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There are over 422 million people living with diabetes world-
wide and 5–10% of these people have type 1 diabetes1. These 
patients often suffer from severe side effects, such as renal fail-

ure, heart disease, vision loss and limb amputation, which can all be 
prevented with tight glycaemic control. Type 1 diabetes occurs after 
an autoimmune response resulting in the destruction of pancreatic 
β cells responsible for the production and secretion of metabolically 
active hormones including insulin and amylin. Patients with type 
1 diabetes are therefore unable to produce the insulin required for 
glucose uptake by cells. Amylin complements the action of insulin to 
regulate blood glucose levels by acting centrally to slow gastric emp-
tying, suppress postprandial glucagon secretion and decrease food 
intake by increasing satiety (Fig. 1a)2–10. Similar to insulin, amylin 
production is insufficient at diagnosis and deteriorates with ongo-
ing autoimmune destruction in individuals with type 1 diabetes. 
Furthermore, patients with type 1 diabetes experience additional 
loss of metabolic signalling such as suppression of postprandial glu-
cagon secretion, resulting in glucagon-driven glycogenolysis that 
compounds mealtime hyperglycaemic excursions (Fig. 1a).

Insulin replacement therapy has been the focus of diabetes treat-
ment for over 80 years, yet amylin has been largely overlooked. 
Current treatments use subcutaneous injections or infusion from 
pumps to deliver insulin. A true hormone replacement therapy for 
patients with type 1 diabetes would simultaneously deliver amy-
lin and insulin. Amylin replacement therapy is critical to regain  

suppression of postprandial glucagon, which cannot be achieved 
with subcutaneous insulin delivery alone (Fig. 1 and Supplementary 
Fig. 1). Amylin replacement therapy has proven to be challenging 
because amylin is highly unstable in formulation and rapidly aggre-
gates into amyloid fibrils11, prompting the development of the amy-
lin analogue pramlintide, which acts through similar mechanisms 
to amylin in vivo. Pramlintide differs from amylin by alterations to 
three amino acids that suppress amyloid fibrillation and enable its 
stable formulation at about pH 4 (refs. 2–9). Unfortunately, insulin 
and its analogues are typically formulated at approximately pH 7.4, 
which means that insulin and pramlintide must be administered in 
two separate injections. Patients treated with a combination of insu-
lin and pramlintide at mealtimes have been shown to have improved 
glycaemic control, observed as a 0.3% decrease in HbA1c levels in 
comparison to patients treated with insulin alone4,5,7,8,12–14. Despite 
the increased efficacy of dual-hormone treatment, by 2012 only 
29,000 patients of over 2,100,000 patients who would potentially 
benefit from such a treatment had adopted it due to the burden-
some requirement for administration as two separate injections15.

In addition to formulation challenges, the pharmacokinetics 
of insulin and pramlintide in current formulations are highly dis-
similar and the resulting lack of pharmacokinetic overlap does not 
mimic their natural mode of action. In healthy individuals, insu-
lin and amylin are co-secreted at a fixed ratio from the β-cells in 
the pancreas and act with similar kinetics16. In contrast, the current 
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‘rapid-acting’ insulin analogue formulations Humalog (insulin lis-
pro) and Novolog (insulin aspart) exhibit a delayed onset of action 
of approximately 20–30 min, peak action at about 60–90 min and 

total duration of action of about 3–4 h (refs. 4,6,17,18), whereas Symlin 
(pramlintide) begins to act almost immediately, exhibits a peak 
action at about 20 min and total duration of action of approximately 
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Fig. 1 | CB[7]–PEG binds to insulin and pramlintide and alters diffusion rates in formulation. a, Schematic of post-mealtime metabolic signalling pathways 
in healthy individuals (left) and patients with type 1 diabetes who are receiving insulin replacement therapy (right). In healthy individuals, endogenous insulin 
promotes cellular glucose uptake and acts with amylin to locally suppress postprandial glucagon, thus decreasing glycogenolysis and gluconeogenesis.  
In contrast, treatment of patients with diabetes with subcutaneous insulin alone cannot restore glucagon suppression. Amylin replacement is critical  
to fully restore metabolic signalling and constitute a true hormone replacement therapy. b,c, Schematics demonstrating how molecular weight affects 
diffusion rates, which directly impact the absorption kinetics following subcutaneous administration. b, Standard insulin formulations comprise a mixture  
of insulin aggregation states (that is, hexamers and dimers) that exhibit an extended duration of insulin action when injected into the subcutaneous space.  
In contrast, the pramlintide monomer is rapidly absorbed into the blood. c, Following complexation with CB[7]–PEG such that only insulin dimers exist in  
the formulation, insulin and pramlintide have molecular weights and diffusion rates that are more similar to one another. d,f, Acridine orange competitive 
binding assay for aspart (d; n = 1 experiment) and pramlintide (f, n = 1 experiment), indicating binding of CB[7] to both proteins. e,g, DOSY NMR provides  
insight into the formation of protein–CB[7]–PEG complexes and their rates of diffusion in formulation. In these studies, the aspart–CB[7]–PEG complex  
(e, cyan) exhibits a 30% reduction in the diffusion rate compared with standard dimeric aspart (grey). Moreover, the pramlintide–CB[7]–PEG complex  
(g, red) exhibits an approximately twofold reduction in the diffusion rate compared with pramlintide alone (grey). Complexation of the two proteins with 
CB[7]–PEG results in a ratio of the diffusion rates of pramlintide–CB[7]–PEG to aspart–CB[7]–PEG of only 1.6 compared with 2.3 for pramlintide and  
aspart in typical formulations, indicating that the diffusivities of the proteins are more similar in co-formulation. MW, molecular weight; a.u., arbitrary units; 
HDO, hydrogen deuterium oxide from water; horizontal black lines highlight individual compounds and their diffusivities.
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90 min. This large dissimilarity in pharmacokinetics arises from the 
distinct aggregation states of the proteins in the formulation and the 
resulting impact on absorption behaviour. These insulin formula-
tions contain a mixture of hexamers, dimers and monomers, which 
dissociate following subcutaneous injection and are absorbed at dif-
ferent rates, resulting in the delayed onset and long duration of action 
of these formulations (Fig. 1b)19–21. In contrast, the pramlintide 
monomer is absorbed rapidly from the subcutaneous space (Fig. 1b).  
The lack of overlap between the insulin and pramlintide pharma-
cokinetics in current treatment strategies hinders the synergistic 
effects of pramlintide and insulin action. Recent clinical studies have 
moved towards evaluating the benefits of delivering a fixed ratio of 
insulin and pramlintide using two separate pumps to better simulate 
endogenous insulin–pramlintide secretion22–24. Although the use of 
two separate pumps can deliver a fixed ratio of pramlintide to insu-
lin24, this method is overly burdensome outside of a research setting 
and does not address the poor pharmacokinetic overlap of these two 
hormones following subcutaneous administration.

