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Antidiabetic treatments aiming to reduce body weight are currently
gaining increased interest. Exendin-4, a glucagon-like peptide-1
(GLP-1) receptor agonist administered twice daily via s.c. injection,
improves glycemic control, often with associated weight reduction.
To further improve the therapeutic efficacy of exendin-4, we have
developed a novel peptide engineering strategy that incorporates a
serum protein binding motif onto a covalent side-chain staple and
applied to the peptide to enhance its helicity and, as a consequence,
its potency and serum half-life. We demonstrated that one of the
resulting peptides, E6, has significantly improved half-life and glu-
cose tolerance in an oral glucose tolerance test in rodents. Chronic
treatment of E6 significantly decreased body weight and fasting
blood glucose, improved lipid metabolism, and also reduced hepatic
steatosis in diet-induced obese mice. Moreover, the high potency of
E6 allowed us to administer this peptide using a dissolvable micro-
structure-based transdermal delivery system. Pharmacokinetic and
pharmacodynamic studies in guinea pigs showed that a single 5-min
application of a microstructure system containing E6 significantly
improved glucose tolerance for 96 h. This delivery strategy may
offer an effective and patient-friendly alternative to currently mar-
keted GLP-1 injectables and can likely be extended to other peptide
hormones.

GLP-1 receptor agonist | helix stabilization | half-life extension |
microstructure array | lipidated cross-linker

B-family G protein-coupled receptors (GPCRs) include re-
ceptors for peptide hormones such as glucagon, glucagon-

like peptides 1 and 2 (GLP-1 and -2), parathyroid hormone (PTH),
and corticotropin-releasing factor. Attempts to generate small-
molecule modulators of these receptors have had limited success,
whereas peptide ligands have been proven as effective therapeutic
agents, as exemplified by exenatide (aka exendin-4 or Ex-4), a
GLP-1 receptor agonist for diabetes, and teriparatide, a PTH1
receptor agonist for osteoporosis (1). However, peptide-based
drugs generally suffer from short half-lives due to proteolytic
degradation and fast renal clearance, rendering higher doses and
frequent injections necessary, which negatively affects patient
compliance (2). To improve their pharmacological properties,
peptides have been chemically modified by conformational re-
striction (3–13) to increase potency and reduce proteolysis, and also
by lipidation (14–16), polymer conjugation (17–23), and protein fu-
sion (24–26) to decrease renal clearance. Although these latter
conjugates can have enhanced circulatory half-lives, they often suffer
from reduced potency and, as a result, require injection of relatively
large quantities of the modified peptides.
GLP-1 receptor agonists (GLP-1RAs) represent a unique ap-

proach to the treatment of diabetes, with benefits beyond glucose
control, including favorable effects on body weight, blood pressure,
cholesterol levels, and beta-cell function (27). Two short-acting
(exenatide and liraglutide; once- or twice-daily administration) and
three long-acting (albiglutide, dulaglutide, and exenatide LAR; weekly
administration) GLP-1RAs are currently approved in the United
States. These drugs mimic the effects of the naturally occurring

incretin hormone GLP-1 by activating GLP-1 receptors in the pan-
creas, which leads to enhanced insulin release and reduced glucagon
release in a glucose-dependent manner—with a consequently low risk
of hypoglycemia. The effects of these GLP-1RAs on GLP-1 receptors
in the CNS and the gastrointestinal tract also lead to reduced appetite
and delayed glucose absorption, with concomitant weight loss (28).
Given their limited oral bioavailability, these GLP-1RAs are

currently given as an s.c. injection. Transdermal delivery is an at-
tractive alternative because it is relatively noninvasive and painless
and avoids the first-pass effect (29). Microstructures, also known as
microneedles, are micrometer-scale structures that penetrate the
stratum corneum barrier layer of the skin, creating temporary
conduits for drugs that cannot passively permeate into the skin due
to their large molecular size and hydrophilic nature (30, 31). This
technology requires highly potent molecules but offers a number of
advantages, including pain-free and simplified administration, and
has been successfully evaluated for transdermal delivery of a
number of large molecules, including vaccines and human PTH
analogs in both preclinical and clinical settings (32, 33). Herein we
describe the application of a fatty-acid–derived cysteine side-chain
staple to the generation of a highly potent, long-acting Ex-4 analog
that shows excellent pharmacokinetics and pharmacodynamics
when administered to guinea pigs by dissolvable microstructures.

