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ABSTRACT: The eﬀectiveness of numerous molecular drugs is hampered by their
poor pharmacokinetics. Diﬀerent from previous approaches with limited eﬀectiveness,
most recently, emerging high-aﬃnity albumin binding moieties (ABMs) for in vivo
hitchhiking of endogenous albumin opens up an avenue to chaperone small molecules
for long-acting therapeutics. Although several FDA-approved fatty acids have shown
prolonged residence and therapeutic eﬀect, an easily synthesized, water-soluble, and
high-eﬃciency ABM with versatile drug loading ability is urgently needed to improve
the therapeutic eﬃcacy of short-lived constructs. We herein identiﬁed an ideal bivalent
Evans blue derivative, denoted as N(tEB)2, as a smart ABM-delivery platform to
chaperone short-lived molecules, through both computational modeling screening and
eﬃcient synthetic schemes. The optimal N(tEB)2 could reversibly link two molecules of
albumin through its two binding heads with a preferable spacer, resulting in signiﬁcantly
extended circulation half-life of a preloaded cargo and water-soluble. Notably, this in situ
dimerization of albumin was able to sandwich peptide therapeutics to protect them from
proteolysis. As an application, we conjugated N(tEB)2 with exendin-4 for long-acting glucose control in a diabetic mouse model,
and it was superior to both previously tested NtEB-exendin-4 (Abextide) and the newly FDA-approved semaglutide, which has
been arguably the best commercial weekly formula so far. Hence, this novel albumin binder has excellent clinical potential for
next-generation biomimetic drug delivery systems.

■

INTRODUCTION
Human serum albumin (HSA) has been used as a drug carrier
for decades, due to its abundance (35−50 mg/mL) in blood
and long systemic circulation.1,2 The most popular strategy to
“hitchhike” albumin is to link a drug candidate with an albumin
binding moiety (ABM) so that the conjugate binds to
circulating albumin in situ.3−6 Several FDA approved drugs
incorporate fatty acids as ABMs. However, these fatty acid
conjugates tend to have high propensity to accumulate in the
liver. The lipophilic nature also increases the diﬃculty of
chemical synthesis and production of these drugs;7−9 hence,
most of these kinds of ABMs have been administered
subcutaneously for diabetes treatment or vaccination.10
While other endogenous and exogenous molecules can also
bind albumin, a majority of them cannot be used as ABMs
because of reduced binding aﬃnity to albumin upon chemical
modiﬁcation.11 Researchers have used DNA-encoded chemical
library12 and phage display13 to identify conjugatable ABMs
(i.e., 4-(p-iodophenyl) butyric acid derivatives). However, the
application of these ABMs has been limited by moderate
© 2019 American Chemical Society

improvements in the pharmacokinetics of the conjugates or by
the mismatch between ABM and drug load.14−17 Therefore, an
ABM with versatile drug loading ability is still needed to
improve drug delivery.
Evans Blue (EB) dye is an important tool for physiology and
pathology, especially for assessing integrity of blood-brain
barrier and vascular permeability, because of its strong aﬃnity
for albumin.18−20 Our lab developed a series of truncated
Evans Blue (tEB) derivates as ABMs for various applications,
ranging from blood pool imaging,21 lymphatic imaging,22
tumor vaccination,6 radioligand therapy,15,23−25 to antidiabetic
treatment.26,27 However, in truncating EB we reduced its
binding aﬃnity for albumin, which would further weaken the
pharmacokinetics. Hence, we sought to develop a new series of
ABMs that can be readily functionalized with imaging/
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Figure 1. Modeling simulation for N(tEB)2 and human serum albumin (HSA, DIB: 1E78) molecules. (a) Chemical structure of N(tEB)2. (b) 3D
ﬁgure of the albumin-N(tEB)2-albumin dimer, with an inserted N(tEB)2 in the center of two albumins. (c) Front projection of the most preferable
binding site for N(tEB)2 and HSA through simulated docking poses of the most preferable binding site for N(tEB)2 and HSA. (d) Side projection
of the binding pose for N(tEB)2 and HSA, showing one inserted head and the other head available for albumin binding. (e) Detailed docking poses
and interaction for N(tEB)2 and HSA. (f) Docking simulation combined with thermodynamic cycle in the double decoupling method. The binding
poses of the host−guest complex, albumin(s)-N(tEB)2 in this case, were determined by the docking method. Then the conformations of the free
guest molecule (E) and the host−guest complex (A) were prepared using classical molecular dynamics (MD) simulations. A restraint was imposed
on the guest−host complex to prevent the guest molecule from leaving the binding pocket. The free energy for turning on this restraint (ΔGrest‑on)
was computed by using a thermodynamic integral (TI) approach. Next, the nonbonded interaction free energies, including the electrostatic
component (ΔGelec) and the van der Waals (vdW) component (ΔGvdW), for both free guest molecule and host−guest complex were computed by
using a Hamiltonian replica exchange method followed by the Bennett acceptance ratio (BAR) analysis. Finally, the imposed restraint was turned
oﬀ and the corresponding free energy (ΔGrest‑off) was computed by eq 1 in this work. When the nonbonded interaction free energies for both free
guest molecule and host−guest complex were completely turned oﬀ without any restraint, the free energy change between these two systems was
set to be zero since there was no coupling between them. With the help of this thermodynamic cycle, the binding free energy was deﬁned as ΔGbind
= ΔGelec(E) + ΔGvdW(E) − ΔGelec(A) − ΔGvdW(A) − ΔGrest‑on − ΔGrest‑off + ΔPΔV, where the last term is the work to account for the pressure
and volume change between the two systems.

■

RESULTS
Evans Blue and EB Derivatives Bind to Cleft and Site
II on Albumin. We computationally modeled the binding sites
for the albumin binding motifs, using AutoDock Vina software
package to generate the docking poses. The center cleft on
albumin was found to be the most preferable binding site,
followed by site II (Figure 1c-e and SI Videos 1 and 2). Our
results ran contrary to previously published literature stating
that EB binds preferentially to site I.32,33 To substantiate this
ﬁnding, we incubated the recombinant HSA subunits (three
separate domains of albumin) with EB and performed highresolution liquid chromatography−mass spectrometry (LCMS) to detect complex formation between the individual
recombinant HSA subunits with EB. Only the domain III
subunit, which contains site II, was observed to complex with
EB by LC-MS (Figure S3). Collectively, these data indicated
the unexplored cleft and/or site II on domain III rather than
site I on domain II A was the binding site(s) for EB and its
derivatives.

