
Edited by

Albumin-Based 
Drug Delivery 
Systems

Gábor Katona
Printed Edition of the Special Issue Published in Pharmaceutics

www.mdpi.com/journal/pharmaceutics



Albumin-Based Drug Delivery
Systems





Albumin-Based Drug Delivery
Systems

Editor
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Preface to ”Albumin-Based Drug Delivery Systems”

Albumin is playing an increasing role as a versatile, biodegradable drug carrier in clinical

theranostics. By applying different techniques, smart drug-delivery systems can be developed

from albumin in order to improve drug delivery of different active pharmaceutical ingredients,

even small-molecule drugs, peptides or enzymes. Principally, three drug delivery technologies can

be distinguished for binding small-molecule or peptide drugs through the charged amino acids,

carboxyl, and amino groups of albumin: physical or covalent binding of the drug to albumin

through a ligand- or protein-binding group, the fusion of drugs with albumin or the encapsulation

of drugs into albumin nanoparticles. The accumulation of albumin in inflamed tissues and solid

tumours forms the rationale for developing albumin-based drug delivery systems for targeted

drug delivery. Besides tumour therapy albumin-based drug delivery systems can be successfully

applied as anti-inflammatory and anti-thrombotic coating for medical devices. The development and

optimization of albumin nanoparticles may also be a rational and promising tool for conventional or

alternative administration routes in order to improve therapy. This collection provides an overview

of the significant scientific research works in this field, which may inspire researchers towards further

development and utilization of these smart drug delivery systems. This topic is respectfully dedicated

to Dr Piroska Szabó-Révész Professor Emerita for her scientific support and research motivation in

the field of innovative drug formulation.

Gábor Katona

Editor
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Abstract: Glucagon-like peptide-1 (GLP-1) is a peptide hormone with tremendous therapeutic poten-
tial for treating type 2 diabetes mellitus. However, the short half-life of its native form is a significant
drawback. We previously prolonged the plasma half-life of GLP-1 via site-specific conjugation
of human serum albumin (HSA) at position 16 of recombinant GLP-1 using site-specific incorpo-
ration of p-azido-phenylalanine (AzF) and strain-promoted azide-alkyne cycloaddition (SPAAC).
However, the resulting conjugate GLP1_8G16AzF-HSA showed only moderate in vivo glucose-
lowering activity, probably due to perturbed interactions with GLP-1 receptor (GLP-1R) caused by
the albumin-linker. To identify albumin-conjugated GLP-1 variants with enhanced in vivo glucose-
lowering activity, we investigated the conjugation of HSA to a C-terminal region of GLP-1 to re-
duce steric hindrance by the albumin-linker using two different conjugation chemistries. GLP-1
variants GLP1_8G37AzF-HSA and GLP1_8G37C-HSA were prepared using SPAAC and Michael
addition, respectively. GLP1_8G37C-HSA exhibited a higher glucose-lowering activity in vivo than
GLP1_8G16AzF-HSA, while GLP1_8G37AzF-HSA did not. Another GLP-1 variant, GLP1_8A37C-
HSA, had a glycine to alanine mutation at position 8 and albumin at its C-terminus and exhibited
in vivo glucose-lowering activity comparable to that of GLP1_8G37C-HSA, despite a moderately
shorter plasma half-life. These results showed that site-specific HSA conjugation to the C-terminus
of GLP-1 via Michael addition could be used to generate GLP-1 variants with enhanced glucose-
lowering activity and prolonged plasma half-life in vivo.

Keywords: plasma half-life extension; albumin conjugation; in vivo glucose-lowering activity;
glucagon-like peptide-1

1. Introduction

Diabetes mellitus is one of the most common chronic diseases worldwide, involving
the loss of control of blood glucose levels, which results in a continuously elevated glucose
concentration. The global prevalence of diabetes mellitus among adults over 18 years of
age increased from 4.7% in 1980 to 8.5% in 2014 [1]. In 2016, an estimated 1.6 million deaths
were directly caused by diabetes [2]. To prevent these complications, controlling the blood
glucose levels of patients with diabetes is of great importance. Glucagon-like peptide-1
(GLP-1) is an essential hormone that contributes to the regulation of blood glucose levels.
After secretion from L-cells of the intestine [3], GLP-1 is directed toward many organs to
reduce the blood glucose levels, including the pancreas, heart, muscles, kidneys, liver, and
even the brain [4]. The activity of GLP-1 is mediated by its binding to the GLP-1 receptor
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(GLP-1R) on the membrane of cells found in various organs, including pancreatic beta
cells [5–7]. After GLP-1R is stimulated by GLP-1 binding, it activates the G-protein and
upregulates cyclic adenosine monophosphate (cAMP) inside the cell and causes other
synergistic effects, which leads to proliferation of pancreatic beta cells, enhanced insulin
production inside the pancreatic beta cells, and insulin secretion to control the blood
glucose levels [8–11].

Because of its rapid renal clearance due to its small size (~3 kDa) and its vulnera-
bility to proteolytic cleavage by dipeptidyl peptidase-IV (DPP-IV), GLP-1 is reported
to have an extremely short half-life in the body (~2–3 min). Although GLP-1 exerts
significant effects in an individual’s body, its short half-life is a significant drawback.
Many studies have been conducted in effort to overcome the hurdles of GLP-1 and to
develop it as a medication. Traditional efforts to increase the size of small therapeutic
proteins have included polyethylene glycol (PEG) conjugation. However, PEG conju-
gation has been reported to cause several complications, including renal accumulation
and potential immunogenicity [12–17]. Recently, serum albumin has been proposed
as a good half-life extender, as it is a naturally abundant protein that is amenable to
chemical conjugation via the free thiol on cysteine 34. Furthermore, albumin can bind
to the neonatal Fc receptor (FcRn) in an acidic environment, which protects it from
intracellular degradation and allows it to be recycled into the extracellular space. Ac-
cordingly, we and other researchers have attempted to use direct chemical conjugation
or indirect binding of proteins to albumin via albumin-binding ligands to prolong
the plasma half-life of the proteins [18,19]. To address the short half-life of GLP-1
resulting from its cleavage by DPP-IV, the GLP-1 backbone of GLP-1R agonists has
been changed. For instance, the alanine at position 8 of GLP-1 is cleaved by DPP-
IV [20] and the cleaved GLP-1 fragment (residues 9-39) is known for its low biological
activity as the N-terminal moiety of GLP-1 is important for receptor activation [21].
Therefore, substitution of the alanine with glycine, or any other amino acid including
non-natural amino acids (NNAAs), has been used in attempt to confer resistance to
DPP-IV-induced cleavage [22,23].

We previously reported the site-specific HSA conjugation to GLP-1 by expressing
recombinant GLP-1 variants bearing an NNAA as an albumin conjugation site fused
to superfolder green fluorescent protein (sfGFP) in genetically engineered Escherichia
coli [24]. Two of the resulting GLP-1 variants with human serum albumin (HSA)
conjugated at positions 16 and 28, respectively, exhibited significantly prolonged
plasma half-lives in mice (~8 h) [24]. Although we carefully selected the albumin
conjugation site on GLP-1 in order for it not to interfere with the interactions of
position 16 of GLP-1with GLP-1R (Figure 1A), in vitro and in vivo glucose-lowering
activities of the resulting albumin conjugates were only moderate [24]. Enhancing the
biological potency of a drug can help reduce the amount of injected drug needed for
efficacy, thereby contributing to a reduction in production cost.

In the current study, we investigated the effects of albumin conjugation sites
and conjugation chemistry on in vivo blood-lowering activities with the ultimate goal
of designing albumin-GLP1 conjugates with enhanced therapeutic potency. Based
on mutation studies, an albumin conjugate site at GLP1 position 16 was selected
in a previous study to minimize the perturbation of interactions between the GLP-
1 variant and GLP-1R [24]. However, considering the bulky structure of albumin,
we hypothesize that the albumin conjugated to GLP-1 may to some extent block the
binding of the conjugate to GLP-1R. The crystal structure of GLP-1 complexed with
GLP-1R (PDB ID: 5VAI) indicates that albumin conjugated to the C-terminal region
of GLP-1 causes less steric hindrance with GLP1-1R than that of albumin conjugated
to the middle region of GLP-1. Therefore, we prepared GLP1_8G37AzF-HSA, a new
GLP1-HSA conjugate generated by HSA conjugation to the C-terminal region of GLP-1
(Figure 1B), as well as GLP1_8G16AzF-HSA, a GLP1-HSA conjugate generated by HSA
conjugation to position 16 of GLP-1 [24]. In addition to the albumin conjugate site,
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we hypothesized that the conjugation chemistry may also affect in vivo activity of
GLP1-HSA conjugates. In a previous study, we used strain-promoted azide-alkyne
cycloaddition (SPAAC) to couple azido groups to dibenzocyclooctyne (DBCO), which
resulted in a very bulky four-ring structure. Such a bulky structure could reduce the
binding affinity of the conjugate to GLP-1R by either direct or indirect interactions
with GLP-1R. Therefore, we also prepared the GLP1-HSA conjugate GLP1_8G37C-HSA
by conjugating HSA to a GLP-1 variant bearing a cysteine at position 34 (GLP1_8G37C)
via a Michael addition reaction (Figure 1C). The cysteine at position 34 was often used
for albumin modification, because it is away from FcRn binding site [24]. The effects
of alanine and glycine at position 8 of GLP-1 were also investigated in the current
study. Replacing the alanine at position 8 with glycine prevented DPP-IV-mediated
cleavage of GLP-1. However, there are reports that this mutation results in a mild
loss of biological activity in vitro (4-10-fold decrease) [23,25,26]. To further investigate
this, we substituted glycine with alanine at position 8 on GLP1_8G37C, resulting in
GLP1_8A37C (Figure 2A). All GLP-1 variants were expressed in E. coli using sfGFP as
a fusion tag (Figure 2B,C), as previously reported [24]. After expression of each GLP-1
protein, albumin conjugation was completed, followed by proteolytic cleavage using
factor Xa to dissociate the fusion tag from the desired conjugate (Figure 2B,C). We
subsequently investigated the in vivo activities, in vivo half-life, and in vitro activities
of each variant.
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Figure 1. Structures of three glucagon-like peptide-1 (GLP-1)-human serum albumin (HSA) variants.
GLP-1 variants conjugated to HSA at position 16 (A) and position 37 (B) using strain-promoted
azide-alkyne cycloaddition and Michael addition. (C) GLP-1 variants conjugated to HSA at position
37 using inverse-electron demand Diels-Alder reaction and Michael addition.
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2. Materials and Methods
2.1. Materials

Polypropylene columns and nickel-nitrilotriacetic acid (Ni-NTA) agarose beads were
purchased from Qiagen (Valencia, CA, USA). Trans-cyclooct-2-ene maleimide (TCO-MAL)
and methyltetrazine-PEG4-maleimide (TET-PEG4-MAL) were obtained from Futurechem
(Seoul, Korea). Dibenzocyclooctyne-PEG4-maleimide (DBCO-PEG4-MAL) was purchased
from Click Chemistry Tools LLC (Scottsdale, AZ, USA). p-Azido-l-phenylalanine (AzF)
was purchased from Chem-Impex International (Wood Dale, IL, USA). Disposable PD-10
desalting columns with Sephadex G-25 resin, Ion exchange chromatography columns
(HiTrap Q HP and HiTrap SP HP) were obtained from GE Healthcare (Little Chalfont,
Buckinghamshire, UK). Factor Xa was obtained from New England Biolabs (Ipswich,
MA, USA). The GLP-1_WT and GLP-1_8GWT peptides were synthesized by GenScript
(Piscataway, NJ, USA). Vivaspin 6 concentrator and 10,000 MWCO were purchased from
Sartorius (Weender Landstraße, Göttingen, Germany). The mouse anti-GLP-1 monoclonal
antibody was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Rabbit anti-
albumin polyclonal antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The anti-mouse IgG, horseradish peroxidase (HRP)-linked antibody was purchased from
Cell Signaling Technology (Beverly, MA, USA). Human embryonic kidney 293 (HEK293)
cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA).
Fetal bovine serum and antibiotic-antimycotic for cell culture were purchased from Gibco
(Gaithersburg, MD, USA). Iscove’s modified Dulbecco’ s medium and the Transfection
Reagent Kit for the in vitro assays were purchased from Sigma Aldrich. DNA transfection
reagent (X-tremeGENE HP) was obtained from Roche Diagnostics GmbH (Mannheim,
Germany). The cAMP assay kit was obtained from R&D Systems (Minneapolis, MN, USA).
Unless otherwise noted, all other chemicals were obtained from Sigma-Aldrich.

2.2. Preparation of sfGFP and GLP-1 Fusion Protein

Construction of the pQE80-sfGFP-GLP1_C plasmid was described in a previous re-
port [24]. This plasmid encodes a fusion protein of sfGFP and GLP1_C and was used
as a template for mutagenesis. To confer resistance to proteolytic degradation by DPP-
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IV, a PCR-based site-directed mutagenesis was used to replace the alanine at position
8 of GLP-1 with glycine by using primers A8G_F and A8G_R. For site-specific incorpo-
ration of AzF, the V16 and G37 sites of GLP-1 were mutated to an amber codon (TAG).
The final plasmids generated were pQE80-sfGFP-GLP1_8G16Amb and pQE80-sfGFP-
GLP1_8G37Amb, which were obtained by a PCR-based site-directed mutagenesis using
primers V16AzF_F, V16AzF_R, G37AzF_F, and G37AzF_R (Table S1). To generate the 37C
variants pQE80-sfGFP-GLP1_8A37C and pQE80-sfGFP-GLP1_8G37C, cysteine was sub-
stituted for glycine at position 37 of GLP-1 using primers G37C_F and G37C_R (Table S1).
The pEvol-pAzFRS.1.t1 plasmid encoding the orthogonal pair MjTyrRS/MjtRNACUA was
obtained from Addgene (Addgene plasmid #73547, Watertown, MA, USA) [27]. To express
the AzF-incorporated fusion protein, one of the amber codons-containing plasmids and
pEvol-pAzFRS.1.t1 were co-transformed into C321∆A.exp. E. coli cells (Addgene plasmid
#49018) [28]. For the expression of variants 8A37C and 8G37C, each plasmid (pQE80-
sfGFP-GLP1_8A37Cys and pQE80-sfGFP-GLP1_8G37Cys) was transformed into TOP10
E. coli cells.

The overnight cultures of C321∆A.exp cells containing one of the amber codons-
containing plasmids and pEvol-pAzFRS.1.t1 were inoculated into 200 mL of 2×YT media
containing ampicillin (100 µg/mL) and chloramphenicol (35 µg/mL) and incubated at
37 ◦C with 210 rpm shaking. When the absorbance at 600 nm (OD600) reached 0.4, AzF
was supplemented to the culture to a final 1 mM concentration. When the OD600 reached
0.5, sfGFP-GLP1 fusion protein expression was induced by the addition of isopropyl-
β-D-thiogalactopyranoside (IPTG) and L-(+)-arabinose to the culture at final 1 mM and
0.2% (w/v) concentrations, respectively. The cells were cultured at 25 ◦C with 210 rpm
shaking and collected after 15 h by centrifugation (6000 rpm, 15 min). The expression of
sfGFP-GLP1_8G37C and sfGFP-GLP1_8A37C were performed as described above, except
TOP10 E. coli was used for pQE80-sfGFP-GLP1_8G37Cys and TOP10 E. coli was used
for pQE80-sfGFP-GLP1_8A37Cys, and chloramphenicol, AzF, and L-(+)-arabinose were
not added.

The sfGFP-GLP1 fusion protein variants containing AzF were purified using Ni-NTA
resin (QIAGEN, Hilden, Germany) and an N-terminal hexahistidine-tag according to the
manufacturer’s manual. The purified sfGFP-GLP1 was then exchanged with 20 mM Tris
(pH 8.0), and then subjected to anion exchange chromatography using a HiTrap Q HP
column. The sfGFP-GLP1_8G37C and sfGFP-GLP1_8A37C were purified by similar affinity
purification steps except 5 mM tris(2-carboxyethyl)phosphine (TCEP) was added to all
buffers. Subsequently, sfGFP-GLP1_8A37C and sfGFP-GLP1_8G37C were functionalized
by the thiol-maleimide reaction using cysteine at position 37 of GLP-1. The purified proteins
were buffer-exchanged with PBS (pH 7.3) and mixed with TET-PEG4-MAL (1:4 molar ratio).
Unreacted linker was removed by desalting with 20 mM Tris (pH 8.0) using a PD-10 column
after 3 h. The functionalization process ended with the production sfGFP-GLP1_8A37C-
TET and sfGFP-GLP1_8G37C-TET, respectively.

2.3. Preparation of GLP1_8G16AzF-HSA, GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and
GLP1_8A37C-HSA Conjugates

HSA-DBCO was prepared as described previously [24]. The prepared HSA-DBCO
was conjugated with sfGFP-GLP1_8G16AzF and sfGFP-GLP1_8G37AzF and HSA-TCO
was conjugated at room temperature (RT) overnight with sfGFP-GLP1_8G37C-TET and
sfGFP-GLP1_8A37C-TET (1:2 molar ratio). Each mixture was buffer exchanged into 20 mM
sodium phosphate buffer (pH 6.0). Then, cation exchange chromatography was performed
to remove the unreacted HSA and sfGFP-GLP1 by using a HiTrap SP HP column with
20 mM sodium phosphate (pH 6.0).

The separated sfGFP-GLP1-HSA was buffer-exchanged into a buffer (2 mM CaCl2,
10 mM NaCl, 20 mM Tris; pH 8) and then concentrated (final 10 µM concentration) using
a Vivaspin 6 concentrator, 10,000 MWCO. The sfGFP-GLP1-HSA was incubated with
1/200 (w/w) Factor Xa protease for 18 h at room temperature. The Factor Xa reaction was
terminated by the addition of dansyl-Glu-Gly Arg-chloromethyl ketone (0.1 mg/mL). The
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Factor Xa-processed conjugate solution was further purified to obtain the GLP1-HSA by
the buffer-exchange into 20 mM Bis-Tris (pH 6.0) and anion exchange chromatography
using a HiTrap Q HP column.

2.4. Labeling of Linker Conjugated sfGFP-GLP1_8G37C by Inverse Electron-Demand Diels-Alder
Reaction (IEDDA)

For labeling, 20 µM sfGFP-GLP1_8G37C or 20 µM sfGFP-GLP1_8G37C-TET in PBS
(pH 7.4) was mixed with TCO-cy5.5 dye at a molar ratio of 1:5 for 2 h. As a control, sfGFP-
GLP1_8G37C-TET without dye was prepared. Each mixture was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorescence imaging
using a Bio-Rad ChemiDoc XRS + Imaging System (Bio-Rad, Hercules, CA, USA).

2.5. Mass Spectrometric Analysis

All analytes were prepared using a ZipTip C18 system in accordance with the manufac-
turer’s manual. After ZipTip processing, GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C
were mixed 1:1 (v:v) with α-cyano-4-hydroxy cinnamic acid (HCCA)-saturated TA30,
which was a solution (30% acetonitrile; 0.1% trifluoroacetic acid). The GLP1_8G37AzF-
HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA after ZipTip processing were mixed
with 20 mg/mL 2,5-dihydroxybenzoic acid (DHB) in TA30. Each mixture placed on a pol-
ished steel plate and mass characterization was conducted using Autoflex matrix-assisted
laser desorption-ionization/time-of-flight mass spectroscopy (MALDI-TOF MS) and the
corresponding flexControl software (Bruker Daltonics, Bremen, Germany).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) of GLP1-HSA Conjugate

The immunoplate was coated with 5 µg/mL anti-albumin rabbit antibody in 0.1 M
bicarbonate pH 9.6 at 4 ◦C overnight and then blocked with 5% skim milk. After removal
of the solution from each well, the serum samples were diluted in 5% skim milk and
incubated in each well for 2 h at room temperature. The GLP1-HSA variant was used as
a calibration standard. After washing each well, 1 µg/mL anti-GLP-1 mouse antibody
diluted in 5% skim milk was incubated at RT for 2 h. Each well of the plate was washed
and then incubated with an anti-mouse HRP-conjugated IgG antibody diluted 1/3000 in
5% skim milk at RT for 1 h. Once again after washing, 3, 3′,5, 5-tetramethylbenzidine was
applied and incubated at room temperature for a short time. The reaction was quenched
using 100 µL of 2 M H2SO4. Then, the absorbance at 450 nm was monitored using a
Synergy™ microplate reader (BioTek, Winooski, VT, USA).

2.7. Pharmacokinetic Studies of GLP1-HSA Conjugates

In vivo pharmacokinetic studies were conducted using eight-week-old female BALB/c
mice (DBL, Korea). The mice were maintained in a 12-h light/12-h dark cycle and freely
accessed to water and food. All animal protocols were approved by the Animal Ethics
Committee of GIST (Approval number: GIST-2019-071 (4 October 2019)) in accordance
with the Guidelines for Care and Use of Laboratory Animals proposed by the Gwangju
Institute of Science and Technology (GIST). The mice were randomly divided into two
groups (n = 4/group). Either GLP1_8G37C-HSA or GLP1_8A37C-HSA (10 nmol/kg dose)
was intravenously administered to the respective groups of mice. Blood samples (<70 µL)
were collected from the retroorbital venous sinus at 0.16, 1, 3, 6, 12, and 24 h after conjugate
administration. The acquired blood samples were placed at RT for 30 min and then
centrifuged at 4 ◦C (2500 rpm, for 10 min). The serum was collected, and the samples
stored at −20 ◦C until analyzed. Plasma concentrations of the GLP1-HSA conjugate at each
time point was measured in triplicate by ELISA.

2.8. In Vivo Intraperitoneal Glucose Tolerance Test (IPGTT)

Normal seven-week-old C57BL/6J male mice (DBL, Korea) were randomly divided
into six groups (n = 6/group). The mice were fasted for 3–6 h prior to the experiment.
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GLP1_C (30 nmol/kg), the GLP1-HSA variants (30 nmol/kg), or saline were subcuta-
neously administered 20 min before an intraperitoneal injection of glucose (1.5 g/kg).
Blood samples were collected from the tail and glucose levels were determined using an
Accu-Check Guide (Roche Diabetes Care, Indianapolis, IN, USA).

2.9. In Vitro Activity Assay

An in vitro activity assay for GLP1_C and its variants was performed as described
in our previous study [24]. Briefly, 10,000 HEK293 cells were seeded per well onto a
48-well plate and incubated at 37 ◦C under 5% CO2 for 16 h. The plasmid pcDNA3.1-GLP-
1R_tango (Addgene, Cambridge, MA, USA) [29] and transfection reagent were then mixed
in serum-free medium for 20 min, in accordance with the manufacturer’s recommendation.
Then, 30 µL of the mixture was dropped into each well and the plate was incubated for 48 h
at 37 ◦C. GLP1_C or variant peptides were diluted 10-fold with media and added to the
transfected cells for 15 min. The levels of cAMP in the cell lysate were measured using the
cAMP Parameter Assay Kit following the manufacturer’s protocol. The synthetic GLP1_C
peptide solutions at required concentrations were prepared using deionized water just prior
to performing the assay. The values were normalized to the amount of cAMP secreted with
GLP1_C of 10–6 M and converted to % activity. The half maximal effective concentrations
(EC50) of each curve were estimated from a dose–response curve using OriginPro software.
Absorbance at 450 nm was monitored using a Varioskan Lux microplate reader (Thermo
Fisher Scientific).

3. Results and Discussion
3.1. Preparation of C-terminus-Modified GLP-1 Varints

Preparation of sfGFP-GLP1_8G37C was representatively described in detail. Comparison
of cell lysates before induction (BI) and after induction (AI) of sfGFP-GLP1_8G37C showed
a prominent new band in the A.I. sample in a Coomassie blue-stained gel (Figure 3A). The
protein band was shown between 25 kDa and 37 kDa molecular markers, consistent
with the expected molecular weight of sfGFP-GLP-1_8G37C (~32 kDa). Purified sfGFP-
GLP1_8G37C was obtained by Ni-NTA affinity chromatography (Figure 3B), and its size
shown to be between 25 kDa and 37 kDa. However, two bands were observed for the
purified sfGFP-GLP1_8G37C, which we speculated was a result of different oxidation status
of sfGFP-GLP1_8G37C [30]. The preparation of sfGFP-GLP1_8A37C was performed in a
similar manner to that of sfGFP-GLP1_8G37C and the preparation of sfGFP-GLP1_8G16AzF
was performed as previously reported [24].
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Figure 3. Expression, purification, and confirmation of C-terminal cysteine-substituted sfGFP-
GLP-1_8G37C. (A) SDS-PAGE protein gel images of cell lysates before induction (BI) and after 
induction (AI). A prominent band expected to be sfGFP-GLP1_8G37C is observed (arrow). (B) 
Purified sfGFP-GLP1_8G37C in an SDS-PAGE gel after Ni-NTA affinity chromatography. 

To append the sfGFP-GLP1_8G37C functional group for reaction with HSA, TET-
PEG4-MAL was reacted with sfGFP-GLP1_8G37C to generate sfGFP-GLP1_8G37C-TET. 
We chose this linker in order to use the IEDDA, which is known for its high reactivity 
compared to that of the formerly used bioorthogonal SPAAC [31]. The reactivity of 
methyltetrazine was evaluated by conjugating the linker to a fluorescent dye. Briefly, the 
sfGFP-GLP1_8G37C-TET conjugate was reacted with TCO-Cy5.5 dye and the in-gel 
fluorescence of the reaction mixture analyzed (Figure S1). In the Coomassie-stained gel, 
the upper band showed a mild upward shift after conjugation with TET-PEG4-MAL. In 
contrast, migration of the lower band, which we speculated to be the oxidized form of 
sfGFP-GLP-1_8G37C, did not change after conjugation with the TET-PEG4-MAL linker. 
This was attributed to the absence of a reduced cysteine, which was required to undergo 
the reaction with maleimide. TCO-Cy5.5 dye-labeled sfGFP-GLP-1_8G37C-TET showed 
prominent fluorescence, whereas sfGFP-GLP-1_8G37C, which could not react with the 
TCO-Cy5.5, failed to show fluorescence after incubation with the dye. Labeling the 
conjugate with the dye confirmed the sfGFP-GLP1_8G37C-TET construct.  

Meanwhile, the construction of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C 
were verified by MALDI-TOF MS. GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C were 
obtained by processing the respective sfGFP_GLP1 fusion proteins by Factor Xa. The 
monoisotopic mass of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C were 3474.0, 
3414.9, and 3428.7 m/z, respectively (Figure 4). This closely matched the expected values 
of 3473.6, 3414.7, and 3428.7 m/z, respectively, with less than a 0.1% difference being 
observed. These results were consistent with the successful construction of the GLP1 
variants fused with sfGFP in E. coli. 

Figure 3. Expression, purification, and confirmation of C-terminal cysteine-substituted sfGFP-GLP-
1_8G37C. (A) SDS-PAGE protein gel images of cell lysates before induction (BI) and after induction
(AI). A prominent band expected to be sfGFP-GLP1_8G37C is observed (arrow). (B) Purified sfGFP-
GLP1_8G37C in an SDS-PAGE gel after Ni-NTA affinity chromatography.

To append the sfGFP-GLP1_8G37C functional group for reaction with HSA, TET-PEG4-
MAL was reacted with sfGFP-GLP1_8G37C to generate sfGFP-GLP1_8G37C-TET. We chose
this linker in order to use the IEDDA, which is known for its high reactivity compared to
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that of the formerly used bioorthogonal SPAAC [31]. The reactivity of methyltetrazine was
evaluated by conjugating the linker to a fluorescent dye. Briefly, the sfGFP-GLP1_8G37C-
TET conjugate was reacted with TCO-Cy5.5 dye and the in-gel fluorescence of the reaction
mixture analyzed (Figure S1). In the Coomassie-stained gel, the upper band showed a mild
upward shift after conjugation with TET-PEG4-MAL. In contrast, migration of the lower
band, which we speculated to be the oxidized form of sfGFP-GLP-1_8G37C, did not change
after conjugation with the TET-PEG4-MAL linker. This was attributed to the absence of a
reduced cysteine, which was required to undergo the reaction with maleimide. TCO-Cy5.5
dye-labeled sfGFP-GLP-1_8G37C-TET showed prominent fluorescence, whereas sfGFP-
GLP-1_8G37C, which could not react with the TCO-Cy5.5, failed to show fluorescence
after incubation with the dye. Labeling the conjugate with the dye confirmed the sfGFP-
GLP1_8G37C-TET construct.

Meanwhile, the construction of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C
were verified by MALDI-TOF MS. GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C were
obtained by processing the respective sfGFP_GLP1 fusion proteins by Factor Xa. The
monoisotopic mass of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C were 3474.0, 3414.9,
and 3428.7 m/z, respectively (Figure 4). This closely matched the expected values of 3473.6,
3414.7, and 3428.7 m/z, respectively, with less than a 0.1% difference being observed. These
results were consistent with the successful construction of the GLP1 variants fused with
sfGFP in E. coli.
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Figure 4. Monoisotopic mass confirmation of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C by 
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3474.0, 3414.9, and 3428.7 m/z, respectively. 
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Preparation of the GLP1_8G37AzF-HSA variant was performed as previously 

reported [24], except for the use of sfGFP-GLP1_8G37AzF instead of sfGFP-
GLP1_8G16AzF. Preparation of the HSA-conjugated GLP-1 cysteine variants was initiated 
by conjugation of a linker to HSA. To confer TCO functionality to HSA, a TCO-MAL linker 
was used to generate HSA-TCO as we wanted to match the distance between GLP-1 and 
HSA to the other GLP1-HSA conjugates (GLP1_8G16AzF-HSA and GLP1_8G37AzF-
HSA). GLP1_8G16AzF-HSA and GLP1_8G37AzF-HSA have PEG4 and an azide-DBCO 
complex between GLP-1 and HSA. As TET-PEG4-MAL possesses PEG4, a linker 
conjugated to HSA does not need PEG. After the generation of HSA-TCO, HSA-TCO was 
reacted with sfGFP-GLP1_8G37C-TET, resulting in a mixture containing sfGFP-
GLP1_8G37C-HSA (Figure 5A). Cation exchange chromatography was performed to 
isolate sfGFP-GLP1_8G37C-HSA from unreacted albumin (Figure S2). We collected 
fractions containing sfGFP-GLP1_8G37C-HSA and then proceeded to the next 
purification step. In the next step, the conjugate was processed by factor Xa, resulting in 
the GLP1_8G37C-HSA variant, which was purified from the cleaved sfGFP by anion 
exchange chromatography (Figure S3). The same procedures were used to generate and 
isolate the GLP1_8A37C-HSA variant. Bands of purified GLP1_8G37C-HSA and 
GLP1_8A37C-HSA were clearly observed between the 50 and 75 kDa molecular weight 
standard bands (Figure 5B), which was consistent with the expected molecular weight of 
~70 kDa for the GLP1-HSA variants.  

Figure 4. Monoisotopic mass confirmation of GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C by
matrix-assisted laser desorption/ionization time-of-light mass spectroscopy (MALDI-TOF MS). The
monoisotopic mass to charge ratio for GLP1_8G37AzF, GLP1_8G37C, and GLP1_8A37C were 3474.0,
3414.9, and 3428.7 m/z, respectively.

3.2. Preparation of Albumin-Conjugated GLP-1 Variants

Preparation of the GLP1_8G37AzF-HSA variant was performed as previously re-
ported [24], except for the use of sfGFP-GLP1_8G37AzF instead of sfGFP-GLP1_8G16AzF.
Preparation of the HSA-conjugated GLP-1 cysteine variants was initiated by conjuga-
tion of a linker to HSA. To confer TCO functionality to HSA, a TCO-MAL linker was
used to generate HSA-TCO as we wanted to match the distance between GLP-1 and
HSA to the other GLP1-HSA conjugates (GLP1_8G16AzF-HSA and GLP1_8G37AzF-HSA).
GLP1_8G16AzF-HSA and GLP1_8G37AzF-HSA have PEG4 and an azide-DBCO complex
between GLP-1 and HSA. As TET-PEG4-MAL possesses PEG4, a linker conjugated to HSA
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does not need PEG. After the generation of HSA-TCO, HSA-TCO was reacted with sfGFP-
GLP1_8G37C-TET, resulting in a mixture containing sfGFP-GLP1_8G37C-HSA (Figure 5A).
Cation exchange chromatography was performed to isolate sfGFP-GLP1_8G37C-HSA from
unreacted albumin (Figure S2). We collected fractions containing sfGFP-GLP1_8G37C-
HSA and then proceeded to the next purification step. In the next step, the conjugate
was processed by factor Xa, resulting in the GLP1_8G37C-HSA variant, which was puri-
fied from the cleaved sfGFP by anion exchange chromatography (Figure S3). The same
procedures were used to generate and isolate the GLP1_8A37C-HSA variant. Bands of
purified GLP1_8G37C-HSA and GLP1_8A37C-HSA were clearly observed between the 50
and 75 kDa molecular weight standard bands (Figure 5B), which was consistent with the
expected molecular weight of ~70 kDa for the GLP1-HSA variants.
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Figure 5. Purification and confirmation of GLP1_8G37C-HSA and their intermediates. (A) Protein 
gel image after Coomassie blue staining of the intermediates during GLP1_8G37C-HSA 
production. Molecular weight standards (lane M), purified HSA (lane 1), sfGFP-GLP1_8G37C-
HSA purified with unreacted sfGFP-GLP1_8G37C (lane 2), GLP1_8G37C-HSA with sfGFP-
GLP1_8G37C after factor Xa cleavage (lane 3), and purified GLP1_8G37C-HSA (lane 4). In lane 3, 
the band for sfGFP-GLP1_8G37C is observed at a lower position compared to the band in lane 2, 
which is expected to be the result of factor Xa cleavage. (B) Protein gel image after Coomassie blue 
staining of the final products of GLP1_8G37C-HSA (lane 1) and GLP1_8A37CHSA (lane 2). (C) 
MALDI-TOF MS spectrum of GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA. 

The purified GLP1_8G37AzF-HSA, GLP1_8A37C-HSA, and GLP1_8G37C-HSA 
were subjected to MALDI-TOF MS analysis (Figure 5C). The observed mass to charge 
ratios of GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA were 70964.7, 
70272.3, and 70556.5 m/z, respectively, which were comparable to the expected values of 
70649, 70782, and 70796 m/z. The actual ratios compared to expected ratios demonstrated 
only minor differences (< 0.5%). The results of protein gel electrophoresis and MALDI-
TOF MS analysis confirmed the successful preparation of GLP1_8G37AzF-HSA, 
GLP1_8G37C-HSA, and GLP1-8A37C-HSA. 

3.3. In Vivo Study 
To investigate the plasma half-lives of GLP1_8G37C-HSA and GLP1_8A37C-HSA, 

we determined the pharmacokinetic profiles of these variants. Each variant was 
intravenously administered to BALB/c mice. The serum concentrations of the variants 
were then evaluated at multiple time points post administration. A sandwich ELISA was 
used to analyze the serum concentrations. The terminal plasma half-lives of GLP1_8G37C-
HSA and GLP1_8A37C-HSA were determined to be 9.0 h and 7.1 h, respectively (Figure 
6). The difference is significant (two-tailed student’s t-test; p < 0.01). The half-lives of these 
variants were comparable with those of other GLP1-HSA conjugates as previously 
reported (8.4, 7.4, and 8.0 h for GLP1_8G16AzF-HSA, GLP1_8G19AzF-HSA, and 
GLP1_8G28AzF-HSA, respectively) [24]. As the site-specific HSA conjugation at positions 
16, 19, and 28 of GLP1 led to very similar plasma half-lives [24], we speculated that the 

Figure 5. Purification and confirmation of GLP1_8G37C-HSA and their intermediates. (A) Protein
gel image after Coomassie blue staining of the intermediates during GLP1_8G37C-HSA production.
Molecular weight standards (lane M), purified HSA (lane 1), sfGFP-GLP1_8G37C-HSA purified with
unreacted sfGFP-GLP1_8G37C (lane 2), GLP1_8G37C-HSA with sfGFP-GLP1_8G37C after factor Xa
cleavage (lane 3), and purified GLP1_8G37C-HSA (lane 4). In lane 3, the band for sfGFP-GLP1_8G37C
is observed at a lower position compared to the band in lane 2, which is expected to be the result
of factor Xa cleavage. (B) Protein gel image after Coomassie blue staining of the final products
of GLP1_8G37C-HSA (lane 1) and GLP1_8A37CHSA (lane 2). (C) MALDI-TOF MS spectrum of
GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA.

The purified GLP1_8G37AzF-HSA, GLP1_8A37C-HSA, and GLP1_8G37C-HSA were
subjected to MALDI-TOF MS analysis (Figure 5C). The observed mass to charge ratios of
GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA were 70,964.7, 70,272.3,
and 70,556.5 m/z, respectively, which were comparable to the expected values of 70,649,
70,782, and 70,796 m/z. The actual ratios compared to expected ratios demonstrated only
minor differences (<0.5%). The results of protein gel electrophoresis and MALDI-TOF MS
analysis confirmed the successful preparation of GLP1_8G37AzF-HSA, GLP1_8G37C-HSA,
and GLP1-8A37C-HSA.
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3.3. In Vivo Study

To investigate the plasma half-lives of GLP1_8G37C-HSA and GLP1_8A37C-HSA,
we determined the pharmacokinetic profiles of these variants. Each variant was intra-
venously administered to BALB/c mice. The serum concentrations of the variants were
then evaluated at multiple time points post administration. A sandwich ELISA was used
to analyze the serum concentrations. The terminal plasma half-lives of GLP1_8G37C-HSA
and GLP1_8A37C-HSA were determined to be 9.0 h and 7.1 h, respectively (Figure 6). The
difference is significant (two-tailed student’s t-test; p < 0.01). The half-lives of these variants
were comparable with those of other GLP1-HSA conjugates as previously reported (8.4,
7.4, and 8.0 h for GLP1_8G16AzF-HSA, GLP1_8G19AzF-HSA, and GLP1_8G28AzF-HSA,
respectively) [24]. As the site-specific HSA conjugation at positions 16, 19, and 28 of GLP1
led to very similar plasma half-lives [24], we speculated that the terminal plasma half-life
of GLP1_8G37AzF-HSA would also be comparable. These results indicated the conjugation
of HSA at the C-terminus of GLP-1 successfully extended the plasma half-life of GLP-1.
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Notably, the capture antibody used in the sandwich ELISA to recognize GLP-1 (ABS 
033-10-12, Thermo Fischer Scientific) is reported to recognize only the intact N-terminus 
of GLP-1 (residues 7–17) and does not bind to the DPP-IV-cleaved GLP-1 structure 
(residues 9‒37). This property of the antibody may explain why the plasma half-life of 
GLP1_8G37C-HSA was slightly longer than that of GLP1_8A37C-HSA, as GLP1_8A37C-
HSA is more vulnerable to DPP-IV cleavage than that of GLP1_8G37C-HSA.  

To evaluate the glucose-lowering activity of the GLP1-HSA variants in vivo, an 
IPGTT was performed for each of the variants in C57/BL7 mice (Figure 7). In the negative 
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HSA (Figure 7A). Similarly, the AUC value of GLP1_8G37C-HSA was significantly 
smaller than those of GLP1_C, GLP1_8G16AzF-HSA, and GLP1_8G37AzF-HSA (Figure 
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Figure 6. Pharmacokinetic profiles of intravenously injected GLP1_8G37C-HSA and GLP1_8A37C-
HSA conjugates in BALB/c mice. Data in the graph indicate the mean ± standard deviation
(n = 4/group). The plasma concentrations of the samples were plotted using a logarithmic scale.

Notably, the capture antibody used in the sandwich ELISA to recognize GLP-1 (ABS
033-10-12, Thermo Fischer Scientific) is reported to recognize only the intact N-terminus of
GLP-1 (residues 7–17) and does not bind to the DPP-IV-cleaved GLP-1 structure (residues
9-37). This property of the antibody may explain why the plasma half-life of GLP1_8G37C-
HSA was slightly longer than that of GLP1_8A37C-HSA, as GLP1_8A37C-HSA is more
vulnerable to DPP-IV cleavage than that of GLP1_8G37C-HSA.