Significance

Many therapeutic peptides suffer from short plasma half-lives
and, as a consequence, require frequent injections to be ther-
apeutically effective; this in turn can adversely affect patient
compliance. Here, we describe the development of a novel
peptide engineering strategy that incorporates a serum protein
binding motif into a covalent side-chain staple. This approach
was used to generate stapled long-acting glucagon-like peptide-1
analogs with potency comparable to exendin-4 and significantly
enhanced pharmacokinetic properties. Administration by a
dissolvable microstructure-based transdermal system resulted
in sustained therapeutic blood concentrations with glucose low-
ering activity in guinea pigs. This approach likely provides a
general, straightforward platform for generating stapled long-
acting peptide hormones for a range of therapeutic applications.

Author contributions: P.-Y.Y., H.Z., G.C., P.S., A.K.W., P.G.S., and W.S. designed research;
P.-Y.Y., H.Z., E.C., L.S., V.N., M.K., E.G.-T., Z.D., H.Q., X.L., G.W., and A.K.W. performed
research; P.-Y.Y., H.Z., G.W., G.C., A.K.W., and W.S. analyzed data; and P.-Y.Y., P.G.S., and
W.S. wrote the paper.

Reviewers: W.F.D., School of Pharmacy, University of California, San Francisco; and M.M.,
Salk Institute for Biological Studies.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1P.-Y.Y. and H.Z. contributed equally to this work.
2To whom correspondence may be addressed. Email: awoods@calibr.org, schultz@scripps.
edu, or wshen@calibr.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1601653113/-/DCSupplemental.

4140–4145 | PNAS | April 12, 2016 | vol. 113 | no. 15 www.pnas.org/cgi/doi/10.1073/pnas.1601653113

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1601653113&domain=pdf
mailto:awoods@calibr.org
mailto:schultz@scripps.edu
mailto:schultz@scripps.edu
mailto:wshen@calibr.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601653113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601653113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1601653113


Results and Discussion
Cross-Linker and Peptide Design. Exenatide, a GLP-1 analog orig-
inally isolated from the saliva of the Gila monster, has a half-life
of 30 min after i.v. administration and a half-life of 2–3 h after s.c.
administration in humans (34). Previously, we showed that one
could staple two turns of the alpha-helix of oxyntomodulin with a
biaryl cross-linker to improve potency and half-life (35). We have
further developed this approach with a novel, tunable staple
engineered with a serum protein binding motif to significantly
improve the potency and serum half-life of the stapled peptide.
The crystal structure of Ex-4 (9–39)-NH2 in complex with the
isolated N-terminal domain of GLP-1R (PDB ID code 3C5T)
reveals that Ex-4 is a well-defined alpha-helix from residues Leu10
to Asn28, and the receptor binding surface of Ex-4 consists of
Glu15, Val19, Arg20, Phe22, Ile23, Leu26, Lys27, and Ser32 (36).
We therefore chose the solvent-exposed, paired residues Glu24
and Glu17, Glu24 and Gln13, and Glu24 and Leu10 located on
the same face of the alpha-helix to generate the double Cys mu-
tants SEQ-1, SEQ-2, and SEQ-3 spaced at i and i+7 (two turns:
1.1 nm from i), i and i+11 (three turns: 1.6 nm from i), and i and
i+14 (four turns: 2.1 nm from i) (Fig. 1 A and B), respectively. To
cross-link the two cysteine residues of SEQ-1, we used the cross-
linker N, N′-butane-1, 4-diyl bis(bromoacetamide) (referred to as

L2 herein; SI Appendix, Fig. S1). This cross-linker has excellent
solubility, is highly selective for thiols, and forms stable thioether
adducts (37) (Fig. 1 C and D and SI Appendix, Table S1).
The X-ray crystal structure of L2 shows that the Br–Br distance is
11.05 Å (38), which nearly matches the spacing of two turns of
a helix. Using L2 as a reference point, we designed a series of
cross-linkers with aliphatic or ethylene glycol spacers (L1–L12)
to bridge alpha-helical peptides with cysteines spaced at i/i+7,
i/i+11, or i/i+14. Incubation of the double Cys mutant (2 mM)
with the linker (1.2–1.5 equivalence) in 30 mM NH4HCO3
aqueous/CH3CN (3:1) for 1 h led to >90% conversion to product
as determined by LC-MS. Using this approach we rapidly gen-
erated a panel of cross-linked peptides, SEQ-1-L1–SEQ-1-L3,
SEQ-2-L4–SEQ-2-L7, and SEQ-3-L8–SEQ-3-L10 in ∼75% yield
after RP-HPLC purification (SI Appendix, Table S2).