therapeutic molecules, while retaining the high binding aﬃnity
of the parental EB dye.
Considering the enhanced functional aﬃnity in biological
processes, multivalency is an eﬀective strategy to increase the
interaction of individual ligands with their respective
receptors.28−31 We thus constructed a virtual library of tEB
dimers ((tEB)2) with diﬀerent linkers (Figures 1 and 2) and
screened the library based on computational modeling. With
two albumin binding motifs (4-amimo-5-hydroxynaphthalene1,3-disulfonic acids), (tEB)2 is expected to bind two albumin
molecules and form a reversible albumin-(tEB)2-albumin
sandwich structure (Figure 1a,b). The 1,4,7-triazacyclononane-1,4,7-trisacetic acid (NOTA) group was introduced to
enable radiolabeling and imaging. We hypothesize that this in
vivo dimerization will result in enhanced tumor retention after
intravenous injection compared with previous EB constructs
with only one binding moiety. Furthermore, this albumindimer will create a cavity whereby a conjugated therapeutic
small molecule can be protected from enzymatic degradation.
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Figure 2. Characterization of the interaction between N(tEB)2 and albumin: (a) Atomic Force Microscope (AFM) images showing in vitro
albumin-N(tEB)2-albumin dimer. (b) AFM images showing in vitro NtEB-albumin monomers. (c) Quantiﬁcation of mixture of the N(tEB)2 and
NtEB with HSA by molar ratio of 1:1, 10:1, and 1:10, respectively. The “dimer” (length: >25 nm, dumbbell-shaped) and “monomer” (length: ≤25
nm, no dumbbell-shaped morphology) were deﬁned by ImageJ. TEM imaging described the size of (d) N(tEB)2-albumins complex of 17.1 ± 3.2
nm and that of (e) NtEB-albumin mixture of 9.3 ± 0.6 nm, revealing that the dimerization was induced by N(tEB)2. (f) Dynamic Light Scattering
(DLS) analysis showing the diameter of N(tEB)2 and NtEB complex when mixed with albumin and the free albumin solution. (g) Binding aﬃnity
of HSA for EB, NtEB, and N(tEB)2 analyzed by the Biolayer Interference method.

Design and Optimization of N(tEB)2 with Modeling
Simulation. After conﬁrming the binding sites of EB in
albumin, we designed a library of derivatives with two albumin
binding motifs and linkers with variable lengths, ranging from
5.2 to 10.8 Å (SI Table S1). Docking simulation and protein−
protein interaction analysis were conducted to screen for
optimal binders. A prospective structure (tEB)2 was ﬁrst
constructed, with either an aliphatic chain or a NOTA group in
the center (Figures 1 and 2). The (tEB)2 with only an aliphatic
chain as the linker was extremely ﬂexible and tended to fold, so
it was unable to cross-link two albumin molecules (Figures
S1a-c and 4). A thiourea group was introduced to promote
intramolecular hydrogen bond formation with the NOTA
group, and to stabilize the rigid conformation of (tEB)2
molecule (Figures S1d and 5a). Next, we screened the rigidconﬁrmation scaﬀolds listed in Figures S1d and 2a, with
diﬀerent aliphatic chain lengths (1 ≤ n ≤ 8) (SI Table S1) to
determine the optimal distance for albumin binding (SI Table
S2 and Figure S6). We evaluated the albumin interaction
through the molecular mechanics/Poisson−Boltzmann surface
area (MM/PBSA) analysis on ﬁve 1 ns conformation sampling
trajectories of the proteins with distances of 60/70/80/90/100

Å between their centers of mass. The distance range of 64−80
Å (minimum distance of 4.7−16.4 Å from edge to edge) was
found to be the best for increasing albumin−albumin
intermolecular attraction and avoiding steric hindrance
between the two adjacent albumin molecules, indicating that
the scaﬀolds with an aliphatic chain consisting of 3 to 5
methylene groups were optimal for dual albumin binding.
Alternatively, when the NOTA group was engineered as part of
the backbone rather than a side-chain moiety on the aliphatic
chain, we also observed restricted self-folding of (tEB)2
(Figures S2 and 5b).
When N(tEB)2 and EB were placed in a cubic TIP3P water
model with a buﬀer space 12 Å on each side using both the
parallel and angular starting poses, the free EB dye showed a
strong tendency to form π−π stacking. N(tEB)2 avoided
intermolecular stacking and self-assembly (Figure S7). The
results from absolute binding free energy calculations between
the N(tEB)2 and albumin(s) via a double-decoupling scheme
(Figure 1f and SI Table S3) conﬁrmed that the most stable
complex for the mixture of N(tEB)2 and albumin molecules
was the “sandwich” HSA-N(tEB)2-HSA dimer with ΔGbind of
−22.3 kcal/mol), which was far less than that of N(tEB)2-HSA
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Figure 3. In vivo cross-link N(tEB)2-albumins dimer improved pharmacokinetics and tumor targeting ability. (a) Comparison of kinetic PET
imaging for mice with 18F labeled N(tEB)2 and NtEB administrated in healthy mice at various time points, respectively. (b) Comparison of the halflife of the 18F labeled N(tEB)2 and NtEB through two-phase linear regression of the time activity curves over heart at various time points,
respectively. Quantiﬁcation of tumor uptake of 64Cu labeled N(tEB)2 and NtEB in (c) U-87MG, (d) UM-22B, and (e) INS-1 tumor xenografts at
1, 4, 24, and 48 h p.i., respectively. (f) PET images of 64Cu labeled mouse IgG, NtEB, and N(tEB)2. (g) Comparison of the tumor uptake of 64Cu
labeled mouse IgG, NtEB, and N(tEB)2 in U-87MG tumor xenografts at diﬀerent time points p.i., respectively. (h) Comparison of time activity
curves (TAC) over heart for 64Cu labeled IgG, NtEB, and N(tEB)2, respectively.

monomer (ΔGbind = −7.1 kcal/mol) (SI Table S4). The data
suggests that this optimized conﬁguration allows for binding
cooperativity and overcomes steric hindrance for cross-linking
two albumins.
N(tEB)2 Cross-Links Albumin to Form Dimers in Vitro.
We identiﬁed and synthesized two N(tEB)2 (N(tEB)2 1 and
N(tEB)2 2) following the synthesis schemes in SI Figures 8−
11. The modeling also revealed that one N(tEB)2 was able to
attach two albumin molecules to form HSA-N(tEB)2-HSA
dimer. We performed atomic force microscopy (AFM) to
study the morphological structures of the complex. Both
N(tEB)2 and a control molecule NtEB were incubated with
HSA at molar ratio of 1:1, 10:1, and 1:10, respectively.
Dimerization of albumin mediated by N(tEB)2 was observed at
all tested molar ratios, while no apparent albumin dimers were
identiﬁed in the mixture of NtEB and HSA (Figure 2a-c).
These results were further substantiated by transmission
electron microscopy (TEM), dynamic light scattering (DLS)
and high-resolution LC-MS. The size of N(tEB)2-albumins
dimer determined by TEM was signiﬁcantly larger than that of
NtEB-albumin monomer (17.1 ± 3.2 vs 9.3 ± 0.6 nm). The
hydrodynamic diameters detected by DLS were 6.7, 9.1, and

