetes.

1. Introduction

Patients with type 1 diabetes lack the ability to produce both
endogenous insulin and amylin after an autoimmune response
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destroys the pancreatic beta-cells.[1] In in-
dividuals without diabetes, insulin and
amylin work synergistically to control post-
prandial glucose; amylin delays gastric
emptying and suppresses glucagon action,
while insulin promotes cellular glucose
uptake.[1,2] Studies have shown that dual-
hormone replacement therapy with insulin
and amylin results in improved glycemic
outcomes for individuals with diabetes, in-
cluding a 0.3% reduction in hemoglobin
A1c compared to treatment with insulin
alone.[3] However, treatment of type 1 di-
abetes over the last 100 years has primar-
ily focused on insulin replacement. While
a commercially available amylin analogue
(pramlintide) exists, only 1.5% of patients
who would benefit from amylin replace-
ment therapy had adopted it by 2012.[4] This
is primarily due to formulation challenges
that result in the need for a burdensome
separate injection of amylin in addition to
insulin at mealtimes.

Amylin is highly unstable and rapidly
aggregates to form inactive and immuno-
genic amyloid fibrils.[5] Pramlintide,
the only commercially available amylin

analogue, has three amino acid modifications to reduce its
propensity to aggregate into amyloid fibrils, thus improving its
shelf- life. Unfortunately, pramlintide is typically formulated at
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Figure 1. Scheme of formulation kinetics and stability. a) Current dual-hormone replacement of insulin and pramlintide requires two separate injections
at mealtimes (idealized data for illustration based on reported pharmacokinetics[9]). Not only is this additional injection burdensome, but there is a
kinetic mismatch between insulin and pramlintide when delivered exogenously compared to endogenous co-secretion from the beta-cells. This results
from the mixed insulin association states present in rapid-acting insulin formulations where monomers and dimers are rapidly absorbed, but the slow
dissociation of the insulin hexamer causes extended duration of action. b) A single injection co-formulation of monomeric insulin and pramlintide would
reduce patient burden, and have better pharmacokinetic overlap that more closely mimics endogenous secretion from the healthy pancreas (idealized
data for illustration of study goals). c) Amphiphilic acrylamide copolymer excipients can be used to stabilize an insulin–pramlintide co-formulation.
These excipients preferentially adsorb onto the air–water interface, displacing insulin and/or pramlintide and preventing the nucleation of aggregation
events that initiate amyloid fibril formation. d) Co-formulation components. e) Insulin association states in i) Humalog (adapted from the literature[4])
compared to ii) zinc-free lispro with phenoxyethanol (0.85 wt%) and glycerol (2.6 wt.%). f) Formulation stability in a stressed aging assay (continuous
agitation, 37 °C) of i) Humalog, ii) Humalog + pramlintide (1:6 pramlintide:lispro), iii) zinc-free lispro (100 U mL−1 lispro, 0.85 wt% phenoxyethanol,
2.6 wt% glycerol, 0.1 mg mL−1 MoNi23%), iv) Co-formulation (100 U mL−1 lispro, 1:6 pramlintide:lispro, 0.85 wt% phenoxyethanol, 2.6 wt% glycerol,
0.1 mg mL−1 MoNi23%). Change in transmittance is shown from baseline transmittance. Aggregation is defined as a change in transmittance >10%.

pH 4, making it incompatible with current rapid-acting insulin
formulations (pH ≈ 7).[2] Further, in current clinical administra-
tions, insulin and pramlintide have disparate pharmacokinetics,
which is in contrast to endogenous co-secretion of the two hor-
mones from the beta-cells following the same diurnal patterns.[6]

We hypothesize this difference in kinetics results in reduced syn-
ergistic effects and requires pramlintide doses greater than phys-
iological ratios of insulin to pramlintide. The difference in ab-
sorption kinetics when delivered exogenously results from the
different association states of insulin and pramlintide in formu-
lation (Figure 1a). Pramlintide only exists as a monomer, while
insulin formulations contain a mixture of hexamers, dimers, and
monomers.[7] The mixture of insulin association states, specifi-
cally the presence of the insulin hexamer that is responsible for
the subcutaneous insulin depot effect, results in delayed absorp-
tion and prolonged duration of insulin action.[7]