To evaluate the glucose-lowering activity of the GLP1-HSA variants in vivo, an IPGTT
was performed for each of the variants in C57/BL7 mice (Figure 7). In the negative control
(PBS) group, blood glucose increased sharply following the glucose injection and slowly re-
turned to normal levels by 120 min after the injection (Figure 7A). As expected, the injection
of GLP1_C lowered the blood glucose level. Compared to GLP1_C, GLP1_8G16AzF-HSA
was less effective at lowering blood glucose level up to 30 min after glucose injection,
but then became more effective after 30 min. Therefore, the in vivo glucose-lowering
activities of GLP1_C and GLP1_8G16AzF-HSA were comparable in terms of area under
the curve (AUC) values (Figure 7B). Although GLP1_8G37AzF-HSA appeared to be less
effective at lowering blood glucose levels than that of GLP1_C and GLP1_8G16AzF-HSA
(Figure 7A), its AUC value was not substantially different from those of GLP1_C and
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GLP1_8G16AzF-HSA (Figure 7B). Therefore, it is clear that a change in the HSA conjuga-
tion site from position 16 to position 37 of GLP-1 did not enhance in vivo activity. However,
GLP1_8G37C-HSA more effectively lowered blood glucose levels at all times after the
glucose injection than GLP1_8G16AzF-HSA and GLP1_8G37AzF-HSA (Figure 7A). Simi-
larly, the AUC value of GLP1_8G37C-HSA was significantly smaller than those of GLP1_C,
GLP1_8G16AzF-HSA, and GLP1_8G37AzF-HSA (Figure 7B). GLP1_8A37C-HSA showed
very similar patterns regarding blood glucose levels and AUC value compared to that of
GLP1_8G37C-HSA. Therefore, both GLP1_8G37C-HSA and GLP1_8A37C-HSA showed
the greatest in vivo activities among GLP1_C and the four GLP1-HSA conjugates tested.
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biological activities. In vitro measurement of cAMP production by GLP-1R-
overexpressing HEK-293 cells yielded EC50 values of 1.6 nM, 13.2 nM, 1115 nM, 1340 nM, 
and 185 nM for GLP1_C, GLP1_8GWT, GLP1_8G16AzF-HSA, GLP1_8G37C-HSA, and 
GLP1_8A37C-HSA, respectively (Figure 8). The EC50 value of GLP1_8G37AzF-HSA could 
not be determined as its activity was too low.  

Figure 7. Blood glucose levels of PBS (negative control), GLP1_C (positive control), and the GLP1-HSA variants.
(A) PBS or 30 nmol/kg doses of GLP1_C or the GLP1-HSA variants were subcutaneously injected into C57BL/6J mice
(n = 3/group) 20 min prior to the intraperitoneal injection of glucose (1.5 g/kg, 0 min). Data in the graph indicate the mean
value ± standard deviation (n = 3/group). (B) The area under curves (AUC) calculated from 0 to 120 min were compared.
Mean value ± standard deviation is presented (n = 3/group), * p-value < 0.01; NS: not significant.

As noted in the Introduction, we hypothesized that albumin conjugation to the C-
terminus of GLP-1 would reduce the potential steric hindrance of HSA with GLP-1 binding
to GLP-1R and enhance in vivo activity, compared to when albumin conjugation is done in
the middle of GLP-1. However, when the same bioorthogonal chemistry (SPAAC) used
to conjugate albumin to the middle of GLP-1 was used to conjugate it to the C-terminus,
in vivo activity was not enhanced. Instead, the change from SPAAC to Michael addition
using GLP1_37C variants led to significant enhancement of in vivo blood glucose-lowering
activity. This was likely due to reduced steric hindrance caused by the structure obtained
after the thiol-maleimide reaction. These results were consistent with previous results
that showed even a minor change in the linker or spacer between GLP-1 and the half-life
extender can cause considerable differences in biological activity [26].

3.4. In Vitro Activity Assay

GLP1-HSA variants were also subjected to in vitro activity assays to evaluate their
biological activities. In vitro measurement of cAMP production by GLP-1R-overexpressing
HEK-293 cells yielded EC50 values of 1.6 nM, 13.2 nM, 1115 nM, 1340 nM, and 185 nM for
GLP1_C, GLP1_8GWT, GLP1_8G16AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA,
respectively (Figure 8). The EC50 value of GLP1_8G37AzF-HSA could not be determined
as its activity was too low.
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Figure 8. In vitro biological activity of GLP1_C, GLP1_8GWT, GLP1_8G16AzF-HSA, 
GLP1_8G37AzF-HSA, GLP1_8G37C-HSA, and GLP1_8A37C-HSA evaluated in GLP-1R-
expressing HEK-293 cells. The Y-axis denotes the percent activity calculated as a percentage of 
average cyclic adenosine monophosphate (cAMP) production by 1 μM GLP1_C. Each point in the 
graph indicates the mean value ± standard deviation (n = 3/group). 

GLP1_8G37AzF-HSA exhibited very weak in vitro activity (Figure 8), which was 
consistent with its poor in vivo blood-lowering activity (Figure 7A). The in vitro activity 
of GLP1_8A37C-HSA was greater than that of GLP1_8G37C-HSA, probably due to the 
alanine to glycine change at position 8 (A8G) affecting the interactions with GLP-1R. 
Introduction of the A8G change to GLP1_C also resulted in a similar reduction in in vitro 
activity, consistent with previous findings [23,25]. The in vitro activity of GLP1-8G37C-
HSA was comparable to that of GLP1-8G16AzF-HSA. Despite the low EC50 value of 
GLP1_C, in vivo glucose lowering activity of GLP1_C was inferior to those GLP1-8G37C-
HSA or GLP1-8A37C-HSA (Figure 7B) due to its very short plasma half-life (only a few 
minutes in animal) [32,33]. Some trend differences between the in vitro activities and in 
vivo activities suggested there are additional mechanisms for in vivo blood glucose level 
control by GLP-1 beyond the one related to cAMP production.  

4. Conclusions 
We report the successful preparation of GLP1-HSA conjugates GLP1_8G37C-HSA 

and GLP1_8A37C-HSA, which exhibited enhanced in vivo glucose-lowering activity by 
albumin conjugation to the C-terminus of GLP-1 via a thiol-maleimide reaction compared 
to that of a previously developed GLP1-HSA conjugate (GLP1_8G16AzF-HSA). Another 
GLP1-HSA conjugate, GLP1_8G37AzF-HSA, prepared by albumin conjugation to the C-
terminus of GLP-1 via SPAAC did not exhibit enhanced in vivo glucose-lowering activity. 
These results indicated that both the albumin conjugation site and conjugation chemistry 
were important for preparing GLP1-HSA conjugates with enhanced in vivo glucose-
lowering activity. Both GLP1_8G37C-HSA and GLP1_8A37C-HSA exhibited prolonged 
plasma half-lives, comparable to that of GLP1_8G16AzF-HSA, demonstrating the 
extension of the half-life by albumin conjugation was not significantly affected by albumin 
conjugate site. 

Figure 8. In vitro biological activity of GLP1_C, GLP1_8GWT, GLP1_8G16AzF-HSA, GLP1_8G37AzF-HSA, GLP1_8G37C-
HSA, and GLP1_8A37C-HSA evaluated in GLP-1R-expressing HEK-293 cells. The Y-axis denotes the percent activity
calculated as a percentage of average cyclic adenosine monophosphate (cAMP) production by 1 µM GLP1_C. Each point in
the graph indicates the mean value ± standard deviation (n = 3/group).

GLP1_8G37AzF-HSA exhibited very weak in vitro activity (Figure 8), which was
consistent with its poor in vivo blood-lowering activity (Figure 7A). The in vitro activity of
GLP1_8A37C-HSA was greater than that of GLP1_8G37C-HSA, probably due to the alanine
to glycine change at position 8 (A8G) affecting the interactions with GLP-1R. Introduction of
the A8G change to GLP1_C also resulted in a similar reduction in in vitro activity, consistent
with previous findings [23,25]. The in vitro activity of GLP1-8G37C-HSA was comparable
to that of GLP1-8G16AzF-HSA. Despite the low EC50 value of GLP1_C, in vivo glucose
lowering activity of GLP1_C was inferior to those GLP1-8G37C-HSA or GLP1-8A37C-HSA
(Figure 7B) due to its very short plasma half-life (only a few minutes in animal) [32,33].
Some trend differences between the in vitro activities and in vivo activities suggested there
are additional mechanisms for in vivo blood glucose level control by GLP-1 beyond the
one related to cAMP production.

4. Conclusions

We report the successful preparation of GLP1-HSA conjugates GLP1_8G37C-HSA and
GLP1_8A37C-HSA, which exhibited enhanced in vivo glucose-lowering activity by albu-
min conjugation to the C-terminus of GLP-1 via a thiol-maleimide reaction compared to that
of a previously developed GLP1-HSA conjugate (GLP1_8G16AzF-HSA). Another GLP1-
HSA conjugate, GLP1_8G37AzF-HSA, prepared by albumin conjugation to the C-terminus
of GLP-1 via SPAAC did not exhibit enhanced in vivo glucose-lowering activity. These
results indicated that both the albumin conjugation site and conjugation chemistry were
important for preparing GLP1-HSA conjugates with enhanced in vivo glucose-lowering
activity. Both GLP1_8G37C-HSA and GLP1_8A37C-HSA exhibited prolonged plasma
half-lives, comparable to that of GLP1_8G16AzF-HSA, demonstrating the extension of the
half-life by albumin conjugation was not significantly affected by albumin conjugate site.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-492
3/13/2/263/s1, Table S1: Oligonucleotide primers used in this study, Figure S1: Protein gel image of
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sfGFP-GLP1_8G37C and sfGFP-GLP1_8G37C-TET incubated with or without TCO-Cy5.5, Figure S2:
Purification of sfGFP-GLP1_8G37C-HSA after conjugation of sfGFP-GLP1_8G37C-TET to HSA-TCO
using IEDDA, Figure S3: Purification of GLP1_8G37C-HSA after factor Xa treatment.
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Abstract: The aim of this study was to develop an intranasal in situ thermo-gelling meloxicam-human
serum albumin (MEL-HSA) nanoparticulate formulation applying poloxamer 407 (P407), which
can be administered in liquid state into the nostril, and to increase the resistance of the formulation
against mucociliary clearance by sol-gel transition on the nasal mucosa, as well as to improve drug
absorption. Nanoparticle characterization showed that formulations containing 12–15% w/w P407
met the requirements of intranasal administration. The Z-average (in the range of 180–304 nm),
the narrow polydispersity index (PdI, from 0.193 to 0.328), the zeta potential (between −9.4 and
−7.0 mV) and the hypotonic osmolality (200–278 mOsmol/L) of MEL-HSA nanoparticles predict
enhanced drug absorption through the nasal mucosa. Based on the rheological, muco-adhesion, drug
release and permeability studies, the 14% w/w P407 containing formulation (MEL-HSA-P14%) was
considered as the optimized formulation, which allows enhanced permeability of MEL through blood–
brain barrier-specific lipid fraction. Cell line studies showed no cell damage after 1-h treatment with
MEL-HSA-P14% on RPMI 2650 human endothelial cells’ moreover, enhanced permeation (four-fold)
of MEL from MEL-HSA-P14% was observed in comparison to pure MEL. Overall, MEL-HSA-P14%
can be promising for overcoming the challenges of nasal drug delivery.

Keywords: quality by design; rapid equilibrium dialysis; muco-adhesion; brain PAMPA; RPMI 2650
nasal epithelial cell

1. Introduction

Albumin is a versatile, biodegradable drug carrier for numerous therapeutic agents
that have poor water solubility, unsatisfying pharmacokinetics with low circulation half-
life, inefficient targetability and even instability in vivo. Strategies for applying albumin
for drug delivery can be classified broadly into exogenous and in situ binding formulations
that utilize covalent attachment, non-covalent association, or encapsulation of the drug in
the form of albumin-based nanoparticles [1].

Neurodegenerative diseases are associated with neuroinflammation. The combination
of albumin with non-steroid anti-inflammatory drugs (NSAID) can be promising in therapy,
which depends on passing the blood–brain barrier (BBB). NSAIDs can have a protective
effect in neurodegenerative diseases through different mechanisms. They can depolarize
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the mitochondria, therefore inhibiting calcium ion uptake, due to the ionizable carboxylic
group [2,3]. Moreover, inhibition of cyclooxygenase (COX) enzymes can suppress glia
activity and reduce amyloidosis [4]. COX-2 inhibitor NSAIDs such as meloxicam (MEL) can
be advantageous in the treatment of neurodegenerative disorders as they have improved
anti-amnesic activity through inhibiting lipid peroxidation and acetylcholinesterase activity
in the brain [2] supplemented by additional antioxidant effect [3], but the therapeutic
application is limited due to the poor BBB transport [5]. To overcome this obstacle, choosing
the appropriate carrier system and route of administration has a prominent role [6].

Nasal administration can be a suitable means of transport route for that purpose;
moreover, it has been reported that the initial formation of Alzheimer’s disease begins in
the entorhinal cortex, a region innervated by the olfactory nerves, then progresses accord-
ing to the corresponding pattern [7]. Due to the high surface area and rich vascularization,
drugs or drug-delivery systems can be easily absorbed from the nasal cavity; moreover,
first-pass metabolism is negligible through this administration route, which can be advanta-
geous in terms of preserving pharmacological activity [8–10]. Nano drug delivery systems
(nanoDDSs) are able to transport drugs as cargo, bypassing the BBB through the trigem-
inal and olfactory nerves directly into the brain [11]. Moreover, they support intranasal
NSAID administration, due to their poor water solubility at nasal pH (5.3–5.6) and low
residence time (10–15 min) due to mucociliary clearance [12]. In our previous study was
demonstrated that MEL-human serum albumin (HSA) nanoparticles could be successfully
applied for nose-to-brain delivery, with improved in vivo brain targeting efficacy [13].

As mucociliary clearance is a limiting factor in nose-to-brain delivery, the application
of viscosity enhancers or mucoadhesive polymers can be advantageous by increasing
the residence time on the nasal mucosa, which supports drug absorption [14–16]. To
satisfy these requirements formulation of in situ thermo-gelling systems can be efficacious.
Poloxamer 407 (P407), a triblock copolymer consisting of a hydrophobic residue of poly-
oxy-propylene (POP) between the two hydrophilic units of poly-oxyethylene (POE), can be
applied for development of in situ thermo-reversible gelling systems, through temperature-
controlled micelle forming [17–19]. Thermo-gelling occurs due to hydrophobic interactions
between the P407 copolymer chains [20]. By optimization of P407 concentration in the
formulation, a sol–gel transition can be reached at the temperature of the nasal cavity, while
it remains in a liquid state below that temperature during storage and administration.

As continuous improvement is part of industrial manufacturing and research pro-
cesses, the quality management of nanocarriers having higher potential, in the case of
beneficial therapeutic applications and effects, should be of paramount importance. Quality
by Design (QbD) offers a proper methodology based on knowledge and risk assessment,
ensuring the quality, safety and efficacy of the desirable nanocarrier [21]. In the case of nose-
to-brain applicable nanocarriers, many physiological and pharmaceutical aspects must be
taken into account, which are adapted to the versatile biological and chemical aspects of
this route. As part of the QbD assessment, a comparison study was performed between
MEL-HSA and MEL-HSA-P407 formulations to evaluate the change of risk severity during
a continuous development process [22].

Our aim was to optimize an in situ thermo-gelling MEL-HSA-P407 formulation, which
can be administered in liquid state into the nostril and to increase resistance of formulation
against mucociliarly clearance by sol–gel transition on the nasal mucosa, as well as to
improve drug absorption.

2. Materials and Methods
2.1. Materials

Meloxicam (MEL, 4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-benzothiazine-3-
carboxamide-1,1-dioxide) was donated by EGIS Pharmaceuticals Plc. (Budapest, Hungary)
for research work. Human serum albumin (HSA, lyophilized powder, purity > 97%),
fluorescein isothiocyanate-labelled HSA (FITC-HSA), Tween 80 (Tween), P407, disodium
hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), polar brain
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lipid extract, cholesterol, mucin from porcine stomach (Type III), and all reagents for cell
line studies were purchased from Sigma Aldrich Co. Ltd. (Budapest, Hungary) if not indi-
cated otherwise. Analytical grade solvents such as methanol, dimethyl sulfoxide (DMSO)
and dodecane were purchased from Molar Chemicals (Budapest, Hungary). Sodium
hyaluronate (NaHA, Mw = 1400 kDa) was obtained from Gedeon Richter Plc. (Budapest,
Hungary). In all experiments, water was purified by the Millipore Milli-Q® 140 Gradient
Water Purification System.

2.2. Preparation of In Situ Gelling MEL-HSA Nanoparticle Formulations

MEL-HSA nanoparticles were produced by applying a modified coacervation method
(Figure 1) according to the following steps [23]: first, Tween-80 was dispersed in 4 mL of
HCl solution (0.1 M), whereas MEL was dissolved in 4 mL of NaOH solution (0.1 M) and
HSA was dissolved in 8 mL of purified water. Then, the Tween 80 solution was added
dropwise (0.5 mL/min) to the MEL solution at 4 ◦C under constant stirring (800 rpm).
Next, this MEL–Tween 80 solution was added dropwise to the HSA solution at 4 ◦C
under constant stirring (800 rpm). After complete homogenization, additional HCl was
added dropwise to adjust pH to 5.6, and as a result the solution became turbid. Then, the
formulation was incubated for 12 h under constant stirring (800 rpm) to obtain nanoparticle
dispersion. P407 in various concentrations (based on preliminary experimental results
12, 13, 14, 15 and 16% w/w) was added to the formulation and kept in a cool place
(5 ± 3 ◦C) overnight until complete hydration and dissolution of the polymer, before
further investigations.

Pharmaceutics 2021, 13, x  3 of 22 
 

 

Meloxicam (MEL, 4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-benzothiazine-
3-carboxamide-1,1-dioxide) was donated by EGIS Pharmaceuticals Plc. (Budapest, Hun-
gary) for research work. Human serum albumin (HSA, lyophilized powder, purity > 97%), 
fluorescein isothiocyanate-labelled HSA (FITC-HSA), Tween 80 (Tween), P407, disodium 
hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), polar brain 
lipid extract, cholesterol, mucin from porcine stomach (Type III), and all reagents for cell 
line studies were purchased from Sigma Aldrich Co. Ltd. (Budapest, Hungary) if not in-
dicated otherwise. Analytical grade solvents such as methanol, dimethyl sulfoxide 
(DMSO) and dodecane were purchased from Molar Chemicals (Budapest, Hungary). So-
dium hyaluronate (NaHA, Mw = 1400 kDa) was obtained from Gedeon Richter Plc. (Bu-
dapest, Hungary). In all experiments, water was purified by the Millipore Milli-Q® 140 
Gradient Water Purification System. 

2.2. Preparation of In Situ Gelling MEL-HSA Nanoparticle Formulations 
MEL-HSA nanoparticles were produced by applying a modified coacervation 

method (Figure 1) according to the following steps [23]: first, Tween-80 was dispersed in 
4 mL of HCl solution (0.1 M), whereas MEL was dissolved in 4 mL of NaOH solution (0.1 
M) and HSA was dissolved in 8 mL of purified water. Then, the Tween 80 solution was 
added dropwise (0.5 mL/min) to the MEL solution at 4 °C under constant stirring (800 
rpm). Next, this MEL–Tween 80 solution was added dropwise to the HSA solution at 4 °C 
under constant stirring (800 rpm). After complete homogenization, additional HCl was 
added dropwise to adjust pH to 5.6, and as a result the solution became turbid. Then, the 
formulation was incubated for 12 h under constant stirring (800 rpm) to obtain nanopar-
ticle dispersion. P407 in various concentrations (based on preliminary experimental re-
sults 12, 13, 14,15 and 16% w/w) was added to the formulation and kept in a cool place (5 
± 3 °C) overnight until complete hydration and dissolution of the polymer, before further 
investigations. 

 
Figure 1. Preparation of MEL-HSA-P407. 

2.3. QbD-Based Comparative Risk Assessment 
As the in situ thermo-gelling carrier system is part of a continuous development pro-

cess, it needs to be compared to the HSA nanoparticles, validating the product life cycle, 
and therefore ensuring quality. At first, the quality target product profile (QTPP) was de-
termined based on the mandatory requirements of a nose-to-brain applicable nanocarrier. 
The critical quality attributes (CQAs) were also determined as they are physicochemical 

Figure 1. Preparation of MEL-HSA-P407.

2.3. QbD-Based Comparative Risk Assessment

As the in situ thermo-gelling carrier system is part of a continuous development
process, it needs to be compared to the HSA nanoparticles, validating the product life
cycle, and therefore ensuring quality. At first, the quality target product profile (QTPP) was
determined based on the mandatory requirements of a nose-to-brain applicable nanocarrier.
The critical quality attributes (CQAs) were also determined as they are physicochemical
factors affecting product safety, efficacy and quality. Critical process parameters (CPPs) and
critical material attributes (CMAs) were not taken into account during the risk assessment
process as an extensive optimization of P407 concentration was performed. For the iden-
tified elements, risk levels were assigned for both the MEL-HSA and MEL-HSA-P407. A
three-level scale was used to describe the relation between these parameters: each relation
was assigned with a “high” (H), “medium” (M) or “low” (L) attributive. To quantify the
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risk values, LeanQbD® Software (QbD Works LLC, Fremont, CA, USA) was used. As the
output of this comparative risk assessment, severity scores were compared and evaluated
to determine the influence of the in situ thermo-gelling carrier system on product quality.

2.4. Optimization of In Situ Thermogelling Carrier System
2.4.1. Rheological Studies

The rheological measurements were carried out with a Physica MCR302 rheometer
(Anton Paar, Graz, Austria). A cone and plate type measuring device with cone angle of
1◦ was applied; the diameter of the cone was 25 mm, and the gap height in the middle of
the cone was 0.046 mm. The gelation temperature was measured while the temperature
was increased from 20 to 40 ◦C, using 1 ◦C/min heating rate. The measurement was
performed at a constant frequency of 1.0 rad/min and at a constant strain of 1%. The
gelation time of the polymer solutions was followed at a constant frequency of 1.0 rad/min
and at a constant strain of 1% at 37 ◦C. The samples were stored at 5 ± 1 ◦C and taken
immediately before the measurement. Viscoelastic character was determined by frequency
sweep tests immediately after the gelation measurement, with a strain of 1% at 37 ◦C.
Storage modulus (G’), loss modulus (G”) and loss factor were determined over the angular
frequency range from 0.1 to 100 rad/s. The applied strain value (1%) was in the range of
the linear viscoelasticity of the gels.

2.4.2. Muco-Adhesion Measurement

Muco-adhesion was analyzed by means of tensile tests (TA-XT Plus texture analyzer
(Metron Kft, Budapest, Hungary)) equipped with a 5-kg load cell. As a simulated mucosal
membrane, a filter paper (Whatman® qualitative filter paper, Sigma Aldrich Co. Ltd.,
Budapest, Hungary) with 25 mm diameter, impregnated with 50 µL of an 8% w/w mucin
dispersion, was used, prepared with a simulated nasal electrolyte solution (SNES) con-
sisting of 8.77 g/L sodium chloride (NaCl), 2.98 g/L potassium chloride (KCl), 0.59 g/L
anhydrous calcium chloride (CaCl2) and dissolved in purified water; the pH was adjusted
to 5.6 with 0.1 M HCl [12]. Five parallel measurements were performed. 20 mg of the
sample was attached to the cylinder probe and placed in contact with the filter paper wetted
with mucin. A 2500 mN preload was used for 3 min, then the cylinder probe was moved
upwards to separate the sample from the substrate at a prefixed speed of 2.5 mm/min.
The maximum detachment force (adhesive force) and the work of adhesion (A, mN/mm)
were measured, the latter calculated as the area (AUC) under the “force versus distance”
curve using the Exponent Connect software of the instrument. The formulations were
thermostated at 37 ◦C for 30 min before measurement. As a reference system, 0.5% w/w
NaHA aqueous solution was applied.

2.4.3. Characterization of Nanoparticles

The formulations were characterized according to their average hydrodynamic diame-
ter (Z-average), polydispersity index (PdI) and zeta potential using a Malvern Zeta sizer
Nano ZS (Malvern Instruments, Worcestershire, UK) at 25 and 35 ◦C in folded capillary
cells. The refractive index was set to 1.72. The pH of formulations was measured apply-
ing a WTW® inoLab® pH 7110 laboratory pH tester (Thermo Fisher Scientific, Budapest,
Hungary). The osmolality of formulations was determined by osmometer (Knauer Semi-
micro Osmometer, Berlin, Germany) based on the freezing point depression method. Each
measurement was carried out in triplicate and data are shown as means ± SD. The en-
capsulation efficiency and loading capacity of gel-embedded nanoparticles were prepared
with a Hermle Z323K high performance refrigerated centrifuge (Hermle AG, Gossheim,
Germany) at 17.500 rpm, 4 ◦C for 30 min. The amount of free MEL in the supernatant
was determined by high performance liquid chromatography (HPLC). Encapsulation ef-
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ficiency (EE) and loading capacity (LC) of formulations were calculated according to the
following equations [24]:

EE (%) =
Amount o f drug applied− Amount o f drug in the supernatant

Amount o f drug applied
·100 (1)

LC (%) =
Mass o f drug encapsulated

Mass o f nanoparticles
·100 (2)

The distribution of FITC labelled HSA-MEL nanoparticles in gel structure was visual-
ized by a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems GmbH,
Wetzlar, Germany) and Visitron spinning disk confocal system (Visitron Systems GmbH,
Puchheim, Germany). The P407 containing formulations and the FITC labelled HSA-MEL
colloidal solution as reference were dropped onto slides and incubated for 10 min at 35 ◦C
for thermo-gelling. Then, slides were excited with a 488 nm Argon laser, and fluorescence
was detected with a 505 to 570 nm BP filter.

2.4.4. Rapid Equilibrium Dialysis (RED)

In order to investigate the in vitro dissolution kinetics and release profile of different
MEL-HSA-P407 formulations at nasal conditions, the RED Device (Thermo ScientificTM,
Waltham, MA, USA) was used. A suspension of MEL was prepared in a phosphate buffer
saline (PBS, pH 5.6) with a nominal concentration of 2 mg/mL as a control for the study.
Both the control and in situ gelling MEL-HSA formulations were homogenized using an
Eppendorf MixMate (Thermo ScientificTM, Waltham, MA, USA) vortex mixer for 30 s and
an ultrasonic bath (Sonorex Digiplus, Bandelin GmbH & Co. KG, Berlin, Germany) for
10 min. The RED Device inserts (8K MWCO) were fitted into the PTFE base plate, then
150 µL of samples was placed into the donor chambers, while 300 µL of PBS (pH 5.6) was
added to the acceptor chambers. Thereafter, the RED unit was covered with a sealing tape
and incubated above gelling temperature (37 ◦C) on an orbital shaker (at 350 rpm) for 4 h.
50 µL aliquots were withdrawn from the acceptor chamber at 5, 15, 30, 60, 120 and 240 min
time points and immediately replaced with the same amount of fresh medium. 50 µL of
acetonitrile was added to the withdrawn samples and the MEL content was determined
using HPLC. Five parallel measurements were performed.

2.4.5. High Performance Liquid Chromatography (HPLC)

The determination of MEL concentration was performed with an Agilent 1260 HPLC
(Agilent Technologies, Santa Clara, CA, USA). A Kinetex® C18 column (5 µm,
150 mm × 4.6 mm (Phenomenex, Torrance, CA, USA)) was used as stationary phase.
The mobile phases consisted of 0.065 M KH2PO4 aqueous solution adjusted to pH = 2.8
with phosphoric acid (A), and methanol (B). A linear gradient from 50–50% to 25–75%
(A-B eluent) was applied from 0 to 14 min. Then, from 14 to 20 min the phase composition
was set back to 50–50% A-B. Separation was performed at 30 ◦C with 1 mL/min flow rate.
10 µL of the samples was injected to determine the MEL’s concentration at 355 ± 4 nm
using the UV-VIS diode array detector. Data were evaluated using ChemStation B.04.03.
Software (Agilent Technologies, Santa Clara, CA, USA). The retention time of MEL was
observed at 14.34 min. The regression coefficient (R2) of the calibration curve was 0.999
in the concentration range 1–200 µg/mL. The determined limits of detection (LOD) and
quantification (LOQ) of MEL were 16 ppm and 49 ppm, respectively.

2.4.6. In Vitro BBB Permeability Assay

Parallel artificial membrane permeability assay (PAMPA) was used to determine the
brain specific effective permeability of MEL from the reference suspension and the MEL-
HAS-P407 formulations [25]. The filter donor plate (Multiscreen™-IP, MAIPN4510, pore
size 0.45 µm; Millipore, Merck Ltd., Budapest, Hungary) was coated with 5 µL of lipid
solution containing 16 mg brain polar lipid extract (porcine) and 8 mg cholesterol dissolved
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in 600 µL dodecane. The Acceptor Plate (MSSACCEPTOR; Millipore, Merck Ltd., Budapest,
Hungary) was filled with 300 µL of a PBS solution of pH 7.4. 150–150 µL of the formulation
and the reference solutions were applied on the membrane of the donor plate. Then, this
was covered with a plate lid in order to decrease the possible evaporation of the solvent.
This sandwich system was incubated at 37 ◦C for 4 h (Heidolph Titramax 1000, Heidolph
Instruments, Schwabach, Germany). The concentration of MEL permeated in the acceptor
plate was determined using HPLC. The effective permeability and membrane retention of
drugs were calculated using the following equation [25]:

Pe (cm/s) = − 2.303·VA
A(t− τSS)

· log
[

1− cA(t)
S

]
(3)

where Pe is the effective permeability coefficient (cm/s), A is the filter area (0.24 cm2), VA is
the volume of the acceptor phase (0.3 mL), t is the incubation time (s), τSS is the time to
reach the steady state (s), cA(t) is the concentration of the compound in the acceptor phase
at time point t (mol/mL), and S (mol/mL) is the solubility of MEL in the donor phase. The
latter was determined after centrifugation (at 12000 rpm, 15 min, Eppendorf Centrifuge
5804 R) in Microcon Centrifugal Filter Devices (30,000 MWCO) and 50-times dilution of
the formulations, using the same HPLC system. The flux of samples was calculated using
the following equation [26]:

Flux (mol/cm2·s) = Pe·S (4)

2.5. Cell Line Studies with Optimized Formulation
2.5.1. Cell Cultures

Human RPMI 2650 (ATCC cat. no. CCL 30) nasal epithelial cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Life Technologies, Gaithersburg,
MD, USA) supplemented with 10% v/v fetal bovine serum (FBS, Pan-Biotech GmbH,
Aidenbach, Germany) and 50 µg/mL gentamicin in a humidified 37 ◦C incubator with 5%
CO2. The surfaces were coated with 0.05% rat tail collagen in sterile distilled water before
cell seeding in culture dishes and the medium was changed every 2 days. When RPMI
2650 cells reached approximately 80–90% confluence in the dish, they were trypsinized
with 0.05% trypsin-0.02% EDTA solution. One day before the experiment, retinoic acid
(10 µM) and hydrocortisone (500 nM) were added to the cells to form a tighter barrier [27].

For permeability measurements epithelial cells were co-cultured with human vascular
endothelial cells [28,29] to create a more physiological barrier, representing both the nasal
epithelium and the submucosal vascular endothelium. The endothelial cells were grown
in endothelial culture medium (ECM-NG, Sciencell Research Laboratories, Carlsbad, CA,
USA) supplemented with 5% FBS, 1% endothelial growth supplement (ECGS, Sciencell
Research Laboratories, Carlsbad, CA, USA) and 0.5% gentamicin on 0.2% gelatin-coated
culture dishes (10 cm). For the permeability experiments, cells were used at passage 8.

2.5.2. Cell Viability Measurements

Real-time cell electronic sensing is a non-invasive, label-free, impedance-based tech-
nique to quantify the kinetics of proliferation and viability of adherent cells. Our group
has successfully used this method to study cell damage and/or protection in living
cells [30,31]. The RTCA-SP instrument (ACEA Biosciences, San Diego, CA, USA) moni-
tored the impedance of cell layers every 10 min. Cell index was defined as Rn-Rb at each
time point of measurement, where Rn is the cell-electrode impedance of the well when it
contains cells, and Rb is the background impedance of the well with the medium alone.
Cell index values reflect cell number and viability.

The 96-well E-plates with integrated gold electrodes (E-plate 96, ACEA Biosciences,
USA) were coated with 0.2% gelatin and incubated for 20 min in the incubator. Then
gelatin was removed, and culture medium (50 µL) was added to each well for background
readings. RPMI 2650 cell suspension was dispensed at the density of 2 × 104 cells/well
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in 50 µL volume and the plate was kept in a humidified incubator with 5% CO2 at 37 ◦C.
When cells reached a steady growth phase, they were treated with the nano-formulations
and their components.

2.5.3. Permeability Study on the Co-Cultured Model

The tightness of the BBB co-culture model was verified by transepithelial electric
resistance (TEER) measurement, which reflects the tightness of cell layers of biological
barriers. TEER was measured by an EVOM volt-ohm meter (World Precision Instruments,
Sarasota, FL, USA) combined with STX-2 electrodes, and it was expressed relative to the
surface area of the monolayers as Ω × cm2. TEER of coated, but cell-free, filters were
subtracted from measured TEER values. Cells were treated with the nano-formulations
when the cell layer reached steady TEER values.

For the permeability studies we used a co-culture model, in which RPMI 2650 cells
were cultured together with endothelial cells on inserts of a 12-well trans-well system
(Transwell, polycarbonate membrane, 3 µm pore size, 1.12 cm2, Corning Costar Co., Lowell,
MA, USA) for 5 days. In this model, endothelial cells were seeded (1× 105 cells/cm2) to the
bottom side of culture inserts coated with Matrigel (growth factor reduced, BD Biosciences,
San Jose, CA, USA) and nasal epithelial cells were passaged (2 × 105 cells/cm2) to the
upper side of the membranes coated with rat tail collagen.

During the permeability experiments, the inserts were placed on 12-well plates con-
taining 1.5 mL Ringer-HEPES buffer in the acceptor (lower/basal) compartments. In the
donor (upper/apical) compartments, the culture medium was changed and 0.5 mL buffer
containing different formulations and meloxicam as reference were added. To avoid an
unstirred water layer effect, the plates were kept on a horizontal shaker (120 rpm) dur-
ing the assay in a humidified incubator with 5% CO2 at 37 ◦C for 1 h. After incubation,
samples were collected from the donor and acceptor compartments and the meloxicam
concentration was measured by HPLC.

To test the function of our co-culture model, the flux of permeability marker molecules
FITC-labeled dextran (FD10, Mw: 10 kDa) and Evans blue labeled albumin (EBA; MW:
67.5 kDa) was determined across the cell layers [31]. In the donor compartments of the
inserts, 0.5 mL buffer containing FD10 (100 µg/mL) and EBA (167.5 µg/mL Evans blue
dye and 10 mg/mL bovine serum albumin) was added and 12-well plates were placed
on a horizontal shaker (120 rpm) for 30 min. After treatments, samples from the lower
compartments were collected and the markers were measured with a fluorescence multi-
well plate reader (Fluostar Optima, BMG Labtech, Ortenberg, Germany; FITC: excitation
wavelength: 485 nm, emission wavelength: 520 nm; Evans-blue labeled albumin: excitation
wavelength: 584 nm, emission wavelength: 680 nm).

The apparent permeability coefficients (Papp) were calculated as described previ-
ously [31] by the following equation:

Papp(cm/s) =
∆[C]A ×VA

A× [C]D × ∆t
(5)

Briefly, Papp was calculated from the concentration difference of the tracer in the
acceptor compartment (∆[C]A) after 60 min, initial donor compartments’ concentration
([C]D), VA is the volume of the acceptor compartment (1.5 mL) and A is the surface area
available for permeability (1.1 cm2).

2.5.4. Treatments of Cultured Cells

For cell viability measurements, 10, 30 and 100 times dilutions from optimized MEL-
HSA P407 formulation (14% w/w P407), 2 mg/mL meloxicam, 3 mg/mL Tween 80 and
160 mg/mL P407 solutions were prepared in cell culture medium. For permeability
measurements, 2 mg/mL meloxicam and 10× times dilution of MEL-HSA-P407 were
prepared in Ringer-HEPES buffer and added to the donor compartments.
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2.5.5. Immunohistochemistry

To evaluate morphological changes in RPMI 2650 cells caused by the MEL-HAS-P407
formulation and MEL, immunostaining for junctional proteins zonula occludens protein-1
(ZO-1) and β-catenin was made. After the permeability experiments, cells on culture
inserts were washed with phosphate buffer (PBS) and fixed with ice cold methanol–acetone
(1:1) solution for 2 min then washed with PBS 3 times. The nonspecific binding sites
were blocked with 3% bovine serum albumin in PBS. Primary antibodies rabbit anti-ZO-
1 (AB_138452, 1:400; Life Technologies, Carlsbad, CA, USA) and rabbit anti-β-catenin
(AB_476831, 1:400) were applied as overnight treatment at 4 ◦C. Incubation with anti-rabbit
IgG Cy3 conjugated (AB_258792, 1:400) secondary antibodies lasted for 1 h and Hoechst dye
33342 was used to stain cell nuclei. After mounting the samples (Fluoromount-G; Southern
Biotech, Birmingham, AL, USA) staining was visualized by Leica TCS SP5 confocal laser
scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany).

2.6. Statistical Analysis

All data presented are means ± SD. In the case of mucoadhesive study, an unpaired
t-test was applied. The values in the cell line studies were compared using the analysis
of variance followed by Dunett or Bonferroni tests using GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA). Changes were considered statistically
significant at p < 0.05. The significance of differences of RED and PAMPA data was
calculated with one-way ANOVA with post hoc test (Tukey’s multiple comparisons test,
α = 0.05).

3. Results
3.1. Comparative Risk Assessment of MEL-HSA and MEL-HSA-P407

In addition to CQAs, well-defined goals must be set for the product to fit the nose-to-
brain route of administration. This route has many obstacles and challenges to overcome,
starting from the formulation process and the patient’s administration until the developed
effect in the central nervous system. Due to the physiological and chemical variety through
this pathway, a number of formulation aspects must be taken into consideration ensuring
the desired product quality and performance. This is determined by the QTPP of the
product, the elements of which can be seen in Table 1.

Table 1. QTPP elements of the nose-to-brain applicable HSA nanoparticle- and poloxamer-based in situ thermogelling
system.

QTPP Element Target

Carrier integrity Nanosized particle size and distribution with uniform API content after
gelation at gelation temperature.

Drug release in the nasal cavity The formulation should release more MEL in the dissolution medium
compared to initial MEL at pH 5.6.

Mucoadhesive properties The mucoadhesive force and work should be high enough to meet the
requirements of the nasal delivery.

Residence time on nasal mucosa Increased residence time compared to non-gel formulations.

Nasal epithelial cellular uptake The formulation should have higher permeability on nasal epithelial cells
without damaging the cells forming the nasal barrier compared to raw MEL.

Transport in the central nervous system The flux and permeability value of the gel formulation should be increased
across BBB lipids compared to initial MEL

The next step was to assign risk relations to MEL-HSA and MEL-HSA-P407 for-
mulations which were first prepared by interdependence rating on a three-level scale.
Quantifying these risks was interpreted using severity scores which were compared to
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each other. The tables of the interdependence rating and the severity scores are shown in
Figure 2.
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Figure 2. Interdependence rating amongst QTPPs (A), CQAs (C) and MEL-HSA, MEL-HSA-P407 formulations with the
corresponding severity scores for QTPPs (B) and CQAs (D). Abbreviations: H: high, L: low, M: medium.

Based on the calculated severity scores, it can be claimed that, by incorporating HSA
nanoparticles as a part of an in situ thermo-gelling system, the severity of risk can be
heavily reduced. As desired for the nose-to-brain pathway, in theory, with increased
muco-adhesion properties, an increased residence time can be observed. The particle char-
acteristics are always of paramount importance and cannot be left out of the design space
development. These parameters are closely related to the dissolution and absorption profile
of the nanocarrier. The reduction in the added-up severity score means that the product
quality can be improved and is the reason for the continuous manufacturing improvement.
With optimal P407 concentration, the increased residence time and muco-adhesivity along
with the penetration-enhancement also contribute to the possibly increased drug release
and permeability. However, individual risks must be investigated, as seen from the struc-
ture of this article. The risk of decrease in permeability due to the more structured gel
system, with less API exposed to the dissolution media per time, is always there, which
is why it is of the utmost importance and can be characterized as a high-risk relation.
This possible unbeneficial risk can be countered by the improved residence behavior in
the nasal cavity, providing the pharmacokinetics to an adequate extent. P407 itself has
also a solubilizing effect which also opposes some of the unbeneficial possibilities. The
determination of gelling properties also helps to evaluate the success of the development,
so these factors are also investigated; however, this cannot be part of a comparative risk
assessment, as MEL-HSA nanoparticles themselves do not contain any gelling material.