16.2 nm for free albumin, NtEB-albumin, and N(tEB)2albumins, respectively (Figure 2d-f and Figure S12).
Furthermore, with samples containing both albumin and
N(tEB)2, peak clusters with double the molecular weights were
identiﬁed with high-resolution LC-MS, indicating the existence
of albumin dimers (Figure S13).
The binding aﬃnity of the optimized N(tEB)2 with albumin
was determined by using biolayer interference (BLI). The Kd
value of N(tEB)2 is 1.8 μM, which was 43 times lower than
that for NtEB (Kd = 79 μM) and 2 times lower than that for
EB (Kd = 3.7 μM) (SI Table S5). The N(tEB)2 additionally
showed relatively high Kon value (4.71 × 104 M−1 s−1), and low
koff value (0.10 s−1), compared to EB and NtEB (Figure 2g and
SI Table S5). The quick association and slow dissociation with
albumin further governed the favorable binding capacity of
N(tEB)2.
N(tEB)2 Shows Improved Pharmacokinetics and
Enhanced Tumor Accumulation. It is expected that
increased binding aﬃnity and in vivo cross-linking of albumin
will result in extended circulation time of N(tEB)2. Hence, the
in vivo dynamic positron emission tomography (PET) was
performed in healthy mice to determine the pharmacokinetics
1714
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Figure 4. N(tEB)2 albumin dimer protects metabolically labile drug from degradation. (a) Schematic of the mechanism of resistance to proteolysis
through sandwiching in albumins. The free exendin-4 was easily digested by trypsin into small fragments. By tagging to an albumin molecule, the
NtEB-exendin-4 is also exposed to the enzyme and liable to further digestion. In sharp contrast, being sandwiched into an albumin dimer, the
N(tEB)2-exendin-4 is protected from proteolysis. (b) Close-up view of the structure of N(tEB)2 and the sequence of the attached peptide, exendin4. (c) Modeling of albumins dimer showing a suﬃcient space to sandwich the N(tEB)2 conjugated small peptide. Binding aﬃnities for (d) NtEBexendin-4 and (e) N(tEB)2-exendin-4 with albumin analyzed by BLI. The dashed lines separate the association and the dissociation phases. (f)
Representative LC-MS characterization (the upper three ﬁgures) showed four/ﬁve major fragment peaks (labeled with Arabic numerals) after
digestion of exendin-4, NtEB-exendin-4, and N(tEB)2-exendin-4 with trypsin at 40 min post digestion, respectively. The metabolite, Leu-Phe-IleGlu-Trp-Leu-Lys (MS: 0947) in the lower MS/MS ﬁgure, was observed for all three samples. Hence, this metabolite was tracked to compare the
antiproteolysis eﬀect of these three compounds in the presence of HSA. (g) LC-MS analysis showing the percentage of the parent compounds
(N(tEB)2-exendin-4, NtEB-exendin-4, and free exendin-4) remaining after 0, 5, 10, 20, 30, and 50 min incubation with serum albumin in the
presence of trypsin. Error bars represent the mean ± s.t.d. of three replicates. (h) Metabolite analysis for exedin-4, NtEB-exendin-4, and N(tEB)2exendin-4 treated by trypsin in the presence of HSA.

of 18F labeled N(tEB)2 or NtEB (Figure 3a). After intravenous
administration, both 18F-N(tEB)2 and 18F-NtEB showed high
radioactivity accumulation and retention in the circulatory
system, with clear delineation of highly perfused organs
including heart, liver, kidneys, and spleen. Regions of interest
(ROIs) were drawn over diﬀerent organs to generate time−
activity curves (TACs). Based on the TACs, linear regression
was used to estimate the dominant half-life and clearance of
these two tracers. As expected, 18F−N(tEB)2 showed 1.66
times slower clearance from circulation in vivo than 18F-NtEB
(Figure 3b and Figure S14), indicating the potential of 18F−
N(tEB)2 to be used as a blood pool imaging agent.
Due to the aberrant and leaky vasculature within tumor
tissues, drug delivery based on the enhanced permeability and
retention (EPR) eﬀect has been a well-established strategy.
Long circulation half-life is the prerequisite for EPR-based drug
delivery. Tumor retention of N(tEB)2 was assessed with PET
imaging in three tumor models with diﬀerent levels of blood
supply and vascular permeability, after labeling with 64Cu (t1/2

= 12.6 h) (Figure 3c-e). Compared with NtEB, the tumor
uptake of N(tEB)2 was signiﬁcantly improved in all tested
tumor models at late time points (24 and/or 48 h postinjection (p.i.)), despite UM-22B and INS-1 exhibiting a
relative slower maximal accumulation than U-87MG (Figure
3c-e and Figure S15a). Meanwhile, the clearance of 64CuN(tEB)2 was slower than the 64Cu-NtEB in the blood pool,
which contributes to the higher retention in tumor (Figure
S15b). The high retention of N(tEB)2 in tumor sites was
further corroborated with the ex vivo biodistributions study at
48 h p.i. (Figure S16).
The overall size of N(tEB)2 cross-linked albumin dimer is
more than 130 kDa, which is similar to immunoglobulin G
(IgG) in regard to molecular weight and hydrodynamic
diameter. PET imaging revealed comparable tumor retention
of N(tEB)2 and IgG at 24 h p.i. However, the tumor retention
of N(tEB)2 was signiﬁcantly higher than that of IgG at 48 h
p.i., indicating the former is more eﬃcient for EPR mediated
tumor delivery (Figure 3f-h).
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Figure 5. N(tEB)2-exendin-4 aﬀorded the long-acting drug release and therapeutic eﬃcacy in type 2 diabetes mellitus (T2DM) mice. (a) Plasma
concentration of exendin-4 after administering an equivalent dose of exendin-4 in both the NtEB-exendin-4 and N(tEB)2-exendin-4 compounds as
well as free exendin-4 (n = 3 per group). Error bars represent the mean ± st.d. of three biological replicates. (b) Area Under the Curve (AUC) of
plasma exendin-4 concentration up to 120 h. Error bars represent the mean ± st.d. (c-d) Long-term blood glucose monitoring in T2DM after
treatment of exendin-4, NtEB-exendin-4, N(tEB)2-exendin-4, as well as semaglutide, respectively (3 T2DM in each group). (e) Time window from
the 50% reduction of the glucose level to rebound to the original level. Error bars represent the mean ± st.d. of three replicates. (f) IPGTT of
diabetic mice at 2 h post-administration of exendin-4, EB-exendin-4, N(tEB)2-exendin-4, or semaglutide (3 healthy mice or 3 T2DM in each
group). Error bars represent the mean ± st.d. p values of <0.05 were considered statistically signiﬁcant. (***p < 0.001, *p < 0.05, ns: not signiﬁcant
(p > 0.05).)