A new class of excipients are needed for protein formulation to 
address the concerns surrounding aggregation and denaturation 
over time25,26. Covalent PEGylation has been successful as a strat-
egy to stabilize insulin and amylin in formulation27–29; however, 
covalent modification of proteins often interferes with their activ-
ity, typically extends their pharmacokinetics in  vivo and can lead 
to increased immunogenicity30. Recent research has shown that 
non-covalent modification of proteins can enhance their stability in 
formulation31,32. In particular, cucurbit[n]urils (CB[n]) are a family 
of macrocyclic hosts that exhibit strong binding affinities for aro-
matic amino acids33–36 and have a reassuring safety profile37–39. The 
conjugation of a polyethylene glycol (PEG) chain to CB[7] creates 
a designer excipient (CB[7]–PEG) for non-covalent PEGylation of 
protein therapeutics. Insulin has an amino (N)-terminal phenylala-
nine and pramlintide has an amidated carboxy (C)-terminal tyro-
sine, making them ideal targets for supramolecular modification 
using the CB[7]–PEG system31. In this work, we exploit CB[7]–PEG 
for simultaneous supramolecular PEGylation of insulin and pram-
lintide to stabilize the two hormones in a co-formulation whereby 
the therapeutic ratio is defined in the formulation. We demonstrate  
that this dual-hormone therapy can be administered as a single  
injection, thus reducing burden, and that the increased overlap  
between the pharmacokinetics of the two pharmaceuticals restores  
postprandial glucagon suppression in a swine model of insulin- 
deficient diabetes for tighter glycaemic control and enhanced  
diabetes management.

Results
Characterization of CB[7]–PEG binding. CB[7]–PEG with vary-
ing PEG molecular weights has been shown to bind to recombinant 
human insulin with micromolar affinities, increasing its stability 
in formulation and enabling simple tuning of the duration of insu-
lin action in a mouse model of insulin-deficient diabetes through 
modulation of the PEG molecular weight31. In this study, we chose 
to work with CB[7]–PEG5k because of its demonstrated capacity to 
stabilize recombinant human insulin in formulation without signifi-
cantly extending the insulin duration of action in vivo. We aimed 
to stabilize insulin and pramlintide together in formulation as well 
as use co-formulation as an opportunity to simultaneously alter 
the pharmacokinetics of the two hormones in vivo to more closely 
match one another. Through a combination of insulin hexamer dis-
ruption by removal of the formulation zinc and simultaneous com-
plexation of insulin and pramlintide with CB[7]–PEG, the effective 
hydrodynamic size of both components become similar to one 
another (Fig. 1b,c). We hypothesized that this similarity in hydro-
dynamic size, which directly impacts absorption following subcuta-
neous administration, would promote a greater overlap between the 
pharmacokinetic profiles of the two therapeutics.

We evaluated an insulin analogue, aspart, because it is the active 
ingredient in the most commonly used commercial rapid-acting 
insulin formulation Novolog. We determined the binding affinity of 
CB[7] to both aspart and pramlintide using a competitive binding 
assay with acridine orange (AO; Fig. 1d,f). The binding of CB[7] 
to aspart was determined to be 0.54 μM, which is similar to values 
previously reported for binding to recombinant insulin31, whereas 
the binding to pramlintide was determined to be 38 μM. The higher 
binding affinity of CB[7] to insulin compared with pramlintide is 
due to the well-documented higher binding affinity of CB[7] to 
N-terminal aromatic amino acids on account of the hydrophobic 
guest being flanked by a protonated amine group31. Circular dichro-
ism confirmed that the binding of both aspart and pramlintide with 
CB[7]–PEG did not affect protein structure (See Supplementary 
information and Supplementary Fig. 2).

We then used diffusion-ordered NMR spectroscopy (DOSY) 
to provide insight into the hydrodynamic size and diffusion char-
acteristics of the protein–CB[7]–PEG complexes (Fig. 1e,g and 
Supplementary Figs. 3,4). In these studies, aspart was formu-
lated with CB[7]–PEG and EDTA to remove formulation zinc. 
EDTA forms strong complexes with zinc (dissociation constant 
(Kd)≈ 10 × 10−18 M)40,41 and the addition of one molar equivalent 
of EDTA relative to the zinc found in insulin formulations rapidly 
sequesters the zinc, preventing it from interacting with the insulin 
and disrupting insulin-hexamer formation in solution. In DOSY 
experiments, CB[7]–PEG and aspart were found to diffuse together, 
thus verifying the binding interaction observed previously using 
competitive binding assays. The aspart dimer exhibited a diffu-
sion rate of approximately 1.2 × 10−10 m2 s−1, whereas the complex of 
aspart–CB[7]–PEG exhibited a 30% lower diffusion rate of approxi-
mately 8.7 × 10−11 m2 s−1. The Stokes–Einstein relationship specifies 
that the diffusion rate is inversely proportional to the size of the 
species in solution, whereby a 50% increase in the molecular weight 
is expected to decrease the diffusion rate by roughly one-third, as 
observed in this study. We used this relationship to approximate 
the hydrodynamic radius (Rh) to be 2.2 nm for dimeric aspart and 
2.9 nm for the aspart–CB[7]–PEG complex. For comparison, the 
insulin hexamer has an Rh of approximately 2.8 nm (ref. 42).