Recent work from our group has exploited non-covalent PE-
Gylation to create an insulin-pramlintide co-formulation where
supramolecular modification of both proteins simultaneously
with a designer excipient cucurbit[7]uril-poly(ethylene glycol)
(CB[7]-PEG) enables stable co-formulation of insulin and pram-
lintide for delivery in a single administration.[8] This formula-
tion showed increased pharmacokinetic overlap in diabetic pigs,

where pramlintide action is slightly extended by formulation
with CB[7]-PEG to more closely match subcutaneous insulin
absorption.[8] These more similar pharmacokinetics resulted in
improved glucagon suppression in diabetic pigs;[8] however, the
increased pharmacokinetic overlap was achieved primarily by de-
laying pramlintide absorption – slowing the pramlintide phar-
macokinetic profile – to better overlap the insulin and pram-
lintide exposure curves. Ideally, a meal-time insulin-pramlintide
co-formulation would have ultrafast kinetics of both insulin and
pramlintide, allowing both rapid onset and reduced duration of
action for both therapeutic proteins (Figure 1b). An insulin drug
product with these characteristics would allow for rapid man-
agement of meal-time glucose spikes and reduced risk of post-
prandial hypoglycemia. In combination with a real-time continu-
ous glucose sensor, this insulin-pramlintide co-formulation with
more “on-off” kinetics would provide a significant benefit to au-
tomated insulin delivery (“artificial pancreas” systems).

Since our initial non-covalent PEGylation studies, our group
has developed amphiphilic acrylamide carrier-dopant copolymer
(AC/DC) excipients that are composed of a water soluble “car-
rier” monomer and a hydrophobic “dopant” monomer.[10] These
copolymer excipients prevent protein aggregation at hydrophobic
interfaces, such as the air–water interface, and have been used
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to enable a stable monomeric insulin formulation that exhibited
ultrafast insulin pharmacokinetics in diabetic pigs.[10] Typically,
insulin aggregation is initiated at the air–water interface by
interactions between partially unfolded insulins adsorbed to the
interface.[11] These novel amphiphilic acrylamide copolymers
preferentially adsorb to the air–water interface, displacing in-
sulin and preventing the nucleation of insulin aggregation events
(Figure 1c).[12] These copolymer excipients are advantageous
over approaches to non-covalent PEGylation because they lack
specific protein–polymer interactions, imbuing stability without
altering protein pharmacokinetics. Here, we develop an ultra-fast
insulin-amylin co-formulation by leveraging a top-performing
acrylamide copolymer excipient acryloylmorpholine-co-N-
isopropylacrylamide (MoNi23%) to stabilize the two hormones
together in formulation. We hypothesize that combining
monomeric insulin and pramlintide will result in an ultra-fast
insulin pharmacokinetic profile that will better overlap with
pramlintide pharmacokinetics to better mimic endogenous co-
secretion of the two hormones (Figure 1b). Further, we anticipate
the addition of MoNi23%, will imbue stability and allow these two
hormones to coexist in a single formulation exhibited enhanced
stability when compared with commercial insulin drugs.

2. Results

2.1. Stabilization of an Insulin–Pramlintide Co-Formulation

Our previous work has demonstrated the utility of MoNi23% as
a stabilizing excipient for monomeric insulin.[10] The propensity
of insulin and pramlintide to aggregate to form amyloid fibrils,
which are primarily initiated at hydrophobic interfaces, makes
them strong candidates for stabilization using MoNi23%. It has
been shown that MoNi23% can disrupt insulin–insulin interac-
tions at the air–water interface. We hypothesized that we could
use MoNi23% to physically stabilize an ultrafast mealtime insulin–
pramlintide co-formulation. This co-formulation will use the ex-
cipients previously identified in our ultrafast absorbing insulin
lispro formulation to promote the insulin monomer, combined
with pramlintide to enable a single formulation with increased
pharmacokinetic overlap between these two hormones.

As previously reported, zinc-free lispro in the presence of glyc-
erol (2.6 wt%) and phenoxyethanol (0.85 wt%) as tonicity and an-
timicrobial agents, results in a formulation with a high monomer
content.[13] Using size-exclusion chromatography with multi-
angle light scattering (SEC-MALS), we observed 83% monomers,
17% dimers, and 0% hexamers in formulation (Figure 1e; Figure
S1, Supporting Information). In comparison, commercial Hu-
malog is >99% hexameric.[10] For SEC-MALS measurements, in-
sulin association state is tested alone with only small molecule
excipients because both pramlintide and the MoNi23% excipi-
ent are of similar molecular weight and would prevent the cal-
culation of monomer content in formulation. The addition of
MoNi23% has been shown not to alter the insulin association state
by diffusion-ordered nuclear magnetic resonance spectroscopy
(DOSY-NMR).[10] Based on our previous results, it is not antic-
ipated that the presence of pramlintide would alter the insulin
association state.[8]