N(tEB)2 Protects Drug from Enzymatic Degradation.
When a peptide being attached to N(tEB)2 through a facile
thiol-maleimide reaction and sandwiched between two
albumins, it will be protected from enzymatic degradation
while it is in complex with albumin dimers via N(tEB)2 (Figure
4a).
To test the hypothesis, exendin-4 peptide, a glucagon-like
peptide-1 (GLP-1) agonist, was linked to N(tEB)2 and NtEB
to provide two conjugates, N(tEB)2-exendin-4 and NtEBexendin-4, respectively (Figure 4b,c and Figure S17−18).
N(tEB)2-exendin-4 showed signiﬁcant higher binding aﬃnity
with albumin than NtEB-exendin-4 (Kd ∼ 0.68 μM vs 1.4 μM),
with relatively fast association and slow dissociation (Figure
4d,e; SI Table S6). A trypsin digestion study was adopted to
further investigate the peptide protection role of N(tEB)2albumins complex (Figure 4f). The exendin-4 peptide contains
one arginine and two lysine residues which are cleavage sites
for trypsin. When exendin-4 was subjected to trypsin digestion,
four main fragments were observed using LC-MS post various
incubation times as expected, demonstrating a convincing
evaluation strategy for antidegradation eﬀect (Figures S19 and
20). Remarkably, N(tEB)2-exendin-4 showed highest resistance to trypsin degradation with the presence of albumin, with
∼70% of intact form after incubating with trypsin for 50 min,
which is signiﬁcantly higher than that of N(tEB) exendin-4
(∼10%, P < 0.001) and exendin-4 (<0.1%, P < 0.001) (Figure
4g). From the four major fragments of exendin-4, we chose
one fragment commonly shared by N(tEB)2-exendin-4, NtEB-

exendin-4, and exendin-4 for further quantiﬁcation. Consistently, the fragments generated from N(tEB)2-exendin-4
increased much more slowly than that from NtEB-exendin-4
and exendin-4, further conﬁrming the peptide protection eﬀect
of N(tEB)2 through sandwiching the peptide by albumin
proteins (Figure 4h and Figures S21−23).
N(tEB)2-Exendin-4 Shows Enhanced Antidiabetic
Eﬃcacy. Based on the structure of N(tEB)2 cross-linked
albumins dimer and its favorable in vivo behavior, it is rational
to hypothesize that a peptide conjugated to N(tEB)2 will be
endowed with extended circulation half-life. Consequently,
enhanced therapeutic eﬃcacy will be achieved.
For evaluation of pharmacokinetics, the concentration of
exendin-4 was measured using ELISA in venous blood samples
acquired at multiple time points post subcutaneous injection.
Exendin-4 alone showed fast entry into circulation from
injection site, and cleared from the body within 12 h p.i.
Compared with free exendin-4, NtEB-exendin-4 showed a
dramatic increase in circulation time with the peak
concentration observed at 12 h p.i., and clearance by 96 h
p.i. Remarkably, N(tEB)2-exendin-4 enabled a signiﬁcantly
prolonged release of exendin-4 with peak concentration of
exendin-4 at up to unprecedented 24 h p.i., and retention time
up to 108 h p.i. (Figure 5a,b).
The hypoglycemic properties of free exendin-4, NtEBexendin-4, and N(tEB)2-exendin-4 were next tested in type 2
diabetes mellitus (T2DM) mice after subcutaneous injection.
Semaglutide, a long-acting GLP-1 agonist which recently
1716
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from the blood vessel and interstitial ﬂuid to the regional
tissues relative to NtEB. This provides an entirely new
interaction strategy for improving either the blood pool/vessel
imaging or lymphatic vessel imaging with enhanced signal to
background ratio. With a Kd value of 1.8 μM, it may not be
appropriate to claim that N(tEB)2 binds to albumin with high
aﬃnity, compared with other ABMs with Kd values in the nM
range.13 However, the high abundance of albumin in serum or
interstitial ﬂuid can easily facilitate complex formation.
Moreover, reversible complexation is advantageous for drug
release and to ensure that the intrinsic activity of the conjugate
is maintained.40 The equilibrium between the ABM and
albumin therefore is crucial for improving the pharmacokinetics. In our study, the N(tEB)2 reversibly binds to albumins
with relatively high aﬃnity and prolonged circulation time in
vivo, enabling high clinical potential as a smart delivery
platform for enhanced imaging agents and long-acting
therapeutics.
Second, the biomimetic albumins cross-linking, bridged by
the aqueous soluble N(tEB)2, displays predominant advantages
on in vivo assembling with desired nanoscale, which provides a
higher accumulation in the tumor region compared to NtEBalbumin monomer and biomimetic drug carriers with high
biocompatibility.41 The in vivo cross-linking N(tEB)2-albumins
dimer increased the tumor retention compared to the NtEBalbumin monomer at late time points, probably due to both
the EPR eﬀect and extended circulation time. We previously
performed radiotherapy for neuroendocrine tumor bearing
mice using radionuclide labeled EB derivative conjugated with
a targeting peptide, octreotate, which revealed a superior
imaging capacity (tumor uptake of ∼75%ID/g in AR42J tumor
xenografts) and an unprecedented therapeutic eﬃcacy
(response rate of 100% in AR42J tumor model).24 We have
collected conclusive data here establishing the superior clinical
potential of N(tEB)2 compared with standard EB or previous
NtEB derivatives. Hence, this newly developed diagnostic
imaging derivative could undoubtedly be used as a more
eﬀective drug/radionuclide isotope for tumor therapy.
Last but most important, the N(tEB)2 conjugated peptides
can be imbedded in between the albumin dimer, and thus, this
albumin dimer provides a cavity to protect the peptides from
being degraded by enzymes during circulation. The protection
of peptides from serum proteases has been reported with a
binding tag to transthyretin (TTR) in serum.40 However, the
amount of TTR in blood (0.25−0.30 g/L vs 35−50 g/L) is
much lower than that of 390 albumin, and its half-life (48
hours vs 19 days) is much shorter too. In this study, the
enzymatic protection of N(tEB)2 of exendin-4 against trypsin
was conﬁrmed with LC-MS evaluation in the presence of
albumin. We believe that this important feature of N(tEB)2 can
be extrapolated to other peptide-based drugs, especially those
that are protease-sensitive. More importantly, our N(tEB)2exendin-4 bioconjugate conﬁrmed this revolutionized design
with expected long-acting hypoglycemic eﬀect in type 2
diabetes mellitus (T2DM). The hypoglycemic eﬀect of
N(tEB)2-exendin-4 was superior to both previously tested
NtEB-exendin-4 (Abextide) and the newly FDA approved
semaglutide.42,43 Therefore, we speculated that the improved
hypoglycemic eﬀect of N(tEB)2-exendin-4 was primarily due to
increased residence time and extended circulating half-life.
Although not explicitly addressed in this study, we envision
that our approach can be potentially applicable for extending