Similarly, the diffusion rate for pramlintide decreased from 
2 × 10−10 m2 s−1 for the protein alone to 1.4 × 10−10 m2 s−1 for the pram-
lintide–CB[7]–PEG complex, corresponding to a change in Rh from 
1.2 nm to 1.7 nm. The degree of diffusion-rate increase after the 
addition of CB[7]–PEG to pramlintide was lower than that observed 
for aspart, probably due to the weaker and more dynamic binding. 
We observed that the ratio of the diffusion rates of the pramlint-
ide–CB[7]–PEG and aspart–CB[7]–PEG complexes was approxi-
mately 1.6, whereas the ratio of the diffusion rates for pramlintide 
alone and insulin in a standard formulation was approximately 2.3. 
These observations suggest that the zinc-free co-formulation of the 
two protein–CB[7]–PEG complexes makes the two hormones more 
similar in hydrodynamic size than is possible with standard formu-
lation approaches.

Formulation stability in vitro. To determine whether CB[7]–PEG 
stabilizes pramlintide in combination with insulin at physiologi-
cal pH, the aggregation of insulin and pramlintide over time under 
stressed conditions (37 °C with continuous agitation) was assessed. 
As insulin and pramlintide destabilize, they form amyloid fibrils, 
which are insoluble, inactive and often immunogenic43–45. These 
aggregates are large and scatter light, and thus the degree of aggre-
gation can be evaluated by measuring the change in transmittance 
over time31.

Commercial Novolog and Humalog both aggregate in these 
stressed ageing conditions after 10 ± 1 and 6 ± 0.2 h, respectively, 
but are both stabilized for over 100 h when formulated with CB[7]–
PEG (See Supplementary information and Supplementary Fig. 5). 
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Pramlintide formulated in sodium acetate buffer (pH 4; similar 
to the commercial formulation Symlin) was stable for over 100 h 
under stressed conditions (Fig. 2a); however, when formulated in 
PBS (pH 7.4), pramlintide aggregated after only 15 ± 4 h, indicating 
a dramatic reduction in stability at physiological pH. In contrast, 
when formulated with CB[7]–PEG in PBS (pH 7.4), pramlintide 
remained stable for over 100 h under stressed conditions.

In addition to stabilizing pramlintide and insulin analogues sep-
arately, CB[7]–PEG facilitated the development of a stable insulin–
pramlintide co-formulation (Fig. 2b,c). Pramlintide co-formulated 
with either aspart or lispro in PBS (pH 7.4) in the absence of CB[7]–
PEG aggregated after only 2.9 ± 0.2 (aspart + pramlintide) or 
4.9 ± 0.3 h (lispro + pramlintide) under stressed conditions, whereas 
co-formulation with CB[7]–PEG in the same buffer conditions was 
completely stable for the duration of the 100-h kinetic study. These 
results demonstrate that simultaneous supramolecular PEGylation 
of pramlintide with either aspart or lispro and CB[7]–PEG enables 
the development of a viable dual-hormone co-formulation.

Pharmacodynamics and pharmacokinetics in diabetic rats. 
Having established the stability of the insulin–pramlintide 
co-formulation, we evaluated our co-formulation in vivo by mea-
suring the blood glucose as well as the insulin and pramlintide 
pharmacokinetics in a well-studied rat model of insulin-deficient 
diabetes46. We hypothesized that an increase in the overlap between 
the insulin and pramlintide pharmacokinetics will enable the devel-
opment of a more physiologically relevant dual-hormone treat-
ment. Here, Novolog refers to the administration of the available 
commercial formulation, whereas insulin aspart formulations con-
tain isolated zinc-free insulin aspart. In these studies, aspart–pram-
lintide co-formulations (PBS at pH 7) comprising zinc-free aspart 
(1.5 U kg−1), CB[7]–PEG (five equivalents relative to insulin) and 
pramlintide (1:15, 1:8 or 1:2 equivalents relative to insulin) were 
compared with commercial Novolog alone (1.5 U kg−1) and the clin-
ically relevant combination of Novolog (1.5 U kg−1) and pramlintide 
(in sodium acetate buffer, pH 4) administered as separate injections 
(Fig. 3a–c). The rationale of the pramlintide concentrations used is 
discussed in the Supplementary information.

The rate of blood glucose depletion following administration 
in fasted diabetic rats was similar for all treatment groups and a 
blood glucose drop from 448 ± 17 (time (t) = 0) to 116 ± 17 mg dl−1 

(t = 60 min) was observed across all treatment groups. The molar 
ratio of pramlintide to Novolog had no effect on the rate or degree 
of blood glucose depletion.

Serum concentrations of insulin and pramlintide over time fol-
lowing the subcutaneous administration of each of the treatments 
outlined above were measured by ELISA to assess the degree of 
overlap between the pharmacokinetic profiles of the two hormones. 
The area under the curve (AUC) of aspart following administra-
tion in co-formulation with pramlintide (10 ± 6 mU ml−1) was 
significantly lower than when administered alone in commercial 
Novolog (29 ± 8 mU ml−1; t = 4.47 (where t refers to the t-statistic); 
degree of freedom (df) = 10; 95% confidence interval (CI) (−27,203, 
−9,099); P = 0.0012; Fig. 3e). These results suggest that pramlint-
ide affects the serum concentrations of aspart and that this effect 
is amplified when the dual-hormone therapy is administered in a 
co-formulation treatment rather than as two separate injections 
(See Supplementary information). The ‘onset’ rate of fast-acting 
insulins is often determined using two metrics: (1) time to 50% of 
the normalized peak height up and (2) time to peak insulin serum 
concentration. Normalized serum concentration data were used to 
compare the time to peak aspart concentrations between treatment 
groups (Fig. 3h). No difference was observed in either measures for 
aspart following the administration of commercial Novolog alone, 
Novolog alongside a separate injection of pramlintide or admin-
istration in a single co-formulation injection (Fig. 3i,j). There was 
also no significant difference in the duration of action of aspart, 
determined by measuring the terminal time to 50% of the normal-
ized peak height, between treatment groups (Fig. 3k).