The insulin–pramlintide co-formulation is composed of zinc-
free lispro (100 U mL−1), pramlintide (1:6 molar ratio pramlin-

tide:lispro), glycerol (2.6 wt%), phenoxyethanol (0.85 wt%), and
MoNi23% (0.1 mg mL−1) in phosphate buffer at pH ≈ 7 (Fig-
ure 1d). A pramlintide ratio of 1:6 was chosen to be consis-
tent with previous work using the CB[7]-PEG stabilized insulin-
pramlintide co-formulation in diabetic pigs.[8] Further, a ratio of
1:6 is similar to high endogenous insulin-pramlintide ratios re-
ported in the literature as well as within the range of ratios in-
dicated to be most effective by in silico experiments.[14] Formula-
tion stability was assessed using a stressed aging assay.[8,10,12–13,15]

As insulin and/or pramlintide aggregates form, they scatter light
which can be measured by absorbance. Here, formulation aggre-
gation is defined as a 10% or greater change in transmittance.
Our co-formulation is stable for 16.2 ± 0.1 h, twice as long as
commercial Humalog which aggregates after 8.2 ± 0.5 h (Fig-
ure 1f). The direct addition of pramlintide to Humalog results in
a translucent formulation immediately upon mixing which has
5–25% reduced transmittance compared to Humalog alone (Fig-
ure S2, Supporting Information). This mixture reaches the ag-
gregation threshold after 8 ± 3 h, which is highly variable due to
the variable initial transmittance. Zinc-free lispro alone is mostly
monomeric and is highly unstable, aggregating rapidly after 5.7±
0.1 h.

2.2. Pharmacokinetics and Pharmacodynamics in Diabetic Rats

After establishing the stability of our insulin-pramlintide co-
formulation, we evaluated the pharmacokinetics in vivo to
determine if the use of monomeric insulin resulted in increased
pharmacokinetic overlap. The co-formulation was tested against
controls of Humalog alone and separate injections of insulin
and pramlintide (Figure 2). A high dose of each formulation
(2 U kg−1) was given to each rat followed by oral gavage with glu-
cose solution (1 g kg−1). A similar magnitude of glucose lowering
was observed in all three formulations (Figure 2b). Normalized
pharmacokinetic values allow for easier visual comparison of
metrics of onset (time to 50% peak up) and duration of action
(time to 50% peak down) between formulations (Figure 3a,j).
For insulin lispro pharmacokinetics, no statistically significant
difference was observed for comparisons of time to onset (time to
50% peak up) or time to peak between formulations (Figure 3a–
c). There was a difference in duration of action, defined as 50%
of peak down, between formulations (F2,20 = 7.07, P = 0.0048).
The co-formulation had shorter duration of action (22 ± 2 min)
compared to separate injections (34 ± 3 minutes, P = 0.0034)
(Figure 3a,d). Faster onset was also corroborated using exposure
ratios – the fraction of the area under the curve (AUC) at a given
timepoint over the total (AUCt/AUC120). The co-formulation
showed a greater fraction of total exposure compared to Hu-
malog and separate injections at 6-, 15- and 30-min timepoints
(Figure 3e–i). There was no difference in insulin lispro (F2,20 =
0.53, P = 0.59) or pramlintide (F2,10 = 3.27, P = 0.10) area
under the exposure curve between formulations (Figure S3,4,
Supporting Information). As expected, there were no differences
observed between pramlintide kinetics delivered as separate
injections versus in the co-formulation (Figure 3j–m; Figure
S4, Supporting Information). The shift of the co-formulation
insulin lispro pharmacokinetic curve to the left was confirmed
by overlaying the insulin pramlintide curves for delivery by
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Figure 2. Pharmacokinetics and pharmacodynamics in diabetic rats. Fasted male diabetic rats (n = 11) received subcutaneous administration of i)
Humalog, ii) separate injections of Humalog and pramlintide, or iii) insulin–pramlintide co-formulation. a) Insulin administration was immediately
followed with oral gavage with a glucose solution (1 g kg−1). Each rat received all treatment groups. b) Change in blood glucose levels from baseline
following treatment. Pharmacokinetics of c) insulin lispro or d) pramlintide. See Figures S3 and S4, Supporting Information for area under the curve
(AUC) exposure comparison for lispro (F2,20 = 0.53, P = 0.59), and pramlintide (F2,10 = 3.27, P = 0.10).