Receptor-Mediated cAMP Synthesis and CD Spectra. The agonistic
activity of these peptides was determined using a cAMP response
element (CRE)-driven luciferase reporter in HEK293 cells stably
expressing human GLP-1R. Ex-4 was used as a positive control.
As summarized in SI Appendix, Table S2, introduction of the two
Cys residues into the Ex-4 sequence leads to a loss in potency.
However, all of the cross-linked peptides showed a significant
increase in potency compared with the corresponding noncross-
linked peptides. SEQ-3-L9 with the longest bridge (i, i+14) is
somewhat less potent than Ex-4 (EC50s = 150 and 16 pM, re-
spectively), suggesting that the conformational flexibility of this
long bridge may not adequately stabilize the helix. Across the
entire panel, both the i, i+7-stapled SEQ-1-L2 (referred to as E1,
EC50 = 18 pM) and the i, i+11-stapled SEQ-2-L5 (referred to as
E2, EC50 = 22 pM) were roughly equipotent to Ex-4. This result
indicates that the negatively charged side chains of Glu17 and
Glu24 do not contribute significantly to the affinity of Ex-4 for
the receptor, nor does the aliphatic cross-linker sterically in-
terfere with receptor binding. Given the similar lengths between
the alkyl linker L5–L7 and the PEG2-based linker L11, and
between the alkyl linker L8–L10 and the PEG3-based linker L12,
we were somewhat surprised to observe a significant loss of ac-
tivity for the peptides cross-linked with the hydrophilic PEG
spaced linkers. It may be that the PEG linkers compete with the
amide carbonyl groups for hydrogen bonds to the backbone
amide N–H groups of the peptide, or an increase in hydrophi-
licity disrupts hydrophobic interactions of the amphipathic alpha-
helix involved in GLP-1R binding (36).
With these highly potent GLP-1 analogs in hand, next we aimed

to improve the pharmacokinetic profile of the i, i+7-stapled pep-
tide to generate a molecule that is suitable for once-weekly
administration. To this end, we took advantage of the well-
established strategy of attaching a natural albumin binding
moiety (a fatty acid) to the peptide to prolong its duration of
action through a “depot” effect [similar to the strategy used for
insulin detemir (14) and insulin degludec (15)]. We reasoned
that insertion of a short spacer between the fatty acid and the
peptide might minimize a loss in agonist potency resulting from
albumin binding to the lipid conjugate and sterically interfering
with receptor binding. However, given that fatty acid lipophilicity
and the position of the carboxylate group could have a significant
impact on receptor and albumin binging affinity (39), three dif-
ferent fatty acid analogs were synthesized. These analogs con-
sisted of ornithine linked to myristic acid (C14 acid) or
octadecanedioic acid (C18 diacid) via either a triethylene glycol
spacer (PEG3) or a bis-diethylene glycol-lysine (Lys-2xPEG2)
spacer (Fig. 1D; see SI Appendix for synthesis). The fatty acid-
derivatized peptides SEQ-1-L13, SEQ-1-L14, and SEQ-1-L15
(referred to as E3, E5, and E6, respectively) had very high po-
tency even in the presence of 10% FBS. Interestingly, the stapled
peptide E6 with a fatty acid side chain retained full agonist ac-
tivity (EC50 = 16 pM), similar to the Ex-4 and wild-type (WT)
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Fig. 1. Design, in vitro activity, and alpha-helicity of cross-linked Ex-4 ana-
logs. (A) Sequences of Ex-4 and its double cysteine mutants spaced at i, i+7; i,
i+11, and i, i+14. (B) Structural model of Ex-4 (9-39) bound to GLP-1 receptor
amino-terminal domain (PDB ID code 3C59), with the cross-linking sites
colored in yellow. (C) Structures of cross-linkers containing bromoacetamide
moiety: alkyl-based L1 to L10, PEG-based L11 to L12, and ornithine-derived
PEG-fatty acid–based L13 to L15 linkers (D). (E) In vitro activity of repre-
sentative cross-linked peptides in the GLP-1R–mediated CRE-Luc reporter
assay. (F) CD analysis of cross-linked peptides. Data represent mean ± SEM
for experiments performed in triplicate.
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GLP-1. Notably, the two regioisomers of E6, which could be
easily separated by HPLC, showed very similar potency.
Next we determined the alpha-helicity of the most potent sta-

pled and lipid conjugated peptides by CD using Ex-4 as a positive
control. At room temperature, the CD spectra of E1, E5, and E6
(i,i+7 cross-linked) and E2 (i, i+11 cross-linked) exhibited a sig-
nificant increase in alpha-helicity compared with the correspond-
ing uncross-linked peptides SEQ-1 and SEQ-2 (Fig. 1F). In
particular, SEQ-1 does not form an alpha-helical structure in
water. These results suggest that the increased receptor activation
results from stabilization of the helical segments by the thioether
bridges. Interestingly, the C18 diacid-based cross-linker L15 showed
the greatest increase in alpha-helicity, followed by L14 and fi-
nally L2, supporting previous reports that lipidation can also
stabilize helical structure and modify biological function (40).