3.2. Optimization of P407 Concentration in the Formulation
3.2.1. Investigation of In Situ Thermo-Gelling Properties

During the optimization process, the effect of the P407 concentration on the gelation
and rheological properties was analyzed. In the first part of our rheological investigation,
the effect of the P407 concentration on the lower critical solution temperature (LCST) was
measured. LCST was defined as the temperature at the crossover point of the storage
modulus (G’) and loss modulus (G”), and primary data can be seen in Figure S1. Based on
our results, we can conclude that a minimum of 13% w/w P407 concentration is needed for
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gelling at body temperature (Figure 3A). However, considering possible dilution in vivo, it
is preferable to use a slightly higher concentration (at least 14% w/w or above).
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The gelling time significantly affects the bioavailability of the nasal preparation. If
gelation is too slow, the mucosal concentration of the product is significantly reduced
due to the elimination mechanisms, and dilution with a liquid layer covering the mucosa
prevents subsequent gelation. On the other hand, too fast a gelation can make it difficult to
distribute the composition on the mucosa, therefore a reduced absorption surface can be
expected. It can be clearly seen from our results that in case of 12–13% w/w P407 gelation
time was too slow (6–7 min), but with the increasing polymer concentration (14–16% w/w)
gel formation occurs within 2–3 min at 37 ◦C (Figure 3B), which seems to be optimal for
nasal application.

The rheological properties of gels at body temperature may also affect the bioavailabil-
ity of the formulations. The stronger the gel structure, the more resistant it is against the
mucosal elimination mechanisms. The nasal mucosa is characterized by the phenomenon
of mucociliary clearance caused by the beating of the cilia. The effect of ciliary beating
can usually be simulated by oscillatory rheological measurements at low oscillation fre-
quency [32]. In our case, we compared our formulations at the angular frequency of 1 rad/s
using frequency sweep tests.

As can be seen in Figure 3C an elastic characteristic can be measured with only higher
P407 concentrations, i.e., only samples containing 15–16% w/w P407 can be character-
ized with considerable elasticity at body temperature. Although gelation begins at body
temperature in the case of the 13–14% w/w systems, this results in only a very weak gel
structure, which may not hinder drug release. As was also described in the literature [33],
the poloxamer forms weak gels.
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3.2.2. Muco-Adhesion Measurement

Gelling at body temperature results in the micellar arrangement of P407 molecules,
which may affect the muco-adhesiveness of the formulation. During the tensile test, the
contact of the two surfaces can generate the change in the gel structure and the formation
of the mucoadhesive interaction simultaneously. As a result of the two processes, we can
observe high variability in the adhesive work and force values.

In the case of our systems, adhesive forces of about 1000 mN were measured in al-
most all cases (Figure 4A), and it was found that the mucoadhesive force did not change
remarkably with increasing P407 concentration. Only a slightly increasing tendency can be
observed at higher polymer concentration (1100 mN). This can mean that the number of
functional groups forming mucoadhesive bonds at the interface slightly increases. Compar-
ing the muco-adhesivity of the in situ gelling systems with that of the NaHA, we can see a
higher adhesive force value in the case of NaHA, but the difference cannot be considered
as significant (p > 0.05 in each cases).
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Figure 4. Adhesive force (A) and adhesive work (B) of the compositions in various P407 concentrations. Data is presented
as means ± SD, n = 5.

In contrast, there is a slight increase in mucoadhesive work, and higher values of
adhesive work can be measured in those compositions (14–16% w/w P407) where a gel
structure is already formed at near body temperature (Figure 4B). In this case, with the
formation of the gel structure, the formation of mucoadhesive physical bonds is more
significant. Comparing the formulated systems with the reference mucoadhesive, we could
not detect significant differences (p > 0.05 in each cases), which could be the result of the
large SD.

3.2.3. Characterization of Carrier Systems

Nanoparticle properties such as particle size, PdI, zeta potential, encapsulation ef-
ficacy, loading capacity, pH and osmolality are key parameters for characterization of
the therapeutic applicability of nasal formulations. These nasal administration-related
parameters of the P407-containing formulation in different concentrations are presented in
Table 2.

The Z-average, PdI and zeta potential value of formulations was measured both in
sol and gel state. Formulations containing 12–14% w/w P407 meet the requirements of
intranasally administered nanoparticles (<200 nm) even after thermo-gelling, but in case
of 15–16% w/w P407 these parameters are out of the acceptance criteria. Moreover, the
Z-average (in the range of 180–193 nm) of gel embedded MEL-HSA nanoparticle suggests
increased drug release. The narrow PdI (from 0.193 to 0.328) indicates monodispersed size
distribution, which ensures the homogeneity of nanoparticles in the gel structure. The
distribution of FITC labelled MEL-HSA nanoparticles was visualized in the gel structure
using fluorescent microscopy (Figure 5).
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Figure 5. FITC-labelled MEL-HSA nanoparticles and their distribution in gel structure containing
various concentrations of P407 at 60×magnification.

The fluorescent, microscopic images prove the homogenous distribution of MEL-
HSA nanoparticles and narrow PdI, and gelling of the formulations did not show an
aggregation tendency of the nanoparticles. There was no remarkable difference in zeta
potential (between −9.4 and −7.0 mV) of formulations and these values indicate that
repulsion of nanoparticles is not significant enough to avoid aggregation in sol form. Both
encapsulation efficacy and loading capacity of formulations were slightly decreased with
increasing P407 concentration, but even so this difference was not remarkable, therefore
from this point of view each formulation can be suitable for application. The osmolality of
formulations containing 12–15% w/w P407 was hypotonic (200–278 mOsmol/L), which
predicts enhanced drug absorption, offsetting the retention of gel structure. In case of 16%
w/w P407 the formulation was hypertonic (311 mOsmol/L), which can result in significant
dehydration of nasal mucosa; therefore, from a therapeutic point of view the application of
MEL-HSA-P16% is not recommended.

3.2.4. In Vitro Dissolution Profiles (RED)

The drug release kinetic of in situ gelling formulations is a critical part of rational drug
design as it is a major determinant of the efficacy of delivery of the carrier in vivo and the
subsequent release of the free drug. The in vitro release profile reveals important informa-
tion on the structure and behavior of the formulation, on possible interactions between the
drug and carrier composition, and on their influence on the rate and mechanism of drug
release. The dialysis-based release method is a well-established and useful technique to
study in vitro release from nano-particulate delivery systems. RED device was developed
in order to reduce the time to equilibrium, and to provide results faster than other dialysis
methods [34]. In this system, MEL conjugated HSA nanoparticles are physically separated
from the acceptor media by a dialysis membrane with 8 kDa cutoff which allows only the
passive diffusion of free MEL into the acceptor media. The time-dependent in vitro release
profiles of MEL and formulations were determined with RED (Figure 6).
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The in vitro dissolution profiles of MEL-HSA-P407 and starting MEL were inves-
tigated in intranasal conditions (pH = 5.6). Due to the weak acidic character of MEL
(pKa = 3.43 [26]) it can be found in fully ionized form in dissolution medium
(2 < ∆ pH = |pH − pKa|), although the dissolution profile of pure MEL shows only
a slight increase. In the case of formulations, a significantly increased dissolution was
observed compared to pure MEL (**, p < 0.01), due to the nano size and increased spe-
cific surface area of MEL-HSA nanoparticles and the solubilizing effect of Tween. The
dissolution profiles of the formulations clearly demonstrate the effect of polymer on drug
release. When increasing the concentration of P407 in the formulation, the dissolution
of MEL was slower, which can be explained by the hindered liberation of MEL through
the more viscous gel structure. Interestingly, formulations containing P407 in a lower
concentration (12–13% w/w) followed Hixon-Crowell kinetics, which is presumably the
less effective anti-aggregation effect due to the reduced polymer concentration; but in
higher concentrations (14–16% w/w) zero-order kinetics dominated (Table 3) [35]. The best
fit of kinetic data is presented in Figure S2. Similar types of effect of P407 gel on the release
behavior of insulin [36], paclitaxel [37], ceftiofur [38] and recombinant hirudin [39] have
also been observed, in which the mode of drug release followed zero order.

3.2.5. In Vitro BBB Permeability

In the case of nasal administration, it should be taken into account that a fraction of
the drug can be absorbed into the systemic circulation, from where it can only reach the
brain if it is able to pass the BBB. It has been reported that NSAIDs have low disposition
in the CNS via systemic circulation [40]. To investigate this formulation ability, the brain
lipid-specific PAMPA permeability assay (PAMPA-BBB) is suitable. The PAMPA-BBB re-
sults of MEL-HSA formulations containing P407 in various concentrations in comparison
to pure MEL are shown in Figure 7. Each P407 containing formulation showed signifi-
cantly higher flux compared to pure MEL (**, p < 0.01), which can be explained by the
enhanced solubility of MEL due to the solubilizing effect of HSA and P407. Moreover, in
the case of 14% w/w P407 the flux was by far the highest among all of the formulations
(**, p < 0.01). This phenomenon can be explained by the adequate balance of the resultant
effect of nanoparticle characteristics and drug release kinetics. Formulations containing
P407 in lower concentrations (12–13%) followed Hixon-Crowell kinetics, assuming a lower
sustained saturation of drug, whereas the formulations containing P407 in higher con-
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centrations (14–16%) followed zero order kinetics, indicating a faster drug release. From
these zero-order kinetics, the following compositions MEL-HSA-P14% had the highest rate
constant (0.368 µg min−1), which can be rationalized as the smaller Z-average resulting in
a higher specific surface area; therefore, the higher dissolution rate ensures an increased
gradient between donor and acceptor phases promoting permeation. In case of lower
polymer concentration (12–13%) the effect of different drug release kinetics is negligible,
as the remarkable Z-average difference of gel-embedded nanoparticles has a dominant
influence on concentration in the donor phase.

Table 3. Obtained kinetic parameters of in situ thermogelling nasal formulations.

Kinetic Model Kinetic Parameters MEL-HSA-P12% MEL-HSA-P13% MEL-HSA-P14% MEL-HSA-P15% MEL-HSA-P16%

Zero order
k0 (µg min−1) 0.342 0.293 0.368 0.31 0.258

R2 0.9265 0.9251 0.9904 0.9968 0.9976
t0.5 (min) 342.31 292.61 357.98 310.02 257.76

First order
k1 × 10−3 (min−1) 1.487 1.126 1.254 1.092 0.974

R2 0.9584 0.9586 0.9927 0.9723 0.9972
t0.5 (min) 466.15 615.43 552.71 634.49 711.49

Higuchi model
kH (µg min−1/2) 30.58 84.75 81.47 90.67 62.43

R2 0.7954 0.7855 0.8708 0.8883 0.8684
t0.5 (min) 427.58 718.23 663.67 822.44 389.75

Korshmeyer-Peppas
model

kK-P × 10−2 (min−n) 9.427 5.684 2.998 3.118 3.292
n 1.05 1.11 1.23 1.21 1.17

R2 0.6105 0.5516 0.7221 0.8396 0.7453
t0.5 (min) 1043.99 1618.39 2047.18 1740.98 1848.54

Hixon-Crowell
model

kH-C (µg 1/3 min−1) 0.01 0.0046 0.0062 0.0043 0.0029
R2 0.9838 0.987 0.9877 0.9863 0.9974

t0.5 (min) 1610.35 2055.94 1950.68 2178.88 2466.87

Best fit Hixon-Crowell
model

Hixon-Crowell
model Zero order Zero order Zero order

Summing up, and based on the rheological, muco-adhesion, drug release and per-
meability studies, the 14% w/w P407 containing formulation (MEL-HSA-P14%) was con-
sidered as the optimized formulation from a therapeutic point of view. MEL-HSA-P14%
forms a weak but mucoadhesive gel structure at 32 ◦C within 3 min which allows enhanced
permeability of MEL through blood–brain barrier-specific lipids. Therefore, in the cell line
studies, we decided to investigate that composition further.
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3.3. Evaluation of Cell Line Studies
3.3.1. Cell Viability Assay

Impedance measurement as a sensitive method to detect alteration in cellular viability
did not show cell damage after a 1-h treatment with MEL-HSA-P14% formulation or its
components (Figure 8). As a comparison, the reference compound Triton X-100 detergent
caused cell death, as reflected by the decrease in impedance.
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3.3.2. MEL Permeability across the Culture Model of the Nasal Mucosa Barrier

The permeability of MEL was tested on the nasal epithelial and vascular endothelial
cell co-culture model (Figure 9). After a 1-h treatment MEL in MEL-HSA-P14% showed
significantly higher (four-fold) Papp value compared with MEL suspension (MEL) (Figure 9).
This result is in agreement with our previous finding using nanonized MEL in nasal
formulation in the human RPMI 2650 nasal epithelial cell model [27] and also with results
of PAMPA-BBB in the present study.

We found adequate TEER and low permeability values for paracellular markers
indicating a good barrier property of the nasal mucosa co-culture model (Figure 10). Both
the TEER and Papp values were better than in the mono-culture model we described
earlier [27]. The TEER values of the co-culture model remained at the level of the control
group after a 1-h treatment with MEL-HSA-P14%, indicating that it did not damage the
barrier function of the model (Figure 10A). MEL increased TEER and both treatments
decreased Papp values for the two hydrophilic paracellular marker molecules, dextran and
albumin (Figure 10B). This result suggests that the anti-inflammatory MEL may have a
beneficial effect on the nasal barrier either alone or in formulation.
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Figure 9. Permeability of MEL (2 mg/mL in all samples) and MEL-HSA-P14% nano-formulation
across a co-culture model of human RPMI 2650 nasal epithelial cells and vascular endothelial cells
(1-h assay). Values are presented as means ± SD, n = 3. *** p < 0.001 significantly different from
MEL control.
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Figure 10. Transepithelial electrical resistance (TEER) of the co-culture model after a 1-h treatment with MEL and MEL-
HSA-P14% (A). Values for paracellular permeability markers fluorescein-labeled dextran (FD10) and Evans blue-labeled
albumin (EBA) after a 1-h treatment with MEL and the nano-formulation (B). Values are presented as means ± SD, n = 3. C:
control; MEL; MEL-HSA-P14%. * p < 0.05; *** p < 0.001 significantly different from control.

3.3.3. Immunohistochemistry

The staining pattern of the junctional linker proteins ZO-1 and β-catenin on human
RPMI 2650 nasal epithelial cells in the co-culture model was typical for epithelial barriers.
The cell shape was cobblestone, and the junctional proteins were visible in a belt-like
manner at the cell borders (Figure 11), in concordance with our previous results [27]. We
found no change in the staining pattern after the 1-h treatments as compared to the control
group (Figure 11) indicating that the formulation did not damage the barrier model.
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4. Discussion

A series of NSAIDs, including MEL, show significant potential in Alzheimer’s disease
although their administration through conventional routes results in low deposition in
the CNS due to severe elimination mechanisms and low capability of by-passing the BBB.
Therefore, the application of a suitable nano carrier can be promising in increasing, their
bioavailability [40]. HSA, as a versatile, biodegradable nano-carrier is an auspicious tool
for intranasal delivery of NSAIDs, as several studies have already proved the successful
nose-to-brain delivery of candidates like flurbiprofen [41] or MEL [13] itself. Although
the exact pathway of HSA through nose-to-brain delivery is still not clearly demonstrated,
experimental results showed that isotope labelled albumin could reach the brain after nasal
administration [42].

The intranasal applicability of MEL-HSA nanoparticles is limited by mucociliary
clearance, therefore application of the in situ gelling mucoadhesive polymer P407 can be
advantageous, since the above mentioned LCST, PPO chains become less soluble resulting
in micelle formation and entanglements followed by gelation of the sol form [43,44]. Sev-
eral studies have demonstrated that poloxamer-based in situ gelling formulations have
been successfully applied in numerous therapeutic fields especially among neurological
diseases such as in the therapy of migraine [45], Parkinson’s syndrome [46], Alzheimer’s
disease [47–49] and depression [50]. The basic ingredient of the therapeutic effectiveness
of in situ thermo-gelling nasal formulations is their advantageous nature, which besides
improving the pharmacokinetic profile of the administered drug also increases patients’
compliance [51]. Their sol form allows accurate dosing e.g., by the use of a metered dose
nasal actuator system and after gelling, post-nasal drip into the throat can be reduced,
therefore minimizing any undesired taste problem and loss of drug from the nasal cav-
ity. The gel form ensures increased residence time of the formulation on nasal mucosa,
exhibiting sustained release and supporting drug absorption. Moreover, gels can be used
alongside demulcents or emollients which may not be suitable for solutions, suspensions
or even powder dosage forms, in order to reduce the irritation potential.

Besides these mucoadhesive properties, particle characteristics play an important role
in the applicability of formulations through the nasal administration route. It has been
reported that nanoparticles with an average hydrodynamic diameter of 20–200 nm are
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the most suitable for nose-to-brain transport [52]. The PdI also plays a very important
role in drug pharmacokinetics since a lower value indicates an enhanced probability of
a more uniform absorption through the nasal mucosa, while a higher value may lead to
pharmacokinetic irregularity and variability in the therapeutic outcome [53]. It is usually
recommended that the PdI should be below 0.5. The zeta potential, which is dependent
on both the surface charge of the particles and the ionic strength of the medium used for
particle dispersion, is recommended to have a slightly negative or even positive surface
charge, as this enhances nasal absorption as the nasal mucosa itself is negatively charged.
Moreover, increased encapsulation efficacy and drug loading of nanoparticles is required
to ensure proper dosing restricted by lower administration volume, up to a maximum of
200 µL. Our albumin nanoparticle gelling formulations containing 12–14% w/w P407 met
these requirements and became suitable for intranasal administration after thermo-gelling;
moreover, these parameters were more promising than in case of flurbiprofen-albumin
nanoparticles, which were already successfully administered intranasally, directly to the
brain, by Wong et al. [41].

Besides the particle characteristics of albumin nano-particles, the physiological prop-
erties of the nasal cavity should be also taken into account. The pH of the formulations was
in the range of the human nasal mucosa’s physiologic pH range (4.62 to 7.00) supporting
normal ciliary function and reducing the chance of damaging the barrier integrity of the
nasal epithelial cells [54]. In this slightly acidic environment, lysozyme, the natural antimi-
crobial agent in the nose, is effective in the prevention of the growth of pathogenic bacteria
in the nasal passage; therefore, preservative agents are negligible, which is usually incom-
patible with the applied polymer. Nasal preparations are normally isotonic (about 290
mOsmol/L), which is also best tolerated, but sometimes a deviation from isotonicity may
be advantageous. Especially, hypotonic solutions can facilitate drug absorption through
interfering with cilia movement [55]. Based on these perspectives, our optimized formula-
tion MEL-HSA-P14% met all the listed requirements, which suggests suitable therapeutic
applicability, which can be corroborated with the experimental results of Giuliano et al.,
according to which prolonged delivery of the drug for up to 5 h from P407 hydrogel was
achieved via increasing the permeation profile of the compound, as measured through ex
vivo porcine nasal mucosa [56].

5. Conclusions

In summary we optimized an in situ thermo-gelling MEL-HSA-P407 formulation,
which can be administered in liquid state into the nostril. Temperature dependent sol-gel
transition on the mucosa, resulting in increased resistance against mucoliciary clearance,
can estimate improved drug absorption. Based on rheological, muco-adhesion, drug release
and permeability studies, MEL-HSA-P14% was considered as the optimized formulation.
Cell line studies showed no cell damage after a 1-h treatment with MEL-HSA-P14% on
RPMI 2650 human endothelial cells; moreover, enhanced permeation (four-fold) of MEL
from MEL-HSA-P14% was observed in comparison to MEL suspension. Overall, MEL-
HSA-P14% is promising in terms of overcoming the challenges of nasal drug delivery
by increasing resistance against mucociliary clearance, and therefore can improve nasal
drug absorption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13050646/s1, Figure S1: Primary data for the LCST and gelling time measure-
ments, Figure S2. Drug release kinetics of in situ gelling formulations.
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Abstract: Human serum albumin (HSA) is a versatile drug carrier with active tumor targeting
capacity for an antitumor drug delivery system. Nanoparticle albumin-bound (nab)-technology,
such as nab-paclitaxel (Abraxane®), has attracted significant interest in drug delivery research.
Recently, we demonstrated that HSA dimer (HSA-d) possesses a higher tumor distribution than
HSA monomer (HSA-m). Therefore, HSA-d is more suitable as a drug carrier for antitumor therapy
and can improve nab technology. This study investigated the efficacy of HSA-d-doxorubicin (HSA-
d-DOX) as next-generation nab technology for tumor treatment. DOX conjugated to HSA-d via a
tunable pH-sensitive linker for the controlled release of DOX. Lyophilization did not affect the particle
size of HSA-d-DOX or the release of DOX. HSA-d-DOX showed significantly higher cytotoxicity
than HSA-m-DOX in vitro. In the SUIzo Tumor-2 (SUIT2) human pancreatic tumor subcutaneous
inoculation model, HSA-d-DOX could significantly inhibit tumor growth without causing serious
side effects, as compared to the HSA binding DOX prodrug, which utilized endogenous HSA as
a nano-drug delivery system (DDS) carrier. These results indicate that HSA-d could function as a
natural solubilizer of insoluble drugs and an active targeting carrier in intractable tumors with low
vascular permeability, such as pancreatic tumors. In conclusion, HSA-d can be an effective drug
carrier for the antitumor drug delivery system against human pancreatic tumors.

Keywords: human serum albumin; dimerization; doxorubicin; enhanced permeability and retention
effect; antitumor

1. Introduction

Pancreatic tumors remain one of the most difficult human malignancies to be treated,
having the worst mortality rate and the lowest overall survival rate among all tumors.
The overall survival rate for pancreatic tumors is extremely low despite rapid advances in
tumor diagnosis and treatment. The prognosis of pancreatic tumors is abysmal, with 5-year
survival less than 5%. Less than 10% of pancreatic tumor patients are presented with re-
sectable disease or are suitable for potentially curative surgery. Aggressive metastasis often
occurs after the operation, which is highly resistant to conventional chemotherapy and ra-
diation therapy. Chemotherapy is the only option in metastatic pancreatic tumor treatment,
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but sadly, most of the time, chemotherapy is purely palliative. Despite gemcitabine being
the standard first-line treatment, gemcitabine-based combination chemotherapy showed
either marginal or no improvement in survival for advanced pancreatic tumors. Pancreatic
tumor patients with locally advanced disease have 6–10 months of median survival, and
patients with metastatic disease only have 3–6 months of median survival. Hence, novel
strategies to treat pancreatic tumors are urgently needed.

Effective drug delivery in pancreatic tumor treatment remains a major challenge.
Improving the specificity and stability of the delivered chemotherapeutic agent using
ligand or antibody-directed delivery represents a significant problem. Recent advances
in antibody-drug conjugate (ADC) technology have led to the development of cancer-
stroma targeting (CAST) therapy as a novel antitumor drug delivery system, especially
for refractory, stromal-rich tumors, such as pancreatic tumors [1]. This CAST strategy
is developed based on the aggressiveness of the tumor; the more aggressive, the greater
the deposition of insoluble fibrin in tumor tissue. Peptide–drug conjugates (PDC) have
recently gained significant attention as tools for developing specific delivery systems for
pancreatic tumors [2]. Using a human pancreatic ductal adenocarcinoma cell line, PDC
was sufficiently incorporated by the cells within 2 h, whereas ADC was not visible in the
cell after 2 h. In addition, an in vivo study using tumor-bearing mice indicated that PDCs
incorporating this peptide might exert potent antitumor effects without missing the target
cells. PDC was efficiently and selectively incorporated into target pancreatic tumor lesions,
including primary and metastatic sites. Conversely, current ADCs, such as anti-HER2 and
anti-EGFR antibodies, are limited to targeting specific antigen-positive tumor cells.

Doxorubicin (DOX) is an anthracycline antibiotic used as a chemotherapeutic agent to
treat a wide variety of tumors, including lymphoma, lung tumor, stomach tumor, breast
tumor, and osteosarcoma [3,4]. Cardiotoxicity is a major clinical adverse reaction of DOX
upon cumulative dosing. Liposome-based drug delivery systems are known to facilitate
targeting of specific tumor treatment agents, improve pharmacokinetics, reduce side effects,
and potentially increase tumor uptake for pancreatic tumor therapy. Liposomal DOX has
been reported to alleviate cardiotoxicity with improved antitumor activity. In particular,
pegylated liposomal DOX has shown significant pharmacologic advantages and an added
clinical value over DOX. Doxil®, a PEGylated liposome preparation for passive targeting
aimed at reducing the side effects of DOX, and various DOX-loaded nano-drug delivery
system (DDS) preparations [5,6], including the micellar preparation NK911, have been
developed [7].

Human serum albumin (HSA) has gained popularity as a nano-drug delivery carrier.
Aldoxorubicin (INNO-206), an HSA binding prodrug of DOX, has been developed to in-
crease tumor targeting efficiency. INNO-206 binds to the SH group of Cys-34 of endogenous
HSA via the maleimide group in the linker structure attached to DOX [8,9]. Consequently,
HSA-conjugated INNO-206 exhibits improved blood retention compared with free DOX.
Recent clinical trials examined the efficacy of INNO-206 in treating soft tissue sarcoma and
AIDS-related Kaposi’s sarcoma and preclinical trials for solid tumors, such as pancreatic
tumors [10]. Administered at the equivalent dose, INNO-206 is safer than free DOX due
to its improved kinetics and antitumor activity [9]. This evidence highlights the need for
further attempts to increase DOX potency, exploring the potential of a novel drug carrier
with higher drug accumulation in pancreatic tumors.

The current nanoparticle albumin-bound (nab)-technology, such as nab-paclitaxel,
uses HSA as a natural solubilizer of insoluble drugs, not as a tumor-targeting carrier [11].
After intravenous administration, nab-paclitaxel (Abraxane®) dispersed rapidly and be-
haved similarly to HSA monomer in the general circulation. Consequently, nab-paclitaxel
almost lost its tumor-targeting ability via the enhanced permeability and retention (EPR)
effect [12]. Kim’s group developed anti-PD-L1 antibody conjugated nab technology as a
novel combination of chemotherapeutic and immune-therapeutic antitumor approaches to
improve its tumor-targeting ability. This approach demonstrated that the pH-responsive
drug release and PD-L1 targeting does enhance the tumor selectivity [13]. Furthermore,
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insulin-like growth factor 1 receptor inhibitors enhance uptake and efficacy of nab-PTX
by mimicking glucose deprivation and promoting macropinocytosis via AMPK, a nu-
trient sensor in cells. This suggests that nanoparticulate albumin-bound drug efficacy
can be therapeutically improved by reprogramming nutrient signaling and enhancing
macropinocytosis in tumor cells [14].

Previously, we demonstrated that HSA dimers (HSA-d) have higher blood circulation
activity and lower vascular permeability than HSA monomers (HSA-m) [15]. Interestingly,
HSA-d possesses a higher tumor distribution than HSA-m [16,17], so S-nitrosated HSA-d
could enhance the EPR effect via an endogenous albumin transport (EAT) system [18].
Tumor cells actively “EAT” (consume) endogenous HSA as a source of amino acids to
continue cell proliferation via several HSA receptors, such as gp60 or SPARC [19]. In
particular, the EAT system should be activated in order to survive in a hypoxic region with
inferior blood vessel density [20]. Therefore, EAT system targeting is a promising DDS
strategy using HSA-d for refractory tumor therapy.

Herein, we designed the HSA-d-doxorubicin (HSA-d-DOX) as a next-generation nab
technology therapeutic agent with both properties: as a natural solubilizer of insoluble
drugs and active targeting capacity. DOX was conjugated to HSA-d via a tunable pH-
sensitive linker for the controlled release of DOX. pH-responsive hydrazone bonds between
DOX and the linker maintain the binding in normal tissues and blood circulation (pH
7.4–7.6). The bond is cleaved only in an acidic environment, such as tumor tissues, so it
becomes possible to release DOX selectively. The antitumor activity of HSA-d-DOX was
evaluated in vitro and in vivo using the SUIzo Tumor-2 (SUIT2) human pancreatic tumor
model as a refractory tumor.

2. Materials and Methods
2.1. Materials

DOX was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
2-Iminothiolane hydrochloride and Amicon Ultra (4 and 15) 10 kDa were purchased
from Merck KGaA (Darmstadt, Germany). INNO-206 was purchased from ChemScene
(Monmouth Junction, NJ, USA). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Molecular Technologies (Kumamoto, Japan). Other chemicals were of the best commercially
available grades, and all solutions were made using deionized water.

2.2. Expression and Purification of HSA-m and HSA-d

Recombinant HSA-m and HSA-d were expressed by Pichia pastoris (P. pastoris) [21] and
defatted [22]. Briefly, these constructed plasmids (pPIC9-HSA-m and pPIC9-HSA-d) were
transferred to XL10-Gold Escherichia coli (E. coli). P. pastoris GS115 his4 was transformed
with SalI-digested pPIC9-HSA-m or pPIC9-HSA-d by electroporation. The protocol used
to express the HSAs was a modification of a previously published protocol [23]. Single
colonies of P. pastoris were grown for 48 h at 30 ◦C in buffered minimal glycerol-complex
medium until an A600 value of 2–4 was obtained. Cells were then harvested by centrifu-
gation at 3000× g, and cell pellets were washed extensively and resuspended in buffered
minimal methanol-complex medium to an approximate A600 value of 10–15. Then, the
baffled flasks were shaken for 96 h at 30 ◦C, with a daily addition of methanol at a fi-
nal concentration of 1% to maintain the induction conditions. The recombinant HSAs
were purified after 96 h of induction [24]. Preparation of the HSAs was first subjected
to chromatography with the Blue Sepharose 6 Fast Flow column (Cytiva, Tokyo, Japan)
equilibrated with 200 mM sodium acetate buffer (pH 5.5) after dialysis with the same buffer.
The eluted HSAs were deionized and defatted via charcoal treatment, freeze-dried, and
then stored at −80 ◦C until used.

2.3. Cells and Animals

Human pancreatic tumor transferred luciferase gene SUIzo Tumor-2 (SUIT2) cells were
cultured in DMEM + 10% fetal bovine serum with antibiotics (100 units penicillin/mL, and
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100 µg streptomycin/mL). The cells were passaged when approximately 90% confluence
was reached. BALB/c nu/nu mice (male, 5 to 6 weeks old, Japan SLC Inc., Shizuoka, Japan)
was used as SUIT2-bearing mice. SUIT2 bearing mice were prepared by subcutaneous
transplantation with 1 × 106 cells into the back of the mice [17]. All animal experiments
were carried out according to the Laboratory Protocol for Animal Handling T2019-47
(1 August 2019) of Tokushima University.

2.4. Preparation of HSA-DOX

HSA-m or HSA-d (150 µM) in 100 mM KPB + 0.5 mM DTPA (pH 7.8) incubated
with 2-iminothiolane (final concentration 3.6 mM) and mixed gently for 1 h at 25 ◦C [25].
INNO-206 (final concentration 1.8 mM) was added to the solution under dark conditions
and mixed at 25 ◦C for 3 h. Then, the unreacted 2-iminothiolane and INNO-206 were
removed by ultrafiltration using Amicon Ultra 4 (NMWL: 10 kDa). Next, HSA-m-DOX or
HSA-d-DOX was dialyzed against deionized water and lyophilized. These samples were
stored at −20 ◦C until used. The particle sizes and polydispersity index (PDI) of HSA-DOX
under PBS (pH 7.4) condition were recorded using a Malvern zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK).

2.5. Quantification of DOX Loaded to HSA

To quantify DOX loaded to HSA, the absorbance (490 nm) of HSA-DOX was mea-
sured using 96-well plate by the iMark microplate reader (Bio-Rad, Hercules, CA, USA).
Free DOX solutions (6.25, 12.5, 25, 50 µg/mL) were used as standard. The same protein
concentration without DOX was also measured to adjust for background absorption. The
protein concentration of HSA-DOX was determined by the Bradford method. DOX loading
efficiency (DOX/HSA) was calculated using this concentration of HSA.

2.6. In Vitro Release Profile of DOX from HSA-m-DOX or HSA-d-DOX

To evaluate the stability of HSA-m-DOX or HSA-d-DOX in acidic and neutral pH
conditions, HSA-m-DOX or HSA-d-DOX was dissolved with PBS (pH 7.4) and acetic acid
buffer (pH 5.5), respectively, and adjusted to 2.0 µg (DOX)/mL. Then, HSA-m-DOX or
HSA-d-DOX was incubated at 37 ◦C in each pH condition, and fluorescence intensity
(Ex/Em = 488 nm/585 nm) was measured using a spectrofluorimeter FP-8200ST (JASCO)
at 0, 3, 6, 12, 24, 36, 48 h. The % release of DOX was calculated as follows.

% release of DOX = (A − B)/(C − B) × 100

A: Fluorescence intensity of sample;
B: Fluorescence intensity at 0% release condition (pH 7.4, 25 ◦C);
C: Fluorescence intensity at 100% release condition (pH 1.0, 37 ◦C, 2 h).

2.7. In Vitro Antitumor Activity of HSA-DOX

SUIT2 cells (1 × 104 cells/well) were seeded in a 96-well plate. After being left
overnight, free-DOX, HSA-m-DOX or HSA-d-DOX (10–5000 ng (DOX)/mL) was added to
the cells and reacted for 48 h. HSA-m and HSA-d were used as a negative control. Cell
viability was assessed by CCK-8.

2.8. Quantification of Intracellular DOX

SUIT2 cells (1 × 105 cells/well) were seeded in a 12-well plate. After being left
overnight, the medium was replaced with a serum-free medium, then incubated for 2 h.
After serum starvation, free-DOX, HSA-m-DOX or HSA-d-DOX (10 nmol (DOX)/mL) was
added, and the cells were harvested 2 h later. The collected cell suspension was centrifuged
(1500× g, 5 min, 4 ◦C), and the supernatant was removed. Then, 2 N HCl (500 µL) was
added to the cell pellet to lyse the cells. Subsequently, deproteinization was performed
by adding methanol (500 µL) and centrifugation (1500× g, 5 min, 4 ◦C), and the fluores-

40



Pharmaceutics 2021, 13, 1209

cence intensity of the supernatant (Ex/Em = 488 nm/585 nm) was spectrophotometrically
determined using FP-8200ST (JASCO).

2.9. Pharmacokinetic Analysis of HSA-DOX

INNO-206, HSA-m-DOX or HSA-d-DOX (8.0 mg (DOX)/kg) was intravenously ad-
ministered in SUIT2 human pancreatic tumors and subcutaneously implanted in mice
with a tumor size of 100 mm3. Then, some main organs (heart, lung, liver, spleen, and
kidney) and the tumor were extirpated at 6 h after administration, and ex vivo imaging
was performed using an IVIS imaging system. The DOX fluorescence intensity of these
tissues was measured at Ex/Em = 465 nm/600 nm.

2.10. In Vivo Antitumor Activity and Side Effects of HSA-DOX

When tumors reached 100 mm3 in mice implanted subcutaneously with SUIT2 human
pancreatic tumor, the mice were divided into cohorts (n = 4) and treated intravenously
with PBS (control), INNO-206 (8.0 mg (DOX)/kg), HSA-m-DOX (8.0 mg (DOX)/kg), or
HSA-d-DOX (8.0 mg (DOX)/kg) on days 0 and 7, and then monitored for 21 days [17].
During treatment, tumor volume and body weight were measured daily, and blood was
collected from the inferior vena cava on day 21 to measure various biochemical parameters.
Specifically, after measuring blood cell parameters using a multi-item automatic blood cell
counter KX-21N (Sysmex, Kobe, Japan), centrifugation (1500× g, 10 min) was performed.
After the collection of serum, liver injury markers (AST, ALT) and kidney injury mark-
ers (BUN) were evaluated using the respective measurement kit (Wako Pure Chemical
Industries, Ltd., Tokyo, Japan).

2.11. Statistical Analysis

The experimental data are presented as the means ± standard deviation. The statistical
significance of differences between groups was analyzed with Student’s t-test or ANOVA
with Tukey’s post hoc test. A probability value of p < 0.05 was considered to indicate
statistical significance.

3. Results and Discussion
3.1. Preparation of HSA-d-DOX

First, HSA-m-DOX and HSA-d-DOX were synthesized using the method shown in
Figure 1A. Specifically, the primary amine of the HSA molecule is chemically modified
with an SH group using iminothiolane. Then, the maleimide group was reacted beforehand
with the pH-responsive linker of INNO-206. As a result, the particle sizes of HSA-m-
DOX and HSA-d-DOX were 3.98 nm and 7.52 nm, and amounts of DOX binding to
HSA-m-DOX and HSA-d-DOX were 4.08 mol/mol HSA-m and 7.9 mol/mol HSA-d,
respectively (Table 1). These results suggest that HSA-m-DOX and HSA-d-DOX exist
as almost homogeneous molecules without aggregated proteins. In the previous report,
N-succinimidyl S-acetylthioacetate (SATA) reagent was used to introduce SH to amino
groups [26]. In the case of the SATA reagent, the terminal is thioester after reaction, so
a deprotection procedure with hydroxylamine is needed. In contrast, the preparation
process was successfully shortened by one step using iminothiolane, where a deprotection
operation could be omitted. Fortunately, the DOX loading efficiency using iminothiolane
was equivalent to the value in the reference using SATA [26]. The stability of HSA-m-
DOX and HSA-d-DOX after lyophilization was assessed by evaluating the particle sizes
and DOX-loading rates. These data showed that both HSA-m-DOX and HSA-d-DOX
were suspendable after lyophilization, and no other change, such as aggregates, can be
observed (Figure 1B). In addition, since the DOX-loading rates of both compounds before
and after lyophilization were the same, this result indicated that storage of HSA-m-DOX
and HSA-d-DOX as a lyophilisate was possible (Figure 1C).
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Figure 1. The preparation scheme of HSA-d-DOX, and the stability of HSA-m-DOX and HSA-d-DOX
particles before and after lyophilization. (A) Preparation scheme of HSA-d-DOX. (B) The change of
particle size and (C) DOX loading of HSA-DOX after lyophilization of HSA-m-DOX and HSA-d-DOX.
Data are averages ± standard deviation (n = 4).

Table 1. Physicochemical characterization of HSA-m-DOX and HSA-d-DOX.

Diameter (nm) PDI DOX/HSAs (Molar Ratio)

HSA-m-DOX 3.98 ± 0.5 0.426 ± 0.01 4.08 ± 0.26
HSA-d-DOX 7.52 ± 0.7 0.297 ± 0.01 7.90± 0.46

Data are averages ± standard deviation (n = 4).

3.2. In Vitro Release Profile of DOX from HSA-m-DOX or HSA-d-DOX

Although DOX is a fluorescent substance, fluorescence self-quenching occurs when
DOX is bound to HSA-m and HSA-d. The DOX release profile of HSA-m-DOX or HSA-
d-DOX in buffers in different pH conditions was evaluated using this fluorescence self-
quenching phenomenon. The release of DOX from HSA-m-DOX or HSA-d-DOX was
not observed in the pH 7.4 buffer. In contrast, acidic conditions (pH 5.5) accelerated
the release of DOX (Figure 2). These data suggest that the DOX release from HSA-m-
DOX and HSA-d-DOX occurs in acidic conditions, like those in tumor tissues. In tumor
tissues, malnutrition and hypoxia result from incomplete blood vessel construction and
uncontrolled growth of the tumor cells. The release profile of HSA-m-DOX was very
similar to HSA-d-DOX. The total release from HSA-d-DOX in pH 5.5 buffer at 48 h was
around 80%, suggesting a result that is similar when compared with another published
release assay for DOX [27]. As a result, glycolytic metabolism is enhanced, leading to
the buildup of an acidic environment [28]. In particular, the acidic environment is more
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pronounced in pancreatic tumors. Therefore, after reaching the tumor tissue via the EPR
effect, HSA-d-DOX is expected to release DOX more efficiently in pancreatic tumors.

Figure 2. In vitro pH-dependent DOX release profile of HSA-m-DOX or HSA-d-DOX. HSA-m-DOX
or HSA-d-DOX was diluted with PBS (pH 7.4) or acetate buffer (pH 5.5) to 2.0 mg (DOX)/mL.
After incubation, the fluorescence intensity (Ex/Em: 488 nm/585 nm) was measured. Data are
averages ± standard deviation (n = 4). ** p < 0.01 vs. HSA-m-DOX in pH 7.4 group. ## p < 0.01 vs.
HSA-d-DOX in pH 7.4 group.