separate injections or co-formulation and comparing overlap
time (Figure 4). Overlap was defined as the ratio of overlap over
total peak width at half peak height (overlap ÷ (lispro + pramlin-
tide − overlap). As hypothesized, delivery of monomeric insulin
with pramlintide in a co-formulation resulted in increased over-
lap (0.75 ± 0.06) compared to separate injections (0.47 ± 0.07,
F1,10 = 6.96, P = 0.025) (Figure 4c). The faster insulin kinetics
and increased overlap between insulin and pramlintide observed
in our co-formulation more closely mimic insulin–pramlintide
secretion at mealtimes. Further, unlike the dissociation of the in-
sulin hexamer, which shows more rapid dissociation in rodents
and pigs compared to humans, the absorption kinetics of the
insulin monomer is better preserved when compared between
species (Figures S5–S7, Supporting Information). This suggests
that the ultrafast kinetics, and increased insulin–pramlintide
overlap observed in these studies will translate well to human
patients.

2.3. Gastric Emptying of Acetaminophen in Diabetic Rats

With our co-formulation in hand, we sought to determine if there
were mealtime benefits to our co-formulation compared to stan-
dard administrations of Humalog alone or Humalog and pram-
lintide administered separately. First, we used acetaminophen
as model cargo to confirm pramlintide function by testing its
ability to delay gastric emptying after formulation administration
(Figure 5). We expected that pramlintide in both separate admin-
istrations and in the co-formulation would result in delayed gas-
tric emptying compared to Humalog alone. Indeed, the time to
peak acetaminophen concentration was delayed until 76 ± 5 min
for separate injections and 68 ± 6 min for the co-formulation
compared to 35 ± 5 min for Humalog alone, demonstrating there
was no difference in time to peak acetaminophen between sepa-
rate injections and the co-formulation (Figure 5c).

2.4. Mealtime Glucose Challenge in Diabetic Rats

We further tested the co-formulation in a simulated mealtime
challenge with a low dose of subcutaneous insulin (0.75 U kg−1)

and a high dose of glucose (2 g kg−1) administered by oral gav-
age (Figure 6). Starting glucose was variable between rats but was
similar for each of the three formulations within a rat (See Fig-
ures S8 and S9, Supporting Information, for individual glucose
curves). In contrast to the glucose measurements in the phar-
macokinetic experiments where insulin was dominant, this ex-
periment aimed to reduce the insulin dose and increase the glu-
cose load to better simulate mealtime glucose management. Yet,
the insulin-to-carbohydrate ratio dosed here was still not ideally
matched due to the practical constraints of accurately administer-
ing small volumes of insulin to the rats. All three formulations
had similar control of the glucose peak (Figure 6c). When looking
specifically at the co-formulation, we observe control of this meal-
time glucose spike while also reducing the magnitude of glucose
lowering below baseline levels (Figure 6b,d). In contrast, while
the delayed gastric emptying for the separate injection formula-
tions results in rapid lowering of glucose levels and control of
the mealtime glucose spike, it also results in a greater glucose
drop below baseline. The Humalog-only administration results
in a similar glucose curve to separate administrations of insulin
and pramlintide but with delayed glucose lowering since glucose
release is not slowed as in the other formulations on account of
the pramlintide.

3. Discussion

In this study, we show that co-formulation of monomeric insulin
lispro and pramlintide have ultrafast kinetics with a high degree
of overlap resulting in improved glucose management after a glu-
cose challenge. This formulation uses amphiphilic acrylamide
copolymer excipient MoNi23% as a stabilizing agent and is phys-
ically stable twice as long as commercial Humalog in a stressed
aging assay. The pramlintide in the co-formulation results in
delayed gastric emptying similar to separately administered
pramlintide.

Further, the combined effects of ultrafast insulin and pram-
lintide delivery synchronized in our co-formulation results in
reduced levels of glucose below baseline measurements, while
maintaining control of the initial glucose spike in our simulated
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Figure 3. Onset and duration of action in diabetic rats. Fasted male diabetic rats (n = 11) received subcutaneous administration of i) Humalog, ii)
separate injections of Humalog and pramlintide, or iii) insulin–pramlintide co-formulation. Insulin administration was immediately followed with oral
gavage with a glucose solution (1 g kg−1). Each rat received all treatment groups. a,j) Pharmacokinetics for each rat was individually normalized to the
peak serum levels and the normalized values were averaged for insulin lispro (a) or pramlintide (j). b,k) Exposure onset defined as time to 50% of the
peak up for insulin lispro (b) or pramlintide (k). c,l) Exposure peak for insulin lispro (c) or pramlintide (l). d,m) Exposure duration defined as time to
50% of the peak down for insulin lispro (d) or pramlintide (m). e–i) Fraction of lispro exposure as a ratio of AUCt/AUC120 at t = 6 (e); t = 15 (f); t =
30 (g); t = 45 (h); t = 60 (i). Statistical significance was determined by restricted maximum likelihood repeated measures mixed model. Tukey HSD
post-hoc tests were applied to account for multiple comparisons (b–i, k–m). Bonferroni post hoc tests were performed to account for comparisons of
multiple individual exposure time points, and significance and 𝛼 were adjusted (𝛼 = 0.01) (e–i).