Pharmacokinetics and Oral Glucose Tolerance Test in WT Mice. We
next determined whether the in vitro potency observed for E1, E5,
and E6 translates into better pharmacokinetic (PK) and phar-
macodynamic (PD) effects in vivo. The PK properties of Ex-4, E1,
E5, and E6 were evaluated in CD1 female mice (n = 4 per group)
by i.v. or s.c. injection of the peptides (Ex-4: 10 nmol/kg, E1:
7.5 nmol/kg, E5: 7.5 nmol/kg, E6: 7.5 nmol/kg). Peptide concen-
trations in the plasma at different time points (5 min, 30 min, and
1, 4, 8, and 24 h) were determined using the cell-based receptor
activation assay. We noticed significant differences in PK profile
of the four peptides. In particular, the maximum concentration in
plasma observed 5 min after i.v. dosing is 555 ± 25 nM for E1
compared with 175 ± 12 nM for Ex-4, which is consistent with the
short half-life of Ex-4 (∼18 min) in mice (SI Appendix, Fig. S2 A
and B). Indeed, plasma Ex-4 became undetectable at 1 h. In
contrast, the concentration of E1 in plasma remained well above
the 5 nM limit of detection method at 4 h, and the half-life is
nearly 60 min (SI Appendix, Fig. S2 A and B). As expected, in-
troduction of the C18 diacid in the cross-linker further increased
the plasma half-life of the peptides. However, despite having the
same C18 diacid, E6 displayed a half-life nearly threefold longer
than that of E5 (14 ± 0.2 h vs. 5 ± 0.3 h; Fig. 2A and SI Appendix,
Fig. S2C), and the concentration of E6 ranged from 1.5 to 5 times
greater than that of E5 at each sample time. The observed time of
maximal concentration (Tmax) of E6 following s.c. administration
was ∼4 h, similar to that of E5, but the observed maximal plasma
concentration (Cmax) of E6 was 204 ± 5 nM, twofold higher than
that of E5 (100 ± 9 nM) (Fig. 2A and SI Appendix, Fig. S2C),
which is consistent with the difference of their plasma levels after
i.v. dosing. This trend may be related to helical content, particu-
larly in light of the fact that E6 exhibited a far greater alpha-
helicity. However, the albumin binding affinity of these peptides
remains to be determined and may also play a role. Nonetheless,
the serum half-life of E6 is comparable to that of semaglutide (41),
which has a dosing frequency of once a week in humans.
Next, we examined the blood-glucose–lowering effect of the

optimal peptide E6 in mice (n = 5 per group) using an oral glucose
tolerance test (OGTT) at multiple time points (15, 30, and 45 min
and 1 and 2 h) after single-dose treatment. Vehicle, 10 nmol/kg of
Ex-4, or 7.5 nmol/kg of E6 was administered i.v. to the 2-hr-fasted
CD1 mice, followed by additional fasting for 6 h before the OGTT.
Ex-4 partially decreased blood glucose levels at the time points of
15 and 30 min, whereas E6 markedly decreased blood glucose
levels during the entire monitoring period (Fig. 2B), which is
consistent with the respective plasma half-lives of Ex-4 and E6.

Body Weight Loss in Diet-Induced Obese Mice. Encouraged by the
PD results, we used a high-fat-diet–induced obesity (DIO) mouse
model to approximate the metabolic effects associated with
obesity and type 2 diabetes. We assessed changes in body weight
and blood glucose in 14-wk-old DIO mice (n = 5 per group)
after once-daily i.v. or s.c. treatment for 1 wk (Fig. 2 C–F). Ex-4