3.3. In Vitro Antitumor Activity of HSA-d-DOX against Human Pancreatic Tumor Cells

To confirm the antitumor activity of HSA-d-DOX on SUIT2 human pancreatic tumor
cells, an evaluation was performed. Free-DOX, HSA-m-DOX, and HSA-d-DOX were
incubated with SUIT2 cells for 48 h, and the number of viable cells were quantified by
CCK-8 assay. Figure 3A shows that free-DOX possessed the highest cytotoxicity against
SUIT2 cells among all drugs, and HSA-d-DOX has significantly inhibited the survival rate
compared with HSA-m-DOX (Figure 3A, Table 2). In addition, carriers alone, such as HSA-
m or HSA-d, did not show any cytotoxicity (Table 2). To clarify the cytotoxic mechanism of
HSA-d-DOX, the amount of intracellular DOX was analyzed. Free-DOX, HSA-m-DOX or
HSA-d-DOX was incubated with SUIT2 cells for 2 h, and the amount of intracellular DOX
was quantified by fluorescent spectroscopy. Figure 3B shows the amount of intracellular
DOX in decreasing order, free-DOX > HSA-d-DOX > HSA-m-DOX. This result was highly
consistent with the cytotoxicity results of these compounds. Previously, we reported that
HSA-d-DOX is also taken into cells via caveolin-1-mediated macropinocytosis [17,29].
Additionally, pancreatic tumor cells are known to have increased expression of secreted
protein acidic and are rich in cysteine (SPARC) for the EAT system [20]. This EAT System is
activated at a region where the EPR effect must be enhanced, which is therefore considered
a region where it is traditionally difficult to deliver a polymeric antitumor agent [18].

Table 2. IC50 of DOX derives against pancreatic tumor cell.

Treatment Groups IC50 (DOX ng/mL)

HSA-m -
HSA-d -

HSA-m-DOX 676.7 ± 52.4
HSA-d-DOX 454.2 ± 66.7 *

free-DOX 62.21 ± 24.5 **
Data are averages ± standard deviation (n = 6). * p < 0.05, ** p < 0.01 vs. HSA-m-DOX.
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Figure 3. Cytotoxicity of HSA-d-DOX on pancreatic tumor cell. (A) SUIT-2 cells were treated
with various concentration of HSA-m-DOX, HSA-d-DOX or free-DOX for 48 h. Survival cells were
quantified by CCK-8 assay and expressed as percent survival to untreated control. (B) Cellular uptake
of HSA-d-DOX by pancreatic tumor cells. SUIT2 cells were treated with HSA-m-DOX, HSA-d-DOX,
free-DOX (150 µg/mL) in serum-free DMEM. Cellular uptake of DOX was analyzed by fluorescent
spectroscopy (Ex/Em: 488 nm/585 nm; Data are averages ± standard deviation (n = 6). ** p < 0.01 vs.
HSA-m-DOX, ## p < 0.01 vs. HSA-d-DOX.

3.4. Biodistribution of HSA-d-DOX

In order to confirm the tumor accumulation of HSA-d-DOX in tumor-bearing mice, the
organ distribution of HSA-d-DOX in vivo was evaluated using a SUIT2 human pancreatic
tumor subcutaneous transplantation model. INNO-206, HSA-m-DOX or HSA-d-DOX
was intravenously administered in the SUIT2 subcutaneous transplantation model at a
dose of 8 mg (DOX)/kg. The fluorescence intensity of DOX in each organ was measured
by ex vivo imaging at 6 h after administration (Figure 4A). Intriguingly, HSA-d-DOX
showed significantly higher tumor accumulation of DOX than other groups (Figure 4B).
In addition, the liver distributions of HSA-m-DOX and HSA-d-DOX were higher than
INNO-206, strongly suggesting that liver injury markers, such as AST and ALT, should be
measured after the administration of HSA-m-DOX or HSA-d-DOX to clarify whether these
administrations induce side effects related to liver injury. Previously, our collaborators
demonstrated that modifications of basic amino acids on the surface of HSA have increased
liver uptake of the HSA by 30-fold [30,31]. In general, modifications of basic amino acids
led to the blockage of the positive charges of HSA. To conjugate DOX to HSA in this
study, 2-iminothiolane reacted with lysine residues on the surface of HSA. This reaction
induced the blockage of the positive charges. Therefore, this evidence suggested that this
2-iminothiolane reaction may induce the increase of liver uptake of HSA-m-DOX and
HSA-d-DOX. To avoid this problem, the other method of DOX conjugation without the
modification of basic amino acids would be necessary.
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Figure 4. Organ distribution of HSA-DOX. (A) ex vivo imaging, (B) ex vivo radiant efficiency of the
major organs from SUIT2 ectopic tumor bearing mice at 6 h after 8.0 mg (DOX)/kg of INNO-206,
HSA-m-DOX and HSA-d-DOX were IV injected. The results obtained for the control group were
used to correct for nonspecific background fluorescence. Data are averages ± standard deviation
(n = 3). * p < 0.05, ** p < 0.01 vs. INNO-206.

3.5. In Vivo Antitumor Activity of HSA-d-DOX

Finally, the therapeutic effect of HSA-d-DOX was evaluated using a SUIT2 human
pancreatic tumor subcutaneous transplantation model to verify whether HSA-d-DOX exerts
an antitumor effect in the SUIT2 human pancreatic tumor implantation model, which shows
resistance to macromolecular antitumor drugs. SUIT2 tumor-bearing mice with a tumor
volume of about 100 mm3 were divided into Control, INNO-206, HSA-m-DOX, and HSA-
d-DOX administration groups. The dose of INNO-206, HSA-m-DOX, and HSA-d-DOX
was adjusted to 8.0 mg (DOX)/kg, which was intravenously administered to SUIT2 tumor-
bearing mice on days 0 and 7. The data showed that HSA-d-DOX significantly suppressed
tumor growth compared to INNO-206 and HSA-m-DOX (Figure 5A). Regarding body
weight changes, although each group of INNO-206, HSA-m-DOX or HSA-d-DOX showed
a slight weight loss after the second administration, there was no significant change overall
(Figure 5B).
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Figure 5. The antitumor activity of HSA-d-DOX in SUIT2 ectopic tumor bearing mice. (A) The
tumor volume and (B) body weight were measured in SUIT2 ectopic tumor bearing mice at each
of the selected time points. The mice were IV injected with PBS, INNO-206 (8.0 mg (DOX)/kg),
HSA-m-DOX (8.0 mg (DOX)/kg) or HSA-d-DOX (8.0 mg (DOX)/kg) at each of the selected time
points. The arrows indicate days of treatment. Data are averages ± standard deviation (n = 4).
** p < 0.01 vs. control, # p < 0.05, ## p < 0.01 vs. INNO-206, † p < 0.05 vs. HSA-m-DOX.

The following dosing rates have been reported to be effective: on day 10, 17, and 24,
dosings of DOX 24 mg/kg [9], and on day 10, 17, and 24, dosings of DOX 12 mg/kg [32],
while the dosing rate used in the present study, on day 0 and 7, dosings of DOX 8.0 mg/kg,
practically showed no antitumor efficacy. This 2 × DOX 8.0 mg/kg dosing rate explains
why the antitumor activity of INNO-206 did not show a significant difference from that of
the PBS treated group. In contrast, despite dosing at 2 × DOX 8.0 mg/kg, HSA-d-DOX
showed antitumor activity.

To evaluate the onset of side effects, various biochemical parameters were measured
at day 21. These biochemical parameters, including AST and ALT, showed no significant
difference among all groups (Table 3). These data indicate that HSA-d-DOX possesses the
highest therapeutic effect against human pancreatic tumors without severe side effects.
Previously, we examined the antitumor effect of Abraxane® using the same SUIT2 human
pancreatic tumor implantation model [17]. It is well-known that this model shows higher
resistance to most antitumor drugs compared with C26 murine colon tumor and B16
murine melanoma subcutaneous inoculation models. The administration of Abraxane®

(20 mg (paclitaxel)/kg) could not significantly inhibit the tumor growth like INNO-206.
Although Table 2 shows that free DOX possesses higher cytotoxicity than HSA-d-DOX
in vitro, HSA-d-DOX has the highest antitumor activity among other drugs. These data
strongly suggest that the tumor accumulation and retention of HSA-d-DOX are significantly
superior to other drugs. Taken together, HSA-d-DOX has the potential to be a promising
macromolecular antitumor drug.

Table 3. Blood chemistry parameters after drugs treatment.

WBC
(×102/µL)

RBC
(×104/µL) HGB (g/dL) PLT (×104/µL) AST (IU/L) ALT (IU/L) BUN (mg/dL)

Control 24.3 ± 3.06 944.0 ± 32.5 114.4 ± 18.3 64.1 ± 12.4 19.6 ± 4.5 29.9 ± 3.2 78.8 ± 8.5
INNO-206 20.5 ± 5.9 924.8 ± 47.8 106.5 ± 17.5 57.7 ± 11.1 16.6 ± 5.1 39.5 ± 4.4 78.3 ± 10.4

HSA-m-DOX 26.3 ± 8.3 934.8 ± 88.5 115.1 ± 13.2 62.8 ± 2.5 17.2 ± 5.1 33.7 ± 2.4 82.5 ± 19.3
HSA-d-DOX 17.8 ± 3.1 939.8 ± 79.0 102.6 ± 30.7 66.1 ± 7.5 20.4 ± 3.9 37.7 ± 2.6 78.8 ± 14.3

Parameters of blood cells (white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (HGB) count, platelet (PLT) count),
aspartate transaminase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN) in C26 ectopic tumor bearing mice at day 28.
Data are averages ± standard deviation. (n = 4).
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4. Conclusions

In this study, HSA-d-DOX was developed as a novel antitumor drug nano-DDS
loaded with DOX using next-generation nab technology. HSA-d exhibited excellent tumor
migration and cellular uptake ability compared with HSA-m using conventional nab
technology. HSA-d-DOX efficiently delivered DOX to pancreatic tumor cells, inducing a
potent antitumor effect without severe side effects. Therefore, dimerization of HSA could
function not only as a natural solubilizer of insoluble drugs, but also as the active targeting
carrier in low vascular permeability or an intractable pancreatic tumor.
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Abstract: Urate oxidase derived from Aspergillus flavus has been investigated as a treatment for
tumor lysis syndrome, hyperuricemia, and gout. However, its long-term use is limited owing to
potential immunogenicity, low thermostability, and short circulation time in vivo. Recently, urate
oxidase isolated from Arthrobacter globiformis (AgUox) has been reported to be thermostable and less
immunogenic than the Aspergillus-derived urate oxidase. Conjugation of human serum albumin
(HSA) to therapeutic proteins has become a promising strategy to prolong circulation time in vivo.
To develop a thermostable and long-circulating urate oxidase, we investigated the site-specific
conjugation of HSA to AgUox based on site-specific incorporation of a clickable non-natural amino
acid (frTet) and an inverse electron demand Diels–Alder reaction. We selected 14 sites for frTet
incorporation using the ROSETTA design, a computational stability prediction program, among
which AgUox containing frTet at position 196 (Ag12) exhibited enzymatic activity and thermostability
comparable to those of wild-type AgUox. Furthermore, Ag12 exhibited a high HSA conjugation
yield without compromising the enzymatic activity, generating well-defined HSA-conjugated AgUox
(Ag12-HSA). In mice, the serum half-life of Ag12-HSA was approximately 29 h, which was roughly
17-fold longer than that of wild-type AgUox. Altogether, this novel formulated AgUox may hold
enhanced therapeutic efficacy for several diseases.

Keywords: Arthrobacter globiformis; gout; half-life extension; inverse electron demand Diels-Alder
reaction; site-specific albumin conjugation; thermostability; urate oxidase

1. Introduction

A high level of uric acid followed by its crystallization is related to tumor lysis syn-
drome, hyperuricemia, and gout [1–3]. Gout is a common type of inflammatory arthritis in
adults, resulting from the formation of uric acid crystals in the joints and other tissues [1–3].
Therefore, the treatment of gout has focused on reducing serum uric acid levels, which
has been effectively achieved by the injection of urate oxidase [3,4]. Urate oxidase (Uox,
Enzyme Commission number: 1.7.3.3) is a peroxisomal liver enzyme that catalyzes the
conversion of insoluble uric acid (0.06 g/L) to the more water-soluble 5-hydroxyisourate
(10.6 g/L; predicted using ALOGPS) [5–8]. In humans, intravenous administration of Uox
has been used for enzymatic therapy of hyperuricemia, supplementing the enzyme activity
lost during hominoid evolution [3]. Rasburicase [9,10] and pegloticase [11–13] have been
approved for the treatment of tumor lysis syndrome and gout, respectively. Rasburicase
is a recombinant version of Uox derived from Aspergillus flavus that was demonstrated
to be therapeutically superior to allopurinol for the control of uric acid levels in adult
patients [9–11]. Pegloticase (marketed under the name Krystexxa) is a PEG-conjugated
chimeric porcine–baboon Uox, with an extended serum half-life in vivo [12–14]. However,
several concerns have been raised regarding PEG-conjugated therapeutics, such as the
potential immunogenicity and toxicity of accumulated PEG molecules [15]. Human serum
albumin (HSA) has low to no immunogenicity and is biodegradable. Furthermore, HSA has
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an exceptionally long serum half-life in humans (>3 weeks) via neonatal Fc receptor (FcRn)-
mediated recycling [16–20]. Therefore, in order to overcome the potential issues of PEG
conjugation, we previously reported that direct conjugation or indirect binding of HSA to
Uox isolated from A. flavus (AfUox) resulted in a prolonged circulation time in vivo [21,22],
enhancing its potential use as a therapeutic agent for gout. Direct HSA conjugation leads
to a greater extension of circulation time than that achieved with indirect HSA binding via
fatty acid conjugation [21,22]. However, the clinical applications of HSA-conjugated AfUox
may be limited by its intrinsic immunogenicity and low thermostability [23]. Recently, Uox
derived from Arthrobacter globiformis (AgUox) was determined to hold desirable properties
for therapeutic development, including soluble expression in Escherichia coli, good solu-
bility at neutral pH, low immunogenicity, and good thermostability [4,24]. We confirmed
that wild-type AgUox is more thermostable than wild-type AfUox (Figure S1). To develop
HSA-conjugated Uox with promising potential for clinical applications, we investigated
site-specific HSA conjugation to AgUox. We hypothesized that the conjugation of HSA
to a permissive site of AgUox would lead to high thermostability, low immunogenicity,
prolonged circulation time in vivo (particularly in mice), and retained enzymatic activity.
It was reported that HSA interacts with mouse FcRn, resulting in the long serum half-life
in mice [25]. Furthermore, the attachment of HSA to insulin and glucagon-like peptide
1 extended the circulation time in mice, likely due to the HSA interactions with mouse
FcRn [26,27].

2. Materials and Methods
2.1. Materials

Bactotryptone and yeast extract were obtained from BD Biosciences (San Jose, CA,
USA). Ni-nitrilotriacetic acid (NTA) agarose was obtained from Qiagen (Hilden, Germany),
and frTet (4-(1,2,3,4-tetrazin-3-yl) phenylalanine) was purchased from Aldlab Chemicals
(Woburn, MA, USA). TCO–Cy3 was purchased from AAT Bioquest (Sunnyvale, CA, USA).
Axially substituted trans-cyclooctene maleimide (TCO-maleimide, A) was purchased from
FutureChem (Seoul, Korea). Disposable PD-10 desalting columns, HiTrap Q HP anion
exchange columns, and Superdex 200 10/300 GL Increase size exclusion columns were
purchased from Cytiva (Uppsala, Sweden). All other chemical reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.

2.2. Computational Analysis of the frTet Incorporation Site in AgUox

Screening of the frTet incorporation site was performed using the molecular model-
ing software PyRosetta (Python-based Rosetta molecular modeling package, Pyrosetta4,
the PyRosetta Team at Johns Hopkins University, Baltimore, MD, USA) [28,29], which
performed point mutation and energy scoring functions based on the AgUox structure
(PDB ID: 2YZE). The amino acid sequence in wild-type (WT) AgUox was replaced with
the Y (tyrosine) or W (tryptophan) sequence, and then the energy of the full atoms in the
protein was calculated. The energy function in PyRosetta is based on Anfinsen’s hypothesis
that native-like protein conformations represent a unique, low-energy, thermodynamically
stable conformation. The score value represents the sum of the van der Waals force, attrac-
tive, repulsive energy, Gaussian exclusion implicit solvation, and hydrogen bonds (short,
long range, backbone-side chain, and side chain) between atoms on different residues
separated by distance.

2.3. Construction of Plasmids for Expression of AgUox-WT and AgUox-frTet Variants

AgUox was synthesized by Macrogen (Seoul, Korea) and cloned into pBAD for site-
specific frTet incorporation, generating the pBAD_AgUox plasmid. To replace the site
selected by PyRosetta scoring with amber codons, the site-directed mutagenesis polymerase
chain reaction (PCR) was performed using the pBAD_AgUox vector as template. The
primer pairs used are shown in Table S1.
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2.4. Expression and Purification of AgUox-WT and AgUox-frTet Variants

To site-specifically incorporate frTet into AgUox, each mutant plasmid was trans-
formed into C321∆A.exp (pDule C11RS)-competent cells [30], generating C321∆Aexp
(pDule C11RS) (pBAD_AgUox_Amb variants) E. coli cells. Transformants were cultured at
37 ◦C overnight in Luria broth medium containing ampicillin (100 µg/mL) and tetracycline
(10 µg/mL). Pre-cultured E. coli cells were inoculated into identical fresh media. To induce
protein expression, final concentrations of 1 mM and 0.4% of frTet and arabinose, respec-
tively, were added to the medium, which reached an optical density of 0.5% (at 600 nm).
The culture medium was incubated at 37 ◦C for 5 h with shaking, before being harvested
via centrifugation at 5000 rpm for 10 min at 4 ◦C. AgUox-containing frTet variants were
purified by immobilized metal affinity chromatography, using the interaction between
Ni-NTA and His-tag, according to the manufacturer’s protocols. The expression and purifi-
cation of AgUox-WT was performed similarly to that of the AgUox-frTet variants, without
the addition of tetracycline and frTet.

2.5. Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS) and Dye Labeling Analysis of AgUox Variants

Purified AgUox-WT and AgUox-frTet variants (0.4 mg/mL) were digested with trypsin.
The trypsin-digested mixture was desalted using ZipTip C18 (Millipore, Billerica, MA, USA).
The desalted trypsin-digested protein sample was mixed with 2,5-dihydroxybenzoic acid
(DHB) solution (20 mg/mL of DHB in 3:7, (v/v) acetonitrile: 0.1% trifluoroacetic acid in
water) in a 1:1 ratio. Then, 0.5 µL of this mixture was loaded onto a ground steel target
(Bruker Corporation, Billerica, MA, USA) and molecular weight analysis was performed by
MALDI-TOF MS (Bruker Corporation, Billerica, MA, USA).

To identify the IEDDA reactivity of the AgUox-frTet variants, purified AgUox-WT
and AgUox-frTet variants were desalted with phosphate-buffered saline (PBS, pH 7.4) and
then mixed with TCO-Cy3 at a molar ratio of 1:2 for 2 h at room temperature. Afterwards,
the mixture, with or without the addition of TCO-Cy3, was subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The gel underwent fluorescence
analysis (excitation: 302 nm, filter 510/610 nm) in a ChemiDoc XRS+ System (Bio-Rad
Laboratories, Hercules, CA, USA), followed by visualization after Coomassie brilliant blue
(CBB) staining.

2.6. Enzymatic Activity Assay and Thermostability Assessment of AgUox-WT and AgUox-frTet
Variants

AgUox variants (100 µL at 120 nM in enzyme activity assay buffer (50 mM sodium
borate with 150 mM NaCl)) were mixed with 100 µL of 200 µM uric acid in enzyme activity
assay buffer. The degradation of uric acid was then measured using the absorbance of the
mixture solution at 293 nm. Enzyme activities were expressed as specific activity (U/mg
AgUox). One unit (U) of activity was defined as the amount of enzyme that catalyzed the
oxidation of 1.0 µmol of uric acid per minute at 25 ◦C. The serum activity of the AgUox-WT
and AgUox-frTet variants was measured by an enzymatic activity assay of diluted serum
in the enzyme assay buffer containing uric acid. Briefly, 10 µL of serum separated from
whole blood at different time points was diluted in 90 µL of enzyme activity assay buffer
and then mixed with 100 µL of 200 µM uric acid solution, and absorbance was measured at
293 nm. To measure the thermostability of AgUox variants, each variant was incubated for
10 days in PBS (pH 7.4) and subjected to the enzyme activity assay described above at 0, 5,
and 10 days.

2.7. Generation of HSA-Conjugated AgUox-frTet Variants

HSA was subjected to the elimination of high-molecular weight aggregates using
anion exchange chromatography (Hitrap Q HP column) in 20 mM Tris buffer (pH 7.0), as
previously reported [21,31]. Purified HSA was desalted with PBS (pH 7.0), and reacted
with TCO-MAL heterobifunctional crosslinker at a molar ratio of 1:4 for 2 h at room
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temperature. Afterwards, the mixtures were desalted with PBS (pH 7.4), generating the
HSA-TCO conjugate. Purified AgUox-frTet variants were mixed with HSA-TCO at a molar
ratio of 1:4 for 5 h at room temperature, and then analyzed by SDS-PAGE to identify the
site-specific albumin conjugation yield. For further activity and pharmacokinetic studies,
the HSA-conjugated AgUox-196frTet (AgUox-196HSA) was separated from the reaction
mixture using size-exclusion chromatography. The elution peak corresponding to the
Uox-HSA conjugate was used for an enzyme activity assay and pharmacokinetic studies
after measuring the molecular weight by SDS-PAGE analysis.

2.8. Pharmacokinetic Studies

Briefly, 4.4 nmol (monomeric AgUox basis) of AgUox-WT or AgUox-HSA4 in 200 µL
PBS (pH 7.4) was intravenously injected into the tail of young female BALB/c mice (n = 4).
To evaluate the serum half-life of AgUox variants in vivo, retro-orbital blood collection was
performed at 15 min and 3, 6, and 12 h for AgUox-WT; and 15 min and 3, 6, 12, 24, 48, and
72 h post-injection for AgUox-HSA. Serum activity was measured in serum isolated from
the different whole blood samples collected.

3. Results and Discussion
3.1. Preparation of AgUox-WT and AgUox Containing frTet (AgUox-frTet) Variants

As the first step for preparing HSA-conjugated AgUox variants, the optimal sites
of AgUox for HSA conjugation were determined. In order to investigate the similarities
between AfUox and AgUox, we performed amino acid sequence alignment and overlapped
the crystal structures of AfUox and AgUox. The identity of the two amino acid sequences
was only 38.5% (Figure S2). Due to the low identity, the crystal structures of AfUox and
AgUox were poorly overlapped (Figure S3). Therefore, it was not straightforward to
choose a site for frTet incorporation by comparing the amino acid sequence and crystal
structures of the two Uox molecules. In the case of AfUox, the solvent accessibility and
hydrophobicity of site were taken into consideration. However, a mutation often leads to
misfolding or unfolding of a protein. Therefore, we performed a more systemic approach.
Using PyRosetta, we calculated the energy score of AgUox variants containing a single
mutation. Thus, the energy score of each variant was translated into its relative folding
stability [29,32,33]. In order to mimic the mutation to frTet (a phenylalanine analog), the
mutation to either Y or W was introduced to various sites of AgUox-WT. The top 14 sites
for which the energy scores upon the mutation to both Y and W were greater than or
comparable to that of AgUox-WT (Table S2), along with the 14 AgUox mutants containing
frTet (AgUox-frTet) (named as Ag1–14, Figure 1), were identified. In order to prepare 14
AgUox-frTet variants, an amber codon was introduced to each of the14 sites of AgUox-WT
by PCR-mediated mutagenesis. Then, C321delAexp E. coli cells [34] were co-transformed
into pDule C11RS plasmid [35] encoding the engineered MjtRNATyr/MjTyrRS specific for
ftTet as well as the vectors with each AgUox variant. The transformants were cultured to
express each AgUox-frTet variant as described in ‘Materials and Methods’ (Section 2.3).
In the CBB-stained protein gel, a molecular weight of 34 kDa, which corresponded to the
monomeric AgUox, was detected in lanes of the cell lysate after induction and purified
AgUox-frTet (Figure 2). Overall, these results demonstrate the successful expression and
purification of AgUox-WT and AgUox-frTet variants.
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corporation. (b) The frTet incorporation sites and corresponding AgUox variants containing frTet 
are indicated in the table. 

 
Figure 2. Expression and purification of AgUox-frTet variants. (a) Coomassie blue-stained protein 
gels of AgUox-WT and AgUox-frTet (Ag1–14) variants. Lanes: MW, molecular weight marker; BI, 
before induction; AI, after induction. (b) Image of Coomassie blue-stained protein gels of AgUox-
WT and AgUox-frTet variants after purification. 
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iants were compared. The enzymatic activities of the AgUox-frTet variants varied be-
tween 1 and 93% relative to that of AgUox-WT (Figure 3a), indicating that the frTet incor-
poration site significantly affects the function of AgUox. The AgUox-frTet variants Ag1, 
6, 8, 10, and 12 exhibited relatively high enzymatic activity (Figure 3a). The active sites of 
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Figure 2. Expression and purification of AgUox-frTet variants. (a) Coomassie blue-stained protein
gels of AgUox-WT and AgUox-frTet (Ag1–14) variants. Lanes: MW, molecular weight marker; BI,
before induction; AI, after induction. (b) Image of Coomassie blue-stained protein gels of AgUox-WT
and AgUox-frTet variants after purification.

3.2. Enzymatic Activity and Thermostability Assays of AgUox Variants

To investigate whether the site-specific incorporation of frTet into AgUox affected
its biological function, the enzymatic activities of purified AgUox-WT and AgUox-frTet
variants were compared. The enzymatic activities of the AgUox-frTet variants varied
between 1 and 93% relative to that of AgUox-WT (Figure 3a), indicating that the frTet
incorporation site significantly affects the function of AgUox. The AgUox-frTet variants
Ag1, 6, 8, 10, and 12 exhibited relatively high enzymatic activity (Figure 3a). The active
sites of AgUox are located at the interfaces between monomers [36]. Noteworthily, the frTet
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incorporation sites of those variants (Ag1, 6, 8, 10, and 12) were far away from the active
sites and interfaces between monomers.
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AgUox-WT was reported to be thermostable [4]. In order to evaluate the thermostabil-
ity of AgUox-frTet variants, the AgUox-frTet variants as well as AgUox-WT were incubated
at 37 ◦C for five days, after which enzymatic activity assays were performed. As expected,
no activity loss of AgUox-WT was observed after the 5-day incubation (Figure 3a). Among
the 14 AgUox-frTet variants, Ag1, 6, 8, 10, and 12 exhibited more than 50% activity of
AgUox-WT after the same period (Figure 3a). Those five variants were incubated for up
to 10 days at 37 ◦C, after which Ag1, 6, 8, and 10 still showed an activity higher than 50%
of AgUox-WT (Figure 3b). Although some activity loss was observed after the 10-day
incubation, the Ag12 variant maintained an enzymatic activity similar to that of AgUox-WT
(Figure 3b).

3.3. Confirmation of the Site-Specific frTet Incorporation to AgUox

To confirm the frTet incorporation into each site on AgUox, we performed the flu-
orescence dye labeling of intact AgUox-frTet variants. As representative cases, the five
AgUox-frTet variants with a relatively high activity (Ag1, 6, 8, 10, and 12) were analyzed.
First, we performed the fluorescence dye labeling using TCO-Cy3 to confirm the IEDDA
reactivity of AgUox-frTet variants. Evaluation of the fluorescent image of the protein gel
revealed no band in AgUox-WT samples, indicating no IEDDA reactivity of AgUox-WT
(Figure 4). In contrast, the Ag1, 6, 8, 10, and 12 variants clearly exhibited the band in
both the fluorescence image of protein gel and the CBB-stained protein gel, confirming the
IEDDA reactivity of AgUox-frTet variants (Figure 4).
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Figure 4. Incorporation of frTet into AgUox. Fluorescence (illumination λex = 302 nm, with wave-
lengths at 510 and 610 nm in Chemidoc XRS+ system) and Coomassie blue-stained protein gel for
reaction mixture of TCO-Cy3 with AgUox-WT or AgUox-frTet (Ag) variants.

Next, frTet incorporation was further confirmed by MALDI-TOF MS of trypsin-
digested AgUox-frTet (Ag1, 6, 8, 10, and 12) variants using AgUox-WT as control (Figure S4).
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In the mass spectra of trypsin-digested AgUox-frTet variants, the observed masses of frag-
ments containing frTet matched well with the respective theoretical values with a deviation
of less than 0.05% (Table S3). These results confirm the site-specific incorporation of frTet
into specific sites of AgUox-frTet variants.

3.4. Site-Specific HSA-Conjugation to AgUox-frTet

To prepare HSA-conjugated AgUox, we used the heterobifunctional crosslinker, TCO-
MAL. First, TCO-MAL was conjugated to the free cysteine at position 34 (Cys34) of
HSA via Michael addition. Since the only free cysteine (Cys34) on the HSA surface is
located away from the FcRn binding domain, it has been frequently used for bioconju-
gation [37–40]. Then, TCO-HSA was conjugated to the purified AgUox-frTet variants
via the IEDDA reaction to generate AgUox-HSA conjugates. The reaction mixtures were
subjected to SDS-PAGE analysis (Figure 5). In the CBB-stained protein gel, the bands for
HSA-conjugated AgUox-frTet (Ag1, 6, 8, 10, and 12) variants were clearly observed in the
range of 100–120 kDa (Figure 5). In case of Ag1, 8, and 12 variants, no band of monomeric
AgUox was observed, indicating the almost complete conjugation of AgUox to HSA. In
the case of Ag6 and 10, the band of AgUox monomer was observed within 25–37 kDa,
indicating poor AgUox conjugation to HSA. The trend in the HSA conjugation yield of Ag
variants, except for Ag8, was similar to that of solvent accessibility (Ag1, 6, 8, 10, and 12:
0.93, 0.51, 0.9, 0.85, and 0.92, respectively). Since the Ag12 variant exhibited the highest
HSA conjugation yield, as well as the highest enzymatic activity, it was selected for further
characterization. To confirm the generation of Ag12-HSA, we performed MALDI-TOF MS
analysis of the reaction mixture generating Ag12-HSA as well as AgUox-WT. The observed
mass of intact AgUox-WT in the mass spectrum was 33,312 Da, which is quite consistent
with its expected mass (33,305 Da) with a deviation of 0.03% (Figure S5a). In the mass
spectrum of the conjugation mixture of Ag-HSA, three bands were observed. The band
at 66,779 Da was expected to be that for HSA-TCO, as it matched well with its theoretical
mass of 66,770 Da. The observed masses of Ag12 and Ag-HSA were 33,394, 66,779, and
100,378 Da, which are quite consistent with their expected masses (33,403, 66,770, and
100,363 Da), respectively (Figure S5b).
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Figure 5. SDS-PAGE analysis of AgUox-HSA conjugate variants. The protein gel was visualized
using Coomassie blue staining. Lanes: MW, molecular weight marker; 1, AgUox-HSA from Ag1
variant; 2, AgUox-HSA from Ag6 variant; 3, AgUox-HSA from Ag8 variant; 4, AgUox-HSA from
Ag10 variant; 5, AgUox-HSA from Ag12 variant.

3.5. Enzymatic Activity of the AgUox-HSA Conjugate

We purified the HSA-conjugated Ag12 variant (Ag12-HSA) from the reaction mixture
using size-exclusion chromatography. The eluted fractions in the chromatograms were
analyzed by SDS-PAGE (Figure 6). The two major peaks indicate the Ag12-HSA and
unreacted HSA-TCO, respectively, whereas the peak for Ag12 monomer was not detected,
indicating that the HSA conjugation yield was high. The specific activities of Ag12 and
Ag12-HSA were 51.7 and 52.3 U/mg AgUox, respectively, which were approximately 93%
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of that of AgUox-WT (Figure 7). The specific activity of AgUox variants was calculated
based on the weight of AgUox in order to avoid the underestimation of the specific
activity of AgUox-HSA conjugates due to the weight of HSA molecules. These results
indicate that the Ag12 variant is suitable for site-specific HSA conjugation with the retained
enzymatic activity.
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Ag12-HSA (left). The protein gel was stained by Coomassie blue for the visualization of protein
bands. Lanes: MW, molecular weight marker.
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3.6. Pharmacokinetic Study of AgUox-WT and Ag12-HSA

We measured the serum half-lives of AgUox-WT and Ag12-HSA after intravenous
administration to mice. Moreover, the enzymatic activity of AgUox species in the serum
samples was monitored. The serum half-life of AgUox-WT was about 1.7 h (Figure 8), which
was longer than that of AfUox-WT (1.3 h) [30]. We also observed that the serum half-life of
the Ag12-HSA conjugate was 29 h, which was approximately 17-times higher than that of
AgUox-WT (Figure 8), indicating that HSA conjugation effectively prolonged the serum
half-life of AgUox. Noteworthily, the serum half-life of Ag12-HSA conjugate was longer
than that of AfUox-HSA (21 h) [30]. Considering that both Ag12-HSA and AfUox-HSA
have four HSA molecules conjugated to each Uox molecule with the same linker, we believe
that the difference observed in their serum half-life results from thermostability differences.
In the case of AfUox-HSA, the serum half-life of Ag12-HSA was assessed by measuring the
enzyme activity of the AgUox variant remaining in the serum. Taken together, these results
highlight the thermostability of AgUox and how it retains its enzymatic activity in vivo.
Furthermore, these data indicate that the conjugation of HSA to AgUox, which has high
thermostability, results in a significantly longer serum half-life in vivo.
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4. Conclusions

AgUox is a promising therapeutic candidate for gout treatment because of its high ther-
mostability and low immunogenicity. To further develop AgUox as a therapeutic agent, we
achieved site-specific HSA conjugation to AgUox, resulting in the significantly prolonged
circulation time in vivo compared with AgUox-WT and AfUox-HSA, likely due to the high
thermostability of AgUox and the FcRn-mediated recycling of HSA. We demonstrated that
the computational stability prediction of AgUox variants containing frTet successfully led
to identification of 14 stable AgUox-frTet variants. As expected, approximately half of
these variants retained enzymatic activity and relatively high thermostability. In particular,
AgUox-196frTet (Ag12) showed enzyme activity and thermostability comparable to those of
AgUox-WT. Pharmacokinetic studies further showed that the serum half-life of Ag12-HSA
was extended to 29 h, which was approximately 17 times longer than that of AgUox-WT.
Hence, we believe that the HSA-conjugated AgUox would be a good therapeutic candidate
for severe gout treatment. Since the Uox-based therapeutics are very expensive compared
to other small molecule-based urate lowering drugs, their use would be limited to patients
with severe and refractory gout.
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Abstract: Medical devices directly exposed to blood are commonly used to treat cardiovascular
diseases. However, these devices are associated with inflammatory reactions leading to delayed
healing, rejection of foreign material or device-associated thrombus formation. We developed a
novel recombinant fusion protein as a new biocompatible coating strategy for medical devices
with direct blood contact. We genetically fused human serum albumin (HSA) with ectonucleoside
triphosphate diphosphohydrolase-1 (CD39), a promising anti-thrombotic and anti-inflammatory
drug candidate. The HSA-CD39 fusion protein is highly functional in degrading ATP and ADP,
major pro-inflammatory reagents and platelet agonists. Their enzymatic properties result in the
generation of AMP, which is further degraded by CD73 to adenosine, an anti-inflammatory and
anti-platelet reagent. HSA-CD39 is functional after lyophilisation, coating and storage of coated
materials for up to 8 weeks. HSA-CD39 coating shows promising and stable functionality even after
sterilisation and does not hinder endothelialisation of primary human endothelial cells. It shows a
high level of haemocompatibility and diminished blood cell adhesion when coated on nitinol stents or
polyvinylchloride tubes. In conclusion, we developed a new recombinant fusion protein combining
HSA and CD39, and demonstrated that it has potential to reduce thrombotic and inflammatory
complications often associated with medical devices directly exposed to blood.

Keywords: albumin; anti-thrombotic; CD39; coating of medical devices; stent coating; therapeutic
fusion protein

1. Introduction

Cardiovascular diseases such as ischemic heart disease and stroke are the world’s lead-
ing causes of death. The World Health Organization states that 16% of total deaths can be
traced back to these diseases [1]. Treatment of patients with cardiovascular problems often
includes the invasive application of medical devices. Often these medical devices will be
directly exposed to blood, e.g., vascular grafts, stents, permanently implantable biosensors
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such as pacemakers and defibrillators. The biomaterials used for blood-contacting devices
represent foreign surfaces to human blood and therefore have the potential to induce spe-
cific inflammatory and pro-thrombotic reactions that can lead to clinical complications. The
underlying pathological mechanisms of these complications are surface-induced reactions
of plasma proteins, platelets and leukocytes. Uncoated medical devices often adsorb blood
plasma proteins, such as fibrinogen, on their surfaces, thereby inducing an inflammatory
process, platelet adhesion and activation of the coagulation [2–6]. Adsorbed proteins fur-
ther mediate platelet aggregation and, in combination with fibrin, can form a platelet-fibrin
thrombus [7]. The activation of platelet aggregation and the coagulation cascade may lead
to severe and life-threatening thrombosis on the surfaces of biomaterials [3,7].

Both long-term medical devices (often used for a patient’s lifetime) and short-term
blood-contacting systems (mainly used for short-term treatment of critically ill patients)
need to be examined for their haemocompatibility and thrombogenicity. During extra-
corporeal membrane oxygenation, the patient’s blood comes into contact with foreign
material such as silicone, polyvinylchloride (PVC) or polypropylene. In a heart–lung ma-
chine, the contact of blood with the surfaces of PVC (used for tubing) and polypropylene
(used in oxygenators) are the main reasons for postoperative thrombotic and bleeding
complications [8,9].

Therefore, major efforts have been undertaken by material scientists and engineers
with the aim of designing medical device surfaces that can resist adsorption of blood
proteins and adhesion of cells, and thus be less thrombogenic and pro-inflammatory [3].
Different materials and surface coatings have been developed to enhance biocompatibility
and reduce device-associated complications [2,3]. Surface modification strategies are
classified in two groups: (1) surface passivation; and (2) bioactive surface coatings or
treatments [2,10]. With the passivation strategy, physical and chemical modifications are
made to the materials and surfaces to reduce their inherent thrombogenicity. Bioactive
surface coatings are achieved by permanent immobilization via an active agent or drug
to directly inhibit the coagulation cascade and prevent neointimal hyperplasia [11–13]. In
addition to these, administration of anti-platelet or anti-coagulation therapeutics is used as
a treatment to prevent device-induced thrombosis [13–16].

Other considerations in relation to long-term blood-exposed devices include mechani-
cal adaption to stress. Aortic valve prostheses need to resist constantly changing pressures
and high shear stress [17,18]. Permanent implantation of stents for treatment of cardio-
vascular diseases have shown that drug-eluting stents (DES), with a surface coating of
drugs, polymers, growth factors or proteins, promise a superior healing function com-
pared to bare-metal stents [14,17,19,20]. DES have been shown to improve the outcome
of revascularization therapy by preventing neointimal hyperplasia and in-stent resteno-
sis (ISR) [21–23]. Although the incidence of ISR can be lessened using DES, there is an
increased risk of in-stent thrombosis, which requires the application of dual anti-platelet
therapy. Overall, this current stent therapy has been associated with adverse bleeding
events, hypersensitivity reactions and delayed endothelialisation after implantation [24,25].
Therefore, there is a clinical need for the development of safe and biocompatible surface
coatings that eliminate device-induced thrombosis and inflammation.

Human serum albumin (HSA) is widely used in the medical industry for coating of
stents and tubings [26,27]. Being a highly abundant protein in the blood, HSA has been
shown to have anti-thrombotic properties and corrosion resistance based on its electro-
static and hydrophilic properties [18,26,28]. Additionally, HSA adsorbs easily on surfaces,
prevents endothelial apoptosis, provides antioxidant protection and also inhibits platelet
activation and aggregation [27,29,30]. Therefore, albumin has played a central role in
many drug delivery systems [31]. HSA coating has also been applied to various biomate-
rials, including titanium (Ti), stainless steel and nanoparticles [26,28,32,33]. For example,
dopamine-modified albumin coating showed an attenuated immune and inflammatory re-
sponse on xenogeneic grafts [34]. Additionally, Oriňaková et al. demonstrated that bovine
serum albumin coating changed the corrosion resistance of sintered iron biomaterials [35].
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The ectonucleoside triphosphate diphosphohydrolase-1, an NTPDase (CD39), is a
promising anti-thrombotic and anti-inflammatory agent [36–40]. Normally expressed on
the surface of endothelial cells (ECs), CD39 prevents platelet activation and attachment
through hydrolysis of the phosphate residue of ATP and ADP [38,41–43]. ATP triggers
pro-inflammatory pathways, so the degradation of ATP to ADP by CD39 reduces the pro-
inflammatory effect of ATP. ADP is a major player in the platelet-activation cascade [39,44].
Through further hydrolysis of ADP to AMP by CD73, CD39 is responsible for a shift from
a pro-inflammatory to an anti-inflammatory environment [39,40,45]. Several studies have
confirmed that CD39 activity is substantively reduced in injured or rejected grafts, and that
administration of soluble CD39 may be a useful substitute post implantation [41,46].