received FDA approval and arguably the best commercial
weekly formula so far, was used as the positive control. The
glucose levels of the four treated cohorts were monitored at
diﬀerent time points post administration (Figure S24). After
baseline plasma glucose concentration normalization, it was
observed that glucose level was reduced by approximately 50%
at 1 h p.i. of free exendin-4 and NtEB-exendin-4, and by
approximately 20% at 1 h p.i. of N(tEB)2-exendin-4 and
semaglutide. This was attributed to the delayed release and
enhanced residence time of N(tEB)2-exendin-4 and semaglutide (Figure 5c,d). The glucose recovery time of NtEBexendin-4 (515.00 ± 25.0 mg/dL at 48 h), semaglutide
(475.33 ± 55.4 mg/dL at 54 h), and N(tEB)2-exendin-4 (519
± 5.35 mg/dL at 54 h) treated mice were much longer than
free exendin-4 (389.67 ± 44.3 mg/dL at 12 h) (Figure
S24b,c). The eﬀective time window of N(tEB)2-exendin-4
(52.6 h), which is deﬁned as the time duration from 50%
reduction of glucose level to the rebound to the original level,
was signiﬁcantly longer than the three other treatment groups
(Semaglutide: 46 h, NtEB-exendin-4:43.3 h, and exendin4:10.3 h) (Figure 5e). Overall, these data demonstrated that
N(tEB)2-exendin-4 was superior to free exendin-4, and NtEBexendin 4 in sustaining a hypoglycemic eﬀect, and comparable
or even greater hypoglycemic potency than FDA-approved
semaglutide. In addition, the intraperitoneal glucose tolerance
test (IPGTT) conﬁrmed the eﬃcacy of glycemic control with
N(tEB)2-exendin-4, suggesting eﬀective responsiveness (Figure
5f).

■

DISCUSSION
Albumin is a versatile carrier for many endogenous and
exogenous small molecules.32 So far, two high aﬃnity binding
sites for small heterocyclic or aromatic compounds have been
identiﬁed including binding site I on subdomain IIA and site II
on subdomain IIIA.34 Although it has been speculated that EB
binds to the site I of albumin,32,33 to our knowledge, all of the
publications cited the study published by Freedman and
Johnson in 1969.32,33,35 Freedman and Johnson computed the
equilibrium constants and rate binding constants for the EBalbumin system. Both the equilibrium and kinetic data they
obtained can be classiﬁed into two groups, by which they
realized that there are two types of independent binding sites
on albumin for EB. However, no experimental data was
provided to identify the EB binding site on albumin. Hence,
the assignment of EB to site I was never truly veriﬁed. We
propose that, for the ﬁrst time, the unexploited cleft and site II
of serum albumin are likely the binding sites for EB and its
derivatives based on predictive docking and high-resolution
LC-MS data. The computational docking was performed by
AutoDock Vina, an academic docking program with high speed
and accuracy,36 as well as the best scoring powers among ten
famous docking programs.37 Therefore, it has been broadly
applied to predict the binding poses for biomacromolecule−
ligand complexes to explore the underlying mechanism.38,39
This ﬁnding reveals the binding interaction between EB
derivatives and albumin, and possibly serves as a guide for the
synthesis of next generation high-performance albumin binders.
The approach of in vivo dimerization of two albumins to
form a sandwich structure is attractive for multiple reasons.
First, by multivalence eﬀect, N(tEB)2 oﬀers an increased
chance to attach albumin, resulting in increased binding aﬃnity
to albumin and decreased free N(tEB)2 molecules diﬀusing
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the half-lives of oligonucleotides, lipids, polysaccharides, and
other small molecule drugs, in addition to peptides.
In conclusion, we developed a new class of ABMs with
several promising biomedical applications. Depending on the
route of administration, by dimerization of two molecules of
albumin in situ, N(tEB)2 showed increased binding ability with
albumin and therefore sustained local residence after
subcutaneous administration and extended circulating half-life
after intravenous injection. N(tEB)2 also display an inherent
propensity to accumulate in tumor tissues because of the EPR
eﬀect, oﬀering a potential application for tumor-targeted
drugs/radionuclides therapy. With simple thiol-maleimide
chemistry, N(tEB)2 can be derivatized for long-acting drug
delivery. More importantly, by partitioning the drug of interest
between two albumins it protects the drug against enzymatic
degradation during circulation. This potentially opens the door
for combining ABMs with metabolically labile compounds.
Collectively, these properties support N(tEB)2 as a versatile
platform for the development of next-stage long-lasting
therapeutics.