(10 nmol/kg, i.v.) did not reduce body weight, whereas E6 caused
a significant decrease in body weight in a dose-dependent man-
ner (by −8.8 ± 0.8, −13.4 ± 0.7, and −16.7 ± 0.8% for doses of
1.5, 7.5, and 22.5 nmol/kg, respectively, Fig. 2C). Furthermore,
E6 significantly protected DIO mice from fasted hyperglycemia
at all doses tested compared with Ex-4 (Fig. 2D). Importantly,
even at a high dose of 22.5 nmol/kg, E6 did not cause hypogly-
cemia or other side effects. Likewise, reduction in body weight
and improvement in glucose homeostasis was observed for E6
when it was dosed s.c. (Fig. 2 E and F).
To test whether E6 has sustained efficacy in a chronic setting,

we treated 25-wk-old DIO mice for 5 wk by s.c. dosing of the
peptide. WT lean mice were used as normal controls (n = 9 per
group). As expected, the treated mice exhibited a steady re-
duction in body weight and fasting blood glucose levels (Fig. 3 A
and B). At an efficacious dose of 7.5 nmol/kg, the peptide sig-
nificantly reduced body weight by 25.5 ± 1.9% and 28.8 ± 1.7%
(vs. baseline) at day 14 and 36, respectively (Fig. 3A). This weight
loss occurred with a significant decrease in cumulative food in-
take (Fig. 3C and SI Appendix, Fig. S3C), which is consistent with
previous clinical observations that weight loss induced by GLP-1
is mainly attributed to reduced food intake (42). In addition, the
decrease in body weight was accompanied by a significant re-
duction in visceral fat mass (Fig. 3G). This result correlated with
the finding that the level of peroxisome proliferator-activated
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Fig. 2. Pharmacokinetics and OGTT in normal mice, and 1-wk treatment of
DIO mice with E6. (A) Plasma concentrations of E6 at a dose of 7.5 nmol/kg in
CD1 mice (n = 4 per group) treated by i.v. or s.c. injection. The peptide
concentrations in plasma at various time points were determined by in vitro
GLP-1R activity assay. Assay was performed in triplicate. Pharmacokinetic
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(B) Plasma glucose excursion during OGTT in mice (n = 5 per group). Mice
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the mice obtained by measuring the AUC. (C‒F ) Effects of 1-wk i.v. (C and
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receptor gamma (PPAR-gamma) mRNA in white fat was sig-
nificantly decreased, as quantified by real-time RT-PCR (Fig. 3H).
Indeed, it is well established that PPAR-gamma, a transcription
factor highly expressed in adipose tissue, plays an important role in
glucose homeostasis, lipid metabolism, and regulation of fat mass
via adipocyte differentiation (43).
Notably, 2 wk after treatment cessation for the high-dose E6

subgroup (n = 5), body weight rebounded to levels comparable to
that of vehicle-treated controls (SI Appendix, Fig. S3 A and B),
suggesting that the peptide does not cause irreversible toxicity in
DIO mice. This notion was further confirmed by analysis of he-
matology and blood chemistry in which we did not observe any
obvious differences between the high-dose and vehicle groups
(n = 4; SI Appendix, Figs. S3 D and E and S4 A‒E). In addition,
we screened E6 against 168 different GPCR targets in a panel of
functional cell-based assays (gpcrMAX;, DiscoveRx). Using
strict criteria for a positive result (15% of the activity of the
native ligand), we confirmed that E6 displayed no cross-reactivity
to any of the receptors other than GLP-1R (SI Appendix, Table S3).
In addition to a reduction in fasting blood glucose levels, we

also observed improved glucose homeostasis in an oral glucose
challenge on day 14 and i.p. glucose tolerance test (IPGTT) on
day 36. Blood glucose profiles [peaks and areas under the curve
(AUCs)] in the E6-treated group were similar to the control lean
mice group and were significantly lower compared with the control
vehicle-treated group (Fig. 3 D and E). To examine potential

benefits on lipid metabolism, we assessed changes in triglycerides
and cholesterol in DIO mice. E6 treatment resulted in decreased
plasma cholesterol level (281 ± 12 mg/dL, compared with vehicle
354 ± 14 mg/dL) and reduced triglyceride levels in both plasma
and liver (45 ± 2 and 25 ± 4 mg/dL, respectively) relative to ve-
hicle (59 ± 4 and 87 ± 12 mg/dL, respectively) (Fig. 3 I–K). Im-
portantly, chronic treatment with E6 had a significant effect on
reducing hepatic lipid content, because the accumulation of lipid
droplets in the liver of DIO mice was greatly reduced (Fig. 3L).
These results suggest that E6 may be useful for the treatment of
fatty liver diseases such as nonalcoholic fatty liver disease and
nonalcoholic steatohepatitis (44, 45).