Here, we have designed, generated and analysed a novel anti-thrombotic and anti-
inflammatory recombinant fusion protein consisting of HSA and CD39 as a highly promis-
ing bioactive coating for medical devices and PVC tubes to guarantee an active, safe and
natural interface between blood and medical devices.

2. Materials and Methods

A more detailed description of the methods is provided in the Supplementary Material.

2.1. Generation of Recombinant Fusion Construct, Production, Expression of Protein and Purification

Details of HSA-CD39 origin, polymerase chain reaction (PCR)-based fusion, mam-
malian production (HEK293 cells) and purification are provided as Supplementary Meth-
ods. The quantity of the purified protein was measured using a Pierce Protein Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA). The samples from purification steps were
loaded onto a 12% sodium dodecyl sulfate–polyacrylamide gel for electrophoresis under
denaturing conditions and visualized via Coomassie staining. The same samples were also
stained on a Western blot (BioRad, Hercules, CA, USA) using an anti-Penta-His antibody
(Roche, Basel, Switzerland) coupled with horseradish peroxidase.

2.2. Blood Sampling from Healthy Human Volunteers

All blood sampling procedures were approved by the Research and Ethics Unit
of the University of Tübingen, Germany (project number 270/2010BO1) and the Ethics
Committee of the Alfred Hospital, Melbourne, Australia. Unless otherwise specified, blood
was collected by venepuncture from healthy volunteers who provided informed consent
and was anticoagulated with citrate. All subjects were free of platelet-affecting drugs for
≥14 days.

2.3. Preparation of Platelet-Rich Plasma

Citrated blood from volunteers was centrifuged at 180× g for 10 min. Platelet-rich
plasma (PRP) was collected and stored at 37 ◦C. Before usage it was diluted 1:10 with
phosphate-buffered saline plus (PBS+; 100 mg/L calcium chloride, 100 mg/L magnesium
chloride; ThermoFisher Scientific, Waltham, MA, USA). Blood and PRP were used within
the first 6 h after venepuncture.

2.4. Flow Cytometry

The efficiency and functionality of the HSA-CD39 protein were determined using flow
cytometry. The protein was incubated with 20 µM ADP (MoeLab, Langenfeld, Germany)
or 5 µL PBS for 20 min. The active protein will hydrolyse ADP to AMP. Diluted PRP was
added and incubated for 5 min. Platelet activation status was measured by a fluorescein
isothiocyanate (FITC)-labelled monoclonal antibody PAC-1 (BD Bioscience, Franklin Lakes,
NJ, USA), a R-phycoerythrin (PE)-labelled monoclonal antibody directed against CD62P
(P-Selectin) (BD Bioscience, Franklin Lakes, NJ, USA) or their respective isotype antibody
controls (ThermoFisher Scientific, Waltham, MA, USA). Samples were fixed using Cellfix
(BD Bioscience, Franklin Lakes, NJ, USA) and analysed via fluorescence-activated cell
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sorting (FACS) Calibur (BD Bioscience, Franklin Lakes, NJ, USA). A total of 10,000 events
were acquired in each sample.

2.5. ADP Bioluminescence Assay

HSA-CD39′s function to directly hydrolyse ADP was measured using an ATP biolu-
minescence assay according to the manufacturer’s description (Kit CLS II, Roche, Basel,
Switzerland) [39,41]. HSA-CD39 was incubated with 20 µM ADP for 20 min. The remain-
ing ADP was converted to ATP by the pyruvate kinase reaction, and measured using
the ATP bioluminescence assay via a microplate luminometer (Mithras LB 940, Berthold
Technologies, Bad Wildbad, Germany). Different concentrations of ADP, PBS and HSA
(Alburex Human albumin 5%, CSL Behring, Hattersheim am Main, Germany) were also
used as controls.

2.6. Lyophilisation of Protein

To analyse the possibility of lyophilising the HSA-CD39 protein, different concen-
trations were lyophilised using the CoolSafe ScanVac (LaboGene ApS, Lynge, Denmark)
according to the manufacturer’s description. The lyophilised samples were stored for
14 days at room temperature (RT) before rehydration and analysis of platelet activation
using flow cytometry.

2.7. Coating of Stent Material for In Vitro Analysis

HSA-CD39 and HSA (CSL Behring, Hattersheim am Main, Germany) proteins were
passively adsorbed by the different materials. The samples were diluted in PBS, added,
incubated and dried on the materials with HSA-CD39 and HSA (CSL Behring, Hattersheim
am Main, Germany). Materials were then stored for 24 h before flow cytometric analysis of
CD39 activity. Polystyrene (BD Bioscience, Franklin Lakes, NJ, USA), 316L stainless-steel
plates, Ti plates (Acandis, Pforzheim, Germany), polyurethane-coated stents (Acandis,
Pforzheim, Germany) and nitinol BlueOxide stents (Acandis, Pforzheim, Germany) were
coated with different protein concentrations (0.05 µg, 0.1 µg, 0.25 µg and 0.5 µg) and PBS
as the control. Coated 316L stainless-steel plates were washed 3× with PBS and dried
again prior to functional testing. Coated Ti plates were sterilized with ethylene oxide
(EO) according to the sterilization protocol for medical devices of the University Hospital
of Tübingen, Germany. Long-term-coated material was stored at RT. DERIVO nitinol
BlueOxide stents (3.3 × 15 mm, Acandis, Pforzheim, Germany) were coated by dip-coating
of stents with 100 µg/mL HSA-CD39 in PBS 10× and dried with argon gas between dipping
steps. Coated stents were also sterilized by EO according to the sterilization protocol.

2.8. Endothelialisation Analysis of Protein-Coated Nitinol BlueOxide Plates

The endothelialisation efficiency of HSA-CD39-coated plates was analysed using
nitinol BlueOxide plates coated with 4.0 µg/cm2 HSA-CD39. Coated plates were dried at
RT followed by sterilisation under UV light for 30 min. Human ECs (hECs) were isolated
from saphenous vein biopsies of patients who had undergone coronary artery bypass
graft surgery as previously described by Avci-Adali et al. [47]. hECs were cultivated in
cell-culture flasks pre-coated with 0.1% gelatine in Vasculife® EnGS EC culture medium
(CellSystems, Troisdorf, Germany) containing VascuLife EnGS LifeFactors Kit, 50 mg/mL
gentamicin and 0.05 mg/mL amphotericin B (GE Healthcare, Boston, MA, USA). Cells
were kept at 37 ◦C/5% CO2 and passaged using trypsin/ethylenediaminetetraacetic acid
(EDTA) (0.04%/0.03%, PromoCell, Heidelberg, Germany). For endothelialisation analysis,
150,000 cells/well were seeded on coated nitinol BlueOxide plates and incubated for 48 h.
Cells were fixed and stained with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich,
Sankt Gallen, Switzerland) and analysed via epifluorescence microscopy (Blue UV2A
Nikon Optiphot 2, Tokyo, Japan).
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2.9. In Vitro Haemocompatibility Testing Using Roller Pump and Modified Chandler Loop Model

To investigate the influence of HSA-CD39-coated nitinol BlueOxide stents (nitinol
BlueOxide DERIVO embolisation device, Acandis, Pforzheim, Germany) in vitro, coated
plates were loaded into heparin-coated Tygon tubes (Saint Gobain Performance Plastics,
Wertheim, Germany). PVC tubes (inner diameter 3.2 mm, length 75 cm) were coated with
heparin by Ension (Pittsburgh, PA, USA). Through this model, the haemocompatibility of
the coated stents, i.e., activation of the coagulation cascade, the complement system and
inflammation, were analysed after perfusion of blood, as described in detail by Krajewski
et al. [48]. Human whole blood was anticoagulated with heparin (1.5 IE/mL, Ratiopharm
GmbH, Ulm, Germany). Then, each tube was filled with 6 mL freshly heparinised human
blood, connected by a silicon connection tubing and circulated by a roller pump (BVP
Ismatec, Wertheim, Germany) in a water bath at 37 ◦C for 60 min at 150 mL/min. For
each of the 5 donors, 6 mL heparinised blood was used for baseline measurements before
circulation. Before and after circulation, blood was taken, measured with a haematolyser
(ABX Micros 60, Axon Lab AG, Baden, Switzerland) for blood cell count and further used
for enzyme-linked immunosorbent assays (ELISA) (Echelon Biosciences, Salt Lake City, UT,
USA) [45,46]. For measuring thrombin–antithrombin III complex (TAT complex; Enzygnost
TAT Micro, Siemens Healthcare, Erlangen, Germany) via ELISA, blood was directly filled
in citrate S-Monovettes® (Sarstedt AG & Co, Nümbrecht, Germany) and centrifuged at
1800× g at 22 ◦C for 18 min. Resulting plasma was deep-frozen in liquid nitrogen and
stored at −20 ◦C until performance of ELISA, according to the manufacturer’s description.
Stents were prepared for scanning electron microscopy (SEM).

In a second experimental setup, the previously established modified chandler loop
was used to test the haemocompatibility of coated ECC tubes [10,48]. PCV tubes (lengths
of 50 cm; Raumedic® ECC BloodLine 1/4 × 1/16, Raumedic AG, Helmbrechts, Germany)
were coated via rotating incubation with 12 mL of 20 µg/mL (240 µg) HSA or 20 µg/mL
(240 µg) HSA-CD39 at RT for 3 h followed by storage at 4 ◦C overnight. The pH of the
protein solutions were adjusted to 4.6 prior to incubation. After incubation, tubes were
rinsed with PBS prior to being filled with blood. An untreated tube without blood contact,
an untreated tube and a commercially available heparin-coated tube (Carmeda BioActive
Surface®, Medtronic, Dublin, Ireland) were used as controls. Coated tubes were filled with
fresh, pooled and heparinised blood (1 IE/mL) and closed into a ring. Blood was circulated
in a water bath at 37 ◦C for 90 min (30 rotations/min). Afterwards, tubes were washed
with PBS and fixed with 2% glutaraldehyde (GA), then PVC pieces were prepared for SEM.

2.10. Statistical Analysis

Unless otherwise specified, data are represented as mean ± standard deviation (SD).
All analyses containing more than two groups were analysed with one-way analysis of
variance (ANOVA), comparing all groups with one another, corrected by post hoc Bon-
ferroni analysis or Dunnett’s/Sidak’s test, and the corrected p-values are given. Multiple
comparisons were analysed with two-way ANOVA and Dunnett’s multiple comparison.
All analyses for two groups were performed using Student’s t-tests. The statistical anal-
yses were performed with the statistical software package GraphPad Prism (version 6.0,
GraphPad Software, San Diego, CA, USA). Statistical significance was defined as p < 0.05.

3. Results
3.1. Generation, Production and Enzymatic Activity of Recombinant Fusion Protein HSA-CD39

For the generation of our recombinant fusion protein consisting of HSA and CD39,
the DNA sequence of HSA was inserted into a previously described pSectag2A vector
containing the CD39 sequence [39]. The resulting HSA-CD39 was further digested, purified
and inserted into a gWiz vector to yield a higher production rate (Figure 1A). Following
double digestion of both constructs, the HSA-CD39 insert was visualised via agarose
gel at 3235 bp (Figure 1A). Confirmation of successful molecular biology was made by
colony screening of clones via PCR sequencing, where positive clones resulted in a 2149 bp
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DNA strain (Figure 1C). After DNA sequencing confirmation, the DNA was produced
by HEK293F cells and purified afterwards. The protein purity of the HSA-CD39 fusion
protein was analysed on SDS–PAGE and a band was observed between the 100 kDa and
150 kDa marks (Figure 1D). Specificity of the HSA-CD39 construct was shown by Western
blotting via the use of an anti-Penta-His antibody, which was coupled with horseradish
peroxidase (141 kDa, Figure 1E).
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peroxidase-coupled anti-6x-his to detect the 6x-his-tag of the HSA-CD39 construct (141 kDa).

The enzymatic activity of the HSA-CD39 fusion protein in hydrolysing ADP to AMP
was determined using flow cytometry. While ADP is a platelet agonist, the resulting AMP
is unable to activate platelets in vitro. Flow cytometry demonstrated that PAC-1 FITC
and anti-CD62P PE bound to 20 µM ADP-activated platelets, but not to non-activated
platelets incubated with PBS as control (Figures 2A and S1). By pre-incubating 0.05 µg
of the HSA-CD39 protein with 20 µM ADP, we observed a strong reduction in PAC-1
binding as compared to using no protein control (0 µg), indicating successful hydrolysis
of ADP to AMP (39.70 ± 7.25 vs. 66.56 ± 5.27, respectively; % activated platelets ± SD,
p < 0.0001). Higher concentrations of HSA-CD39 (0.1 µg, 0.25 µg and 0.5 µg) resulted in
complete dephosphorylation of ADP and therefore showed no PAC-1 binding (0.44 ± 0.28;
0.30 ± 0.16; 0.30 ± 0.20, respectively; % activated platelets ± SD, p < 0.0001) (Figure 2A,B).

3.2. In Vitro Analysis of Environmental Stability of HSA-CD39 Fusion Protein and Coating

HSA-CD39 was dried or lyophilised and stored to determine the ease of storage and
handling. Flow cytometry analysis confirmed that our HSA-CD39 protein had active
enzymatic properties after being dried in polystyrene tubes (Figure 3A,B). Twenty-four
hours after air-drying and storage at RT, rehydration of the HSA-CD39 protein hydrolysed
ADP at 0.05 µg, 0.1 µg, 0.25 µg and 0.5 µg, thereby preventing the binding of PAC-1,
as compared to samples without HSA-CD39 (40.40 ± 15.28; 0.40 ± 0.26; 0.35 ± 0.30;
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0.33 ± 0.15 vs. 67.93 ± 4.96, respectively; % activated platelets ± SD, p < 0.0001). Similarly,
storage at 4 ◦C resulted in successful hydrolysis of ADP; therefore, HSA-CD39 at 0.05 µg,
0.1 µg, 0.25 µg and 0.5 µg prevented PAC-1 binding shown by flow cytometry, compared
to samples without HSA-CD39 (37.38 ± 6.70; 0.70 ± 0.26; 0.50 ± 0.17; 0.50 ± 0.00 vs.
65.03 ± 6.81, respectively; % activated platelets ± SD, p < 0.0001).

Pharmaceutics 2021, 13, x FOR PEER REVIEW 7 of 18 
 

 

 
Figure 2. Functionality analysis of different concentrations of the HSA–CD39 construct. (A) Functionality analysis using 
flow cytometry detecting activated platelets through binding of the PAC-1 antibody, showing hydrolysing effects of CD39. 
(B) Representative fluorescence histograms of functionality analysis using flow cytometry. The different groups were 
compared using repeated-measures ANOVA and Bonferroni post hoc test. Values of 5 independent experiments are 
shown (% activated platelets ± SD, **** p < 0.0001). 

3.2. In Vitro Analysis of Environmental Stability of HSA–CD39 Fusion Protein and Coating 
HSA–CD39 was dried or lyophilised and stored to determine the ease of storage and 

handling. Flow cytometry analysis confirmed that our HSA–CD39 protein had active en-
zymatic properties after being dried in polystyrene tubes (Figure 3A,B). Twenty-four 
hours after air-drying and storage at RT, rehydration of the HSA–CD39 protein hydro-
lysed ADP at 0.05 µg, 0.1 µg, 0.25 µg and 0.5 µg, thereby preventing the binding of PAC-
1, as compared to samples without HSA–CD39 (40.40 ± 15.28; 0.40 ± 0.26; 0.35 ± 0.30; 0.33 
± 0.15 vs. 67.93 ± 4.96, respectively; % activated platelets ± SD, p < 0.0001). Similarly, stor-
age at 4 °C resulted in successful hydrolysis of ADP; therefore, HSA–CD39 at 0.05 µg, 0.1 
µg, 0.25 µg and 0.5 µg prevented PAC-1 binding shown by flow cytometry, compared to 
samples without HSA–CD39 (37.38 ± 6.70; 0.70 ± 0.26; 0.50 ± 0.17; 0.50 ± 0.00 vs. 65.03 ± 
6.81, respectively; % activated platelets ± SD, p < 0.0001). 

The functionality of HSA–CD39 was investigated every week for two months (dried 
in polystyrene tubes and stored at RT) via flow cytometry (Figures 3C and S2). HSA–CD39 
hydrolysed ADP and stopped platelet activation at ≥0.25 µg protein after rehydration, 
compared to samples without HAS–CD39 after week 1 (0.40 ± 0.17 vs. 59.33 ± 30.28; p < 
0.001) and week 8 (3.80 ± 2.33 vs. 43.23 ± 6.73; % activated platelets ± SD, p < 0.001). The 
enzymatic properties of HAS–CD39 were similarly active through the 8 weeks of storage. 

Direct analysis of ADP dephosphorylation by HSA–CD39 was conducted using an 
ATP bioluminescence assay. Increasing concentrations of HSA–CD39 resulted in linear 
and significant reductions in ADP concentration in comparison to the HSA control (Figure 
4A). Similar effects were observed using lyophilised HSA–CD39, which demonstrates its 
long-term stability (Figure 4B). 

Figure 2. Functionality analysis of different concentrations of the HSA-CD39 construct. (A) Functionality analysis using
flow cytometry detecting activated platelets through binding of the PAC-1 antibody, showing hydrolysing effects of CD39.
(B) Representative fluorescence histograms of functionality analysis using flow cytometry. The different groups were
compared using repeated-measures ANOVA and Bonferroni post hoc test. Values of 5 independent experiments are shown
(% activated platelets ± SD, **** p < 0.0001).

The functionality of HSA-CD39 was investigated every week for two months (dried
in polystyrene tubes and stored at RT) via flow cytometry (Figures 3C and S2). HSA-CD39
hydrolysed ADP and stopped platelet activation at ≥0.25 µg protein after rehydration, com-
pared to samples without HAS-CD39 after week 1 (0.40 ± 0.17 vs. 59.33 ± 30.28; p < 0.001)
and week 8 (3.80± 2.33 vs. 43.23± 6.73; % activated platelets± SD, p < 0.001). The enzymatic
properties of HAS-CD39 were similarly active through the 8 weeks of storage.

Direct analysis of ADP dephosphorylation by HSA-CD39 was conducted using an
ATP bioluminescence assay. Increasing concentrations of HSA-CD39 resulted in linear and
significant reductions in ADP concentration in comparison to the HSA control (Figure 4A).
Similar effects were observed using lyophilised HSA-CD39, which demonstrates its long-
term stability (Figure 4B).

3.3. HSA-CD39 Fusion Protein as an Anti-Thrombotic Coating for Different Medical Materials

HSA-CD39 was coated onto surface materials of medical devices such as stain-
less steel, polyurethane, nitinol BlueOxide and Ti. Stainless-steel plates were coated at
0.05 µg/mm2 (0.25 µg of HSA-CD39 on about 0.5 mm2) and resulted in a significant reduc-
tion in platelet activation. Direct HSA-CD39 coating on the plates resulted in successful
ADP dephosphorylation as compared to non-coated plates (Figure 5A; 0.17 ± 0.06 vs.
70.70 ± 22.55; % activated platelets ± SD, p < 0.0001) and similar results were observed
when the plates were washed thrice prior to exposure of ADP (Figure 5B; 0.93 ± 0.80 vs.
69.43 ± 21.99; p < 0.0001). Likewise, HSA-CD39 coating demonstrated good enzymatic
activity for hydrolysing ADP on polyurethane, compared to HSA-coated stents (Figure 5C;
1.88± 1.25 vs. 65.23± 17.71; p < 0.001) and nitinol BlueOxide stents (Figure 5D; 0.30 ± 0.20
vs. 34.53 ± 5.13; p < 0.001). Furthermore, we investigated the stability of HSA-CD39
after coating on Ti plates and sterilisation with EO (Figure 5E). HSA-CD39 coating at
0.1 µg/mm2 (0.5 µg of HSA-CD39 on about 0.5 mm2 of plate) resulted in successful ADP
dephosphorylation as compared to the control HSA coating, both before (0.57 ± 0.29 vs.
36.73± 8.88; p < 0.001) and after EO sterilisation (0.22± 0.17 vs. 37.44± 8.17; p < 0.001). No
difference was noted in the function of HSA-CD39 after sterilisation with EO (0.57 ± 0.29
vs. 0.22 ± 0.17; ns).
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were compared using repeated-measures ANOVA and Sidak’s test. (B) Functionality of lyophilised HSA–CD39 shows 
that high amounts of the fusion protein (>1.0 µg) are still active after lyophilisation (n = 4, **** p < 0.0001 compared to PBS 
control). Values of at least 3 independent experiments are depicted. 

Figure 3. Flow cytometry demonstrating HSA-CD39 functionality when dried in polystyrene tubes
and stored at RT for at least 8 weeks. Functionality of HSA-CD39 in hydrolysing ADP is still seen
after drying in polystyrene tubes and storage at (A) 4 ◦C for 24 h or (B) at RT for 24 h. Flow cytometry
was performed to determine the % of activated platelets. (C) HSA-CD39 is still functional after 7 days
of storage at RT. (D) HSA-CD39 is still functional after 8 weeks of storage at RT. The different groups
were compared using repeated-measures ANOVA and Bonferroni post hoc tests. ns = non-significant.
Values of at least 3 independent experiments are depicted (% activated platelets ± SD, ** p < 0.01,
*** p < 0.001, **** p < 0.0001).
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functionality. (A) Bioluminescence assay showing a reduced ADP concentration (%) for increased HSA-CD39 concentrations
compared to the HSA control (** p < 0.01; **** p < 0.0001 compared to 0.5 µg HSA control, n = 4). Different groups were
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Figure 5. HSA-CD39 can be coated onto stainless steel, polyurethane stents and nitinol BlueOxide stents even after
sterilisation with EO without reducing its functionality. (A) Significant reductions in platelet activation can be seen
with different concentrations of HSA-CD39-coated stainless-steel plates without washing. (B) HSA-CD39 coated onto
stainless-steel plates displays a reduced but still significant reduction in platelet activation after washing with PBS before
analysis in flow cytometry. Bar graphs depict % of activated platelets. (C) Dried and coated HSA-CD39 on polyurethane
stents as well as nitinol BlueOxide stents. (D) Shows effective prevention of platelet activation as analysed via flow
cytometry. (E) HSA-CD39 and HSA for comparison, coated on Ti plates, shown to be still functional in hydrolysing ADP
after EO sterilisation. The different groups were compared using repeated-measures ANOVA and Bonferroni post hoc tests.
ns = non-significant. Values of at least 3 independent experiments are depicted (% activated platelets ± SD, * p < 0.05,
** p < 0.01, *** p < 0.001 **** p < 0.0001).

3.4. HSA-CD39 Fusion Protein Coating Allows for Endothelialisation

Fluorescence microscopy images of the HSA-CD39-coated nitinol BlueOxide plates
displayed good endothelialisation performance. Sterilised plates were coated with HSA-
CD39 or just PBS. hECs were seeded onto the coated plates, followed by incubation for 48 h.
No differences between the DAPI-stained hECs regarding cell morphology, cell growth
and cell count could be detected compared to the non-coated bare nitinol BlueOxide plates
(Figure 6A,B). Additional quantitative analysis of the microscope pictures using ImageJ
confirmed this result (Figure 6C).

3.5. Haemocompatibility and In Vitro Proof of Function of HSA-CD39-Coated Nitinol Blue Oxide
Stents and PVC Tubes

HSA-CD39-coated nitinol BlueOxide stents and uncoated stents were loaded into PCV
tubes and incubated with fresh human blood to determine their haemocompatibility and
thrombogenicity [22,38]. PVC tubes without stents were used as an additional control. A
baseline reading was analysed before the blood was placed into circulation through the
stents or tubes. At the endpoint, the blood was collected for comparison analysis. No
significant changes were measured in white blood cells, red blood cells, haemoglobin or
haematocrit compared to the baseline, the control tube without stent and the uncoated
stent (Figure 7A–D). Significant reductions in the number of platelets were found when
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blood was circulated in the PVC control tube and the uncoated groups, compared to the
baseline (221,000.6 ± 23,000.84 and 133,000.2 ± 24,000.3 vs. 259,000 ± 36,000, respec-
tively; number of platelets/µL ± SD, p < 0.05). However, no difference was observed
in the HSA-CD39-coated nitinol BlueOxide stents as compared to the baseline reading
(229,000.0 ± 27,000.74 vs. 259,000 ± 36,000; ns) (Figure 7E). These results indicate that
the platelets in the PVC tube control and the uncoated groups aggregated, whereas no
aggregation occurred in the HSA-CD39-coated nitinol BlueOxide stents. Activation of
the coagulation cascade was determined by measuring the formation of the TAT com-
plex before and after perfusion (Figure 7F). An increased readout of the TAT complex for
the uncoated stent group was shown compared to the baseline, the control and also the
HSA-CD39-coated stent group (446.4 ± 225.5 vs. 2.37 ± 0.45; 24.02 ± 11.45; 42.72 ± 11.26,
respectively; µg/L TAT complex formation ± SD, p < 0.01).
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Figure 7. HSA-CD39 coated onto nitinol BlueOxide stents shows no effect on blood haematology
or haemocompatibility using a dynamic in vitro thrombogenicity model. Haematology analysis
of coated stents before and after circulation for 60 min at 150 mL/min (thrombogenicity model).
(A) White blood cells. (B) Red blood cells. (C) Haemoglobin. (D) Haematocrit. (E) Platelets.
(F) TAT complex using ELISA measurements. Baseline: directly after venepuncture. Control: tube
only. Uncoated: bare nitinol BlueOxide stent. The different groups were compared using repeated-
measures ANOVA and Bonferroni post hoc tests (% activated platelets ± SD, * p < 0.05, ** p < 0.01).
Values of at least 4 independent experiments are depicted.

After circulation, uncoated and HSA-CD39-coated stents were also analysed via SEM.
Representative SEM images of each stent from the same blood donor, displayed at different
magnifications, showed distinct differences in the blood cell adhesion (Figure 8). The
uncoated stent showed homogenous adhesion of several blood cells, especially platelets,
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and an increased fibrin network for all blood donors, such that only a few platelets could
be detected on the surface of the HSA-CD39-coated stent (Figure 8). SEM imaging of
HSA-CD39 coating on the PVC tubes showed a reduction in cell adhesion on the inner
surface of the HSA-CD39-coated tube after circulation as compared to the other control
groups (Figure 9). In particular, the non-treated and HSA-coated tubes showed more cell
adhesion compared to the HSA-CD39-coated tube.
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Figure 8. HSA-CD39 coated onto nitinol BlueOxide stents reduces blood cell adhesion during incubation in a dynamic
in vitro model. SEM analysis of coated nitinol BlueOxide stents after circulation with human whole blood for 60 min at
150 mL/min (thrombogenicity model). Uncoated: bare nitinol BlueOxide stent. Different magnifications (35×, 500× and
1000×) show the amount of blood cell adhesion.
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CD39 demonstrated increased resistance to thrombosis when challenged by an acute fer-
ric-chloride-induced injury to their carotid artery [56]. Furthermore, overexpression of 
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Figure 9. HSA-CD39 coated onto PCV tubes reduces blood cell adhesion as analysed in a modified chandler loop model.
SEM analysis of PVC tubes to visualise the adhesion of platelets after circulation with human whole blood. (A) PVC
tube without blood contact. (B) Non-treated PVC tube incubated with blood. (C) Commercially available heparin
coating (Carmeda BioActive Surface®, Medtronic, Ireland). (D) HSA-coated PVC tube. (E) HSA-CD39-coated PVC tube
(magnification: 250×). Less adhesion of platelets was measured in HSA-CD39-coated tubes as compared to HSA or
non-treated controls. (F). Quantitative analysis of the percentage of area covered by platelets was performed using
ImageJ (% activated platelets ± SD, * p < 0.05). Values of at least 3 independent experiments are depicted.
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4. Discussion

Medical devices that are directly exposed to blood are often associated with inflam-
mation and thrombus formation [2,3]. The lack of biocompatibility of foreign materials
triggers inflammatory processes and activation of the coagulation cascade, as well as acti-
vation and aggregation of platelets in the blood [49–51]. The use of drug-eluting materials
and extensive anti-platelet therapy after surgery have shown improvements in safety and
efficiency. However, adverse drug interactions, pro-thrombotic events, poor endotheliali-
sation, hypersensitivity and bleeding complications still occur frequently [24]. Therefore,
research on a natural, non-allergic, bio- and haemo-compatible medical coating is required.
In this study, we genetically designed the fusion of HSA to CD39 in order to engineer a
recombinant multifunctional fusion protein which provides an ideal coating strategy for
blood-contacting material. The HSA component allows adherence of our fusion protein to
be passively adsorbed onto the materials, whilst the attached CD39 component prevents
thrombotic actions from occurring. The data indicate that our HSA-CD39 fusion protein is
stable in storage and is still highly functional in reducing platelet activation and adhesion
for up to 8 weeks (Figures 3 and 4B). HSA-CD39 also protects platelet activation and
inflammation processes, which are commonly evoked by foreign materials such as stainless
steel, Ti, nitinol (an alloy of nickel and Ti), polyurethane stents and PVC (Figure 5).

CD39 is a membrane-bound enzyme constitutively expressed on intact ECs. This
NTPDase hydrolyses the nucleotides ATP and ADP [39,42,45]. CD39 has attracted major
attention as a pharmacological agent [39,42,52,53]. Several studies have shown that the
administration of CD39 decreases the risk of thrombosis and protects against myocardial
infarction and stroke [54,55]. A hallmark study conducted in transgenic mice expressing
CD39 demonstrated increased resistance to thrombosis when challenged by an acute ferric-
chloride-induced injury to their carotid artery [56]. Furthermore, overexpression of CD39
in rat aortas diminishes the proliferation of smooth vascular cells and prevents neointimal
formation after angioplasty [46]. However, direct injection of CD39 is associated with
concentration-dependent bleeding complications [39,54]. To overcome this obstacle, our
laboratory genetically fused CD39 to a single-chain antibody that was specific to activated
platelets, resulting in a successful and bleeding-free targeted therapy in vivo [38–40]. We
further investigated this construct in a murine model of myocardial ischemia/reperfusion
injury, where we demonstrated that the activated-platelet-targeted CD39 provides signifi-
cant myocardial protection and preserves heart function [40]. Furthermore, using CD39
mRNA, we showed the CD39 protein has active enzymatic properties and can hydrolyse
ADP to AMP, thereby preventing platelet activation and proving the therapeutic potential
of CD39 [42]. In this current study, we harness the enzymatic properties of CD39 and
further utilise HSA for coating on several medically used materials. To demonstrate the
anti-thrombotic effects of this fusion protein, we used two markers of platelet activation,
the monoclonal antibody PAC-1 (specific for activated GPIIb/IIIa) and an antibody against
P-selectin (anti-CD62P) (Figure S1). Upon platelet activation, GPIIb/IIIa changes from
a low-affinity state to a high-binding-affinity state for fibrinogen/fibrin, thereby medi-
ating platelet aggregation [57–59]. Being the most abundant platelet receptor, with the
high density of 60,000 to 80,000 receptors per platelet, the activation of GPIIb/IIIa and
its resulting aggregation is a main contributor to thrombosis [58,60]. P-selectin’s role in
platelet aggregation is not as dominant, but it is seen as a sensitive marker of platelet
activation [41]. Since most blood-contact medical device failures are due to thrombosis, our
study has chosen to focus on platelet activation as a readout. Overall, our studies indicated
HSA-CD39 fusion protein is highly functional in hydrolysing ADP, a major player in the
platelet activation cascade, and at preventing platelet activation, adhesion and aggregation.

HSA has been widely used for the coating of medical products, possibly owing to
its inferred safety and stability given its abundance in human serum [61–64]. Serum hy-
poalbuminemia has been observed during inflammatory processes and in cardiovascular
events [29]. HSA is physiochemically stable and has been studied extensively in relation
to clinical use for the maintenance of blood homeostasis in medical conditions [61,63].
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Blood contact with foreign materials leads to the adherence of pro-thrombotic plasma
proteins (e.g., fibrinogen) on the materials’ surfaces, but studies have shown that adsorbed
albumin is able to passivate various materials, thereby providing an anti-thrombotic effect
by minimising platelet adhesion [26,64,65]. Furthermore, HSA is known to provide an an-
tioxidant effect, reducing complement cascade activation [62,65,66]. Clinically, HSA is used
in combination therapy with various drugs and bioactive proteins, or as an encapsulation
agent [64].

HSA coated on an arterial polyester prosthesis (Dacron®) displayed reduction in
platelet adhesion, less activation of the coagulation cascade and decreased formation of
fibrinopeptide A, as an index for decreased thrombin action, highlighting the importance
of structural design and surface chemistry [67,68]. Additionally, a HSA/polyethylenimine
multilayer coating on plasma-treated PVC was shown to resist platelet adhesion effec-
tively [69].

Ti is a material frequently used for orthopaedic implants and cardiovascular devices.
Adsorption of HSA into Ti has been shown to prevent adhesion of other blood proteins
and reduce bacterial adherence [70,71]. We harnessed these advantages of HSA, especially
its passive binding capacity, as part of our fusion protein to improve the biocompatibility
of medical devices. Our HSA-CD39 fusion protein provides protection against device-
induced platelet activation and inflammation processes, and thus minimises bleeding risk
and promotes adaptation of the surrounding tissue to the foreign material in situ. We
demonstrate the maintained functionality of our generated fusion protein HSA-CD39 on Ti
even after sterilisation with EO (Figure 5E). After radiation, sterilisation via EO is the most
commonly used process in the medical device industry and is performed after standard
protocols [72,73]. Therefore, we demonstrate a highly stable device coating already suited
to clinical translation.

The application of therapeutic recombinant proteins for a safe, biocompatible interface
on medical devices has attracted major interest in the biopharmaceutical industry. This
includes the pursuit of a perfectly haemocompatible, biopassive surface and the progress
in the application of active therapeutic compounds [74,75]. In the development of stents,
nitinol combines the properties of elasticity, biocompatibility and the shape-memory effect,
which makes it suitable for self-expanding stents. The native oxide layer formed on the
surface prevents nickel ions from binding to Ti, resulting in a nickel-free environment and
substantially reducing allergic reactions and toxicity [74,75]. To analyse our HSA-CD39
fusion protein in vitro, we used a flow diverter nitinol BlueOxide DERIVO embolisation
device, which has been evaluated for the treatment of intracranial aneurysms in clinical
trials (Figures 7 and 8) [76].

In the area of coating strategies, antibodies against CD34 and CD133 coated onto
stents have been evaluated in a rabbit model, showing reduced intimal proliferation and
re-stenosis as compared to bare metal stents and gelatine-coated stents [62,63,75,76]. Using
these antibodies to attract vascular-circulating endothelial progenitor cells (EPCs) leads to
adhesion of a functional endothelial layer of EPCs on the stent surface after vascular injury.
Murine monoclonal CD34-coated stents (GenousTM, OrbusNeich) were proven to be safe
and enhance endothelialisation in various clinical trials [77,78]. Our study demonstrates
good endothelialisation rates and a reduction in platelet activation (Figure 6).

Haemocompatibility analysis of our HSA-CD39 protein showed no influence on whole
human blood. Using uncoated bare metal nitinol BlueOxide stents, we noted a significant
reduction in platelet count, which also implies increased platelet aggregation. Our HSA-
CD39-coated stents, on the other hand, showed no significant decrease in platelet count
and additionally showed a reduced TAT complex, indicating minimal platelet aggregation
and minimal coagulation cascade activation, respectively (Figure 7) [28].

Addressing the issue of the handling and storage of sensitive medical products, our
data demonstrate preserved enzymatic activity of HSA-CD39 after drying, lyophilisation,
coating, washing, sterilisation and 8 weeks of storage. We have shown that HSA-CD39 can
be used as a new coating strategy across various devices and blood-contacting materials.
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Our HSA-CD39 protein approach reduces platelet adhesion, activation and further
inflammatory processes, therefore providing a great clinical advancement in the realm
of bioprostheses by minimising the need for anti-thrombotic therapy, which is inherently
linked to potential bleeding complications. There are some limitations to our study. We
have shown that HSA-CD39 coating on our materials was present after washing steps were
conducted and remained highly functional in its activity to hydrolyse ADP. However, we
have not directly measured the amount of protein lost. Different materials may require
other coating methods, which may expose our fusion protein to heat or other storage
conditions. Although we have demonstrated that our fusion protein is more effective
in reducing platelet activation, adhesion and aggregation, we have not systematically
defined which of the individual components, HSA or CD39, are the cause of the described
benefits. Further characterisations of HSA-CD39 should include the contributions of the
individual fusion protein components. We have conducted ex vivo blood circulation
and demonstrated that HSA-CD39 coating resulted in less platelet aggregation; however,
future in vivo experiments will be conducted to determine the anti-thrombotic and anti-
inflammatory properties of the materials post implantation. Additionally, the contribution
of reduced ADP levels, in comparison to the generation of adenosine via the use of P2Y
receptor inhibitors or A2A adenosine receptor blockers in vivo, will allow us to define
the effects of HSA-CD39 more thoroughly. In addition, future investigations into the
coating strategies, temperature changes and storage conditions, as well as a diverse range
of biomaterials, will be explored.

5. Conclusions

In this study, we have generated a recombinant fusion protein combining the anti-
thrombotic and anti-inflammatory properties of CD39 with HSA as a suitable coating for
medical devices in order to reduce foreign-material-associated complications. Our newly
designed HSA-CD39 fusion protein is highly functional in preventing platelet activation,
adhesion and aggregation. It is also stable after EO sterilisation and can be coated onto
several materials typically used in medical devices. HSA-CD39 coating can mitigate the
healing process, improve the incorporation of foreign material into the surrounding tissue
and reduce interactions with blood components such as coagulation proteins, platelets and
leukocytes. Overall, our HSA-CD39 fusion protein is a natural bioactive interface which is
highly potent in the prevention of platelet activation and inflammation; therefore, its use
for medical device coating provides potential benefits for patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13091504/s1, Figure S1: Representative images of fluorescence histograms via
flow cytometry demonstrating HSA-CD39 prevents platelet activation using two markers of platelet
activation; Figure S2: Flow cytometry demonstrating HSA-CD39 can be dried in polystyrene tubes
and stored at RT for up to 7 weeks.
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Abstract: Human serum albumin (HSA) is efficiently taken up by cancer cells as a source of carbon
and energy. In this study, we prepared a monomodified derivative of HSA covalently linked to an
EDTA derivative and investigated its efficacy to shuttle weakly anti-proliferative EDTA associating
ligands such as vanadium, into a cancer cell line. HSA-S-MAL-(CH2)2-NH-CO-EDTA was found to
associate both with the vanadium anion (+5) and the vanadium cation (+4) with more than thrice the
associating affinity of those ligands toward EDTA. Both conjugates internalized into glioma tumor cell
line via caveolae-mediated endocytosis pathway and showed potent anti-proliferative capacities. IC50

values were in the range of 0.2 to 0.3 µM, potentiating the anti-proliferative efficacies of vanadium
(+4) and vanadium (+5) twenty to thirty fold, respectively. HSA-EDTA-VO++ in particular is a cancer
permeable prodrug conjugate. The associated vanadium (+4) is not released, nor is it active anti-
proliferatively prior to its engagement with the cancerous cells. The bound vanadium (+4) dissociates
from the conjugate under acidic conditions with half maximal value at pH 5.8. In conclusion, the
anti-proliferative activity feature of vanadium can be amplified and directed toward a cancer cell line.
This is accomplished using a specially designed HSA-EDTA-shuttling vehicle, enabling vanadium to
be anti-proliferatively active at the low micromolar range of concentration.