Hamiltonian replica exchange method (HREM) A
HREM49,50 simulation uses multiple replicas to sample a
phase space simultaneously, while replicas are swapped
periodically.49 Each replica corresponds to a diﬀerent environmental condition. It is well-known that proper exchanges
between Hamiltonians enhance sampling eﬃciency while
preserving the Boltzmann distribution.50,51 In HREM, the
ratio between the probability of exchanging x in the mth
replica and y in nth replica W(x,Em;y,En) and that of the reverse
process W(y,Em;x,En) must follow the relation
W (x , Em ; y , En)
= e −β Δ
W (y , Em ; x , En)

where
Δ = Em(y) − Em(x) + En(x) − En(y)
l
−β Δ
o
o e , if Δ > 0
W (x , Em ; y , En) = m
o
o1, otherwise
n

METHODS
Double-Decoupling Scheme. The binding aﬃnity can be
computed using double-decoupling scheme (Figure 1a)44,45
which allows one to calculate the absolute binding free energy
at a given conformation. It is necessary to prevent the guest
from being far away from the host when guest−host
interactions become very weak to obtain well-converged
results with this scheme. As indicated from the thermodynamic
cycle of the double-decoupling scheme, the absolute binding
free energy of a complex is equivalent to the diﬀerence
between the decoupling free energy of a ligand in the bound
state and the solvation free of a ligand in the monomeric
state46

Bennett’s Acceptance Ratio (BAR). BAR method
was utilized for post processing, which uses information from a
pair of simulations. From the ensembles sampled with two
simulations, the free energy diﬀerence is calculated according
to
ΔGBAR = −

(1)

8π 2V (K rK θAK θBK ϕAK ϕBK ϕC)1/2
(2)

where V is the volume for the unit cell, r0 is the reference
distance of a distance restraint, θA and θB are reference angles
of angle restraints, and K values are the force constants of the
six restraints.
Thermodynamic Integration (TI). TI method 47,48
calculates the free energy diﬀerence between two states 0
and 1 by using the derivatives of the potential energy with
respect to a state variable λ, ∂U (x , λ) . Using integration, the free
∂λ
energy diﬀerence between state 0 and 1 is

∫0

1 i ∂U (x ,

jj
jj
k

∂λ

λ) zy
zz dλ
z
{λ

f (U0 − U1 + C)
1
ln
f (U1 − U0 − C)
β

1
0

+C
(7)

where f is the Fermi function and C is a constant that is solved
by an iterative procedure.54
Computational Details. For the host, i.e., the Human
Serum Albumin protein, all residues in the X-ray structure
(PDB code 1E78)55 were kept except for S−S bond patching
and hydrogens, which were built using CHARMM software.56
AutoDock Vina,57 as one of the most popular docking
softwares, was used for the predocking process to generate
the initial poses. For this special case, only one wing of the
ligand (N(tEB)2) is docked with the host molecule (Albumin).
After docking, all the simulations were performed with
CHARMM 41b1. The force ﬁeld parameters of N(tEB)2
were generated with the CGenFF server.58,59 The complex
structure was then solvated in a cubic TIP3P water box with a
buﬀer space of 12 Å on each side. HREM simulation was
performed after 1 ns NPT equilibrium to calculate the free
energy contributions of the electrostatic and vdW interactions.
Due to the high ﬂexibility of the guest molecule, N(tEB)2, 100
replicas (see Supporting Information for more details) are
necessary for the HREM simulation in both bound and
monomeric states. All the procedures are summarized in Figure
1a.
Synthesis of N(tEB)2 1. The synthesis procedure is shown
in Figure S8. In detail, 4.25 g o-tolidine (compound 1) (4.25 g,
20.0 mmol) and 50 mL dichloromethane were added to a 250
mL glass vial, and then 20 mL di-tert-butyl dicarbonate (4.36 g,
20.0 mmol) in dichloromethane was added dropwise to the
vial. The mixture was stirred in room temperature (RT) for 24
h, then the solvents were removed under reduced pressure, and
the residuum was puriﬁed by silicon column to obtain the
compound 2. To 3.12 g of compound 2 in 40 mL water was

where ΔGCrest−on and ΔGCrest−off are the free energies for turning
on/oﬀ restraints, ΔGCelec and ΔGM
elec are the free energies of
decoupling electrostatic interactions of the guest molecule in
the bound state and the monomeric state, respectively, and
ΔGCvdW and ΔGM
vdW are those for the vdW interactions. The free
C
energy of removing restraints ΔGrest−off
is calculated by the
45
following formula

ΔGTI =

(6)
52,53

C
C
C
C
ΔG bind = ΔGrest
− on − ΔGelec − ΔGvdW − ΔGrest − off
M
M
+ ΔGelec + ΔGvdW

r02 sinθA ,0 sinθB ,0(2πkT )3

(5)

and this condition can be satisﬁed if the Metropolis-type
criterion is used for exchanges,

■

C
ΔGrest
− off = − kT ln

(4)

(3)
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NOTA-N(tEB)2 (compound 15). To a 20 mL glass vial
containing 12.0 mg of NOTA-N(tEB)2 and 11 mg of N-(2aminoethyl)maleimide in 4 mL of DMF was added 20 mg of
HATU and 50 μL DIPEA. The mixture was stirred at room
temperature for 2 h and puriﬁed with HPLC to give 8.5 mg of
maleimide-N(tEB)2 (N(tEB)2 2) after lyophilization.
Synthesis of N(tEB)2-Exendin-4. The N(tEB)2-exendin-4
was obtained by mixing 2.26 mg of cys-40-exendin-4 and 0.78
mg of maleimide-N(tEB)2 in 1 mL of water. The LC-MS
analysis showed formation of the desired product.
Atomic Force Microscopy and Quantiﬁcation. NtEB
and N(tEB)2 were, respectively, incubated with HSA (molar
ratio of 1:10, 1:1, and 10:1) at room temperature for 30 min.
Samples (10 μL) were cast on freshly peeled mica substrate,
followed by drying, rinsing, and dehumidifying. AFM was
carried out in tapping mode in air on a PicoForce Multimode
AFM (Bruker, CA) equipped with a Nanoscope V controller, a
type E scanner head, and a sharpened TESP-SS (Bruker, CA)
AFM cantilever. An inverted optical microscope (IX71,
Olympus, Japan) was used to capture pictures. AFM images
were then analyzed by Nanoscope Software (v 7.3−8.15,
Bruker, CA). For quantiﬁcation, 10 diﬀerent ﬁelds of view in
one image were selected to quantify the “dimer” and the
“monomer”. The size and morphology of dimer (length: >25
nm, dumbbell-shaped) and monomer (length: ≤25 nm, width:
≤25 nm, no dumbbell-shaped structure) was deﬁned by
ImageJ (NIH, MD).
Kinetic Binding Assay. Binding aﬃnity of EB, NtEB,
N(tEB)2, NtEB-exendin-4, and N(tEB)2-exendin-4 with
albumin was determined by biolayer interferometry (BLI) by
interaction with biotinylated BSA/streptavidin biosensors
using an Octet Red96 system (fortéBio), respectively. The
dilution series of the compounds (100, 50, 25, 12.5, 6.25,
3.125, 1.526 μM) and PBS were used to delineate binding
proﬁle. The assay protocol was brieﬂy described as follows.
After washing with 1 × PBS for 60 s, biotinylated BSA (1 μg/
mL) was loaded to the biosensor for 600 s, and after another
60 s washing, quenching with biocytin was performed for 180
s. Followed by another 60 s washing, association for 600 s and
dissociation for another 600 s were performed in turn. Data
was calculated and analyzed using Octet Analysis software v
7.0.
Preparation of 64Cu Labeled NtEB, N(tEB)2. Radionuclide 18F and 64Cu were produced and supplied by the
Clinical Center’s cyclotron facility in National Institute of
Health (NIH). The method and procedure for preparation 18F
or 64Cu labeled N(tEB)2 followed the NtEB labeling procedure
which had been reported in our previous study.21 Speciﬁcally,
64
CuCl2 was converted to 64Cu-acetate by adding 0.5 mL of 0.4
M NH4OAc solution (pH 5.6) to 20 μL 64CuCl2. 64Cu-acetate
solution (0.1 mL; 3−4 mCi) was added into a solution of 100
μg of NtEB or N(tEB)2 in water (10 mg/mL). The mixtures
were put on the orbital shaker (250 rpm) for 0.5 h at 37 °C.
Then, the radiochemical purity was determined using iTLC
plates (Fisher Scientiﬁc), developed in 0.1 M citric acid (pH
5). NtEB and N(tEB)2 were puriﬁed by a C18 Sep-Pak
(BOND-ELUT 100 mg, Varian), followed by elution from the
cartridge using 70% ethanol and 30% PBS.
Cell Culture. U-87MG (human glioblastoma) and INS-1
(rat insulinoma) were purchased from American Type Culture
Collection (ATCC, Rockville, MD), and UM-22B (human
head and neck squamous carcinoma) cells were purchased
from EMD Millipore (Billerica, MA). The cells were cultured