When the pramlintide pharmacokinetics were evaluated, no sig-
nificant differences were observed in pramlintide AUC following 
different treatments (Fig. 3f,g). No significant differences were seen 
in the pramlintide time-to-onset or peak action when pramlintide 
and insulin were administered as separate injections compared with 
the insulin–pramlintide co-formulation (Fig. 3m,n). In contrast, 
the duration of action of pramlintide was extended from 17 ± 3 min 
for separate administrations to 21 ± 4 min for the co-formulation 
(t = 2.26; df = 10; 95% CI (0.07, 9.065); P = 0.047; Fig. 3o). As 
hypothesized, an extended pramlintide duration of action resulted 
in an increase in overlap between the aspart and pramlintide phar-
macokinetics (t = 4.01; df = 10; 95% CI (0.15, 0.52); P = 0.0025). The 
overlap of the pharmacokinetic profiles can be represented by the 
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aspart + pramlintide or lispro + pramlintide in the absence of CB[7]–PEG. These assays assess the aggregation of proteins over time in formulation during 
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ratio of AUC of serum pramlintide to aspart, which increased from 
0.4 ± 0.2 when these proteins were delivered separately to 0.7 ± 0.1 
when delivered in co-formulation (Fig. 4).

Pharmacodynamics and pharmacokinetics in diabetic pigs. 
We conducted studies in a swine model of insulin-deficient dia-
betes to assess the translationally relevant pharmacokinetics and  
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Fig. 3 | Aspart and pramlintide pharmacokinetics following different administration routes in diabetic rats. Diabetic male rats (n = 6) that had been fasted 
received subcutaneous administration of therapies comprising commercial Novolog, commercial Novolog and pramlintide (pH 4) delivered with separate 
injections or an aspart–pramlintide co-formulation with CB[7]–PEG. All treatment groups received 1.5 U kg−1 insulin. a–c, The blood glucose levels at ratios 
of 1:15 (a), 1:8 (b) and 1:2 (c) pramlintide to aspart were evaluated. All pharmacokinetic studies were evaluated with pramlintide at a ratio of 1:2 aspart to 
pramlintide. d,f, Pharmacokinetics of insulin aspart (d) or pramlintide (f). e,g, The AUC of the pharmacokinetic curves for aspart and pramlintide (g) for 
the first 60 min or 40 min, respectively, after subcutaneous injection. h,l, The pharmacokinetics for each rat were individually normalized to the peak serum 
levels and the normalized values were averaged for the aspart (h) and pramlintide (l) concentrations of each treatment group. i,m, Time to reach 50% of the 
peak serum concentrations of aspart (i) and pramlintide (m; onset). j,n, Time to reach peak aspart (j) and pramlintide (n) serum concentrations. k,o, Time 
for the depletion of 50% of the peak serum concentrations of aspart (k) and pramlintide. The mean ± s.d. is shown for n = 6 animals in all groups. Statistical 
significance was determined using a two-tailed Student’s t-test.
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postprandial treatment benefits (See Supplementary information) 
of insulin–pramlintide co-formulations. Fasted diabetic swine 
were initially treated with commercial Humalog (4 U; 0.13 U kg−1), 
separate injections of commercial Humalog (4 U; 0.13 U kg−1) and 
pramlintide (pH 4; pramlintide:insulin, 1:6) or lispro–pramlint-
ide co-formulation (4 U insulin; pramlintide:insulin, 1:6; CB[7]–
PEG:lispro + pramlintide molar ratio, 3:1; Supplementary Fig. 7). 
Although the pigs that received a meal but no insulin showed the 
expected increase in blood glucose levels, no difference in blood 
glucose was observed between each of the formulations tested and 
no postprandial glucose excursions were observed in the treated 
groups (Supplementary Fig. 6). The serum or plasma concentra-
tions of lispro and pramlintide over time following a meal given 
simultaneously with the subcutaneous administration of the dif-
ferent treatments outlined above were then measured by ELISA 
(Fig. 5). When delivered as a part of the co-formulation, the AUC 
of the lispro pharmacokinetic curve was lower than when deliv-
ered as a separate injection from insulin. Consistent with the data 
for rats, no differences were observed in the lispro time-to-onset, 
peak action or duration of action between the treatment groups 
(Fig. 5e–h). Pramlintide pharmacokinetics demonstrated increased 
time-to-onset (t = 2.53; df = 24; 95% CI (0.67, 6.55); P = 0.018) and 
prolonged duration of action (t = 2.53; df = 24; 95% CI (2.06, 20.47); 
P = 0.019) when administered as a part of the co-formulation 
(onset, 9 ± 3 min; duration, 58 ± 7 min) compared with administra-
tion as a separate injection (onset, 6 ± 4 min; duration, 47 ± 14 min; 
Fig. 5i–l). These observations corroborate the observations of the 
pharmacokinetics of pramlintide made in rats. The modulation of 
the pramlintide pharmacokinetics was confirmed by an increase 
in the overlap between the pharmacokinetic curves of insulin and 
pramlintide when administered as a co-formulation compared with 
when administered as separate injections (Fig. 6a–c). The ratio of 
the overlap time to the total time at half-peak height was determined 
to be 0.67 ± 0.29 for the co-formulation and 0.42 ± 0.30 for the sepa-
rate injections (t = 2.15; df = 24; 95% CI (0.010, 0.487); P = 0.042).