Keywords: albumin; conjugates; vanadium; cancer; prodrug

1. Introduction

Intensive studies have been carried out on the insulin-like effects of vanadium salts.
Vanadium mimics the action of insulin in insulin responsive tissues and in diabetic rodents
via insulin-independent pathways [1–3], which is reviewed in [4,5]. Vanadium belongs to
a family of metals, which interferes with cellular redox homeostasis [6], and as such was
investigated also for its anti-cancer efficacy. Vanadium is an element with a wide range
of effects on the mammalian organism. In recent years, many studies were published re-
garding its various organic complexes in view of their application in medicine and the fact
that the bioactive complexes/compounds of this metal can be therapeutically active at low
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concentrations [7]. With its physiological duality, vanadium is essential in trace amounts
and toxic at concentrations above 10 µM. Its biological activities include anti-viral, anti-
bacterial, anti-parasitic, anti-fungal, anti-cancer, anti-diabetic, anti-hypercholesterolemic,
cardio-protective, and neuroprotective activity [8]. Moreover, in vivo studies reported
chemo-preventive effects of vanadium complexes, whereas observations regarding thera-
peutic activities were limited [9–14]. Indeed vanadium can act in two opposing directions:
as a metabolic factor, it might promote proliferation, and on the other hand due to its
ability to generate ROS and/or to inhibit a large variety of phosphatases and hydrolases,
it can act as an anticancer agent [6]. Consequently, the question arose whether these two
opposing effects can be dissociated to permit conversion of vanadium exclusively into an
anticancer agent.

In this study, we initially turned vanadium into a prodrug, capable of uptake pref-
erentially by cancerous cells. A derivative of EDTA was covalently linked to HSA in
a monomodified fashion. Albumin is largely taken by malignant tissues as a source of
carbon and energy [15]. Albumin is also a natural transport protein with long circulatory
half-life, which promotes it as an attractive candidate for half-life extension and targeted
intracellular delivery of drugs attached by covalent conjugation or association [16].

Both vanadium (+4) and vanadium (+5) associate with EDTA at physiological pH [17].
We assumed that the resultant HSA- EDTA-vanadium conjugates will be inactive extracel-
lularly, but will release bound vanadium both in the cytosol and even more efficiently at
the acidic pH of the lysosome, following internalization.

Here, we wished to determine whether vanadium (+4) or vanadium (+5) generate
intracellular cytotoxicity, if shuttled into a cancerous cell line with this HSA-EDTA carrier.
Likewise, we attempted to identify conditions that eliminate the proliferative effects of
vanadium and preserve solely its anti-proliferative efficacy. Our efforts in those directions
are presented here in detail.

2. Materials and Methods
2.1. Materials

Dulbecco’s Modified Earl’s medium (DMEM) was purchased from Gibco (Life Tech-
nologies, Carlsbad, CA, USA). Gentamicin, glutamine, fetal calf serum (FCS), and peni-
cillin/streptomycin were obtained from Biological Industries (Kibbutz Beit Haemek, Galilee,
Israel). Human serum albumin (HSA), diethylenetriamine pentaacetic dianhydride (EDTA-
dianhyride), N(2-aminethyl) malemide, 4.4′ dithiodipyridine (4.4DTDP), dithiothreitol
(DTT), phosphatase acid from potato (#P-3762), pNitrophenyl phosphate (pNPP), pheny-
larsine oxide (PAO), indomethacin (IND), nystatin, methyl β cyclodextrin (MCD), and
bafilomycin A1 (BAF) were purchased from Sigma Aldrich (Jerusalem, Israel). Sodium
metavanadate (NaVO3) and Vanadyl chloride (VOCl2) were from BDH Chemicals Ltd.
Poole England. Ethylenediaminetetraacetic acid (EDTA) from Baker Analyzed A.C.S
Reagents, and PEG30-SH (M-SH-30K) were purchased from Jenkem Technology (Plano, TX,
USA). All other materials used in this study were of analytical grade.

2.2. Preparation of Mercaptoalbumin

About one third of cysteine-34 of HSA is disulfide-bonded to glutathione or cysteine
and this can be reversed by mild reduction with dithioerithritol [18]. This allows us to
obtain conjugates containing 0.56 mole EDTA per mole of human serum albumin (Sup-
plementary Table S1). HSA (1.4 g, 20 µmol) dissolved in 0.1 M Hepes buffer (pH 7.3)
followed by the addition of one equivalent of dithiothreitol (20 µmol). The reaction was
carried out for 1 h at 0 ◦C and dialyzed over a period of two days with several changes
of H2O and lyophilized. This procedure removes mixed disulfide bonded glutathione or
cystine from the cysteinyl moiety of HSA [19]. Mercapto-HSA prepared by this proce-
dure contains 0.7 + 0.05 mole-SH per mole human serum albumin, as determined with
4.4 dithiodipyridine (4.4′ DTDP) using ε324 = 19,800 [20].
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2.3. Preparation of EDTA-NH-(CH2)2-Maleimide (EDTA-Maleimide)

EDTA-Dianhydride (38 mg, 100 µmol) suspended in 1.0 mL DMSO and transferred to a
tube containing 110 µmol (27 mg) MAL-(CH2)2-NH2. DIPEA (N,N-Disopropylethylamine)
was then added in aliquots to achieve neutral pH value, upon 100 times dilution of aliquots
in H2O. Following one hour, the product EDTA-maleimide was obtained by centrifugation,
washed twice with DMSO and stored at −70 ◦C until used.

2.4. Preparation of HSA-S-MAL-EDTA

N-(2 aminoethyl) maleimide (2.5 mg, 10 µmol) was dissolved in 1.0 mL of 1 M Hepes
buffer (pH 7.3) and transferred immediately to a glass tube containing 38 mg (100 µmol)
of EDTA-dianhydride. The reaction mixture was stirred for 30 min and combined with
a solution of Mercapto-HSA (210 mg/3.0 mL H2O, 3 µmol). Following 1 h, the product
(HSA-S-MAL-(CH2)2-NH-CO-EDTA) was dialyzed against H2O over a period of three
days with several changes of H2O and lyophilized.

2.5. Characterization of HSA-S-MAL-(CH2)2-NHCO-EDTA by Reversed Phase Liquid
Chromatography, Coupled to Mass Spectrometry (LC-MS) Analysis

The different protein samples were diluted to 0.17 µM in 100 mM ammonium acetate,
pH 6.8. A total of 5 µL from each sample were loaded onto a monolithic reversed phase
column [21] and eluted over a gradient of 10–60% acetonitrile, during 15 min, at column
temperature of 60 ◦C. The HSA proteins eluted at 43% acetonitrile and were directly
sprayed into a modified Q Exactive Plus EMR Orbitrap mass spectrometer [21], for intact
mass measurements. The instrument was operated using the HESI source, at a flow rate of
15 µL/min, using sheath gas 10 and auxiliary gas 3. The inlet capillary was set to 320 ◦C,
capillary voltage 4.3 kV, fore vacuum pressure 1.54 mbar, and trapping gas pressure 0.8,
corresponding to HV pressure of 3.0 × 10−5 mbar and UHV pressure of 2.2 × 10−10 mbar.
The source was operated at a constant energy of 2 V in the flatapole bias and interflatapole
lens. Bent flatapole DC bias and gradient were set to 1.7 and 10 V, respectively, and the
HCD cell was operated at 15 V. Measurements were performed at inject time of 250 and
resolution of 10,000. Masses were calculated by the computational suite UniDec v. 4.1.1 [22]
(2019, University of Arizona, Tucson, AZ, USA).

2.6. Evaluating the Affinities of HSA-EDTA to Vanadium: Reversal of Vanadium-Evoked
Inhibition of Acid Phosphatase

This assay was carried out essentially according to reference [4] with slight modifica-
tions. It evaluates the efficacy of vanadium chelators toward vanadium, by determining
their potency to reverse vanadium-evoked inhibition of acid phosphatase at pH 7.3. Each
tube contains 0.5 mL of 0.05 M Hepes buffer pH 7.3, 1.0 M KCl, p-nitophenylphosphate,
(0.2 mM) either NaVO3 or VOCl2 (5 µM), increasing concentration of the studied chelator
and acid phosphatase (50 µg/tube). Following 40 min at 25 ◦C, NaOH (20 µL from 4 M
NaOH) was added and the absorbance corresponding to the formed p-nitrophenolate was
determined at 410 nm. IC50 is defined here as the concentration of the vanadium chelator
that reversed half maximally vanadium (+4) or vanadium (+5) evoked inhibition of acid
phosphatase. It should be noticed that since this is an in-direct method, direct measure-
ments of released vanadium using procedures such as ICP-MS, should be conducted in
future studies.

2.7. Preparation of HSA-EDTA-Vanadium

HSA-EDTA (25 mg, 0.37 µmol) dissolved in 0.2 mL H2O and VOCl2, or NaVO3,
4 molar excess was then added. The reaction mixture was loaded on a Sephadex G-50
column (12 × 1.7 cm) pre-equilibrated and run with 0.01 M NaHCO3 (pH 8.22). The peak
corresponding to the protein fraction was pooled and lyophilized.
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2.8. Preparation of Rhodamine-Labeled HSA-EDTA

Rhodamine-labeled HSA and HSA-EDTA were prepared by dissolving 17 mg of each
(~0.25 µmol) in 0.2 mL of 0.1 M Na2CO3 (pH 10.3). Rhodamine B isothiocyanate 0.9 mg
(2.5 molar excess over HSA) was then added and the reaction was carried out for 1 h
at 25 ◦C. The reaction mixture was loaded on a Sephadex G-50 column (1.7 × 14 cm)
equilibrated and run in the same buffer. The tubes containing rhodamine-labeled HSA
were pooled, dialyzed against water, and lyophilized. Rhodamine-HSA and rhodamine-
HSA-EDTA prepared by this procedure contain 0.95 ± 0.1 mole of rhodamine/mole of
HSA as determined by its absorbance at 550 nm using ε550 = 11,400.

2.9. Growth Inhibitory Effects of EDTA and Vanadium Containing Conjugates

The glioma cell line CNS-1 (obtained from Mariano S. Viapiano [23]) was grown in
96 well plates in DMEM containing 10% fetal calf serum; 2 mM L-glutamine, penicillin
(100 units/mL), and streptomycin (0.1 mg/mL) under humidified atmosphere containing
5% CO2. Cells were seeded at 1000 cells/well. Twenty-four hours later, the EDTA and vana-
dium containing conjugates were added to each plate to give concentrations as indicated in
the text. Control experiments using non-cancer cells were conducted with primary bovine
brain pericytes and CD34+ human endothelial cells (both obtained and characterized at
the Artois University, France [24–26]) treated with the HSA-EDTA-VO++ conjugate. These
cells were seeded at 15,000 cells/well in ECM medium (Sciencell, Carlsbad, CA, USA),
which was composed as follows: 5% fetal calf serum (Gibco, Gaithersburg, MD, USA),
ECGS supplements, and 50 mg/mL gentamicin (Biological industries, Beit-Haemek, Israel).
Cells were treated the day after. Cell viability was measured after 72 h using a standard
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as described
before [27]. Experiments were repeated at least 3 times in quadruplicate. IC50 values were
calculated from the dose response curves using a median-effect plot.

2.10. Immunocytochemistry

CNS-1 cells (60,000/well) were seeded on cover slips in 24 well-plates. After 24 h,
growth medium (10% FCS, penicillin (100 U/mL) streptomycin (0.1 mg/mL) and L-
glutamine (2 mmol/L) dissolved in DMEM was replaced with fresh medium containing
5 µM rhodamine-labeled HSA or HSA-EDTA-VO++. After 5 min, 1 h, or 24 h, the cells were
washed with cold PBS and fixed with 4% paraformaldehyde for 15 min. The cells were then
stained with Alexa fluor 488-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA) for
20 min and 2 min with Hoechst (Sigma, Burlington, MA, USA). Cells were rinsed with PBS
and coverslips were mounted and observed with Olympus IX43 fluorescence microscope.

2.11. Uptake of Rhodamine-HSA and Rhodamine-HSA-EDTA-VO++

CNS-1 cells (50,000/well) were seeded in 24 well plates. After 48 h, cells were washed
with 37 ◦C phosphate buffer saline (PBS) and pre-incubated in the absence or presence
of different blockers in serum-free medium. Pre-incubation conditions of the different
blockers were as follows: PAO (clathrin-mediated endocytosis inhibitor, 3 µM) and BAF
(metabolic inhibitor, 100 nM) were added only during the pre-incubation period for 30 min.
The caveolae-mediated endocytosis inhibitors MCD (5 mM), nystatin (54 µM), and IND
(100 µM) were added for 10 min at the pre-incubation period and also during the uptake.
After pre-incubation, the cells were incubated with rhodamine-labeled HSA or HSA-EDTA-
VO++ (0.25 µM) with or without the blockers for 1 h at 37 ◦C. Cells were then rinsed twice
with ice-cold PBS and solubilized with 0.5 M NaOH/0.05% SDS (500 µL/well). A total of
200 µL from each well were transferred to black 96 well plate and the fluorescence was
measured using TECAN infinite 200 Pro plate reader at excitation/emission wavelengths
of 544/576 nm. A total of 50 µL from each well were evaluated for protein content using a
standard BCA assay (Thermo Scientific, Waltham, MA, USA). The effect of the different
blockers was calculated after reduction of blanks (the fluorescence of supernatants without
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rhodamine labeled compounds) and normalization for protein content. Data are presented
as the percentage of uptake relative to cells without blockers.

2.12. Statistical Analysis

Statistical analyses were performed using the Prism 6 software. Data are presented
as the means ± standard error of the mean (SEM). Differences between two groups were
assessed by an unpaired t-test and among three or more groups by a one-way analysis of
variance followed by Tukey’s Multiple Comparison Test. A p-value of less than 0.05 was
considered to be statistically significant.

3. Results
3.1. Preparation of Monomodified HSA-EDTA Derivative

HSA contains a single cysteinyl moiety at position 34, and its derivatization has little or
no effect on the three-dimensional configuration of this carrier protein [15]. Our initial inten-
tion was therefore to obtain a monomodified derivative of HSA, containing a single moiety
of EDTA. Since EDTA-dianhydride is insoluble in organic solvents the synthesis was carried
out under aqueous conditions in 1.0 M Hepes buffer (pH 7.3) for a period of 30 min. During
this period, unreacted EDTA-dianhydride is fully hydrolyzed, avoiding the risk of reacting
with the amino side chains of HSA (preliminary observation). MAL-containing compounds
lose a significant amount of their alkylating capacity under these conditions [28]; however,
a sufficient level of MAL-(CH2)2-NH-CO-EDTA remained for alkylating the single cys-
teinyl moiety of HSA. All non-covalently linked low molecular-weight molecules were
then removed by extensive dialysis, prior to lyophilization (Experimental part). Figure 1
shows a schematic presentation of EDTA and the monomodified HSA-EDTA derivative
(HSA-S-MAL-(CH2)2-NH-CO-EDTA) prepared.
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3.2. Characterization of HSA-S-MAL-(CH2)2-NHCO-EDTA by LC-MS

This procedure was found particularly suitable for HSA-derivatives, since the first
stage (denaturation under acidic conditions at 60 ◦C) eliminates non-covalent interactions
(like binding of long-chain free fatty acids) from the protein. Supplementary Materials
Table S1 summarizes the MW of mercapto-HSA and two batches of HSA-S-MAL-(CH2)2-
NHCO-EDTA prepared by us. Interestingly enough, the two batches showed additional
masses in the vicinity of 150 Da, rather than 530 Da, which was expected for the covalently
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linked MAL-(CH2)2-NHCO-EDTA to HSA. We therefore postulated that the peptide bond
connecting HSA to EDTA, namely HSA-MAL-(CH2)2-NH–CO-EDTA is cleaved during the
first stage of the procedure, via a mechanism resembling the hydrolysis of maleyllysine,
described by Butler et al. [29]. The MW of the “tail” linked to HSA was calculated to be
156 Da, and additions of 159 and 147 Da were obtained for the two different batches of HSA-
S-MAL-(CH2)2-NHCO-EDTA prepared by us (summarized in Supplementary Table S1).
Supplementary Figure S1 shows the deconvoluted mass distribution of mercapto-HSA
and of HSA-S-MAL-(CH2)2-NHCO-EDTA. This analyses suggested that about 56% of the
molecules were modified. Cysteine 34 of albumin is known to “resist” derivatization of
somewhat larger –SH reagent, due to its orientation in the three dimensional structure of
albumin. These analyses also suggested that these conjugates are mono-modified, in spite
of the fact that associating affinity towards vanadium was elevated 3–4 times (Figure 2).
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Figure 2. Reversal of inhibition of acid phosphatase (AP) by EDTA and HSA-EDTA at pH 7.3. (A) Reversal of NaVO3 (+5)
evoked inhibition of acid phosphatase and; (B) reversal of VOCl2 (+4) evoked inhibition of acid phosphatase. Vanadium
concentration was 5 µM. AP, acid phosphatase.

3.3. Association of Vanadium with HSA-EDTA: Comparison to EDTA and EDTA-Maleimide

Figure 2A shows the reversal of NaVO3 (+5) evoked inhibition of acid phosphatase by
EDTA, EDTA-maleimide and HSA-EDTA at pH 7.3. Half-maximal values were 47, 56 and
23 µM for EDTA, EDTA-maleimide and HSA-EDTA respectively. Figure 2B demonstrates
the reversal of VOCl2 (+4) evoked inhibition of acid phosphatase by those ligands. In
this case, half maximal values amounted to 59, 71 and 19 µM for EDTA, EDTA-maleimide
and HSA-EDTA respectively. Thus the associating affinity toward both forms of this
metalooxide increased 3–4 folds (Figure 2) when this chelator is linked to cysteine-34 of
this carrier protein.

3.4. Preparation of HSA-EDTA Vanadium Conjugates

HSA-S-MAL-EDTA was treated with four-fold molar excess of NaVO3 or VOCl2
and the resultant conjugates were purified on a Sephadex G-50 column (Experimental
procedures). This purification step removed unbound vanadium as well as vanadium
molecules adsorbed to HSA in an EDTA-independent fashion (in control experiments we
added to native HSA 4-fold molar excess of vanadium, transferred them on the Sephadex
G-50 column, pooled and lyophilized the void volume, and examined it for the presence
of vanadium by the acid phosphatase assay. No vanadium could be detected). Following
gel-filtration, both conjugates contain 0.56 ± 0.005 mole vanadium per mole HSA-EDTA.
This was quantitated by determining their dose-dependent inhibitory potencies toward
acid-phosphatase at pH 5.0 (Figure 3A,B). At this pH (or lower), vanadium dissociates fully
from the conjugates, regaining the efficacy of the free metalooxide to inhibit this enzymatic
activity (subsequent paragraph). IC50 values were 0.40 ± 0.03 µM for vanadium (+5) and
0.45 ± 0.02 µM for HSA-EDTA-VO3

− (Figure 3A). Vanadium (+4) and HSA-EDTA-VO++

inhibits this enzymatic activity at pH 5.0 with IC50 values of 0.8 ± 0.04 and 0.7 ± 0.03 µM
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respectively (Figure 3B). For comparison, the efficacy of vanadium (+4) and HSA-EDTA-
VO++ to inhibit acid phosphatase at pH 7.3 is shown in Figure 3C. IC50 values amounted to
0.7 ± 0.03 and 8.1 ± 0.3 for vanadium (+4) and HSA-EDTA-VO++, respectively.
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Figure 3. Dose-dependent inhibition of acid phosphatase at pH 5.0 and 7.31 by Sephadex-purified HSA-EDTA-vanadium
and the free metalooxides. The incubation assay was run for 40–60 min at 25 ◦C in tubes (0.6 mL) containing 0.1 M KCl-1
mM HCl (pH 5.0, A,B) or 0.1 M KCl-100 mM Hepes buffer (pH 7.31, C). Each tube contained PNPP (0.2 mM), 5 µg acid
phosphatase (A,B) or 25 µg (C) and the indicated concentrations of HSA-EDTA-vanadium or the free metalooxide. The
assay was terminated with NaOH, upon reaching OD410 = 0.9 ± 0.1 in tubes having no HSA-EDTA-vanadium or the free
metalooxide. Results are expressed as the mean ± SEM of three independent experiments.

3.5. Stability of HSA-EDTA-VO++ as a Function of pH

As shown in Figure 3B, the vanadium (+4) dissociates fully at pH 5.0 from the
conjugate, regaining the efficacy of the free metalooxide to inhibit acid-phosphatase.
Table 1 summarizes the IC50 values for the inhibition of this enzymatic activity at varying
pH values. The dissociated fraction of vanadium (+4) from the conjugate as a function of
pH was calculated. IC50 values varied between 1.0 ± 0.03 µM at pH 5.4 (corresponding to
70% dissociation) to 5 µM at pH 7.15 (corresponding to 14% dissociation). Extrapolation of
these values revealed that half maximal dissociation of vanadium (+4) from the conjugate
takes place at pH 5.8.

Table 1. IC50 values for the inhibition of acid phosphatase at varying pH values 1.

pH IC50 (µM) 2 % Dissociated 3 Comments

5.0 0.7 4 100 Full dissociation
5.4 1.0 70
6.0 1.57 44
7.0 3.7 19

7.15 5.0 14
7.31 8.1 4 9 Relatively stable

1 IC50 values for free vanadium (+4) amounted to 0.7 ± 0.1 µM in all pH tested. 2 Assays were carried out for a
period of 20 to 60 min with acid phosphatase concentrations of 5 µg/tube at pH 5 to 6 and 25 µg/tube at pH 7–7.31.
Reaction was terminated by adding NaOH upon reaching OD410 = 0.9 ± 0.1 in the absence of HSA-EDTA-VO++.
3 Calculated by dividing IC50 value of pH 5.0 with the IC50 values obtained at each pH measured. 4 Valued
obtained from Figure 3.

3.6. HSA-EDTA-Vanadium Conjugates Are Powerful Anti-Proliferative Agents

Figure 4A shows the dose-dependent anti-proliferative efficacy of HSA-EDTA-VO3
−

in the CNS-1 cell line. This was compared to that of free vanadate (+5) and to a 1:1 com-
plex of EDTA with VO3

−. HSA-EDTA-VO3
− facilitates its anti-proliferative effect with

IC50 value of 0.27 + 0.03 µM, potentiating the effect of vanadium (+5) about 20 folds
(IC50 = 5.3 µM, Table 2). The complex of EDTA with vanadium (+5) also facilitates a
significant anti-proliferative effect (Table 2), suggesting that this metalooxide can signif-
icantly dissociate from EDTA during the three-day period of incubation with the cells.
Figure 4B shows the dose-dependent anti-proliferative efficacy of HSA-EDTA-VO++ as
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compared to that of the vanadyl cation and to a 1:1 complex of EDTA with VO++. This con-
jugate was found to be a powerful anti-proliferative agent as well (IC50 = 0.34 ± 0.03 µM,
Table 2). It potentiated the effect of vanadyl about 26 times. (IC50 = 8.9 µM). Unlike EDTA-
VO3

− (Figure 4A), the one to one complex EDTA-VO++ had negligible anti-proliferative
efficacy at concentrations above 5 µM (Figure 4B, Table 2). Thus, HSA-EDTA-VO++ ap-
pears to be a ‘silent’ prodrug prior of engagement with the CNS-1 cells, where a powerful
anti-proliferative effect is developed. Neither one of the three components comprising
HSA-EDTA, showed anti-proliferative efficacy with IC50 lower than 10 µM (Table 2). The
anti-proliferative effect of the HSA-EDTA-VO++ conjugate was examined also in non-cancer
cells (primary bovine brain pericytes and CD34+ human endothelial cells) and the potency
towards these cells was found to be much lower than towards the CNS-1 glioma cells
(IC50 > 10 µM, Supplementary Materials Figure S2).
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Figure 4. Anti-proliferative efficacies of free metalooxide, 1:1 complexes of EDTA and vanadium, and HSA-EDTA-vanadium
conjugates in the CNS-1 glioma cell line. Dose-dependent toxicity experiments were conducted as described in the Section 2.
HSA-EDTA-VO3

−, NaVO3, and EDTA-VO3
− (A) or HSA-EDTA-VO++, VOCl2, and EDTA-VO++ (B) were added to the cell

culture for 72 h before MTT toxicity assay was applied to determine their anti-proliferative efficacies. Experiments were
repeated at least three times in quadruplicate. Data are presented as the mean percentage ±SEM. n = 12 per treatment from
at least 3 different experiments.

Table 2. Anti-proliferative efficacies of HSA-EDTA-vanadium conjugates, and of the building compo-
nents of those conjugates, in the CNS-1 glioma cell line.

Compound IC50 (µM) 1 Potentiation Efficacy (Fold)

Vanadate (NaVO3) 5.3
Vanadyl (VOCl2) 8.9

HSA >20
EDTA >20

HSA-EDTA >10
EDTA·VO3

− (1:1 complex) 3.2
EDTA·VO+2 (1:1 complex) 16.0

HSA-EDTA-VO3
− 0.27 19.6

HSA-EDTA-VO+2 0.34 26
1 IC50 values were calculated from dose response curves using a median-effect plot.

3.7. HSA-EDTA-VO++ Penetrates into CNS-1 Glioma Cell Line via Caveolae-Mediated Endocytosis

In order to confirm that this conjugate acts intracellularly, we have prepared rhodamine-
labeled HSA and rhodamine-labeled HSA-EDTA-VO++ (Experimental part). These com-
pounds were incubated with the cells for varying periods of time. Figure 5A,B show that
both HSA and the conjugate were largely taken to the cell interior within 1 h of incubation,
indicating that internalization at 37 ◦C is a rapid event. Uptake of these compounds was
already shown after 5 min incubation and also after 24 h (not shown). We then tested
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a series of inhibitors targeting different endocytosis pathways. Figure 5C,D show that
both the native HSA and the HSA-EDTA-VO++ conjugate uptake into the CNS1 glioma
cells were significantly blocked (58 and 61%, respectively) by MCD, which is a caveolae-
mediated endocytosis inhibitor. Nystatin, another caveolae-mediated endocytosis inhibitor
also blocked the uptake of HSA and HSA-EDTA-VO++ by 20 and 34%, respectively. The
clathrin-mediated endocytosis inhibitor PAO had no effect on the uptake of both com-
pounds, nor did the metabolic inhibitor BAF or the caveolae-mediated endocytosis inhibitor
IND, which blocks the internalization of caveolae and the return of plasmalemmal vesicles
to the cell surface [30].
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Figure 5. Uptake of HSA and HSA-EDTA-VO++ into CNS-1 glioma cell line is a caveolae-mediated endocytosis process.
Rhodamine-labeled HSA (A) and HSA-EDTA-VO++ (B) (5 µM) were incubated with the cells for 1 h. The cells were washed,
fixed, and mounted on cover slips. The uptake of the compounds was visualized with a fluorescence microscope. The
cells were counter stained with phalloidin (green) and Hoechst (blue) for actin filaments and nuclei, respectively. Different
blockers were used to determine the mechanism of entry of Rhodamine-labeled HSA (R-HSA) (C) and R-HSA-EDTA-VO++

(D). Data presented as mean ± SEM, n = 9 from three different experiments. ** p < 0.01, *** p < 0.001. Bar, 50 µm.

4. Discussion

Vanadium, an anabolic metalooxide in insulin responsive tissues, inhibits a wide
variety of phosphohydrolases [31]. As such, it facilitates a variety of biological responses in
different directions [32]. In cancer cells, both anti-proliferative and proliferative responses
were observed [4]. The question arose whether the anti-proliferative effect of vanadium
can be isolated, magnified, and specifically directed toward a tumor cell line.

In this study, we selected HSA as the protein carrier for obtaining selectivity toward
cancer cell lines [15]. Albumin is taken up by malignant tissues as a source of carbon
and energy [33,34]. The protein has a single cysteinyl moiety enabling preparation of a
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monomodified conjugate with MAL-containing compounds [27]. Cysteine-34 is located
on the outer surface of HSA distant from the main interior drug binding sites, making
it attractive for covalent conjugation of drugs [16]. Derivatization of this moiety with
low molecular weight compounds has no or little effect on its native structure and was
shown to be efficiently pinocytosed by cancer cells [33,34]. Initially, we treated HSA by
one equivalent of DTT, to release disulfide bonded cysteine-34. This procedure yielded
HSA having 0.85 ± 0.05 mole-SH/mole protein. Although cysteine-34 is located in a
hydrophobic crevice of depth 10–12 Å [35], it reacted with the unbranched MAL-(CH2)2-
NH-CO-EDTA to obtain the macromolecular chelator shown in Figure 1.

Interestingly enough, HSA-EDTA associated with both forms of vanadium at 3–4 fold
higher affinity as compared to EDTA or to EDTA-maleimide (Figure 2). Cysteine-34 is
positioned in a 10–12 Å deep hydrophobic crevice on the surface of HSA [36]. It therefore
appears that the vicinity of this cysteine moiety contributes significantly in elevating the
associating affinity of this chelator toward vanadium. PEG30-S-MAL-EDTA showed no
higher affinity toward vanadium as compared to that of EDTA (unpublished observation).
Both HSA-EDTA-vanadium conjugates studied here were purified on a Sephadex G-50
column prior to analyses for anti-proliferative efficacies. This procedure removed unbound
vanadium and vanadium ions that associate with HSA in an EDTA-independent fashion.
This purification step demonstrated that the conjugates are stable in the presence of 0.01 M
NaHCO3 (pH 8.2).

Although not in the frame work of this study, we noted that stable-Sephadex purified
complexes of HSA-EDTA with Zn+2, Fe+2, Mn+2, Co+2, MOO4

−2, and WOO4
−2 could also

be obtained (not shown) despite the fact that Zn+2, Fe+2, Mn+2, and Co+2 have considerably
lower binding affinities than vanadium toward EDTA [37]. Finally, we demonstrated the
superiority of both conjugates in facilitating the anti-proliferative effect in the CNS-1 cell
line as opposed to free vanadium (Figure 4). Since the complex of vanadium (+4) with
EDTA displays negligible effects on cells, our preference is given to HSA-EDTA-VO++.

We refer to HSA-EDTA-VO++ as the first example of a possible ‘peripherally non-toxic
chemotherapeutically active prodrug conjugate’. Vanadium (+4), a rather anabolic metaloox-
ide, exhibited low peripheral toxicity in rodents and in human diabetic patients [2,38–42].
This is most likely valid for HSA-EDTA, which associates with vanadium (+4) with consid-
erably higher affinity (Figure 2). Reactivation is exclusively an intracellular mediated event
and as opposed to other previously studied albumin-drug conjugates [15], the release of
the chemotherapeutically active component is a simple intracellular dissociation that takes
place half maximally at pH 5.8 ± 0.1 (Table 1). The cytosolic pH of cancer cells is lower
than 7.0 [43], suggesting that a sufficient amount of VO++ can be released at the cytosol
following internalization and more so at the acidic pH of the lysosome [44]. In this context,
some tumor cell-related properties may hinder the efficiency of these albumin-vanadium
conjugates and should be considered in preclinical and clinical settings. For example,
extracellular pH of tumor cells (pHe) is usually mildly acidic [45]. pHe values greatly vary
between different tumors and also spatiotemporally within a certain tumor [46]. Thus,
certain part of vanadium ions may be released prior to its internalization into the cells
depending on the tumor type and location inside the tumor microenvironment. Yet, since
the half maximal dissociation value of vanadium (+4) is at pH 5.8 (Table 1), most of the
conjugate should remain intact prior to cell uptake.

HSA-EDTA-VO++, similarly to native HSA, internalizes into CNS-1 glioma cells mainly
through caveolae/lipid rafts-mediated endocytosis (Figure 5). The uptake of both com-
pounds into the cells was blocked in a similar fashion, exhibiting the importance of mono-
modification [47]. Two common caveolae-mediated inhibitors, i.e., MCD, and to a lesser
extent also nystatin, were the only drugs that significantly blocked the uptake into the
cells (Figure 5). MCD and nystatin interfere with the caveolae-mediated endocytosis by
binding sterols within the cell membrane. The differences in the magnitude of inhibi-
tion between the two drugs might result from their different patterns and/or capacity of
sterols binding [48]. It is well documented that native albumin has several pathways to be
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internalized into cells depending on the cell type and physiological conditions [49]. This in-
cludes receptor-mediated endocytosis—a process that is generally blocked by Bafilomycin
A1 (BAF)—a specific inhibitor of the vacuolar H+-ATPase. H+-ATPase localized in the
endosomal membrane is responsible for lowering pH inside the endosome, which is an
essential process for the dissociation of the ligands and receptors after receptor-mediated
endocytosis. Thus, inhibition of vacuolar H+-ATPase results in decreased activity of the
receptor-mediated endocytosis process. It is reasonable that the CNS-1 glioma cells that
originate in the brain, an organ mostly deprived of albumin, do not express receptor/s for
albumin, explaining the lack of uptake inhibition by BAF in these cells. Clathrin-mediated
endocytosis is also a pathway with which albumin is being internalized into various cells.
For example, alveolar epithelial cells internalize albumin via clathrin-mediated endocytosis,
but not by the caveolae-mediated pathway [49], demonstrating that albumin internalizes
into cells by different pathways depending on the type of the cells and tissue. We also used
indomethacin (IND), which blocks caveolae-mediated endocytosis differently than MCD
and nystatin by inhibiting the internalization of caveolae and the return of plasmalemmal
vesicles to the cell surface [49]. This blocker had no inhibitory effect neither on HSA nor on
the conjugate, strengthening the conclusion that caveolae-mediated endocytosis through
inhibition of cholesterol-related processes at the cell membrane is the most dominant
pathway of HSA and HSA-EDTA-VO++ internalization in these cells.

In conclusion, we have engineered a HSA-EDTA shuttling vehicle that can introduce
EDTA-associating ligands into a glioma cell line via caveolae-mediated endocytosis, and
demonstrated its efficacy to convert vanadium into a powerful anti-proliferative agent.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13101557/s1, Figure S1: Mass spectrometry measurements, Figure S2: Anti-
proliferative efficacies of HSA-EDTA-VO++ in non-cancer cells, Table S1: Mass spectroscopy; MW
calculations of HSA derivatives.
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Abstract: This investigation aimed at developing BSA hydrogels as a controlled release system
to study the release behavior of spin-labeled coumarin-3-carboxylic acid (SL-CCS) and warfarin
(SL-WFR). The release profiles of these spin-labeled (SL-) pharmaceuticals from BSA hydrogels
prepared with different procedures are compared in detail. The mechanical properties of the gels
during formation and release were studied via rheology, while a nanoscopic view on the release
behavior was achieved by analyzing SL-drugs–BSA interaction using continuous wave electron
paramagnetic resonance (CW EPR) spectroscopy. The influence of type of drug, drug concentration,
duration of gel formation, and gelation methods on release behavior were characterized by CW EPR
spectroscopy, EPR imaging (EPRI), and dynamic light scattering (DLS), which provide information
on the interaction of BSA with SL-drugs, the percentage of drug inside the hydrogel and the nature
and size of the released structures, respectively. We found that the release rate of SL-CCS and
SL-WFR from BSA hydrogels is tunable through drug ratios, hydrogel incubation time and gelation
procedures. All of the results indicate that BSA hydrogels can be potentially exploited in controlled
drug delivery applications.

Keywords: albumin; hydrogels; EPR/ESR spectroscopy; release behavior

1. Introduction

Conventional drug administration leads to an elevated drug concentration in the
blood followed by a drop until the next dosage is administered [1]. The administration of
a single large dose causes the drug level to rise above the minimum toxic concentration
(MTC), leading to harmful side effects, and then rapidly decreases below the minimum
effective concentration (MEC). Frequent dosing may maintain the drug level within the
therapeutic range, however, it can decrease patient compliance [2]. Controlled drug
delivery systems in which the entire therapeutic dose is administered at once can avoid
high fluctuations of the drug plasma level, minimize possible side effects, and release the
drug in a well-defined behavior over extended periods of time [3]. Various systems have
been developed as controlled drug delivery systems such as polylactic acid (PLA) and
poly(lactic-co-glycolic acid) (PLGA) products [4,5], nanocarriers [6,7], smart polymers [8,9],
hydroxyapatite (HA) [10], hydrogels [11–13], and others.

Hydrogels are entangled networks made from proteins, hydrophilic polymers, or
small molecules with the capability to retain water and biological fluids in large amounts
without dissolving, due to the presence of physical and chemical bonds between the
polymeric chains [14–16]. Their swollen, soft, and rubbery nature resembles living tissues
and minimizes negative immune reaction after implantation [14,17]. Since a drug can
be incorporated in the water-swollen network and released gradually, hydrogels have
emerged as excellent candidates for the controlled release of therapeutics [18].
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In order to develop a novel drug delivery vehicle, we selected bovine serum albumin
(see Figure 1A) as our drug carrier because of its high biocompatibility, availability, stability,
and low cost [19,20]. Although albumins do show species-specific differences in solution
structure and dynamics [21–23], from a general perspective, serum albumin is a heart-
shaped molecule in the crystalline state, and the most abundant protein in the circulatory
system of vertebrates [24]. In addition to maintaining osmotic pressure and blood pH, it
transports a variety of ligands such as un-esterified fatty acids, hormones, proteins, and
drug compounds to different tissues through physical or chemical bonding to the binding
sites of this protein [17,25,26].
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The mechanism of hydrogel formation from albumin by heating and chemical crosslink-
ing has been previously established [27]. Thermally induced gel formation requires con-
formational changes and unfolding of polypeptide segments induced by heating above
denaturation temperature of the albumin, which results in the availability of functional
groups present in intramolecular hydrogen bonding for intermolecular interactions, which
are essential in the aggregation and build-up of the gel network [28]. Albumin hydrogels
can be generated at 37 ◦C by lowering the pH to 3.5. In these pH-triggered gels, changes
in the net charge of the protein from −16 mV at pH 7.4 to +100 mV at pH 3.5 cause the
repulsion of protein domains and subsequent partial denaturation [29]. We recently eluci-
dated the ability to form hydrogels from bovine and human serum albumin below their
denaturation temperature and wide pH range [19]. Moreover, ethanol induced hydrogels
can be formed at 37 ◦C by mixing different concentrations of BSA solution and chemical
denaturant ethanol [27].

Several reports are available on the use of albumin for drug delivery purposes, but
they have been largely based on nanocarrier systems. For instance, Pápay et al. studied
the pulmonary delivery of apigenin, a natural polyphenol with antioxidant activity from
BSA nanoparticles [30]. Gharbavi et al. developed a microemulsion system based on BSA
nanoparticles to investigate the release behavior of paclitaxel and folate [31]. In another
experiment by de Redín et al., human serum albumin nanoparticles were prepared to
explore the ocular delivery of Bevacizumab [32].

Electron paramagnetic resonance (EPR) spectroscopy is a non-destructive and highly
specific method used to monitor paramagnetic compounds containing unpaired electrons.
The majority of materials, except for paramagnetic transition metal ions that possess
intrinsic free radicals, are not detectable by EPR due to the absence of paramagnetic centers.
Thus, by spin labeling or spin probing techniques, which are based on the covalent or
non-covalent corporation of paramagnetic substances such as organic nitroxide radicals
into the drug, the protein, or both, it is possible to study drug–protein interactions in
drug delivery systems. Furthermore, through this method, information about the local
environment, motional parameters, and ligand binding of the protein can be obtained,
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which allow for deep insights into the release properties [16,25,27,33]. Spectral information
as well as spatial distribution of free radicals can be studied by EPR imaging. Thus, this
method has been implemented as a useful technique to probe property changes in different
parts of an object that releases drugs [34,35].

Coumarin (CCS) and warfarin (WFR) are widely prescribed as anticoagulant drugs
for the treatment of thromboembolic disorders, which are among the most common and
often fatal cardiovascular diseases. Moving toward a more controlled delivery of these
types of drugs can avoid problems related to their oral administration including variability
in dose response due to their narrow therapeutic window or considerable interaction with
other medications [36–38]. Previously, our group synthesized various spin-labeled phar-
maceuticals (SLP) including warfarin and coumarin-3-carboxylic acid (see Figure 1B,C)
and analyzed drug binding to human serum albumin in solution with serum-like con-
centrations via the continuous-wave EPR spectroscopic approach [39]. Furthermore, the
release of 16-doxyl stearic acid (16-DSA) as a model drug from BSA hydrogels and the
nanoscopic properties of released components has been studied extensively [20]. In the
present report, we aimed at developing and comparing controlled delivery systems based
on BSA hydrogels and spin-labeled coumarin-3-carboxylic acid (SL-CCS) and warfarin
(SL-WFR) as our candidate drugs to investigate the release behavior from the prepared
gels. The parameters taken into consideration were the method of gel formation, the drug
concentration, and the incubation time, which is the time required for gelation to process at
specific temperature or pH. Our investigation is complemented by studying the influence
of these parameters on the mechanical properties of the gels using rheology, the interaction
and spatial distribution of SL-drugs with BSA gels by means of CW EPR spectroscopy and
EPR imaging, and the size and nature of released components by DLS. From the combined
data, we finally draw conclusions on the release mechanisms from the gels.