Fabrication and Characterization of E6 Peptide Microstructure Arrays.
Given the very high potency, the relatively long serum half-life,
and the necessity of parenteral administration, E6 is an ideal
candidate for microstructure array (MSA)-based transdermal de-
livery. TheMicroCor transdermal delivery system is a microstructure-
based platform that incorporates the drug of interest into an array of
solid-state, biodegradable microstructures. When these microstruc-
tures penetrate the outer layers of the skin, they dissolve rapidly to
release the drug for local or systemic uptake. This technology offers
painless administration and enhanced safety due to no sharps left
after use. Using this platform, we successfully fabricated MSA
patches containing peptide E6 that were 16 mm in diameter (2 cm2

in area) bearing ∼5,800 dissolvable microstructures, as shown in
Fig. 4A and as described previously (33). The average loading of E6
was 57 μg per 2 cm2 array. The resulting MSA consisted of a dis-
solvable drug-in-tip (DIT) layer and a nondissolving, poly(lactic-
co-glycolic acid) (PLGA) polymer-based backing layer that connects
and supports the MSA tips in the patch. Microscopic inspection of
the MSAs revealed sharp, well-formed microstructures (Fig. 4B).
To assess the mechanical strength of the microstructures, E6

MSAs were applied in vitro to excised porcine skin and the ap-
plication sites were then stained with a dye to visualize the pene-
trations. The microstructures successfully penetrated the skin,
resulting in uniform penetration patterns, demonstrating the me-
chanical robustness of the E6-containing microstructures (Fig. 4C).
Furthermore, inspections of the MSAs after skin application con-
firmed that the peptide-containing microstructure tips penetrated and
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Effects on body weight change (A), fasted blood glucose on days 14 and 36
(B), cumulative food intake (C), OGTT on day 14 (D), IPGTT on day 36 (E),
brown fat (F) and visceral mass change (G), PPAR-gamma mRNA levels in
brown fat (H), plasma cholesterol (I), plasma triglycerides (J), liver triglycerides
(K) of the male DIO mice on day 36 (age 8 mo; n = 9 per group), and (L) effect
on liver steatosis of DIO mice. The arrows indicate time of fasting for glucose
tolerance test. *P < 0.05, **P < 0.01, E6 vs. vehicle. (Scale bars, 100 μm.)

1. Liquid DIT cast 
into siliocone
mold and dried

2. Backing layer cast 
on top of DIT layer 
and solidified

3. MSA removed 
from mold

4. MSA goes through 
final drying step

A

B C

Fig. 4. Fabrication and characterization of MSAs containing E6. (A) Sche-
matic of MicroCor fabrication: MSAs were fabricated by casting DIT formu-
lation that contains E6 and excipients into a PDMS mold and drying to form
the dissolvable microstructure tips. A PLGA backing layer was then cast and
dried over the DIT layer, after which the MSA was removed from the mold.
(B) SEM image showing the sharp microstructures of a fabricated E6 MSA.
(Scale bar, 500 μm.) (C) Representative photo of excised porcine skin after
a 5-min application of a 2 cm2 E6 MSA in vitro and then dye staining to
highlight the individual penetrations (enlarged view).
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dissolved within the skin, leaving behind the stumps of the non-
dissolving PLGA backing layer (SI Appendix, Fig. S5).
Because room-temperature stability is a key product attribute

for both enabling self-administration of microstructure patches
and eliminating the need for cold chain management during
distribution, we next examined the storage stability of E6 MSAs
by reverse-phase ultra-performance liquid chromatography (UPLC).
Preliminary data demonstrated that there were no additional peaks
observed for the fabricated peptide MSA after being stored at 25 °C
for 2 wk or 5 °C for 6 wk (maximum time tested; SI Appendix,
Fig. S6), indicating that peptide E6 was stable in the MSAs.

PK and PD Evaluation of E6 MSAs in Guinea Pigs. Finally, to investigate
transdermal delivery of E6 via the MSAs, PK studies were per-
formed in male Dunkin-Hartley guinea pigs (n = 4 per group)
after administration of a single target dose of 22.5 nmol/kg via
intravenous, s.c. injection, or MSA patch application. Peptide
concentrations in the plasma at different time points (5 and
30 min and 1, 2, 3, 5, 8, 24, 32, 48, and 72 h) were determined
using the aforementioned in vitro GLP-1R activity assay. A similar
pattern of absorption was observed in guinea pigs as in mice after
i.v. or s.c. injection. The elimination half-life with i.v. injection was
about 16.5 h (SI Appendix, Fig. S7). When administered s.c., the
plasma concentration of E6 increased gradually for 8 h reaching a
Cmax of 125 ± 7 nM, and then remained well above 10 nM at 72 h
postinjection. In comparison, the MSA elicited more rapid sys-
temic absorption of the peptide after a single patch application for
5 min, with Tmax and Cmax values of 3 h and 140 ± 21 nM, re-
spectively (Fig. 5A). When these microstructures penetrate the
outer layers of the skin, they dissolve rapidly to release the drug
for systemic uptake, resulting in a faster onset of Tmax than for s.c.
injections. This is consistent with the pharmacokinetics found with
MSA delivery of PTH (1-34) and vaccines (32, 33). After quan-
tifying the residual peptide left on the used MSAs and skin surface
after each application and subtracting that from the initial drug
load in the MSA, the apparent dose delivered for the MSA group
was determined to be 45.3 ± 1.8 μg, which had a delivery efficiency
of about 80%. Based on dose-normalized AUC, the relative bio-
availability of E6 delivered by MSA compared with s.c. injection
was greater than 90% using a patch formulation that was not
optimized for bioavailability.
We next examined the antidiabetic PD effects of fabricated E6