We hypothesized that an increase in the overlap between the 
pharmacokinetics of insulin and pramlintide in our insulin–pram-
lintide co-formulation would be advantageous for the treatment 
outcomes. The co-formulation resulted in suppressed postprandial 
glucagon levels (1 ± 16 pM) compared with both Humalog alone 
(14 ± 16 pM; t = 2.09; df = 25; 95% CI (−25.39, −0.21); P = 0.0465) as 
well as insulin and pramlintide delivered as two separate injections 
(14 ± 17 pM; t = 2.06; df = 26; 95% CI (−25.13, −0.03); P = 0.0495; 
Fig. 6d,e). Separate injections did not result in statistically signifi-
cant differences in postprandial glucagon suppression compared 

with Humalog alone (t = 0.04; df = 25; 95% CI (−12.97, 12.53); 
P = 0.97). These results suggest that co-formulation improves the 
restoration of metabolic signalling compared with the separate 
delivery of insulin and pramlintide.

Biocompatibility of CB[7]–PEG. As CB[7]–PEG is a new chemi-
cal entity, we sought to assess its biocompatibility using blood 
chemistry and histopathology to look for potential negative effects 
on the liver or kidney. Healthy Sprague Dawley rats (n = 4) were 
given daily injections of CB[7]–PEG (at a dose equivalent to what 
would be administered in an insulin injection) for 6 weeks. Their 
blood chemistry was monitored biweekly and single-blinded 
assessment of the histopathology of the liver and kidneys was 
conducted at the endpoint of the study (See Supplementary infor-
mation and Supplementary Fig. 8). No differences were observed 
between the treated animals and untreated controls during these 
studies. The blood chemistry of diabetic pigs that received inter-
mittent injections of the insulin–pramlintide co-formulation 
(1:6) containing CB[7]–PEG corroborated the findings in rats 
(Supplementary Fig. 9).

Discussion
Natural insulin secretion results in insulin levels that are several 
times higher in the liver than in the peripheral tissues as a result of 
first-pass insulin absorption from the portal vein. Although subcu-
taneous insulin replacement therapy successfully stimulates glucose 
uptake in the peripheral tissues, it does not suppress hepatic glucose 
secretion to the same degree as endogenous insulin due to differ-
ential pharmacokinetics, pharmacodynamics and biodistribution. 
In turn, the reduction in hepatic signalling results in unrestricted 
glycogen mobilization in the postprandial period. A physiological 
replacement therapy for amylin in diabetic patients may play an 
important role in improving the efficacy of insulin treatments, given 
that amylin and its analogues act synergistically to inhibit glycogen 
mobilization from hepatic tissues by suppressing postprandial glu-
cagon47. However, co-formulation of biopharmaceuticals is difficult 
because of their poor stability and potential for differential solubil-
ity, and traditional formulation approaches to prepare an insulin–
pramlintide co-formulation have been unsuccessful.

In this study, a co-formulation of insulin and pramlintide was 
created using an approach that utilizes simultaneous supramolecu-
lar PEGylation of the two hormones with CB[7]–PEG to stabilize 
pramlintide in combination with insulin analogues such as aspart 
or lispro in the absence of formulation zinc. We demonstrated the 
utility of this simple excipient-based approach to simultaneously 
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Fig. 4 | Administration of aspart and pramlintide as a co-formulation in diabetic rats enhances the pharmacokinetic overlap. a,b, Mean normalized 
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endow the otherwise incompatible proteins insulin and pramlint-
ide with PEG chains to inhibit protein aggregation31. This approach 
exploits the specific and strong binding of the macrocyclic host 
molecule CB[7] to aromatic amino acids—including the N-terminal 
phenylalanine on insulin and the amidated C-terminal tyrosine on 
pramlintide33–36—through simple mixing, as these interactions are 
non-covalent. CB[7]–PEG exhibits binding affinities for these pro-
teins in the micromolar range such that over 98% of the complexes 
are bound at typical formulation concentrations, yet fewer than 1%  
are bound on dilution, following administration in the body.  
This feature affords the automatic release of authentic unmodified  

therapeutic proteins following administration and overcomes the 
limitations of traditional approaches to covalent grafting of polymers 
onto proteins, which include reduced activity28,48. This approach 
thereby offers a broadly useful and modular excipient strategy for 
the formulation of unmodified protein drugs to enhance their for-
mulation shelf life and alter pharmacokinetics.

We hypothesized that simultaneous supramolecular PEGylation of 
insulin and pramlintide would not only enable their co-formulation 
at physiological pH by enhancing the stability of the two proteins 
but would also facilitate the modification of the insulin–pramlint-
ide pharmacokinetics to more closely mimic endogenous hormone 
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Fig. 5 | Lispro and pramlintide pharmacokinetics following different administration routes in diabetic pigs. Diabetic female pigs received subcutaneous 
administration of therapies comprising commercial Humalog, commercial Humalog and pramlintide (pH 4) delivered as separate injections or a lispro–
pramlintide co-formulation with CB[7]–PEG. The treatments were administered simultaneously with a 200 g meal. All treatment groups received 4 U 
insulin and the pramlintide groups received a molar ratio of 1:6 pramlintide to lispro. a,c, Pharmacokinetics of insulin lispro (a; Humalog, n = 14; separate, 
n = 15; co-formulation, n = 13) and pramlintide (c; n = 14 for both groups). b,d, AUC of the pharmacokinetic curves of lispro (b; Humalog, n = 12; separate, 
n = 14; co-formulation, n = 13) and pramlintide (d; separate, n = 13; co-formulation, n = 14) for the first 240 min after subcutaneous injection. e,i, The 
pharmacokinetics for each pig were individually normalized to the peak concentrations, and the normalized values were averaged for the lispro (e; Humalog, 
n = 14; separate, n = 15; co-formulation, n = 13) and pramlintide (i; n = 14 for both groups) concentration of each treatment group. f,j, Time to reach 50% of 
the peak lispro (f; Humalog, n = 13; separate, n = 14; co-formulation, n = 12) and pramlintide (j; onset; n = 13 for both groups) concentrations. g,k, Time to 
reach peak lispro (g; Humalog and separate, n = 14; co-formulation, n = 12) and pramlintide (k; separate, n = 13; co-formulation, n = 14) concentrations.  
h,l, Time to the depletion to 50% of the peak concentrations of lispro (h; Humalog, n = 14; separate, n = 15; co-formulation, n = 13) and pramlintide (l; n = 13 
for both groups). The mean ± s.d. is shown. The Grubbs’ outlier test (ɑ = 0.05) was used to remove outliers. Statistical significance was determined using a 
two-tailed Student’s t-test.
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secretion and restore mealtime glucagon suppression. When injected 
separately according to the current clinical model, fast-acting insu-
lin analogues and pramlintide have a reduced overlap between their 
pharmacokinetic curves resulting from the slower absorption of tra-
ditionally formulated insulin (that is, consisting of a combination 
of monomers, dimers and hexamers) from the subcutaneous space 
than the pramlintide, which only exists in a monomeric form. Using 
a translationally relevant porcine model of insulin-deficient diabe-
tes, we demonstrated that the mealtime administration of an insu-
lin–pramlintide co-formulation leads to increased overlap between 
the insulin and pramlintide pharmacokinetics and the restoration of 
mealtime glucagon suppression compared with the clinical standard 
of separate administration of the hormones. Although the sepa-
rate delivery of pramlintide has been clinically shown to suppress 
mealtime glucagon at high doses, we show that an insulin–amy-
lin co-formulation exhibits potent glucagon suppression at lower 
doses than what can be achieved with separate administrations. 
Co-formulation therefore captures the synergistic effects of amylin 
and insulin and shows promise as a true biomimetic dual-hormone 
replacement therapy with greater physiological relevance than 
insulin alone. Moreover, the ability to administer this biomimetic 
dual-hormone treatment therapy in a single injection will reduce 
patient burden and potentially enable a broader adoption by patients 
who would benefit from such a therapy.