2. Experimental Section
2.1. Materials

Bovine serum albumin (fatty acid free, lyophilized powder, BSA > 96%) was purchased
from Sigma-Aldrich (Taufkirchen, Germany) and used as received without any purification.
4-Hydroxy TEMPO-labeled coumarin-3-carboxylic acid (SL-CCS) and 4-carboxy-TEMPO-
labeled warfarin (SL-WFR), synthesized previously [39], were used in this research. In our
recent work [20], we introduced a concise notation, BSAi(θ, p, t, r), to describe the gelation
technique (i), which can be either thermally (T) or pH (P) induced methods, temperature (θ)
and pH (p) of hydrogel preparation, incubation time (t, in minutes), and time-release (r, in
hours) indicating the release of drug over a specific time, respectively. For instance, BSAT
(65, 7.4, 5, 48) refers to the thermally prepared gel at 65 ◦C for 5 min and pH 7.4, and the
release behavior was studied 48 h after gelation.

2.2. Methods

The 3 mM precursor solution of BSA was prepared by dissolving BSA powder in
deionized water. After 1 h of stirring at 100 rpm at room temperature, the final solution
was sterilized by a 0.45 µm filter. SL-CCS and SL-WFR powders were dissolved separately
in DMSO to obtain 26 mM stock solutions and added into the BSA precursor solution
with three different drug:BSA molar ratios into glass vials. Hydrogels were prepared
by adopting the procedures described in our paper [20]. Thermally induced gels were
obtained by keeping the vials in a thermomixer at 65 ◦C and 59 ◦C, above and below the
denaturation temperature of BSA, while some hydrogels were prepared at 37 ◦C by the
addition of 2 M HCl and lowering the pH to 3.5 by the so-called pH induced method.

2.3. In Vitro Drug Release

Our release experiment was based on the addition of 1 mL 10× PBS on top of the
hydrogels and incubating vials in a thermomixer at 37 ◦C. In order to maintain sink
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condition, after removal of 12 µL release medium at various time intervals for deeper
analysis, this amount was replaced with fresh PBS.

2.4. Rheological Characterization

The mechanical properties and viscoelastic behavior during the formation of the
hydrogels were investigated using rheological characterization. Evaluation of storage and
loss moduli (G′ and G′′, respectively) provides information on gelation point (i.e., the start-
time for deviation of G′ from G′′). According to the shape and magnitude of storage and
loss moduli, it is possible to obtain an insight into the gel stability and define mechanically
robust and weak hydrogels.

Rheological measurements of hydrogels were performed on a Physica MCR 301
rheometer (Anton Paar, Graz, Austria) using a CP50-2/TG plate as a measurement sys-
tem. After placing the 2 mL of precursor solutions, namely BSA and different ratios of
CCS/WFR:BSA, on the surface of the rheometer plate, the measurement gap was covered
by silicon oil to avoid water evaporation. Time dependent curves of storage and loss moduli
during gel formation were obtained using a 0.5% oscillatory strain and 1 rad s−1 frequency.

2.5. Continuous Wave Electron Paramagnetic Resonance (CW EPR) Spectroscopy

CW EPR spectroscopy provides information on the release mechanisms by plotting
the double integral of the released spin-labeled drugs in the EPR spectra versus release time
intervals, which is a measure of the released molecules. Furthermore, a deeper understand-
ing of the drug–protein interaction in the hydrogel and the release medium can be obtained
by analyzing the rotational motion of the spin probe. For instance, immobilized radicals
show slow rotational dynamics that are coupled to the much slower rotational motion of
the protein, while freely tumbling spin probes show no or little attachment to proteins.

The CW EPR measurements were conducted on a Miniscope MS400 (Magnettech,
Berlin, Germany) benchtop spectrometer with a microwave frequency of 9.4 GHz recorded
with a frequency counter (Racal Dana 2101, Neu-Isenburg, Germany). The temperature
of the samples was set to 37 ◦C using temperature controller H03 (Magnettech). All
experiments were performed at a microwave power of 15 mW, a sweep width of 15 mT,
and modulation amplitude of 0.2 or 0.03 mT (for analyzing release medium and hydrogels,
respectively). Simulations of recorded EPR spectra were evaluated in MATLAB using the
EasySpin program package. This program was based on applying the Schneider–Freed
approach to solve the Schrödinger equation for slowly rotating nitroxides [40].

Sample preparation was as follows: about 12 µL of desired solution were filled into
50 µL glass capillary (Blaubrand, Wertheim, Germany) and capped with tube sealant
(Leica Critoseal, Wetzlar, Germany).

2.6. Electron Paramagnetic Resonance Imaging

Spectral-spatial electron paramagnetic resonance imaging (EPRI) is a well-suited
technique to reveal a spatial tomogram as well as an EPR spectrum. The former derives
information on the macromolecular structure of the sample while the latter indicates the
micromolecular structure arises from mobility of the paramagnetic center [41].

In this work, EPRI was used to monitor the release procedure by analyzing hydrogels,
while the released substances in the medium were investigated by applying CW EPR.

The EPRI spectra were obtained using an L-band spectrometer (Magnettech, Berlin,
Germany) equipped with a re-entrant resonator, operating at a microwave frequency of
about 1.1–1.3 GHz.

The measurement parameters used for 2D spatial imaging were set as follows: center
field 48.8 mT, scan width 8 mT, scan time 60 s, and modulation amplitude 0.02 mT.

The samples were prepared by placing 600 µL of precursor solution into cylindrical
Teflon sample holders (9.3 mm diameters and 8.76 mm height) and keeping them in an
oven (UE 400, Memmert, Büchenbach, Germany) with different incubation times. After
gel formation, sample holders were placed into 100 mL flasks containing 65 mL 10× PBS
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and kept in an incubation shaker at 37 ◦C. For EPRI measurements, at different time
intervals, the sample holders were taken out of the buffer, externally dried with a tissue
and subsequently transferred into the spectrometer.

2.7. Dynamic Light Scattering

Dynamic light scattering (DLS) measures fluctuations of the scattering intensity arising
from Brownian motion of particles in solution. By analyzing these fluctuations, information
about the diffusion correlation and particle size can be obtained. DLS is one of the most
popular techniques used as a non-destructive method to characterize complex liquids,
proteins, and polymer structures [20,42,43].

A Litesizer 500 (Anton Paar GmbH, Graz, Austria) equipped with a 40 nm semicon-
ductor laser with a wavelength of 658 nm was used for these experiments. The instrument
measures with six runs and the duration of 30 s for each run and the temperature was set
to 37 ◦C (with 4 min of equilibration time).

To obtain the hydrodynamic radius and intensity correlation function, the release
medium was analyzed by transferring 100 µL of release sample into a Quartz cuvette
(Hellma Analytics) with no further filtration. Thereafter, the samples were measured to
gain insights into the nature of the released molecules and gel fragments.

3. Results and Discussion
3.1. Rheological Measurement

Mechanical and viscoelastic properties of hydrogels can be considered essential design
parameters for pharmaceutical and biomedical applications. In the field of drug delivery,
the integrity of the hydrogel plays a crucial role in protecting a therapeutic agent in the
case of a non-biodegradable system until it is released out of the system, while the flow
properties of some gels gain importance since they are used as injectable carriers for drug
delivery purposes [44,45].

Physical protein gels are formed by non-covalent interchain associations involving
hydrophobic, van der Waals, solvation, and electrostatic interactions determining the
rheological behavior of proteins. The rigidity of the protein network arises from the
strength and number as well as pattern of these interactions [19,46]. Figure 2A shows
the time dependent storage (G′) and loss (G′′) moduli of 3 mM BSA precursor solution at
different temperatures.

For thermally induced hydrogels, the precursor solutions of BSA were heated and
kept at 65 ◦C and 59 ◦C (slightly above and below the denaturation temperature of BSA,
respectively). In both samples, the storage modulus dominated the loss modulus instantly,
reflecting the gelation point. We defined a hydrogel to be mechanically tough when the
G′ value exceeded 10,000 Pa after 1 h. The value of G′ for BSAT(65, 7.4, 60) and BSAT(59,
7.4, 60) increased up to 29,000 and 20,000 Pa after 60 min, respectively. Therefore, robust
hydrogels can be formed by the heat induced technique even at 59 ◦C, which is slightly
below the denaturation temperature of BSA. However, the G′ value of BSAT(65, 7.4) was,
as expected, considerably higher than that of the BSAT(59, 7.4). In our previous work [20],
we extensively studied changes in the secondary structure of BSA during gelation.

In Figure 2A, we also present gel formation (i.e., rheology at 37 ◦C) through the
addition of 2 M HCl to a BSA precursor solution, which reduces the pH to 3.5. Gelation
in this hydrogel sets in after 25 min, and is less rigid compared to hydrogels formed by
heating. The gelation rate in pH-triggered hydrogels is relatively slow, so that in order to
obtain mechanically tough hydrogels, much longer incubation times are required.

To probe the impact of CCS and WFR on albumin gelation kinetics, different ratios of
these drugs were added to the precursor solutions of BSA and rheological measurements
were repeated at different temperatures (see Figure S1 for CCS:BSA with different molar
ratios at 59 ◦C). Due to the similarity in mechanical properties of WFR with CCS, the whole
rheological characterization of WFR is explained in detail in the Supplementary Materials.
Human serum albumin (HSA) has two main drug binding sites called Sudlow sites I and II,
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located in the hydrophobic cavities of subdomains IIA and IIIA, respectively. Sudlow site I
can bind bulky heterocyclic compounds, while site II has a high binding affinity to aromatic
compounds [47,48]. According to [39], HSA has only one high affinity binding site for
SL-WFR, while SL-CCS occupied three binding sites of this protein, but with lower affinity.
It is important to note that the binding characteristics of BSA show high resemblance to
that of HSA [49].
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Figure 2. Storage (G′) and loss (G′′) moduli as a function of time for (A) BSAT(65, 7.4), BSAT(59,
7.4), and BSAp(37, 3.5); (B) different ratios of CCS:BSA at 65 ◦C, pH 7.4; and (C) different ratios of
CCS:BSA at 37 ◦C, pH 3.5.

Time dependence of storage and loss moduli for the system including BSA and CCS
with three different molar ratios at 65 ◦C are depicted in Figure 2B. It seems that the addition
of CCS leads to a lower storage modulus (around 10,000 Pa) and weaker mechanical
properties compared to the BSA hydrogel formed at the same temperature without CCS.
This is due to the presence of CCS in the Sudlow binding sites in albumin (see Figure 1A),
which stabilize BSA structure to some extent and thus impede the conformational changes.
Similar effects are known for bound fatty acids [22,50]. Apparently, the concentration of
CCS cannot deeply affect thermally-induced gelation, since the storage modulus values
for three different ratios are similar. However, pH-triggered hydrogels demonstrate the
opposite behavior (see Figure 2C). Gelation starts faster and the storage modulus increases
slightly when CCS is added to the BSA precursor solution. As explained in the CW EPR
section, the percentage of bound SL-CCR to BSA in pH-induced hydrogels is very low.
It seems that CCS does not fully bind to Sudlow sites with this preparation method and
instead may interact with the surface of the protein, which may facilitate denaturation and
may then result in the observed earlier gelation starting point.

We have previously investigated the effect of fatty acids on gel formation by adding
different concentrations of stearic acid (SA) to a BSA precursor solution (SA and 16-DSA
are substitutable in their binding to BSA). Unlike CCS and WFR, fatty acids delay gelation
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onset time and considerably affect the mechanical properties. Generally, BSA consists
of seven long chain fatty acid binding sites that obstruct protein denaturation and final
gelation and increase the thermal stability of protein [20].

3.2. Release Studies of SL-CCS and SL-WFR Loaded BSA Hydrogels and Gel Characterization

Drug binding to HSA in solution has been well studied by a spin labeling and CW-EPR
spectroscopy approach, which provides information on the maximum number of binding
sites per protein as well as the dynamics of SL-pharmaceuticals [39].

CW EPR measurements have proven to be useful for quantitative characterization
of drug and fatty acid binding processes to albumin-derived materials and the respective
bound states [22,23,50,51]. For albumin hydrogels, results from a recent study on the
interaction of 16-DSA with BSA and HSA hydrogels revealed that both proteins and their
hydrogels have strong fatty acid binding capacities, however, the number and strength
of their binding strongly depends on the gel preparation method [19]. Furthermore, the
rotational reorientation as well as polarity around the nitroxide group can be gained from
rigorous simulation of EPR spectra. The former, achieved from rotational correlation time

τc, which is calculated from diffusion tensor D (τc =
1
6 (DxxDyyDzz)−

1
3 ), is in the range of

10 ps for fast rotation components to a few microseconds for tightly immobilized molecules.
The latter can be determined from the isotropic 14N-hyperfine coupling constant αiso. High
polar environments result in larger αiso values, while smaller hyperfine couplings are
indicative of lower polarities [19,20,39]. In the following, we describe the influence of
differences in chemical substitution of SL-CCS and SL-WFR on gel formation and their
release behavior from BSA hydrogels.

Figure 3A shows the spectral features (simulated) of ligands that are freely tumbling
ligands, intermediately, or strongly immobilized in the EPR spectra separately, while in
Figure 3B, the features of different spectroscopic species of nitroxide spin probe are dis-
played in the measured spectrum that essentially is a superposition of these three spectral
components of Figure 3A with varying amplitudes (weights). Figure 3C,D shows BSAT(65,
7.4, 10) and BSAP(37, 3.5, 30) at 2:1 SL-CCS:BSA ratios, respectively. Due to the delayed gel
formation of samples prepared by the pH-induced method, much longer incubation times
were required. Results from spectral simulation revealed that in a hydrogel prepared by the
thermally induced method at 65 ◦C, almost 26% of SL-CCS showed freely tumbling rotation,
29% were strongly bound to BSA, and 44% had intermediate rotational motion. However,
with the addition of acid, the percentage of freely rotating and intermediately immobilized
SL-CCS increased to 33% and 51% while that of the strongly bound ligand to BSA decreased
to 14%. In general, the strongly immobilized state in BSA could stem from ligand binding
sites, which are located at the interfaces of α-helices. The intermediately immobilized
ligand with faster rotation is typically situated in water swollen regions of BSA with a
β-sheet structure [19]. Acidic conditions affect the helical content in BSA differently to tem-
perature denaturation. In other words, more α-helix content is preserved in pH-induced
hydrogels since intermolecular β-sheets formed at the cost of both α-helix and random
coils [19]. Figure 3E,F shows the spectra of SL-WFR loaded hydrogels at a 2:1 SL-WFR:BSA
molar ratio prepared by heat and pH-change, respectively. Remarkably, the percentage
of tightly immobilized and intermediately bound SL-WFR was higher in these hydrogels
than in SL-CCS loaded BSA and only less than 10% of SL-WFR rotated freely. The reason
for this may be explained by considering the difference in the chemical substitution of both
pharmaceuticals (see Figure 1B,C). The free 3-oxo-1-phenyl-butyl group can increase the
average binding affinity by providing flexibility to its coumarin backbone in a way that the
3-oxo group can facilitate hydrogen bonding in protein. Compared with SL-WFR, SL-CCS
without the additional group has less flexibility and only the carbonyl group at position 2
may have a hydrogen-bond acceptor function. The parameters obtained from simulation of
the EPR spectra in Figure 3 are illustrated in Table 1. The results of Figure 3 are comparable
to the rheological characterization, as thermally induced hydrogels containing CCS and
WFR show more mechanical robustness than the same gels prepared through reducing
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pH. Moreover, as will be explained later, there were high percentages of freely tumbling
SL-pharmaceuticals in the release medium of samples prepared by the thermally induced
method, and there was no sign of strongly bound components. Therefore, we can conclude
that the SL-pharmaceuticals are also bound more strongly to these types of hydrogels. The
hydrogel characterization for both SL-pharmaceuticals at other ratios and temperatures is
described in more detail in the Supplementary Materials.
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BSAT(65, 7.4, 10) at a 2:1 SL-CCS:BSA molar ratio; (D) SL-CCS loaded BSAp(37, 3.5, 30) at a 2:1 SL-CCS:BSA molar ratio;
(E) SL-WFR loaded BSAT(65, 7.4, 10) at a 2:1 SL-WFR:BSA molar ratio; and (F) SL-WFR loaded BSAp(37, 3.5, 30) at a 2:1
SL-WFR:BSA molar ratio.

In Figures 4 and 5, the release profiles of SL-CCS and SL-WFR from BSA hydrogels
are given at different ratios and by the two preparation methods (other release curves
for hydrogels with lower incubation times can be found in the Supplementary Materials).
Double integration of the first derivative CW EPR spectra can be used to determine the
signal intensity of the spectra [52]. Therefore, in all release curves, the double integral of
EPR spectra is plotted versus the release time intervals.
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Table 1. Parameters gained from the simulation in Figure 3.

Figure Type of Released Components Percentage Correlation
Time τc (ns)

Hyperfine Coupling
Constant aiso (MHz)

C Bound 29% 14.6 44.53
Intermediate 44% 5.4 47.53

Free 26% 0.11 46.86

D Bound 10% 14.5 44.53
Intermediate 54% 4.76 47.53

Free 35% 0.16 46.86

E Bound 47% 31 42.53
Intermediate 48% 3.2 46.86

Free 3% 0.061 47.13

F Bound 36% 31 42.53
Intermediate 56% 3.2 46.86

Free 6% 0.85 47.20
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It can be seen that all 0.5:1 and 1:1 ratios in the SL-CCS loaded BSA hydrogels prepared
by different methods showed an initial fast release before reaching a plateau after 24 h. The
initial release of large amounts of drug corresponds with the diffusion of release medium
into the protein network, which dissolves the entrapped SL-CCS close to or at the surface
of the hydrogel. However, the second and slower release is due to the depletion of drug
in the inner part of gel matrix, which leads to the increase in the diffusion process length.
In contrast, the kinetics of the SL-CCS:BSA 2:1 ratios almost corresponded to a zero-order
release with an initial burst effect. It is possible that by increasing the ratio to 2:1, the
binding sites from which the later release occurred are fully occupied and instead, the
amount of drug between the hydrogel networks increases, which results in a drug release
at a constant rate.

Figure 5 summarizes the SL-WFR release data. One can see an initial burst release for
all samples, and a later sustained release only at the 0.5:1 SL-WFR:BSA molar ratio. The
release from gels at 1:1 and 2:1 SL-WFR:BSA molar ratios first clearly followed the zero
order kinetics and flattened after ~100h. Since BSA has only one high affinity binding site
for SL-WFR, increasing the ratio to 1:1 and 2:1 resulted in the presence of a greater amount
of freely moving SL-drug on the hydrogel surface and between the protein networks, which
led to the linear release during the first five days; afterward, the release reached a certain
level at which there was no more free SL-WFR available and the release of those from the
binding site is initiated. We observed that all hydrogels with SL-CCS, regardless of molar
ratios and preparation methods, had a higher release rate than SL-WFR loaded BSA gels,
which may be attributed to the higher affinity of SL-WFR to albumin compared to SL-CCS.
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Therefore, SL-WFR tends to attach to the binding pockets of BSA for longer periods of time
and shows a lower release rate.

The effect of initial drug loading and preparation methods on the release profile is
also discussed in Figures 4 and 5. In all experimental systems, we found that the increase
in the ratio of SL-pharmaceuticals to albumin led to a higher release rate. In addition,
thermally induced hydrogels prepared at 65 ◦C and 59 ◦C, respectively, had higher release
rates than pH-induced hydrogels. As explained above for the rheological characterization,
electrostatically triggered hydrogels are less rigid compared to hydrogels formed by heat-
ing, which may lead to the assumption that these gels release their pharmaceuticals faster.
However, we observed the opposite effect. This is possibly because there are stronger
transient interactions/attachments between the pharmaceuticals and the increased protein
surface under acidic conditions. These transient complexes could protect the hydrogel
from fast degradation, which may lead to a slower release rate over time. However, when
comparing the release rate of hydrogels prepared at 65 ◦C with the respective rate for
the gel prepared at 59 ◦C, the results showed that hydrogels that formed below the BSA
denaturation temperature (at 59 ◦C) had a slightly higher rate of release as these gels were
mechanically less robust than those prepared at 65 ◦C.

Figure 6 shows the effect of incubation time on the release behavior of BSA hydrogels
incorporated with different ratios of SL-CCS (other ratios of SL-CCS and SL-WFR loaded
hydrogels are available in the Supplementary Materials). It seems that increasing the
incubation time from 3 min to 20 min slightly decreased the release rate. These results are
in line with those of the rheological characterization, as a longer duration of gelation leads
to more mechanically robust hydrogels. Consequently, the release rate can be tuned by
changing the incubation time, which indicates the remarkable potential of BSA hydrogels
for their implementation in controlled drug delivery applications.
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Figure 6. Release profiles of SL-CCS loaded BSA hydrogels prepared using heat induction at 59 ◦C with two different incuba-
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Figure 7 displays EPR spectra gained by analyzing the release medium. More molecu-
lar insights were obtained by spectral simulation, providing information on the fraction of
SL-drugs strongly and intermediately bound to BSA and freely rotating SL-pharmaceuticals
in the released solution (see Table 2). Results showed that 84% of SL-CCS rotated freely in
PBS, 16% showed intermediate rotational motion, and there was no sign of tightly bound
SL-CCS to BSA for the sample prepared by the heat-induced method at 65 ◦C by keeping
the sample in a thermomixer for 20 min (the EPR spectra of the respective release experi-
ment for samples prepared at 59 ◦C are available in the Supplementary Materials). The BSA
hydrogel with SL-WFR prepared at the same temperature and incubation time showed
an, in principal, similar release behavior. However, the percentage of freely tumbling
SL-WFR decreased to 73% and that of the intermediate component increased to 26%. The
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percentage of strongly bound SL-drugs to BSA in the release medium increased when the
hydrogels were prepared by the pH-induced method at 37 ◦C. For instance, 19% of SL-CCS
and 46% of SL-WFR were released as they bind tightly to BSA. It must be mentioned that
the percentage of released components in bound, intermediate, and free states was nearly
constant during the different release time intervals for all samples, while in our previous
work on fatty acid release, these percentages changed during the release experiment [20].
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EPR spectra of the released components from BSA hydrogels with SL-CCS prepared
with lower incubation times (3 min for the thermally induced hydrogel at 65 ◦C and 10 min
for the pH-induced gel at 37 ◦C) are shown in Figure 7E,F. According to Table 2, we found
that reducing the incubation time led to the release of a more intermediately immobilized
SL-drug to BSA in the heat-induced gel and intermediately and strongly bound SL-CCS to
BSA for the electrostatically triggered gel (see the Supplementary Materials the for release
from hydrogels made at 59 ◦C and the whole data of SL-WFR incorporated BSA gels).
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Table 2. Percentage of released components in different states gained from the spectral simulation in Figure 7.

Figure Type of Released
Components

Percentage (Bound,
Intermediate and Free) Figure Type of Released

Components
Percentage (Bound,

Intermediate and Free)

A Bound 0 D Bound 46%
Intermediate 16% Intermediate 31%

Free 84% Free 22%

B Bound 19% E Bound 0
Intermediate 16% Intermediate 20%

Free 63% Free 80%

C Bound 0 F Bound 24%
Intermediate 26% Intermediate 19%

Free 73% Free 55%

3.3. Monitoring of Release Behavior by Means of EPR Imaging

We applied electron paramagnetic resonance imaging (EPRI) to study the spatial
localization of a spin probe in a nondestructive way and followed the position of the probes
inside the slowly dissolving gels not in the release medium. This technique combines spec-
tral information with the spatial distribution of paramagnetic species, which permits moni-
toring of the changes in the property in different parts of the investigated sample [52,53].

Figure 8A shows a spectral-spatial two dimensional EPR image (absorption mode,
not the standard CW EPR first-derivative mode) of a SL-CCS loaded BSA hydrogel. The
intensity and spectral dimensions of a typical EPR spectrum are plotted along the z- and
y-axes, respectively; the spatial dimension is shown along the x-axis. By applying spatial
cuts, it is possible to obtain information on intensity distributions at certain positions.
Figure 8B depicts the central spatial cut of dry SL-CCS loaded BSAT(65, 7.4, 3) and release
of SL-CCS from the BSA hydrogel during the first 4 h. It can be seen that the signal
amplitude decreased over time, which illustrates the release of the SL-pharmaceutical from
the hydrogel. Moreover, the EPR signal intensities slightly shifted to the right (bottom of
the hydrogel) with release time, indicating that release occurs from the gel surface.

The amount of SL-pharmaceuticals inside the BSA hydrogel was calculated by double
integration of the central spatial cuts. Figure 8C displays the amount of SL-CCS inside
the BSA hydrogels prepared by the pH-induced method after exposure to the PBS buffer.
For a better comparison, all of the samples were normalized by dividing each data point
by the highest double integral value, the dry samples, for each of the ratios. We can see
that the hydrogel at a 0.5:1 SL-CCS:BSA had the lowest amount of spin probe inside the
gel due to the lowest initial drug content, while increasing the drug loading percentage
led to a higher drug quantity in hydrogels over the whole release period. Figure 8D,E
shows the effect of preparation methods on the release profile of SL-CCS and SL-WFR
from BSA hydrogels. According to the double integral values, heat induced gels contained
lower amount of drugs, while pH-induced hydrogels preserved a higher quantity of drug
within their networks. These results are in agreement with the CW-EPR measurements, as
hydrogels thermally induced at 65 ◦C and 59 ◦C showed higher release rates in comparison
to the electrostatically triggered hydrogels. As explained in the CW-EPR section, acidic
conditions may induce more interactions between pharmaceuticals and the protein surface,
which results in a higher protein protection from fast degradation and lower release rate
over time. Furthermore, all hydrogels with different ratios of SL-CCS or SL-WFR prepared
with different methods showed that they released almost 80% of their drug contents during
the first 24 h. The sustained release phase in all experimental samples is thought to involve
the penetration of PBS into the protein networks, leading to the final dissolution of the drug
in the inner part of the BSA chains. However, the results from CW-EPR showed zero-order
kinetics for some ratios. It is possible that the difference in hydrogel quantities, sample
holders used for CW-EPR and EPRI, or incubation times needed for gel formation leads to
different release patterns.
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Figure 8. (A) 2-D spectral-spatial image of the BSA hydrogel with SL-CCS at a spin probe:BSA 1:1
molar ratio prepared by the heat induced method at 65 ◦C. (B) Central spatial cut (a) top and (b) bot-
tom of the dry SL-CCS loaded BSAT(65, 7.4, 45) and release of SL-CCS from the BSA hydrogel during
the first 4 h. Double integration of central spatial cuts of (C) SL-CCS:BSAP(37, 3.5, 75, t) at different
molar ratios, (D) 2:1 SL-CCS:BSA molar ratio prepared with heat and pH induced methods, and
(E) 2:1 SL-WFR:BSA molar ratio prepared with heat and pH induced methods. The curves are fitted.

3.4. Analyzing the Released Components with DLS

To better understand the components released over time, we determined the hydro-
dynamic radii and correlation functions using dynamic light scattering (DLS). Figure 9
displays the intensity–time correlation function of the released medium. We recorded pro-
nounced autocorrelation functions and high scattering intensities, implying the presence of
highly defined particles in PBS buffer. Figure 9A shows the autocorrelation functions from
different release times from the heat induced SL-CCS incorporated BSA hydrogel prepared
at 59 ◦C. We found that all autocorrelation functions decayed almost at the same time,
indicating the release of at least one particle with the same size over release time periods.
Figure 9B shows the effect of changing the incubation time on the size of the released
components for hydrogels made with the same concentration, preparation method, and
release time. It can clearly be seen that a sample with higher incubation time (20 min)
decayed faster, which correlates with the release of smaller particles. These results are
in good agreement with the rheological characterization and CW-EPR spectroscopy as
hydrogels prepared with lower incubation times are mechanically less robust, which may
result in the release of larger albumin derivatives formed during the gelation process.
Furthermore, results from the simulation of the EPR spectra showed slightly higher per-
centages of SL-CCS and SL-WFR intermediately bound to BSA released from the hydrogels
with lower incubation times (see Supplementary Materials). Further information about the
release of SL-WFR from BSA hydrogels with different incubation times and behavior of the
hydrodynamic radius can be found in the Supplementary Materials.
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(B) SL-CCS:BSAT(59, 7.4, 3, 144) and SL-CCS:BSAT(59, 7.4, 20, 144) at a 0.5:1 molar ratio, (C) SL-CCS:BSAT(65, 7.4, 20, 72),
SL-CCS:BSAT(59, 7.4, 20, 72) and SL-CCS:BSAP(37, 3.5, 20, 72) at a 1:1 molar ratio, and (D) SL-WFR:BSAT(65, 7.4, 20, 72),
SL-WFR:BSAT(59, 7.4, 20, 72), and SL-WFR: BSAP(37, 3.5, 20, 72) at a 1:1 molar ratio.

Figure 9C,D shows the autocorrelation functions of SL-CCS and SL-WFR release from
the BSA hydrogels after 72 h and the gels prepared with both thermally and pH induced
methods by keeping the samples in the thermomixer for 20 min (results on the lower
incubation time of SL-drug incorporated BSA hydrogels are given in the Supplementary
Materials). As can be seen in both figures, the autocorrelation functions of the electrostati-
cally triggered hydrogels displayed a slower decay those of the hydrogels prepared by the
heat induced method at 65 ◦C and 59 ◦C. As discussed in the rheology section, the addition
of acid to a precursor solution of BSA led to a mechanically weak hydrogel. Moreover,
according to Table 2, the percentage of SL-pharmaceuticals strongly immobilized to BSA
in the release medium increased when the hydrogels were prepared by the pH-induced
method. We observed the same behavior in the DLS measurements. The existence of
strongly bound SL-drugs, which are larger structures than intermediately and freely tum-
bling ones, results in the slower decay of the autocorrelation function. However, if—like
in thermally-induced hydrogels—only freely rotating and intermediately BSA-bound SL-
pharmaceuticals are released from thermally induced hydrogels, leading to the fast decay
of the autocorrelation function for these samples. Therefore, these results complement
all the earlier results by adding the perspective on the (larger) structures that are actually
released into the release medium.

4. Conclusions

In the present work, BSA hydrogels with good mechanical properties were prepared
as delivery hosts for pharmaceutical applications. The whole gelation procedures, namely
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thermally and pH induced methods, have previously been explained in detail [19]. SL-CCS
and SL-WFR were loaded into BSA hydrogels at different molar ratios to evaluate the
applicability of these structures as drug delivery systems. The results suggest that the drug
release rate gained from double integration of EPR spectra is dependent on the type of drug,
drug ratios, incubation time, and gelation method. We found that SL-CCS had a much
higher release rate than SL-WFR. In general, higher drug concentrations, lower incubation
times, and heat induced hydrogels prepared below BSA denaturation temperature resulted
in a higher rate of release. Furthermore, the drug release pattern from these hydrogels
showed that they can be used where the fast onset of release is required. The drug loading
can affect the release behavior as lower ratios indicated the second sustained release phase,
while higher ratios showed zero-order kinetics. Analyzing the hydrolytic degradation of
hydrogels in the presence and absence of drugs as well as the SEM images of gels will be
part of future work.

Additionally, EPR spectroscopy and DLS were applied to shed more light onto the
interaction of SL-pharmaceuticals with BSA hydrogels as well as the nature and size of
the released structures. We have shown that differences in chemical substitutions of SL-
CCS and SL-WFR and binding capacities of BSA for SL-pharmaceuticals can deeply affect
drug–protein interactions. Since a higher percentage of SL-WFR is attached strongly and
intermediately to BSA hydrogels, more of these components are released compared to
the SL-CCS incorporated BSA hydrogel, in which a higher percentage of freely tumbling
SL-drug was found in the release medium. Moreover, a higher percentage of SL-CCS/SL-
WFR intermediately (in case of thermally and pH induced hydrogels) and strongly (for
electrostatically-triggered gels) bound to BSA was released from less rigid hydrogels due
to faster penetration of water into the gel network. This led to the expedited release
of albumin dimers or individual proteins when compared to the mechanically robust
hydrogels. We hope that this study aids in paving the way to employing the full potential
of BSA hydrogels as a suitable controlled release system and their implementation in
biomedical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13101661/s1, Figure S1: Storage (G′) and loss (G′′) moduli as a function of
time for different ratios of CCS:BSA at 59 ◦C, pH 7.4, Figure S2: Storage (G′) and loss (G′′) moduli
as a function of time for different ratios of WFR:BSA at (A) 65 ◦C, pH 7.4, (B) 59 ◦C, pH 7.4 and
(C) 37 ◦C, pH 3.5, Figure S3: SL-CCS loaded (A) BSAT(65, 7.4, 10) at a 0.5:1 SL-CCS:BSA molar
ratio, (B) BSAT(65, 7.4, 10) at a 1:1 SL-CCS:BSA molar ratio, (C) BSAT(59, 7.4, 10) at a 0.5:1 SL-
CCS:BSA molar ratio, (D) BSAT(59, 7.4, 10) at a 1:1 SL-CCS:BSA molar ratio, (E) BSAT(59, 7.4,
10) at a 2:1 SL-CCS:BSA molar ratio, (F) BSAP(37, 3.5, 30) at a 0.5:1 SL-CCS:BSA molar ratio and
(G) BSAP(37, 3.5, 30) at a 1:1 SL-CCS:BSA molar ratio, Figure S4: SL-WFR loaded (A) BSAT(65,
7.4, 10) at a 0.5:1 SL-WFR:BSA molar ratio, (B) BSAT(65, 7.4, 10) at a 1:1 SL-WFR:BSA molar
ratio, (C) BSAT(59, 7.4, 10) at a 0.5:1 SL-WFR:BSA molar ratio, (D) BSAT(59, 7.4, 10) at a 1:1 SL-
WFR:BSA molar ratio, (E) BSAT(59, 7.4, 10) at a 2:1 SL-WFR:BSA molar ratio, (F) BSAP(37, 3.5, 30)
at a 0.5:1 SL-WFR:BSA molar ratio and (G) BSAP(37, 3.5, 30) at a 1:1 SL-WFR:BSA molar ratio,
Figure S5: Release profiles of SL-CCS loaded BSA hydrogels with 0.5:1, 1:1 and 2:1 SL-CCS:BSA
molar ratios (A) BSAT(65, 7.4, 3) hydrogel, (B) BSAT(59, 7.4, 3) hydrogel and (C) BSAP(37, 3.5, 10)
hydrogel. The curves are fitted, Figure S6: Release profiles of SL-WFR loaded BSA hydrogels with
0.5:1, 1:1 and 2:1 SL-WFR:BSA molar ratios (A) BSAT(65, 7.4, 3) hydrogel, (B) BSAT(59, 7.4, 3) hydrogel
and (C) BSAP(37, 3.5, 10) hydrogel. The curves are fitted, Figure S7: Release profiles of SL-CCS and
SL-WFR loaded BSA hydrogels prepared with heat induced method at 59 ◦C with two different
incubation times of 3 and 20 min at a (A) 0.5:1 SL-CCS:BSA molar ratio, (B) 0.5:1 SL-WFR:BSA molar
ratio, (C) 1:1 SL-WFR:BSA molar ratio and (D) 2:1 SL-WFR:BSA molar ratio, Figure S8: EPR spectra of
release test after 48 h for SL-drugs loaded BSA hydrogels at a 1:1 molar ratio (A) SL-CCS:BSAT(59, 7.4,
20, 48) and (B) SL-WFR:BSAT(59, 7.4, 20, 48), Figure S9: EPR spectra of release test after 48 h for SL-
drugs loaded BSA hydrogels at a 1:1 molar ratio (A) SL-CCS:BSAT(59, 7.4, 3, 48), (B) SL-WFR:BSAT(65,
7.4, 3, 48), (C) SL-WFR:BSAT(59, 7.4, 3, 48) and (D) SL-WFR:BSAT(37, 3.5, 10, 48), Figure S10: Intensity
time correlation functions for 0.5:1 SL-WFR:BSAT(59, 7.4, 3) molar ratio during different release
times, Figure S11: Intensity time correlation functions for different concentrations of (A) SL-CCS di-

108



Pharmaceutics 2021, 13, 1661

luted with 10× PBS and (B) SL-WFR diluted with 10× PBS, Figure S12: (A) Intensity time correlation
functions for different concentrations of BSA solution diluted by 10× PBS and (B) hydrodynamic
radius of different concentrations of BSA solution diluted by 10× PBS, Figure S13: Intensity time
correlation functions of (A) SL-CCS:BSAT(59, 7.4, 3, 144) and SL-CCS:BSAT(59, 7.4, 20, 144) at
a 1:1 molar ratio and (B) SL-CCS:BSAT(59, 7.4, 3, 144) and SL-CCS:BSAT(59, 7.4, 20, 144) at a
2:1 molar ratio, Figure S14: Intensity time correlation functions of (A) SL-WFR:BSAT(59, 7.4, 3, 144)
and SL-WFR:BSAT(59, 7.4, 20, 144) at a 0.5:1 molar ratio, (B) SL-WFR:BSAT(59, 7.4, 3, 144) and
SL-WFR:BSAT(59, 7.4, 20, 144) at a 1:1 molar ratio and (C) SL-WFR:BSAT(59, 7.4, 3, 144) and SL-
WFR:BSAT(59, 7.4, 20, 144) at a 2:1 molar ratio, Figure S15: Intensity time correlation functions
for (A) SL-CCS:BSAT(65, 7.4, 3, 72), SL-CCS:BSAT(59, 7.4, 3, 72) and SL-CCS:BSAP(37, 3.5, 10, 72)
at a 1:1 molar ratio and (B) SL-WFR:BSAT(65, 7.4, 3, 72), SL-WFR:BSAT(59, 7.4, 3, 72) and SL-
WFR:BSAP(37, 3.5, 10, 72) at a 1:1 molar ratio, Table S1: Parameters gained from simulation of
Figure S3, Table S2: Parameters gained from simulation of Figure S4, Table S3: Percentage of released
components in different states gained from spectral simulation of Figure S8, Table S4: Percentage of
released components in different states gained from spectral simulation of Figure S9.
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Abstract: A family of monomodified bovine serum albumin (BSA) linked to methotrexate (MTX)
through a variety of spacers was prepared. All analogues were found to be prodrugs having low MTX-
inhibitory potencies toward dihydrofolate reductase in a cell-free system. The optimal conjugates
regenerated their antiproliferative efficacies following entrance into cancerous glioma cell lines and
were significantly superior to MTX in an insensitive glioma cell line. A BSA–MTX conjugate linked
through a simple ethylene chain spacer, containing a single peptide bond located 8.7 Å distal to the
protein back bone, and apart from the covalently linked MTX by about 12 Å, was most effective.
The inclusion of an additional disulfide bond in the spacer neither enhanced nor reduced the killing
potency of this analogue. Disrupting the native structure of the carrier protein in the conjugates
significantly reduced their antiproliferative activity. In conclusion, we have engineered BSA–MTX
prodrug analogues which undergo intracellular reactivation and facilitate antiproliferative activities
following their entrance into glioma cells.

Keywords: cancer; albumin; disulfide; glioma; prodrug; conjugate

1. Introduction

Methotrexate (MTX) is an antiproliferative and immunosuppressive agent widely and
effectively used against a broad spectrum of diseases, primarily cancerous tumors but also
certain autoimmune diseases such as psoriasis and rheumatoid arthritis [1]. It facilitates its
antiproliferative effects by inhibiting dihydrofolate-reductase (DHFR), a ubiquitous enzyme
that catalyzes the reduction of folate to dihydrofolate (DHF) and then to tetrahydrofolate.
The latter is a cofactor for de novo synthesis of thymidylate, purine, and glycine [2].

As with most antimetabolites, MTX is only partially selective for tumor cells and is
toxic to all rapidly dividing normal cells, such as those of the intestinal epithelium and
bone marrow [3]. Although relatively less toxic compared with other therapeutic agents, it
is not devoid of side effects. In addition, a variety of tumor cells develop resistance to MTX
upon treatment with agents, affecting several mechanistic pathways, including impaired
transport of MTX into cells [4,5]. Solving these deficiencies and increasing MTX selectivity
toward inflamed, diseased, or malignant tissues is therefore of primary clinical significance.

One of the approaches undertaken in recent years as an attempt to increase selectivity
of chemotherapeutic agents was to link them covalently to macromolecules such as albumin.
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Extravasation of albumin is upregulated about six-fold in inflamed, diseased, and malig-
nant tissues [6,7]. If the covalently-linked MTX has low antiproliferative activity, this would
create a rather profound clinical advantage, provided that the conjugate undergoes efficient
intracellular reactivation following entrance into tumorigenic cells. The amide bond of
MTX linked to the ε-amino group of lysine is chemically and enzymatically stable [8],
and reactivation appears to be dependent on extensive intracellular proteolysis, as only
MTX linked to short peptide fragments through its γ-carboxylate moiety regain significant
antiproliferative efficacy (this study). Similarly, binding MTX to other macromolecules,
such as anti-TNFα antibodies, might be clinically beneficial in autoimmune and inflamma-
tory diseases such as arthritis, for example, where MTX is administrated at low dosages
separately from anti-TNFα antibodies. Generating such an antibody–MTX conjugate may
reduce side effects and improve efficacy as well as provide better treatment tolerance.