MSAs by OGTT in male Dunkin-Hartley guinea pigs treated
with a MSA patch application to the skin for 5 min in compar-
ison with an s.c. injection dose of 22.5 nmol/kg (n = 4 per group).
The PD effects were assessed 24 h after treatment by measuring
blood glucose levels at multiple time points (5, 15, 30, and 45 min
and 1, 2, 3, and 4 h) after oral glucose challenge. As expected,
both s.c. injection of E6 and application of an E6 MSA patch
significantly lowered blood glucose levels compared with sham
administrations (s.c. vehicle and placebo MSA, respectively) at
15, 30, 45, 60, and 120 min postchallenge (Fig. 5 B and C). Im-
portantly, guinea pigs treated with a single E6 MSA patch displayed
sustained control of blood glucose levels (after glucose challenge
and fasted glucose) for nearly 4 d after administration, in compar-
ison with animals treated with the placebo MSA (Fig. 5 C–F). This
long-acting effect will likely translate into once-weekly dosing in
humans via a single microstructure patch application. We also noted
no adverse reactions at the application sites in animals during the
course of study, suggesting good local in vivo skin tolerability for E6.

Conclusion
In summary, we have developed a novel peptide engineering
strategy that incorporates a serum protein binding motif onto
covalent side-chain staple. This approach was used to generate
stapled long-acting Ex-4 analogs, which retained full agonist
potency and had excellent pharmacological properties, including
weight loss, glycemic control, and lipid-lowering effects in rodents.

Administration by the MicroCor transdermal system resulted in
sustained therapeutic blood concentrations with glucose-lowering
activity in guinea pigs and warrants further investigation in primates.
Expansion of this half-life extension strategy to other peptide hor-
mones, such as GLP-1R/GCGR dual agonists and GLP2, should be
technically straightforward.

Methods
Materials and General Procedures. All cysteine mutant peptides and Ex-4 were
purchased from Innopep (greater than 95% purity) and Cellmano (greater
than 95% purity). In addition to quality-control data supplied with the pur-
chased peptides, all peptides were characterized in-house using electrospray
ionization mass spectrometry (ESI-MS). Solvents and chemicals were purchased
from the commercial sources and used directly without further purification. ESI-
MS was performed on an Agilent G1946C 1100 Series LC-MS system. Peptide
purification was performed by preparative RP-HPLC with an Agilent 1260 In-
finity Quaternary LC system using a Luna 5u C18 (2) 100A (5 μm, 100 × 30.0mm)
reverse-phase column from Phenomenex with a linear gradient from 20–80%
of solvent B for 30 min at a flow rate of 15 mL/min (A, water with 0.1% TFA; B,
acetonitrile with 0.1% TFA). Compounds were detected by UV absorption at
220 and 254 nm. The fractions containing the products were freeze dried, and
their identity was confirmed by ESI-MS and MALDI-TOF. Analytical HPLC was
performed using an Agilent 1100 series LC-MS system with a ZORBAX C18
column (5 μm, 150 × 4.6 mm) from Agilent with a linear gradient of 20–80% of
solvent B for 20 min at a flow rate of 1.0 mL/min (A, water with 0.05% TFA;
B, acetonitrile with 0.05% TFA) with UV/vis spectrometric detector with
wavelength set at 220 and 254 nm.