outlook
In this study we have demonstrated that simultaneous non-covalent 
PEGylation of insulin and pramlintide imbue enhanced stability and 
enable their co-formulation at physiological pH. This dual-hormone 
co-formulation exhibits pharmacokinetics that more closely mimic 
endogenous co-secretion of these two hormones from the healthy 
pancreas and restores postprandial glucagon suppression compared 
with separately delivered insulin and pramlintide. Furthermore, 
with the development of automated insulin delivery systems, the 
co-administration of insulin and amylin analogues in a single for-
mulation could play a major role in allowing for a fully automated 
closed-loop system without the need for meal announcement or 
meal boluses22–24. Future studies will require comprehensive assess-
ment of the biocompatibility and immunogenicity of CB[7]–PEG 
and the complete insulin–pramlintide co-formulation to facilitate 
the clinical translation of this co-formulation.

Methods
Materials. CB[7]–PEG was prepared according to published protocols31, with 
method modifications to enable copper ‘click’ chemistry following reported 
protocols49. Novolog (Novo Nordisk), Humalog (Eli Lilly) and pramlintide 
(BioTang) were purchased and used as received. For the pig studies, lispro was 
isolated using PD MidiTrap G-10 gravity columns (GE Healthcare) and then 
concentrated using Amino Ultra 3K centrifugal units (Millipore). All other 
reagents were purchased from Sigma-Aldrich, unless otherwise specified.
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Fig. 6 | overlap between the pharmacokinetic curves of lispro and pramlintide, and glucagon suppression following the treatment of diabetic pigs 
with different formulations. a–c, Pharmacokinetics of lispro and pramlintide after injection with Humalog and pramlintide as separate injections and as a 
lispro–pramlintide co-formulation. a,b, Mean normalized concentration (normalized individually for each pig) of lispro and pramlintide when administered 
as two separate injections (a; Humalog, n = 15; pramlintide, n = 13) or as a co-formulation (b; Lispro, n = 13; pramlintide, n = 14) with CB[7]–PEG. c, The 
overlap between the curves was evaluated as the time during which both the lispro and pramlintide concentrations were greater than 0.5 (width at 
half-peak height), shown as a ratio of the overlap time to the total width of both peaks (overlap ÷ (lispro + pramlintide − overlap); n = 13 for both groups). 
d,e, Pharmacokinetics of glucagon after a meal and treatment with Humalog alone, Humalog and pramlintide as separate injections or as a lispro–
pramlintide co-formulation. d, Glucagon plotted as the change in glucagon concentrations from the baseline (dotted line) over 4 h following treatment 
administration. e, Overall distance from baseline of the different treatment groups (sum of individual points; Humalog, n = 13; separate and co-formulation, 
n = 14). The co-formulation reduced glucagon levels compared with Humalog as well as separate administrations of Humalog and pramlintide. f, Summary 
schematic of how treatment affects postprandial glucagon. The black arrows denote the restoration of protein secretion to be similar to that of healthy 
individuals, while the red arrows denote protein secretion that differs from the endogenous response of healthy individuals. N/A, not applicable. The 
specified sample size n refers to a cohort of 11 pigs that received each treatment an equal number of times. The mean ± s.d. are shown. The ROUT test 
(Q = 1%) was used to remove outliers. Statistical significance was determined using a two-tailed Student’s t-test.
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DOSY NMR. 1H NMR DOSY spectra were recorded at a protein concentration 
(aspart or pramlintide) of 6 mg ml−1 in 200 mM phosphate buffer, pH 7, in D2O. 
One dimensional H1-NMR of the complex showed a broadening of both the 
insulin and CB[7]–PEG signals (Supplementary Fig. 3). This was exacerbated 
with an increasing ratio of CB[7]–PEG to insulin (Supplementary Fig. 4). As 
such, an optimum ratio of CB[7]–PEG to insulin for DOSY was established to be 
1.25 mol. A Varian Inova 600 MHz NMR instrument was used to acquire the data. 
The magnetic field strengths ranged from 2 to 57 G cm−1. The DOSY time and 
gradient pulse were set at 132 ms (∆) and 3 ms (δ) respectively. All NMR data were 
processed using MestReNova 11.0.4 software.