“mealtime” glucose challenge. The reduced magnitude of glu-
cose levels following administration of the co-formulation is an
unexpected, but advantageous, effect since it combines coverage
of mealtime glucose spikes with a reduced risk of insulin stack-
ing or post-prandial hypoglycemia. A complete understanding of
the complex physiological mechanisms and potential metabolic
synergy responsible for this pharmacodynamic effect is challeng-
ing or impossible to fully characterize in rats and conducting
a large animal study is out of the scope of the present study.

While oral glucose tolerance tests are not completely representa-
tive of a mixed-meal, slowed gastric emptying is still possible to
detect and thus we expect pramlintide to contribute a measurable
effect.[16] Based on the results presented in this study, we hypoth-
esize that the shorter duration of insulin action, and resulting
greater insulin-pramlintide overlap in the co-formulation, leads
to synergy that allows for smoother glucose control. This out-
come would suggest that our co-formulation has potential to im-
prove glucose management by reducing the risk of post-prandial
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Figure 4. Pharmacokinetic overlap of formulations. a,b) Average normalized serum concentrations (for each rat, n = 11/group) for insulin and pramlin-
tide when delivered as two separate injections (a) and when delivered together as a co-formulation (b). c) Overlap between the two curves was defined
as the total time spent above 0.5 for both insulin and pramlintide curves (width at half-peak height), shown as a ratio of the overlap time to the total
width of both peaks (overlap ÷ (lispro + pramlintide − overlap)). Statistical significance was determined by restricted maximum likelihood repeated
measures mixed model.

Figure 5. Gastric emptying in diabetic rats. Fasted male diabetic rats received subcutaneous administration of i) Humalog, ii) separate injections of
Humalog and pramlintide, or iii) insulin–pramlintide co-formulation. a) Gastric emptying experiment where insulin administration (2 U kg−1) was imme-
diately followed with oral gavage with an acetaminophen slurry (100 mg kg−1). Each rat (n = 11) received all treatment groups. b) Acetaminophen serum
concentration. c) Time to peak exposure of acetaminophen serum concentration. All data is shown as mean ± SE. Statistical significance was determined
by restricted maximum likelihood repeated measures mixed model. Tukey HSD post-hoc tests were applied to account for multiple comparisons.

Figure 6. Mealtime simulations with glucose. Fasted male diabetic rats received subcutaneous administration of i) Humalog, ii) separate injections
of Humalog and pramlintide, or iii) insulin–pramlintide co-formulation. a) Oral glucose challenge where insulin administration (0.75 U kg−1) was
immediately followed with oral gavage with a glucose solution (2 g kg−1). Each rat (n = 10) received all treatment groups. b) Change in blood glucose
after administration is shown. c) Maximum change in glucose above baseline. d) Maximum change in glucose below the baseline. All data is shown as
mean ± SE. Statistical significance was determined by restricted maximum likelihood repeated measures mixed model. Tukey HSD post-hoc tests were
applied to account for multiple comparisons.
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hypoglycemia, while reducing patient burden. Further, we hy-
pothesize that greater synergy as a result of synchronized phar-
macokinetics could allow for improved glucagon suppression at
lower doses as seen in our previous co-formulation study.[8] Fu-
ture work before translation of this formulation may include bet-
ter characterization of this effect in other species.

Our data in rats show only trends for increased time to on-
set (50% of peak up) and time to peak were observed for lispro
in the co-formulation compared to Humalog and separate in-
jections. Though, AUC ratios representing the fraction of expo-
sure at various timepoints showed that the co-formulation had a
greater fraction of early lispro exposure than separate injections
and Humalog up until 30 min after injection. These observations
are especially exciting because this study was performed in dia-
betic rats who have much faster insulin absorption rates on ac-
count of their loose skin that results in a larger surface area for
subcutaneous absorption compared to humans (Figure S5, Sup-
porting Information). Indeed, studies comparing rapid-acting in-
sulin analogues and recombinant human insulin, which have
distinct differences in time to onset, do not observe differences
when compared in rats.[17] Previous study of monomeric lispro
in diabetic pigs has shown that time to onset and time to peak
are twice as fast for monomeric lispro compared to Humalog.[10]