added 15 mL 2 M HCl; after cooling in an ice bath, 20 mL
NaNO2 (2.07 g, 30.0 mmol) was added, the mixture was
stirred in ice bath for 20 min, and a yellow diazonium salt
solution was formed (compound 3). NaHCO3 (3.36 g) was
added to 3.19 g 1-amino-8-naphthol-2,4-disulfonic acid in 20
mL water, and then compound 3 solutions were added
dropwise and the mixture was stirred in an ice bath for 2 h.
The solvents were removed under reduced pressure, and the
residuum was puriﬁed by C18 column to obtain compound 4.
Compound 4 (3.22 g) was added to 20 mL TFA in batches,
stirred in RT for 60 min, and then the solvents were removed
under reduced pressure, and the residuum was puriﬁed by C18
column to obtain the compound 5. Ammonium hydroxide (1
mL) was added dropwise to 1.08 g compound 5 in DMF,
followed by stirring at RT overnight. Then, 0.74 g CS2 was
added to the mixture and stirred at 40 °C for 8 h. The
residuum was puriﬁed by C18 column to obtain compound 6.
The puriﬁed compound 6 (0.58 g) and Pb(NO3)2 (0.66 g)
were mixed in 50 mL acetonitrile overnight at RT. The mixture
was puriﬁed by HPLC to get compound 7.
Compound 5 (0.54 g), compound 8 (0.43 g), HATU (0.38
g), and DIPEA (0.26 g) were added to 20 mL DMF, and the
mixture was stirred at RT for 24 h. The solvents were removed
under reduced pressure, and the residuum was puriﬁed by C18
column to obtain compound 9. To a solution of compound 9
(0.48 g) in 10 mL DMF, 2 mL piperidine was added dropwise
in an ice bath, and the mixture was stirred for 2 h at RT. The
solvents were removed under reduced pressure, and the
residuum was puriﬁed by C18 column to obtain the compound
10. Then, 0.37 g of the compound 10, 0.25 g NOTA-(OBut)2,
0.19 g HATU, and 0.13 g DIPEA were in turn added to 5 mL
DMF. The mixture was stirred at room temperature for 24 h,
and then the solvents were removed under reduced pressure.
The residuum was puriﬁed by C18 column to obtain
compound 11. A solution of compound 11 (0.24 g) in 20
mL TFA was stirred for 2 h at RT, the solvent was removed
under reduced pressure, and compound 12 was acquired by
C18 column.
Finally, compound 7 (0.06 g), compound 12 (0.1 g), and
DIPEA (0.04 g) were added to 2 mL DMF, the mixture was
reacted at room temperature for 24 h, and the (N(EB)2) 1 was
puriﬁed and freeze-dried. The exact molecular weight of
N(tEB)2 1 was 1539.4 g/mol.
Synthesis of N(tEB)2 2. To a 20 mL glass vial containing
100.0 mg of o-tolidine and 200.0 mg of NOTA-3HCl in 4 mL
of DMSO was added 100 μL diisopropylethylamine and 90 μL
diethyl cyanophosphonate. The mixture was stirred at room
temperature overnight. The mixture was then puriﬁed with
semipreparative HPLC. The peak containing the desired
product was collected and the solution was frozen over dry
ice and lyophilized overnight to give 28.5 mg pure tolidineNOTA-tolidine (compound 13). To a 20 mL glass vial
containing 12.7 mg of tolidine-NOTA-tolidine in 1.0 mL of
water was added 110 μmol of HCl (11 μL). The mixture was
cooled in ice bath and 7.6 mg of sodium nitrite (110 μmol) in
0.5 mL of water was added to the vial dropwise. The mixture
was stirred in ice bath for 20 min and the yellow diazonium salt
solution (compound 14) was added dropwise to another vial
in ice bath containing 20.0 mg of 1-amino-8-naphthol-2,4disulfonic acid and 13.0 mg of sodium bicarbonate in 0.5 mL
of water. The mixture was stirred in ice bath for 3 h and
puriﬁed with semipreparative HPLC. The product was
collected and lyophilized overnight to give 15.0 mg pure
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optimized to 1:5. Before subjection to trypsin, the freshly
prepared mixture of CH3CN (75%) and formic acid (4%) was
used as the stop solution for enzymatic reaction. The samples
were subjected to trypsin (optimized to 0.05 mg/mL)
digestion. 30 μL of sample at various time points (0, 5, 10,
20, 30, 50 min post treatment) was transferred into a 1.5 mL
tube, and then 30 μL of stop solution was immediately added
to each tube to stop the reaction. The samples (60 μL in total)
were put in a dry ice box. Before LC/MS, all the samples were
thawed to room temperature.
Qualitative LC/MS. Waters LC/MS system (Waters,
Milford, MA) was employed with an Acquity UPLC system
coupled to the Waters Q-Tof Premier high-resolution mass
spectrometer. An Acquity BEH Shield RP18 column (150 mm
× 2.1 mm) was eluted with a two-solution gradient of solution
A (2 mM ammonium formate, 0.1% formic acid, and 5%
CH3CN) and solution B (2 mM ammonium formate and 0.1%
formic acid in CH3CN). The elution proﬁle at 0.2 mL/min
was as follows: 100% (v/v) A and 0% B initially, gradient from
0% to 40% B over 5 min, isocratic elution at 40% B for an
additional 5 min, washing with 100% B over 2 min, and reequilibrium with A for an additional 4 min. The injection
volume was 10 μL. The entire column elute was introduced
into the Q-Tof mass spectrometer. Ion detection was achieved
in ESI mode using a source capillary voltage of 3.5 kV, source
temperature of 100 °C, desolvation temperature of 200 °C,
cone gas ﬂow of 50 L/h (N2), and desolvation gas ﬂow of 700
L/h (N2).
Quantitative LC/MS. For quantitative analysis of fragments from the enzymatic reaction, the LC/MS system
consisted of an Agilent 1200 autosampler, Agilent 1200 LC
pump, and an AB/MDS Sciex 4000 Q TRAP (Life
Technologies Corporation, Carlsbad, California). Separation
was achieved on an Phenomenex Gemini column (5 μm, 110A,
50 mm × 4.6 mm) with 2 mM ammonium acetate and
CH3CN with the following gradient system at a ﬂow rate of 1.0
mL/min: 100% (v/v) A and 0% B for 1 min initially, gradient
from 0% to 46% B over 4 min, isocratic elution at 46% B for an
additional 5 min, washing with 100% B over 1 min, and reequilibrium with A for an additional 1 min. Diﬀerent
combinations of multiple-reaction monitoring (MRM) and
full scan MS/MS experiments were performed. Three replicate
injections (10 μL) were made for each time-point metabolite.
The speciﬁc comparisons made for quantitation used a single
MRM transition per analyte.
Hypoglycemic Eﬃcacy and in Vivo Pharmacokinetics.
Hypoglycemic eﬃcacy of N(tEB)2-exendin-4 were evaluated
using a glucose tolerance test in male db/db mice (6−8
weeks), Saline, exendin-4, NtEB-exendin-4, and commercially
available hypoglycemic drug semaglutide were used as control.
Under nonfasting conditions with free access to food and
water, animals were administrated with a single dose of
subcutaneous injection of saline, exendin-4, semaglutide,
NtEB-exendin-4, or N(tEB)2-exendin-4 (25 nmol/kg body
weight, n = 3/group). Blood samples were collected from tail
vein at diﬀerent time points (0, 15, 30, 60, 90, 120 min) post
administration, and blood glucose levels were monitored with a
blood glucose meter (ACCU-CHEK Sensor, Roche Diagnostics Corp., USA).
Plasma Exendin-4 levels were determined by a commercial
Exendin-4 ELISA kit (Phoenix Biotech, USA) according to the
manufacturer’s instructions. Brieﬂy, 25 μL blood samples
collected at diﬀerent time points from the mice were added