AO binding affinity. For these studies, unmodified CB[7] was purchased from 
Strem Chemicals and AO was purchased from Sigma-Aldrich. Binding of CB[7] 
to Novolog and pramlintide was assessed using the AO dye displacement assay 
as previously described31. Briefly, 6 μM CB[7] and 8 (Novolog assay) or 2 μM 
(pramlintide assay) AO were combined with 100 μl of either the Novolog or 
pramlintide samples. The Novolog samples were diluted to concentrations of 0, 
0.01, 0.1, 0.3, 0.5, 1, 1.5, 2, 3 and 4 μM in H2O. The pramlintide samples were 
diluted to concentrations of 0, 4, 8, 12, 18, 24, 30, 37.5 and 40 μM in H2O. The 
samples were incubated overnight in light-free conditions and fluorescent spectra 
were collected on a BioTek SynergyH1 microplate reader, exciting at 485 nm and 
collecting the resulting fluorescent spectra from 495 to 650 nm. The decay in the 
peak of AO fluorescent signal was fitted to a one-site competitive binding model 
(GraphPad Prism, version 6.0), using the CB[7]·AO equilibrium constant reported 
previously (Keq = 2 × 105 M−1)50 to determine the binding constants of unmodified 
CB[7] to insulin and pramlintide.

Circular dichroism. Circular dichroism was used to validate that binding between 
CB[7]–PEG insulin aspart and pramlintide resulted in no changes to the secondary 
structure of the protein. Novolog was diluted to 0.2 mg ml−1 in PBS (pH 7.4) and 
evaluated alone, with EDTA at a 1:1 molar ratio to zinc, with CB[7]–PEG at a 
5:1 molar excess to insulin (1.1 mg ml−1) and with both EDTA and CB[7]–PEG. 
Even under dilute formulation conditions, 93% of insulin would be bound by 
CB[7]-PEG. Pramlintide was evaluated both alone in PBS at 0.5 mg ml−1 and 
with an excess of CB[7]–PEG at a concentration of 1.1 mg ml−1. After mixing, the 
samples were left to equilibrate for 15 min at room temperature. Near-ultraviolet 
circular dichroism spectroscopy was performed at 20 °C using a J-815 CD 
Spectropolarimeter (Jasco Corporation) over a wavelength range of 185–250 nm 
using a cell with a 0.1 cm path length.

In vitro stability. The methods used for the aggregation assays of recombinant 
human insulin were adapted from previous studies31. Briefly, formulation  
samples were plated at 150 μl per well (n = 3 per group) in a clear 96-well plate  
and sealed with an optically clear and thermally stable seal (VWR). The plate  
was immediately placed into a plate reader and incubated with continuous  
shaking at 37 °C. Absorbance readings were taken every 10 min at 540 nm for 
100 h (BioTek SynergyH1 microplate reader). The aggregation of insulin leads 
to light scattering, which results in a reduction of sample transmittance. The 
time for aggregation was defined as a >10% increase in transmittance from the 
transmittance at time zero. The controls included: (1) Novolog, (2) Humalog,  
(3) zinc-free Novolog (1:1 EDTA), (4) zinc-free Humalog (1:1 EDTA),  
(5) pramlintide (in sodium acetate buffer, pH 4), (6) pramlintide (in PBS, pH 7),  
(7) aspart + pramlintide (in PBS, pH 7.4) and (8) lispro + pramlintide (in PBS, 
pH 7.4). Zinc(II) was removed from the insulin through competitive binding  
by the addition of EDTA, which exhibits a dissociation binding constant 
approaching attomolar concentrations (Kd ≈ 10−18 M)40,41. EDTA was added  
to the formulations (one equivalent with respect to zinc) to sequester zinc  
from the formulation. The stability of formulations mixed with CB[7]–PEG  
were evaluated for: (1) zinc-free aspart (100 U ml−1) + CB[7]–PEG (five 
equivalents), (2) zinc-free lispro (100 U ml−1) + CB[7]–PEG (five equivalents), 
(3) pramlintide (in PBS, pH 7) + CB[7]–PEG (five equivalents), (4) zinc-free 
aspart + pramlintide (pramlintide:insulin molar ratio of 1:20) + CB[7]–PEG 
(five equivalents), (5) zinc-free lispro + pramlintide (pramlintide:insulin molar 
ratio of 1:20) + CB[7]–PEG (five equivalents), (6) zinc-free aspart + pramlintide 
(pramlintide:insulin molar ratio of 1:6) + CB[7]–PEG (five equivalents),  
(7) zinc-free lispro + pramlintide (pramlintide:insulin molar ratio of 1:6) +  
CB[7]–PEG (five equivalents), (8) zinc-free lispro + CB[7]–PEG (three equivalents) 
and (9) zinc-free lispro + pramlintide (pramlintide:insulin molar ratio of 1:6) +  
CB[7]–PEG (three equivalents).

Streptozotocin (STZ)-induced model of diabetes in rats. Male Sprague Dawley 
rats (Charles River) were used for the experiments. The animal studies were 
performed in accordance with the guidelines for the care and use of laboratory 
animals; all protocols were approved by the Stanford Institutional Animal Care 
and Use Committee. The protocol used for STZ induction was adapted from the 
protocol by K. K. Wu and Y. Huan51. Briefly, male Sprague Dawley rats (160–230 g; 
8–10 weeks) were weighed and fasted 6–8 h before treatment with STZ. The STZ 
was diluted to 10 mg ml−1 in sodium citrate buffer immediately before injection. 
The STZ solution was injected intraperitoneally to each rat at 65 mg kg−1. The rats 

were provided with water containing 10% sucrose for 24 h following injection 
with STZ. The blood glucose levels of the rats were determined daily following 
STZ treatment to test for hyperglycaemia through tail-vein blood collection 
using a handheld Bayer Contour Next glucose monitor. Diabetes in non-fasted 
rats was defined as having three consecutive blood glucose measurements above 
400 mg dl−1.