Further, comparison of Humalog, monomeric lispro, and pram-
lintide kinetics between rats and pigs corroborate previous mod-
eling to suggest the ultrafast kinetics observed here will be con-
served across species from rats to humans (Figures S6 and S7,
Supporting Information). Where Humalog time to peak almost
doubles from rats (13 ± 1 min) to pigs (25 ± 4 min), time to peak
for monomeric lispro (delivered as part of the co-formulation in
rats) is similar in both species (11± 1 min in rats and 9± 2 min in
pigs) (Figure S7, Supporting Information).[10] The conservation
of time to peak exposure from rats to pigs is highly promising for
the translation of these ultrafast insulin kinetics to human trials
and would result in kinetics faster than current commercial for-
mulations (Figure S7, Supporting Information).

Beyond improved bolus insulin delivery using the co-
formulation, delivering an insulin with these ultrafast kinetics
synchronously with pramlintide presents opportunities for ap-
plications in insulin infusion pumps and “artificial pancreas”
closed-loop systems. Studies using two separate pumps deliv-
ering insulin and pramlintide at a fixed ratio have shown that
dual-hormone replacement results in reduced mean glucose
compared to insulin alone.[18] Recently, this two-pump deliv-
ery approach has been used in a closed-loop system and an in-
creased time in target glucose range was observed for patients
who received a fixed ratio of rapid-acting insulin and pramlin-
tide compared to rapid-acting insulin alone.[19] A stable insulin-
pramlintide co-formulation would enable the implementation
of this dual-hormone treatment in closed-loop systems outside
of clinical trials where using two separate infusion pumps is
impractical. The synchronized insulin–pramlintide kinetics and
shorter duration of insulin action in our co-formulation also
have future promise for better autonomous insulin delivery. At
present, these closed-loop systems require patients to input car-
bohydrates counts at mealtimes and are not fully autonomous,
in part because insulin absorption kinetics are not rapid enough
to reduce mealtime glucose excursions, and the extended dura-
tion of insulin action can result in “insulin stacking” leading to

post-prandial hypoglycemia. An ultrafast insulin–pramlintide co-
formulation has the potential to rapidly react to mealtime spikes,
as the insulin will have immediate onset and the pramlintide will
slow the appearance of glucose (through delayed gastric empty-
ing). Further, with shorter duration of insulin action, the risk of
hypoglycemia, as a result of insulin stacking would be reduced.

As MoNi23% is a new excipient, future work will have to com-
plete robust safety and biocompatibility tests before translation
to humans. Preliminary cytotoxicity and biocompatibility studies
suggest MoNi23% is well tolerated, and adverse effects are not an-
ticipated with its use.[10] An additional area of investigation for
future studies is the chemical stability of our co-formulation. We
have demonstrated pramlintide in our co-formulation is phys-
ically stable under stressed-aging conditions for longer dura-
tions that current commercial Humalog, and that it is active in
vivo, demonstrating delayed gastric emptying after administra-
tion. Though, before commercialization, the chemical stability of
our formulation will have to be investigated to ensure formula-
tion integrity over a long shelf-life.

4. Conclusion

Together, these studies demonstrate that a stable insulin–
pramlintide co-formulation drug product candidate utilizing
monomeric insulin exhibits synchronized ultrafast insulin-
pramlintide pharmacokinetics that result in better glycemic con-
trol in a mealtime simulation. This co-formulation has potential
to improve glucose management and reduce patient burden in
clinical applications using it for both direct bolus administration
as well as in insulin infusion pumps or artificial pancreas closed-
loop systems. While we focus on the treatment of type I diabetes
in this study, anyone taking insulin therapies, including patients
with type II diabetes, would benefit from a single administration,
dual-hormone drug product such as this.

5. Experimental Section
Materials: The authors’ amphiphilic acrylamide copolymer excipi-

ent acryloylmorpholine77%-N-isopropylacrylamide23% (MoNi23%) was pre-
pared according to published protocols.[10] Characterization of MoNi23%
molecular weight and monomer composition can be found in Table S1,
Supporting Information. Humalog (Eli Lilly) and pramlintide (BioTang)
were purchased and used as received. For zinc-free lispro, Zinc(II) was
removed from the insulin lispro through competitive binding by addi-
tion of ethylenediaminetetraacetic acid (EDTA), which exhibits a disso-
ciation binding constant approaching attomolar concentrations (KD ≈

10−18 m).[20] EDTA was added to formulations (4 equiv. with respect to
zinc) to sequester zinc from the formulation and then lispro was isolated
using PD MidiTrap G-10 gravity columns (GE Healthcare) to buffer ex-
change into water. The solution was then concentrated using Amino Ultra
3K centrifugal units (Millipore) and reformulated with 2.6 wt% glycerol,
0.85 wt% phenoxyethanol in 10 mm phosphate buffer (pH = 7.4). All other
reagents were purchased from Sigma–Aldrich unless otherwise specified.