in Minimum Essential Medium (MEM), RPMI-1640 medium,
and Dulbecco’s modiﬁed Eagle medium (DMEM) respectively, containing 10% fetal bovine serum (Gibco) in cell
incubator (a humidiﬁed atmosphere containing 5% CO2 at 37
°C). The cells were passaged 2−3 times per week.
Animal Models. All the animal protocols were approved by
the NIH Clinical Center Animal Care and Use Committee
(ACUC). The studies for in vivo pharmacokinetics were
performed in normal BALB/c mice (female; age, 6−8 weeks;
weight, 18−20 g) (Harlan). For mouse xenograft model,
female nude mice (6−8 weeks, 20−23 g) (Harlan) were
inoculated on their right shoulder with 5 × 106 cells of U87MG, INS-1, or UM-22B cells in Matrigel (Sigma) and PBS
with volume ratio of 1:1, respectively.
PET Imaging. All PET images were acquired using an
Inveon PET scanner (Siemens Preclinical Solutions, Malvern,
PA). Mice were anesthetized using isoﬂurane/O2 (2% v/v)
before injection. For the in vivo pharmacokinetics study,
healthy BALB/c mice (5 mice in each group) were
administered 3.7 MBq (100 μCi) 18F labeled NtEB or N(tEB)2
via tail vein injection and 60 min dynamic PET acquisitions
were performed. For the lymph node mapping study, 0.37
MBq/18F labeled NtEB or N(tEB)2 in 10 μL saline was
injected into the footpad of the mice (5 mice in each group)
(Siemens Medical Solutions, Malvern, PA). 60 min dynamic
PET acquisitions were performed, and additional static PET
images were acquired at 90 and 120 min p.i. For the tumor
uptake study, PET scans were performed at 22−28 days post
inoculation when the tumor volume reached about 200−300
mm3. 3.7 MBq 64Cu labeled NtEB or N(tEB)2 were injected to
nude mice (5−6 mice in per group) via tail vein and PET
images were acquired 4, 24, and 48 h p.i. PET images were
reconstructed without correction for attenuation or scattering
using a three-dimensional ordered subsets expectation maximization algorithm. ASI Pro VMTM software was used for
image analysis. Regions of interest (ROI) were drawn on LNs
to calculate the %ID/g.
Comparison of the half-life of the N(tEB)2 and NtEB
through two-phase linear regression of the time activity curves
over heart at various time points, respectively. The details were
showed in the reported work,60 and the data was calculated
through GraphPad Prism v 7.03 (GraphPad Software Inc., San
Diego, CA).
The above mice were killed at speciﬁed time points. Organs
and blood were collected and wet weighed. The collected
organs and blood, together with a series of standard solutions,
were measured for 64Cu radioactivity on a gamma counter
(Wallac Wizard 1480, PerkinElmer). The radioactivity of
organs and blood was converted to calculate the percentages of
the injected dose (%ID) in organs of interest and the
percentages of the injected dose per gram of tissue (%ID/g).
Enzymatic Degradation. For the enzymatic degradation
setup, 80 μL exendin-4 (0.5 mg/mL) was incubated with
trypsin (0.05 mg/mL) for diﬀerent time (0, 5, 20, and 40 min)
at 37 °C on orbital shaker (250 rpm). Before subjection to
trypsin, the freshly prepared mixture of CH3CN (75%) and
formic acid (4%) was used as the stop solution for enzymatic
reaction. The whole reaction solution was analyzed and most
dominant fragments were assigned to speciﬁc molecules. For
evaluating antidegradation eﬀect, 80 μL free exendin-4, NtEBexendin-4, and N(tEB)2-exendin-4 were preincubated with
HSA (20 mg/mL) for 30 min at 37 °C on the orbital shaker
(250 rpm). The molar ratio of compound to HSA was
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