STZ-induced diabetes in swine. Female Yorkshire pigs (Pork Power) were used 
for the experiments. The animal studies were performed in accordance with 
the guidelines for the care and use of laboratory animals and all protocols were 
approved by the Stanford Institutional Animal Care and Use Committee.  
Type-1-like diabetes was induced in pigs (25–30 kg) using STZ (MedChemExpress). 
The STZ was infused intravenously at a dose of 125 mg kg−1 and the animals were 
monitored for 24 h. Food and administration of 5% dextrose solution was given as 
needed to prevent hypoglycaemia. Diabetes was defined as a fasting blood glucose 
greater than 300 mg dl−1.

In vivo pharmacokinetics and pharmacodynamics in diabetic rats. Diabetic rats 
were fasted for 6–8 h. The rats were injected subcutaneously with the following 
formulations: (1) Novolog (1.5 U kg−1), (2) separate injections of Novolog 
(1.5 U kg−1) and pramlintide, and (3) insulin–pramlintide co-formulation (zinc-free 
aspart at 1.5 U kg−1; pramlintide at 2.3 μg kg−1) with CB[7]–PEG (five equivalents). 
For blood glucose measurements, formulations (2) and (3) were evaluated at 
three different pramlintide-to-aspart ratios: 1:15, 2.3 μg kg−1; 1:8, 4.4 μg kg−1; and 
1:2, 17.5 μg kg−1. For the pharmacokinetic studies, only ratios of 1:2 pramlintide 
to aspart were tested due to the resolution needed for ELISA. The baseline blood 
glucose levels were measured before injection. Rats with a baseline blood glucose 
of 400–500 mg dl−1 were selected for the study. After injection, blood was sampled 
every 3 min for the first 30 min, followed by every 5 min for the next 30 min, and 
then at 75, 90, 120, 150 and 180 min. The blood glucose levels were measured using 
a handheld blood glucose monitor and additional blood was collected in serum 
tubes (Starstedt) for analysis with ELISA. The serum pramlintide concentrations 
were quantified using a human amylin ELISA kit (Phoenix Pharmaceuticals) with 
pure pramlintide as standards. The serum Novolog concentrations were quantified 
using a human insulin and insulin analogues ELISA kit (Alpha Diagnostics 
International) with Novolog standards.

In vivo pharmacokinetics and pharmacodynamics in diabetic swine. Diabetic 
pigs were fasted for 4–6 h. The pigs were injected subcutaneously with a 4 U  
dose (0.13 U kg−1) of the following formulations simultaneously with their  
morning meal (200 g Teklad miniswine diet 8753; 66 g carbohydrates): (1) no 
treatment (pigs received food only), (2) Humalog (100 U ml−1; Eli Lilly),  
(3) separate administrations of Humalog and pramlintide (pH 4; 1:6 pramlintide 
to lispro; 0.5 μg kg−1), (4) lispro–pramlintide co-formulation (zinc-free lispro at 
0.13 U kg−1; pramlintide at 0.5 μg kg−1) with CB[7]–PEG (three equivalents to the 
insulin + pramlintide). Co-formulations with three equivalents CB[7]–PEG were 
as stable as the current commercial insulin formulations (Supplementary Fig. 9). 
Insulin lispro was chosen for these studies due to the greater availability of insulin 
lispro at the time of the experiments and was formulated as previously described52. 
Briefly, EDTA was removed from the formulations using a desalting column 
and then concentrated to formulate with excipients (phosphate buffer with 2.6% 
glycerol and 0.85% phenoxyethanol) at 100 U ml−1. Before injection, baseline blood 
was sampled from an intravenous catheter line and the blood glucose levels were 
measured using a handheld glucose monitor (Bayer Contour Next). After injection, 
blood was sampled from the intravenous catheter line every 5 min for the first 
60 min and then every 30 min up to 4 h. The blood glucose levels were measured 
using a handheld blood glucose monitor and additional blood was collected in 
serum tubes (Starstedt) or K2EDTA plasma tubes (Greiner-BioOne) for analysis 
with ELISA. The serum and plasma lispro concentrations were quantified using 
an iso-insulin ELISA kit or lispro-NL ELISA kit (Mercodia), serum and plasma 
pramlintide was quantified using a human amylin ELISA kit (Millipore Sigma), 
and serum and plasma glucagon was quantified using a glucagon ELISA kit 
(Mercodia). If an ELISA was run multiple times for a sample, the average of the 
values was used for analysis.

Biocompatibility. Healthy ten-week-old rats (n = 4) were administered CB[7]–PEG  
(0.2 mg kg−1) in PBS (pH 7.4) subcutaneously, once a day for 6 weeks. The 
experimental dose was equivalent to the CB[7]–PEG concentration in the insulin 
formulations used for the studies in diabetic rats. Blood was collected for blood 
chemistry tests on days 14, 28 and 42. Chemistry analysis was performed on a 
Siemens Dimension Xpand analyzer. A medical technologist performed all of the 
testing, including dilutions and repeat tests as indicated, and reviewed all of the 
data. At the end of the 6-week experiment, the rats were euthanized and tissues 
(kidneys and liver) were collected for histology. The harvested tissue was fixed 
and transverse sections of the left lateral lobe and right medial lobe of the  
liver as well as longitudinal sections of the kidney were taken for blinded 
histological analysis by a professional pathologist (n = 2). Haematoxylin and 
eosin as well as Masson’s trichrome staining were performed by Histo-tec 
Laboratory. Similar to the studies described for rats, diabetic pigs were dosed 
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with the insulin–pramlintide co-formulation containing CB[7]–PEG at 10–13 
meals over the course of 6 weeks. The blood chemistry was analysed as described 
earlier on blood samples taken 3–4 d following the induction of diabetes and 
again at the endpoint of the study.

Statistics. All results are expressed as the mean ± s.d. Comparisons between two 
groups were conducted using a two-tailed Student’s t-test using GraphPad Prism. 
Statistical significance was considered at P < 0.05. The ROUT method (Q = 5%) or 
Grubb’s method were used to remove outliers when specified.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the results in this study are available within the article and 
its Supplementary information. The broad range of raw datasets acquired and 
analysed (or any subsets thereof), which would require contextual metadata for 
reuse, are available from the corresponding author on reasonable request.
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