Methods—SEC-MALS: Insulin association state composition for
monomeric insulin formulation was obtained using SEC-MALS as pre-
viously reported.[13] Zinc-free insulin lispro was evaluated in a buffer
containing glycerol (2.6%) and phenoxyethanol (0.85%). Briefly, number-
averaged molecular weight (MW) and dispersity (Ð = Mw/Mn) of formu-
lations were obtained using size exclusion chromatography (SEC) carried
out using a Dionex Ultimate 3000 instrument (including pump, autosam-
pler, and column compartment) outfitted with a Dawn Heleos II Multi An-
gle Light Scattering detector, and a Optilab rEX refractive index detector.
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The column was a Superose 6 Increase 10/300 GL from GE healthcare.
Data was analyzed using Astra 6.0 software. The fraction of each insulin
association state was derived by fitting the experimentally derived number-
average and weight-average molecular weights to Equations (1) and (2) be-
low. m, d, and h, respectively, represent the molar fractions of monomeric,
dimeric, and hexameric insulin while I represents the molecular weight of
monomeric insulin lispro. The solver was constrained so that m + d + h =
1 while m, d, and h remain between 0 and 1.

Mn = m ∗ I + d ∗ 2I + h ∗ 6I (1)

Mw = m ∗ I2 + d ∗ 4I2 + h ∗ 36I2

m ∗ I + d ∗ 2I + h ∗ 6I
(2)

In Vitro Stability: Aggregation assays used to evaluate stability were
adapted from Webber et al.[15] Briefly, formulations were aliquoted 150 μL
per well (n = 3/group) in a clear 96-well plate and sealed with optically
clear and thermally stable seal (VWR). The plate was incubated in a mi-
croplate reader (BioTek SynergyH1 microplate reader) at 37 °C with contin-
uous agitation (567 cpm). Absorbance readings were taken every 10 min
at 540 nm for the duration of the experiment. The formation of insulin
or pramlintide aggregates leads to light scattering and a reduction in the
transmittance of samples (time to aggregation = time to 10% change in
transmittance). Controls included: (i) Humalog (100 U/mL), (ii) Huma-
log (100U/mL) + Pramlintide (1:6 lispro:pramlintide), (iii) zinc-free lispro
(100 U mL−1 lispro, 2.6 wt% glycerol, 0.85 wt% phenoxyethanol, pH =
7.4). The stability of an insulin–pramlintide co-formulation (100 U mL−1

lispro, 1:6 lispro:pramlintide, 2.6 wt% glycerol, 0.85 wt% phenoxyethanol,
pH = 7.4) mixed with 0.1 mg mL−1 MoNi23% was evaluated.

Streptozotocin Induced Model of Diabetes In Rats: Male Sprague Daw-
ley rats (Charles River) were used for experiments. Animal studies were
performed in accordance with the guidelines for the care and use of lab-
oratory animals; all protocols were approved by the Stanford Institutional
Animal Care and Use Committee (Protocol #32 873). The protocol used
for streptozotocin (STZ) induction was adapted from the protocol by Ken-
neth K. Wu and Youming Huan and has been previously reported.[8,12,13,21]

Briefly, male Sprague Dawley rats 160–230 g (8–10 weeks) were weighed
and fasted in the morning 6–8 h prior to treatment with STZ. STZ was
diluted to 10 mg mL−1 in the sodium citrate buffer immediately before in-
jection. STZ solution was injected intraperitoneally at 65 mg kg−1 into each
rat. Rats were provided with water containing 10% sucrose for 24 h after
injection with STZ. Rat blood glucose levels were tested for hyperglycemia
daily after the STZ treatment via tail vein blood collection using a hand-
held Bayer Contour Next glucose monitor (Bayer). Diabetes was defined
as having three consecutive blood glucose measurements >400 mg dL−1

in non-fasted rats.
In Vivo Pharmacokinetics and Pharmacodynamics in Diabetic Rats:

Diabetic rats were fasted for 4–6 h before injection. For pharmacokinetic
experiments rats were injected with 1U insulin formulation (≈2 U kg−1)
followed immediately (<30 s after injection) by oral gavage with 1 g kg−1

glucose solution. The dose of insulin was chosen because it could be
tolerated by the rats, and allowed for delivery with an insulin syringe
with minimal dilution. Formulations tested were: (i) Humalog, (ii)
separate injections of Humalog and pramlintide (1:6 pramlintide:lispro,
pH = 4), (iii) insulin–pramlintide co-formulation (100 U mL−1 lispro,
1:6 lispro:pramlintide, 2.6 wt% glycerol, 0.85 wt% phenoxyethanol,
0.1 mg mL−1 MoNi23%, pH = 7.4). A cohort of 11 rats each received
each formulation once, and the order the formulations were given in was
randomized. To allow for accurate dosing and to avoid dilution effects
(dilution favours the insulin monomer) formulations were diluted twofold
(10 μL formulation + 10 μL formulation buffer) immediately before admin-
istration. After injection, blood glucose measurements were taken using a
handheld glucose monitor (Bayer Contour Next) and additional blood was
collected (Sarstedt serum tubes) for analysis with ELISA. Timepoints were
taken every 3 min for the first 30 min, then every 5 min for the next 30 min,
then at 75, 90, and 120 min. Serum pramlintide concentrations were quan-
tified using a human amylin ELISA kit (Millipore Sigma). Serum lispro
concentrations were quantified using Northern Lights Mercodia Lispro

NL-ELISA. A second pharmacodynamics experiment was performed to
try to better match insulin dose with oral glucose dose to better simulate
meal-time glucose management. The same formulations were tested but
doses were changed to 0.75 U kg−1 insulin delivered subcutaneously
immediately before oral gavage with 2 g kg−1 glucose. The lower dose was
chosen to try to better match the carbohydrate load, however this was lim-
ited by the volume of undiluted insulin that could be practically adminis-
tered to the rats and thus the insulin dose still resulted in a net decrease in
glucose levels. A 10 μL Hamilton syringe was used to allow accurate dosing
of undiluted (100 U mL−1) formulations. A cohort of 10 rats each received
each formulation once, and the order the formulations were given in was
randomized. Only glucose was measured and timepoints were taken every
5 min for the first hour, followed by measurements at 75, 90, and 120 min.

Gastric Emptying in Diabetic Rats: Acetaminophen was used as a
model compound to evaluate gastric emptying at mealtimes. Diabetic
rats were fasted for 4–6 h before the experiment started. Rats were
then injected subcutaneously with one of the following formulations
(2 U kg−1): (i) Humalog, (ii) separate injections of Humalog and pram-
lintide (1:6 pramlintide:lispro, pH = 4), (iii) insulin-pramlintide co-
formulation (100 U mL−1 lispro, 1:6 lispro:pramlintide, 2.6 wt% glycerol,
0.85 wt% phenoxyethanol, 0.1 mg mL−1 MoNi23%, pH = 7.4). To allow
for accurate dosing and to avoid dilution effects (dilution favours the in-
sulin monomer), formulations were diluted twofold (10 μL formulation +
10 μL formulation buffer) immediately before administration. A cohort of
11 rats each received each formulation once, and the order the formula-
tions were given in was randomized. Acetaminophen was administered
via oral gavage as a slurry in phosphate buffer (100 mg kg−1) immediately
after insulin administration. (Tips of feeding tubes were dipped in glucose
solution before oral gavage to reduce stress of administration).[22] Blood
samples were collected for ELISA (Neogen) at −30, 0, 15, 30, 60, 90, 120,
and 150 min after injection.

Statistics: All results are expressed as mean ± standard error (SE) un-
less specified otherwise. Sample size for each experiment is included in
the corresponding methods section as well as figure captions. All statis-
tical analyses were performed as general linear models in JMP Pro ver-
sion 14. Comparisons between formulations were conducted using the re-
stricted maximum likelihood repeated measures mixed model. Post-hoc
Tukey HSD tests for multiple comparisons were applied when formula-
tion was a significant fixed effect, and adjusted p-values were reported.
Rat was included as a variable in the model as a random effect blocking
(control) factor to account for individual variation in rat responses. (Each
rat received every formulation and acted as its own control). Statistical
significance was considered as P < 0.05. For Figure 2h–l, post-hoc Bon-
ferroni correction was applied to account for comparison of formulations
at multiple exposure timepoints (In addition to Tukey HSD correction) and
significance was adjusted to 𝛼 = 0.01.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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