Animals and Statistical Analysis. All animal care and experimental procedures
were approved by the Institutional Animal Care and Use Committee (IACUC)
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Fig. 5. Pharmacokinetics and OGTT in male Dunkin-Hartley guinea pigs (n =
4 per group). (A) Plasma concentrations of E6 in guinea pigs treated by s.c.
injection or a single MSA at a dose of (22.5 nmol/kg). The peptide concen-
trations in plasma at various time points were determined by in vitro GLP-1R
activity assay. Assay was performed in triplicate. Pharmacokinetic analyses
were determined by noncompartmental analysis with WinNonLin. (B‒F)
OGTT in guinea pigs after E6 delivery via s.c. injection (n = 5) and a single
MSA application to skin for 5 min (n = 4). s.c. injections of vehicle and 5-min
applications of placebo MSAs served as negative controls, respectively (n = 5
for both). Plasma glucose excursions during glucose challenge 24 h after s.c.
injection of E6 (22.5 nmol/kg) and vehicle (B) and 24 h (C), 48 h (D), and 96 h
(E) after E6 MSA and placebo MSA applications to skin. (F) Fasted blood
glucose in guinea pigs at 24 h, 48 h, and 96 h after application of E6 MSA
(red) and placebo MSA (black). *P < 0.05, **P < 0.01, E6 vs. s.c. vehicle or
placebo MSA.
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of the California Institute for Biomedical Research (Calibr), La Jolla, CA and
strictly followed the NIH guidelines for humane treatment of animals. The
results are expressed as means ± SE, and the data were compared using the
unpaired Student’s t test. Where appropriate, data were compared using re-
peated measures or one-way analysis of variance, followed by the Student–
Newman–Keuls post hoc test. Incremental AUC analyses for plasma glucose
was calculated using GraphPad Prism 6. Groups of data were considered to be
significantly different if P < 0.05.

Fabrication of E6 Peptide MSAs. A DIT solution was formulated by dissolving
E6, Dextran 70, and sorbitol in 10 mM Hepes buffer, pH 8.5. The liquid DIT
formulation was then cast into negative molds made of polydimethylsiloxane
(PDMS) (Fig. 4A, step 1). The DIT formulation was dried under controlled
temperature conditions (20‒35 °C) to form the DIT layer (Fig. 4A, step 1). A
solution of PLGA was then cast on top of the dried DIT layer to form a non-
water-soluble backing layer that connects and supports the DIT layer mi-
crostructure tips (Fig. 4A, step 2). A polycarbonate film was laminated on top
of the dried PLGA backing with adhesive. MSA was formed by delaminating
the construct from the PDMS mold (Fig. 4A, step 3). At this point, circular
MSAs of the desired size, 16 mm in diameter (area 2 cm2), were die-cut from
the larger array and inspected under a stereomicroscope to ensure good
microstructure formation and sharp tips. The final microstructures are four-
sided pyramids, ∼200 μm long, with a center-to-center spacing of ∼200 μm,
and a density of ∼2,900 microstructures per cm2. After inspections, the die-
cut MSAs were further dried to remove residual moisture (Fig. 4A, step 4)
before being heat-sealed in foil pouches in a nitrogen-filled isolator. Unless
otherwise noted, pouched MSAs were stored at 2‒8 °C until use.

In Vivo Application of MSAs in Guinea Pigs for PK and PD Studies.Male Dunkin-
Hartley guinea pigs weighing ∼400 g were obtained from Charles River
Laboratories and used to test the PK and PD of the E6 MSAs. To prepare
the animals for MSA applications, the hair on the back and sides of each
animal was removed by clipping and careful shaving. The arrays were then
applied to a flap of dorsal skin using the same spring-based applicator
described previously (33). Five minutes after application, the MSA was
removed from the skin and retained for analysis of residual peptide. Fif-
teen minutes after MSA removal, the skin was lightly swabbed to collect
any residual peptide remaining on the skin. The used MSAs and skin swabs
were assayed for residual E6 peptide by reverse-phase UPLC; based on
these results and the initial drug load, the apparent dose delivered for the
E6 MSAs was determined.

For the PK study in guinea pigs, animals were dosed with E6 by i.v. in-
jection, s.c. injection, or a 5-min application of an E6MSA to the skin (n = 4 per
group). For each group, the peptide was administered at a target dose level
of 22.5 nmol/kg. Blood was extracted at different time points (5 and 30 min
and 1, 2, 3, 5, 8, 24, 32, 48, and 72 h postdosing) and peptide concentration
in the plasma was determined by in vitro GLP-1R activity assay as described
in the SI Appendix. The relative bioavailability was calculated as the ratio of
dose-normalized AUC between MSA application and s.c. injection groups.

For the PD study in guinea pigs, animals (n = 4 per group) were fasted for
4 h and treated with a MSA patch (a placebo MSA as negative control) ap-
plication to the skin for 5 min. After 24, 48, and 96 h, animals were orally
administrated with 2 g of glucose solution per kg of body weight and their
blood glucose levels were measured before (0 min) and after glucose chal-
lenge for the indicated time point.
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