We thus initially searched for a chemical procedure to covalently link MTX to amino-
containing molecules through the γ-carboxylate moiety of MTX. The linkage of such
molecules to the α-carboxylate of MTX was documented to yield inactive analogues [9,10].
Secondly, we examined the possibility of introducing MTX to albumin through spacers
containing disulfide bonds. Malignant tissues have elevated de novo synthesis of glu-
tathione [11–13], and we wondered whether this would lead to increased selectivity and
enhanced reduction-dependent release of active MTX in tumorigenic cells.

In this study, we describe our synthetic procedures for obtaining a variety of BSA–MTX
conjugates, their cell-free DHFR-inhibitory potencies in the absence and in the presence of
glutathione or cysteine, and their antiproliferative efficacies in several lines of cancerous
cells relative to that of methotrexate. Two glioma cell lines are investigated here, for the first
time, in the context of albumin conjugates to align with other research in our lab, in which
new compounds and methods that enable blood–brain barrier (BBB) opening, and thus,
the entrance of large therapeutic molecules such as albumin are being developed [14–18].

2. Experimental Procedures
2.1. Materials

Methotrexate, bovine serum albumin, cystamine dihydrochloride, hexamethyl diamine-
dihydrochloride, dihydrofolate (DHF), N,N′dicyclohexylcarbodiimide (DCC),β-nicotinamide
adenosine dinucleotide 2′ phosphate (NADPH), reduced glutathione (GSH) oxidized
glutathione (GSSG), and L-cysteine were purchased from Sigma (St. Louis, MO, USA).
Methotrexate linked to a peptide (MTX–AYGRKKRRQRRR) was synthesized by the manual
conventional solid-phase synthesis. An Fmoc (N-9-flurenylmethoxy carbonyl) strategy was
employed through the peptide chain assembly. All other materials used in this study were
of analytical grade.

2.2. Synthesis of MTX–Anhydride

Methotrexate (45.4 mg, 100 µM) dissolved in 0.7 mL dimethylformamide (DMF) and
95 µL from a solution of 1 M DCC in DMF (95 µM) was added. The reaction was carried
out for 3 h at 25 ◦C. Dicyclohexylurea was filtered out. The MTX–anhydride formed was
kept at 4 ◦C until used.

2.3. Synthesis of MTX–Dicystamine [MTX–COγNH–(CH2)2–S–S–(CH2)2–NH2]

Dicystamine di-HCl (100 µM) was dissolved in 0.7 mL DMF, neutralized with DIPEA,
and combined with the solution of MTX–anhydride (150 µM in 0.7 mL DMF). The reaction
mixture was stirred for 40 min, precipitated with ether, washed three times with ether, and
desiccated. The solid material was suspended in H2O and centrifuged. This procedure,
which removes residual dicystamine and unreacted MTX, was repeated five times. The solid
material was then lyophilized. MTX–COγNH–(CH2)3–S–S–(CH2)2–NH2 was obtained in
60% yield. It has a molar extinction coefficient similar to that of MTX (ε305nm = 22,700 and
ε372nm = 7200). Calculated ESMS = 588 Da, found ESMS for M − H = 587.26 Da.
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2.4. Synthesis of MTX–Hexamethyl-Amine and MTX–Glutathione

These derivatives were synthesized by the same procedure applied for MTX–
dicystamine except that dicystamine was replaced with hexamethyldiamine-di-HCl or with
GSSG. MTX–hexamethyl-amine [MTX–COγNH(CH2)6–NH2] and MTX–glutathione [MTX–
COγNH–GSSG] were obtained in 28 and 37% yields, respectively. Calculated ESMS for
MTX–hexamethylamine is 552 Da, found for M + H = 553.41 Da, and M − H = 551.38 Da.
Calculated ESMS for MTX–GSSG is 1048 Da, found M + H = 1049.4, and M − H = 1047.51.

2.5. Preparation of BSA–MTX Conjugates

MTX–dicystamine (4 µM) was dissolved in 50 µL DMF and combined with a solution
of MAL–(CH2)3–COOSu (3 µM in 50 µL DMF). Following one hour of incubation, this
reaction mixture was added in 9 aliquots (10 µL each) over a period of one hour to a stirred
solution of BSA (3.0 mL, 70 mg/mL in 0.1 M HEPES buffer (pH 7.4). The reaction was
carried out at 0 ◦C. The derivative thus obtained was dialyzed over a period of 3 days
against H2O, 0.03 M Na2CO3 (pH 10.3), and H2O, and then lyophilized. BSA–S–S–MTX
contains 0.7 ± 0.05 M MTX per mole BSA as determined by its absorbance at 372 nm
using ε372nm = 7200. The protein concentration was determined by amino acid analysis
following acid hydrolysis of a measured aliquot, calculated according to valine (36 residues)
isoleucine (14 residues) and lysine (59 residues).

BSA–(CH2)6–MTX and BSA–GSSG–MTX were prepared essentially by the same proce-
dure applied for BSA–S–S–MTX (previous section), except that MAL–(CH2)3–COOSu was
linked to either MTX–hexamethylamine or to MTX–GSSG for obtaining either BSA–(CH2)6–
MTX or BSA–GSSG–MTX, respectively. Analogues which contained covalently linked MTX
in the range of 0.6 to 0.8 M MTX per mole of BSA were subjected to further studies.

2.6. Cleavage of BSA–(CH2)6–MTX with Cyanogen Bromide

BSA–(CH2)6–MTX (40 mg) was dissolved in 1.0 mL 70% formic acid. Solid cyanogen
bromide (20 mg) was then added and incubated for 24 h at 25 ◦C. The reaction mixture
was evaporated to dryness, dissolved in 1.0 mL H2O, dialyzed for two days against H2O,
and lyophilized. Derivatives concentration and MTX content was obtained by quantita-
tive amino-acid analysis and by the absorbance at 372 nm, as described in detail in the
previous section.

2.7. Preparation of HSA(MTX)40

HSA (67 mg, 1 µM) was dissolved in 10 mL of 0.1 M HEPES buffer pH 7.4, and
MTX–anhydride (100 µM in 0.7 mL DMF) was added in 7 aliquots (100 µL each) over a
period of 2 h at 0 ◦C to the stirred solution of the protein. The derivative thus obtained was
dialyzed over a period of 3 days against H2O, 0.03 M Na2CO3 (pH 10.3), and H2O, and then
lyophilized. HSA-(MTX)40 contains 40 ± 3 M MTX per mole of HSA as determined by the
absorbance at 372 nm (ε372nm = 7200). The protein content was determined by quantitative
amino acid analysis following acid hydrolysis of a measured aliquot, calculated according
to glycine (12 residues), alanine (62 residues), and valine (41 residues).

2.8. Partial Purification of DHFR from Chicken Liver

This was carried out by the procedure of Kaufman and Kemerer [19] with some
modifications: Fresh chicken liver (20 g) was cut into pieces, homogenized in 0.1 M MnCl2
and centrifuged. The supernatant was brought to pH 5–6 with HCl, and ZnSO4 was
added gradually to obtain a final concentration of 20 mM. The pH was elevated to pH
7.5–8 by the addition of solid NaHCO3. The precipitate thus formed (about 87% of total
protein) was removed by centrifugation. The proteins that remained in the supernatant
were precipitated with 4.54 M ammonium sulfate. The precipitate was then dissolved in
50 mM Tris-HCl (pH 7.5) containing 0.1 M KCl and dialyzed for two days against the same
buffer, and then frozen in aliquots at −80 ◦C until used. Partially purified DHFR prepared
by this procedure has a specific activity of about 0.05 units/mg.
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2.9. Cell-Free Enzymatic Assay for DHFR

The assay was based on DHFR-dependent reduction of dihydrofolate to tetrahydro-
folate. In this process, NADPH is oxidized to NADP, and the extent of the oxidation is
monitored by the decrease in absorbance at 340 nm [20]. Tubes containing 1.0 mL each
of 0.05 M Tris-HCl buffer (pH 7.5) 0.5 M KCl, 0.137 mM NADPH, and 0.187 mM DHF
were incubated for 1 h at 25 ◦C in the absence and the presence of partially purified DHFR
(35 µg/mL) and increasing concentrations of MTX or its derivatives. The absorbance
at 340 nm was then monitored. In a typical assay, absorbance at 340 nm amounted to
1.7 ± 0.06 and 0.65 ± 0.06 in the absence and the presence of DHFR. MTX inhibits DHFR
with an IC50 value of 55 nM. A methotrexate derivative yielding an IC50 value of 0.55 µM
was considered as having 10% of the inhibitory potency of the native folic acid antagonist.

2.10. Maleimide–Thiol Exchange Assay

BSA–S–MAL–(CH2)3–CONH–MTX (0.2 mM) was dissolved in 1.0 mL 0.1 M HEPES,
pH 7.3, and transferred to a tube containing 7.5 mg GSH corresponding to 24 µM which are
100 molar excess over the conjugate. The solution was incubated for 7 h at 37 ◦C, followed
by extensive dialysis and lyophilization. Absorbance was read at 372 nm.

2.11. Cancer Cell Lines

In this study, we used two glioma cell lines: (i) CNS-1; rat glioma; (ii) U251; hu-
man glioma. Cells were a generous gift from Dr. Yael Mardor from the Sheba Medical
Center, Israel.

2.12. Growth Inhibition Effects of BSA–MTX Analogues

Cancer cell lines were grown in monoculture in 96-well plates in RPMI (CNS-1 cells)
or DMEM containing 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100 units/mL),
and streptomycin (0.1 mg/mL) under humidified atmosphere containing 5% CO2. Fol-
lowing 24 h or 48 h, MTX or BSA–MTX analogues were added to each plate to give
a final MTX or HSA–MTX analogue concentration ranging from 1 nM to 10 µM. Cell
viability was measured after 48 h using a standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, as described before [21].

2.13. Statistical Analysis

Statistical analysis was performed using the Prism (GraphPad) 6 software. Data are
presented as the means ± standard error of the mean (SEM). Differences between two
groups were assessed by an unpaired t-test and among three or more groups by a one-way
analysis of variance followed by Tukey′s multiple comparison test. A p-value of less than
0.05 was considered statistically significant.

3. Results
3.1. Searching for a Chemical Procedure to Obtain Active MTX Derivatives Following the Covalent
Introduction of Amino-Containing Nucleophiles

Of the two carboxylates of MTX, the α carboxylate participating in binding to DHFR
and its derivatization was documented to yield inactive analogues [9,10]. The γ carboxylate
of MTX is more distal to the binding site of DHFR, and its derivatization can yield products
with high or moderate affinity toward the enzyme [22,23]. In preliminary experiments,
we found that the covalent linkage of MTX to the N-terminal position of a peptide (TAT,
Table 1), synthesized by manual conventional peptide synthesis, yielded MTX–peptide
having little MTX-inhibitory potency (IC50 = 1.0 ± 0.1 µM, ~5.5% of MTX, summarized in
Table 1), suggesting that a peptide-bond formation by the routine carbodiimide solid-phase
synthesis takes place predominantly through the α-amino side chain of MTX.
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= 0.65 ± 0.06 in its presence (taken as 100% activity). 
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linked to MTX through its γ-carboxylate moiety (experimental procedure). Three such an-
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(CH2)2–NHγCO–MTX], BSA–GSSG–MTX; [BSA–S–MAL–(CH2)3–CO–NH–GSSG–
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Figure 1. Inhibition of dihydrofolate reductase by MTX and MTX analogues. The indicated con-
centrations of MTX and its derivatives were analyzed for their potencies to inhibit the reduction
of dihydrofolate to tetrahydrofolate by DHFR. In this process, NADPH is oxidized to NADP and
the extent of this oxidation is monitored by the decrease in absorbance at 340 nm (experimental
section). OD340 amounted to 1.7 ± 0.06 in the absence of the enzyme (taken as 100% inhibition) and
to O.D340 = 0.65 ± 0.06 in its presence (taken as 100% activity).

Table 1. Dihydrofolate reductase inhibitory potencies of methotrexate-amino-containing derivatives.

Derivative
Designation

Abbreviated
Structure IC50 nM % Inhibition relative to MTX

Methotrexate MTX 55 ± 4 (a) 100
MTX–hexylamine MTX–CONH–(CH2)6–NH2 80 ± 4 69
MTX–dicystamine MTX–CONH–(CH2)2–S–S–(CH2)2–NH2 110 ± 12 50
MTX–cystamine MTX–CONH–(CH2)2–SH 340 ± 11 16.2

MTX–TAT–peptide MTX–AYGRKKRRQRRR 1000 ± 200 5.5
HSA–(MTX)40 HSA–(NH–CO–MTX)40 2100 ± 150 2.6

(a) Determined under the experimental conditions specified in the legend to Figure 1.

Huang et al. investigated the reaction of aniline with α-amino-blocked L-glutamic
acid anhydride. They found that this reaction yielded almost exclusively the γ-anilide
isomer [24]. Based on that, we prepared MTX–anhydride by treating MTX with one
equivalent of DCC in DMF. A stoichiometric amount of DCU was precipitated within
a period of 0.5 h, indicating that MTX–anhydride was formed in a quantitative fashion
under these experimental conditions (Scheme 1). The reaction of MTX–anhydride with
low molecular-weight amino-containing nucleophiles (R–CH2–NH2) yielded analogues
which preserved 16–69%, the DHFR inhibitory potency of MTX (IC50 values in the range
of 0.08–0.34 µM, Table 1). Out of the five MTX derivatives studied, MTX–CONH–(CH2)6–
NH2 was the most potent. It preserved 69% the potency of MTX (IC50 = 0.08 µM, Figure 1
and Table 1). Thus, linking amino-containing compounds up to a molecular weight of
about 300 Da by this procedure yields fairly potent MTX derivatives. We next reacted
human serum albumin (HSA) with MTX–anhydride obtaining HSA derivatives containing
up to 40 M of MTX per mole of HSA linked to the amino side-chains of the protein
(experimental procedure). HSA–(MTX)40 had only 2.6% the inhibitory potency of MTX
(IC50 = 2.1 ± 0.2 µM, Figure 1 and Table 1), indicating that MTX linked to a macromolecule
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such as albumin through its γ-carboxylate moieties is, in principle, a prodrug, provided that
such conjugates are capable of undergoing reactivation following entrance into tumorigenic
cells.
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as R–CH2–NH2 react preferentially with the γ-carbon (indicated by the arrow) to obtain γ-carbox-
ylate-substituted derivatives (III) owing to the higher pKa (pKa~4.1) of the γ-carboxylate, as opposed 
to that of the α-carboxylate (pKa~2.1). A detailed description of this procedure can be found in 
Methods. 

Scheme 1. The schematic synthetic procedure used to link amino-containing nucleophiles to the
γ-carboxylate moiety of methotrexate. Methotrexate is initially treated with one equivalent of
dicyclohexylcarbodiimide (DCC) to obtain the mixed anhydride (II). Amino-containing nucleophiles
such as R–CH2–NH2 react preferentially with the γ-carbon (indicated by the arrow) to obtain γ-
carboxylate-substituted derivatives (III) owing to the higher pKa (pKa~4.1) of the γ-carboxylate, as
opposed to that of the α-carboxylate (pKa~2.1). A detailed description of this procedure can be found
in Methods.

3.2. Preparing BSA–MTX Prodrug Analogues

Bovine serum albumin has a single cysteinyl moiety (cysteine 34), enabling introduc-
tion of MTX in a monomodified fashion, through a spacer maleimide (MAL) molecule
linked to MTX through its γ-carboxylate moiety (experimental procedure). Three such ana-
logues were prepared: BSA–S–S–MTX; [BSA–S–MAL–(CH2)3–CONH–(CH2)2–S–S–(CH2)2–
NHγCO–MTX], BSA–GSSG–MTX; [BSA–S–MAL–(CH2)3–CO–NH–GSSG–NHγCO–MTX]
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and BSA–(CH2)6–NHγCO–MTX; [BSA–S–MAL–(CH2)3–CONH–(CH2)6–NHγCO–MTX]
(Scheme 2). In the first two analogues, the spacer contains a disulfide bond. This was
designed to evaluate whether the cells are equipped with cytosolic or endocytic disulfide
bond-breaking machinery, and whether such activity would elevate the antiproliferative
efficacy of those disulfide-containing analogues.
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Scheme 2. Schematic presentation of the three monomodified analogues of BSA–MTX. (A) BSA–S–S–
MTX, (B) BSA–(CH2)6–NH–γ–CO–MTX, and (C) BSA–GSSG–NH–γ–CO–MTX.

3.3. BSA–MTX Analogues Are Prodrugs

All three BSA–MTX analogues prepared had 2% to 7% the potency of MTX, to inhibit
DHFR in a cell-free assay (summarized in Table 2). The disulfide-containing derivatives
undergo 5- to 7-fold reactivation in the presence of 2mM dithioerythritol (Table 2). These
analogues also undergo reactivation by reduced glutathione (GSH) and by L-cysteine
(IC50-value 0.8–1.2 mM for both, Figure 2). Glutathione and L-cysteine do not reactivate
BSA–GSSG–MTX or BSA–S–S–MTX (not shown) at concentrations of 100 µM or lower
(Figure 2). Thus, all three analogues expect to be systemically inactive, and therefore are
nontoxic in body fluids, as those are devoid from significant amounts of disulfide-reducing
agents such as GSH [12].

Table 2. Dihydrofolate reductase inhibitory potencies of BSA–MTX analogues. Reactivation by
dithioerythritol (DTT).

Derivative Designation DHFR Inhibitory Potency
(IC50, nM)

% Activity
Relative to

MTX
Fold Reactivation by DTT

BSA–(CH2)6–MTX 790 ± 30 7.0
BSA–S–S–MTX 2750 ± 200 2.0

BSA–S–S–MTX + 2 mM DTT 390 ± 30 14.1 7.05
BSA–GSSG–MTX 1750 ± 120 3.14

BSA–GSSG–MTX + 2 mM DTT 340 ± 20 16.2 5.16
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Figure 2. Reactivation of BSA–GSSG–MTX by reduced glutathione and L-cysteine. A solution of
BSA–GSSG–MTX (50 µM in 0.1 M HEPES buffer, pH 7.4, 130 mM NaCl) was divided into plastic
tubes (1.0 mL/tube) and incubated for 2 h at 25 ◦C in the absence and the presence of 2 mM DTT
and the indicated concentrations of either GSH or L-cysteine. Samples were then analyzed for their
DHFR inhibitory potencies and the IC50 values were determined. Results are expressed as percent of
maximal reactivation (obtained by preincubation with 2 mM DTT). Each point is the arithmetic mean
of n = 4 tubes ± SEM.

3.4. Lack of Maleimide–Thiol Exchange of BSA–(CH2)6–MTX following Treatment with Reduced
Glutathione (GSH)

Shen et al. [25] have demonstrated that SH-containing proteins, linked via maleimide
to drugs, can undergo maleimide–thiol exchange if exposed to cysteine or to glutathione. To
examine if such exchange takes place with BSA–S–MAL–(CH2)3–CONH–(CH2)6–NHCO–
MTX, we incubated this derivative with 100 molar excess of GSH for a period of 7 h at pH
7.3, 37 ◦C. The conjugate was then dialyzed, lyophilized, and examined for its absorbance
at 372 nm. As can be seen in Table 3, BSA–S–MAL–(CH2)3–CONH–MTX did not undergo
significant maleimide–thiol exchange following prolonged incubation with 100-fold molar
excess of GSH. This suggests that the maleimide linked to cysteine 34 of BSA is not exposed
to the external medium.

Table 3. Lack of maleimide–thiol exchange of BSA–S–MAL–(CH2)3–CONH–MTX(a) following treat-
ment with reduced glutathione (GSH).

Treatment Absorbance at 372 nm per mg Protein

Control 0.479 ± 0.03
GSH (a) 0.487 ± 0.03

(a) BSA–S–MAL–(CH2)3–CONH–MTX (0.2 mM) dissolved in 1.0 mL 0.1 M HEPES, pH 7.3, and transferred to a
tube containing 7.5 mg GSH corresponding to 24 µM which are 100 molar excess over the conjugate. The solution
was incubated for 7 h at 37 ◦C, followed by extensive dialysis and lyophilization.

3.5. Selecting MTX-Sensitive and MTX-Insensitive Glioma Cell Lines for Studying the
Antiproliferative Effects of BSA–MTX Analogues

The documented inhibitory effects of MTX in a variety of glioma cell lines has an
average EC50 of 2.4 µM with a large variation among different lines [26]. Following
screening, we selected two glioma cell lines which differ significantly in their response to
MTX. The first is an MTX-sensitive rat glioma cell line (CNS-1) with EC50 (the effective
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concentration needed to obtain 50% of viable cells relative to untreated cells) of ~0.07 µM
and 64% maximal effect (i.e., 36% viability in comparison to nontreated cells) within 48 h.
The second cell line, the human glioma U251, is relatively insensitive to MTX. It has EC50
of ~10 µM which is also the concentration needed to obtain a 49% maximum effect within
48 h of treatment (Figure 3).
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Figure 3. Viability of CNS-1 and U251 towards MTX. CNS-1 and U251 glioma cells were seeded in
96-well plates and MTX was applied a day later at the indicated concentrations. MTT assay was
performed after 48 h. Viability is presented as mean ± SEM of each group in comparison to untreated
cells. n ≥ 20 from at least six different experiments. There is a significant difference of p < 0.01
between the two cell lines in all concentrations measured.

3.6. Comparison of the Antiproliferative Potencies of the BSA–MTX Conjugates in the Insensitive
and Sensitive Glioma Cell Lines

Both BSA–MTX conjugates, BSA–S–S–MTX and BSA–(CH2)6–MTX, were found to be
significantly more potent in the MTX-insensitive glioma cell line (Figure 4). As expected,
those BSA–MTX analogues were less potent than MTX in the MTX-sensitive cell line.
Nevertheless, at 10 µM (and to a lesser extent also at 1 µM), the BSA–MTX conjugates were
significantly more inhibitory than MTX (Figure 4B).
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tem (Table 2). We next determined whether it is possible to regenerate activity in the gli-
oma cell lines. Both analogues lost a significant amount of their antiproliferative potency 
and were significantly less effective in reducing the viability of the glioma cells in com-
parison to BSA–S–S–MTX (Figure 5). This was seen with both glioma cell lines in the con-
centration range of 1–10 µM at which BSA–S–S–MTX and BSA–(CH2)6–MTX are highly 
potent. Thus, it appears that preservation of the native structure of the carrier protein is 
required for either entry into those cell lines and/or obtaining the appropriate fragmenta-
tion requiring to turn those “silent” analogues into cytotoxic-active species. 

Figure 4. Viability of CNS-1 and U251 towards BSA–MTX derivatives. U251 (A) and CNS-1 (B) glioma
cells were seeded in 96-well plates, and a day later, BSA–MTX derivatives were added at the concen-
trations shown. MTT assay was performed after 48 h to measure the viability of the cells. Viability of
each conjugate was normalized to the viability of the cells treated with free MTX at each concentration.
Data are presented as average mean± SEM of each group in comparison to MTX-treated cells. n ≥ 20
from at least three different experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. MTX-treated cells.

3.7. Analyzing the Antiproliferative Potencies of Albumin–MTX Conjugates That Lost the Native
Three-Dimensional Structure of the Protein

We prepared two analogues of albumin–MTX in which the native structure of the
carrier protein was disrupted, either by cleaving it at four sites with cyanogen bromide
(CNBr-cleaved BSA–S–S–MTX) or derivatizing several of its amino side chains with MTX
(HSA–MTX40). Both analogues had negligible potency to inhibit DHFR in the cell-free
system (Table 2). We next determined whether it is possible to regenerate activity in
the glioma cell lines. Both analogues lost a significant amount of their antiproliferative
potency and were significantly less effective in reducing the viability of the glioma cells
in comparison to BSA–S–S–MTX (Figure 5). This was seen with both glioma cell lines
in the concentration range of 1–10 µM at which BSA–S–S–MTX and BSA–(CH2)6–MTX
are highly potent. Thus, it appears that preservation of the native structure of the carrier
protein is required for either entry into those cell lines and/or obtaining the appropriate
fragmentation requiring to turn those “silent” analogues into cytotoxic-active species.
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Figure 5. Viability of CNS-1 and U251 towards HSA–(MTX)40 and CNBr-cleaved BSA–S–S–MTX.
U251 (A) and CNS-1 (B) glioma cells were seeded in 96-well plates, and a day later, derivatives
were added at the concentrations mentioned in the Figure. MTT assay was performed after 48 h to
measure the viability of the cells. Viability of each conjugate was normalized to the viability of the
cells treated with BSA–S–S–MTX at each concentration. Data are presented as average mean ± SEM
of each group in comparison to BSA–S–S–MTX–treated cells. n ≥ 12 from at least four different
experiments. *** p < 0.001 vs. BSA–S–S–MTX–treated cells.

The inclusion of a disulfide bond in the spacer connecting MTX to BSA does not
elevate the antiproliferative effect of the conjugate. As malignant tissues have elevated
intracellular GSH, reaching concentrations as high as 10 mM [27,28] while the circulatory
system possesses low reductive potency [29], it was logical to assume that BSA–MTX
conjugates containing a disulfide bond will have increased selectivity and enhanced killing
potency towards cancerous cell lines in general. We found that BSA–S–S–MTX is slightly
less potent than BSA–(CH2)6–MTX, both in the sensitive and the insensitive glioma cell
lines (Figure 4). This is in spite of the fact that GSH, at a concentration of 1 mM or
higher, reactivated this conjugate, as shown by its efficacy to inhibit DHFR in the cell-free
state (Figure 2). Thus, it suggests that the conjugate is not exposed at all to the cytosolic
glutathione following internalization.
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4. Discussion

In this study, we have engineered, synthesized, and studied conjugates of bovine-
serum albumin linked to methotrexate (BSA–MTX conjugates). Those were found to
be inactive antiproliferative prodrugs which efficiently regained their cytotoxic efficacy
following entrance into cancerous cells. The antiproliferative efficacy of these conjugates
was studied in cancerous cell lines of brain glioma origin, to complement another activity
of our laboratory aiming to transfer chemotherapeutically active macromolecules from the
blood to the brain via the blood–brain barrier (BBB) for treating major brain disorders such
as glioblastoma multiforme [14–17].

The steps involved in preparing the appropriate BSA–MTX conjugates included the
application of a chemical procedure enabling linkage of a variety of amino-containing
nucleophiles (the spacers) to MTX with the preservation of a significant level of the
DHFR-inhibitory potencies (Figure 1, Table 1, Scheme 1); the linkage of these MTX–spacer
molecules to the single cysteinyl moiety of BSA, for obtaining monomodified analogues
which preserve the native three-dimensional structure of the protein (Scheme 2); deter-
mining the DHFR inhibitory potency of these analogues in the cell-free state (Table 2);
and studying their cytotoxic potencies in two types of glioma cell lines, one of which is
insensitive to MTX (Figure 4A,B).

Of equal interest was to determine the efficacy of those glioma cell lines to regenerate
the antiproliferative potencies of albumin–MTX analogues which lost their native three-
dimensional configurations (Figure 5A,B).

The superiority of the BSA–MTX conjugates over that of MTX in the insensitive
human glioma cell line (Figure 4A) is of profound interest to us. In theory, this superiority
might be simply due to impaired MTX-transport into cells [30] which should not affect
the albumin–MTX analogues, as they enter cells by the pathway of albumin-mediated
endocytosis [31]. It should be noted, however, that this glioma cell line is only partially
resistant to MTX (Figure 3); therefore, aberrations, downstream to MTX entry, such as the
decrease in thymidylate synthase activity [32], a moderate elevation in the intracellular
level of DHFR [33], or a decrease in the binding affinity of MTX to DHFR [23], might take
place as well. Those three parameters were documented to be affected to the extent of 1.5-
to 3-fold in a variety of other tumorigenic cells that were desensitized to MTX [34].

Although we assumed a priori that the inclusion of a disulfide bond in the spacer
connecting MTX to the protein would be significantly beneficial, this assumption was found
to be incorrect. Both BSA–S–S–MTX and BSA–(CH2)6–MTX showed essentially equipotent
antiproliferative activity, both in the MTX-sensitive and the MTX-insensitive glioma cell
lines (Figure 4), even though glutathione reactivated the conjugate in the cell-free state
(Figure 2). It therefore appears that the internalized conjugate is not in contact at all with
the cytosolic glutathione. We are currently investigating whether this finding is generally
valid for endocytosed-disulfide-containing protein–toxin conjugates.

Scheme 3 combines our cell-free findings to those found in the cancerous cell lines.
BSA–S–S–MTX is a prodrug conjugate having only 1.8% (IC50 = 2.75 µM) the inhibitory
potency of MTX toward DHFR (Table 2). In theory, the spacer arm connecting MTX to the
protein can be endogenously cleaved at three sites (marked I, II, and III in the scheme).
Site I, the peptide bond linking MTX via the γ-carboxylate moiety to the spacer, appeared
quite uncleavable due to steric hindrance, as previously documented [8]. Site II (the
disulfide bond) appears to be negligibly cleaved endogenously as well. BSA–(CH2)6–MTX,
which lacks this disulfide bond, shows equipotent potency as BSA–S–S–MTX (Figure 4).
Thus, the peptide bond at site III appeared to be the one which is predominantly cleaved
endogenously in the tumorigenic cell lines yielding MTX–COγNH–(CH2)6–NH2, an MTX
derivative which preserves 69% (IC50 = 0.08 µM) of the DHFR-inhibitory potency of the
native folate antagonist (Table 1). Thus, a simple spacer arm connecting MTX to albumin,
made of ethylene-chain, and containing a single peptide bond-distal from the protein
backbone by about 8.7 Å, and apart from the covalently linked MTX by about 12 Å, appears
most appropriate to bridge cysteine 34 of albumin to MTX (Scheme 3B) for obtaining
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endogenously-reactivatable prodrug conjugate in the cancerous cell lines studied here.
More complicated spacer arms, such as that obtained in our BSA–G–S–S–G–MTX analogue
(Scheme 2) appears less promising. It showed low antiproliferative efficacy in the cancer cell
lines (unpublished results). These findings also substantiate the poor endogenous efficacy
of the tumorigenic cell lines to facilitate glutathione- or cysteine-dependent chemical
reduction. Both GSH and cysteine are highly effective in reactivating the DHFR inhibitory
potency of this analogue in the cell-free state (Figure 2).
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prolonged period at pH 7.3, 37 °C with high concentrations of reduced glutathione (GSH). 
We found that such exchange does not occur with this conjugate (Table 3). Cysteine 34 of 
albumin is located in a deep hydrophobic crevice of 10–12 Å [37]. It therefore seems that 
the maleimide linked to this cysteine is buried within this crevice, and not exposed to this 
potential exchange. 

Although not in the framework of this study, it appears to us that replacement of 
MTX therapy by albumin–MTX prodrug therapy is expected to minimize the acquired 
resistance to MTX which develops upon MTX treatment in cancerous cells. Such ana-
logues that introduce MTX to the cell by an alternative pathway may therefore leave folate 
carrier free for folic acid entry. Endogenous albumin–MTX cannot be converted to MTX–

Scheme 3. Schematic presentation of the putative endogenously cleaved sites in the BSA–MTX
conjugates studied. (A) BSA-S-S-MTX; Shown in parenthesis the inhibitory potencies of DHFR by
the whole conjugate (I.C50 = 2.75 µM) and the inhibitory potencies of the two potentially cleaved
MTX containing fragments (I.C50 = 0.34 µM and 0.11 µM respectively). (B) BSA-(CH2)6–MTX; Shown
in upper parenthesis, the inhibitory potency of DHFR by the potentially cleaved MTX containing
fragment (I.C50 = 0.08 µM, 69 % the efficacy of non-modified MTX).

Interestingly, thiosuccinimide linkages are now known to be less robust than once
thought, and may undergo maleimide–thiol exchange, for example, by cysteine or GSH
present in the external medium [35,36]. This may constitute a drawback to protein–drug
conjugates if they undergo such maleimide–thiol exchange. We studied whether such
exchange takes place with BSA–S–MAL–(CH2)3–CONH–MTX, which was incubated for a
prolonged period at pH 7.3, 37 ◦C with high concentrations of reduced glutathione (GSH).
We found that such exchange does not occur with this conjugate (Table 3). Cysteine 34 of
albumin is located in a deep hydrophobic crevice of 10–12 Å [37]. It therefore seems that
the maleimide linked to this cysteine is buried within this crevice, and not exposed to this
potential exchange.

Although not in the framework of this study, it appears to us that replacement of
MTX therapy by albumin–MTX prodrug therapy is expected to minimize the acquired
resistance to MTX which develops upon MTX treatment in cancerous cells. Such analogues
that introduce MTX to the cell by an alternative pathway may therefore leave folate carrier
free for folic acid entry. Endogenous albumin–MTX cannot be converted to MTX–glutamate
or to MTX–polyglutamate by folylpolyglutamate synthetase—an event that prolongs the
lifetime of MTX by entrapment [38]. With albumin–MTX, this prolongation is not required,
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and the induction of desensitization by decreasing the synthesis of MTX–polyglutamate
for shortening lifetime of endogenous MTX becomes irrelevant. Dihydrofolate reductase
(DHFR) is inhibited by nonmodified MTX at extremely low concentration [39], restricting
the inhibitory effect of DHFR by albumin–MTX conjugate, solely to the folic acid-dependent
cascade. Undesirable inhibition of RNA and protein synthesis by MTX might be avoided.
Inhibition of DHFR per se can still lead to acquired resistance to MTX by increasing DHFR
content and/or decrease thymidylate synthase activity. However, such albumin–MTX
prodrug analogues preserve low level of active MTX in a continuous fashion, both externally
and endogenously following permeation into the cells. This may prevent overdosing of
MTX and the consequent side effects.

We have previously found that MTX–amino compounds, such as MTX–CONH–
(CH2)6–NH2, covalently linked to carboxylate moieties, such as PEG40–COOH, undergo
unusual MTX-dependent acid-dependent peptide bond cleavage, catalyzed by the α-
carboxylate moiety of MTX [40]. Unlike what we thought before, this peptide bond is not
cleaved in BSA–(CH2)6–MTX at neutral pH value (Table 3). This is most likely due to the
fact that this peptide bond is well located within the 10–12 Å hydrophobic crevice following
the covalent linkage to cysteine 34 of BSA. This cleavage, however, expects to take place in
an accelerated rate intracellularly due to either degradation of the conjugate and/or by the
acidic pH of the lysosome, elevating the reactivation efficacy of those pro-drug conjugates
in an intracellular fashion.

In conclusion, the following three conditions appear to be required to engineer the
appropriate albumin–MTX prodrug analogues in the future: (i) MTX should be linked to the
amino-containing spacer via its γ carboxylate moiety; (ii) the spacer should contain a readily
cleavable bond in close proximity to the MTX; (iii) in agreement with previous studies [6,41],
the conjugated albumins must preserve their native structure for undergoing extravasation
by malignant tissues. As MTX is a drug used also in noncancerous application, such as
arthritis, for example, the suggested binding technology might be used also for conjugating
it to other macromolecules, such as anti-inflammatory monoclonal antibodies, to increase
treatment efficacy and tolerance and to reduce side effects.
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Abbreviations

BSA bovine serum albumin
MTX methotrexate
DHF dihydrofolic acid
DHFR dihydrofolate reductase
MAL–(CH2)3–COOSu maleimidopropionic acid-N-hydroxysuccinimide ester
GSSG oxidized glutathione
BSA–S–S–MTX BSA–S–MAL–(CH2)3–CONH–(CH2)2–S–S–(CH2)2–NHγCO–MTX
BSA–GSSG–MTX BSA–S–MAL– (CH2)3–CONH–GSSG–NHγCO–MTX
BSA–(CH2)6–MTX BSA–S–MAL–(CH2)3–CONH–(CH2)6–NHγCO–MTX
MALDI-TOF matrix-assisted laser desorption ionization time of flight
ESMS electrospray single quadruple mass spectroscopy
DCC N,N′ dicyclohexylcarbodiimide
GSH reduced glutathione
DMF dimethylformamide
DIPEA N,N′ diisopropylethylamine
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Abstract: Serum albumin binding moieties (ABMs) such as the Evans blue (EB) dye fragment and
the 4-(p-iodophenyl)butyryl (IP) have been used to improve the pharmacokinetic profile of many
radiopharmaceuticals. The goal of this work was to directly compare these two ABMs when con-
jugated to an integrin αvβ6 binding peptide (αvβ6-BP); a peptide that is currently being used for
positron emission tomography (PET) imaging in patients with metastatic cancer. The ABM-modified
αvβ6-BP peptides were synthesized with a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid
(DOTA) chelator for radiolabeling with copper-64 to yield [64Cu]Cu DOTA-EB-αvβ6-BP ([64Cu]1)
and [64Cu]Cu DOTA-IP-αvβ6-BP ([64Cu]2). Both peptides were evaluated in vitro for serum albumin
binding, serum stability, and cell binding and internalization in the paired engineered melanoma
cells DX3puroβ6 (αvβ6 +) and DX3puro (αvβ6 −), and pancreatic BxPC-3 (αvβ6 +) cells and in vivo
in a BxPC-3 xenograft mouse model. Serum albumin binding for [64Cu]1 and [64Cu]2 was 53–63%
and 42–44%, respectively, with good human serum stability (24 h: [64Cu]1 76%, [64Cu]2 90%). Selec-
tive αvβ6 cell binding was observed for both [64Cu]1 and [64Cu]2 (αvβ6 (+) cells: 30.3–55.8% and
48.5–60.2%, respectively, vs. αvβ6 (−) cells <3.1% for both). In vivo BxPC-3 tumor uptake for both
peptides at 4 h was 5.29 ± 0.59 and 7.60 ± 0.43% ID/g ([64Cu]1 and [64Cu]2, respectively), and
remained at 3.32 ± 0.46 and 4.91 ± 1.19% ID/g, respectively, at 72 h, representing a >3-fold improve-
ment over the non-ABM parent peptide and thereby providing improved PET images. Comparing
[64Cu]1 and [64Cu]2, the IP-ABM-αvβ6-BP [64Cu]2 displayed higher serum stability, higher tumor
accumulation, and lower kidney and liver accumulation, resulting in better tumor-to-organ ratios for
high contrast visualization of the αvβ6 (+) tumor by PET imaging.

Keywords: albumin binding moieties; peptides; Evans blue; 4-(p-iodophenyl)butyric acid; integrin
αvβ6; integrin αvβ6 binding peptide; improved pharmacokinetics; PET imaging

1. Introduction

The use of biologically active molecules such as peptides and antibodies continues
to increase for both diagnosis and therapy [1–3]. Peptides are attractive platforms for
diagnostics due to their ability to achieve high target binding affinity and in part due to
their small size which results in short biological half-life and rapid clearance from non-
target tissues, producing good target-to-non-target contrast, low toxicity, and generally low
or absent immunogenicity [1]. Synthetic advantages of peptides include simple preparation
and easy, flexible functionalization or chemical modification to further improve affinity,
stability, selectivity, and overall pharmacokinetic properties [1,4]. However, some of
the properties that are desirable for a diagnostic agent can hamper the translation to a
therapeutic, which relies on a prolonged circulation for high and persistent uptake in
the targeted tissue. Too rapid clearance can render the therapeutic ineffective, and poor
clearance from non-target tissue can lead to off-target toxicity. Thus, peptides typically
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require fine-tuning for therapeutic applications to balance circulation time and provide
high target accumulation with sufficient clearance from non-target tissues [5–7].

Chemical modifications of peptides offer a route to improving these pharmacoki-
netic properties; this includes incorporation of polyethylene glycol (PEG; PEGylation),
glycosylation, or the formation of protein conjugates (e.g., with serum albumin) [4,8–11].
PEGylation is a convenient approach as PEGs are commercially available in a variety of
molecular sizes, including mono-disperse PEGs with various functional groups for syn-
thetic orthogonality [1,9]. PEGylation increases hydrophilicity (reducing kidney, lung, and
liver accumulation) [12,13], provides increased stability (by protection from proteases),
and reduces immunogenicity (by masking the peptide) [9,13]. The size and placement
of the PEG on the peptides can significantly affect the pharmacokinetics and tumor ac-
cumulation [12–14]. Stability, circulation time, and tumor uptake of peptides can also be
increased by chemical ligation ex vivo to serum albumin (taking advantage of albumin’s
size, long circulation time, and renal recycling) [8,15–17]. Alternatively, the same benefit
can be achieved by direct attachment of a small albumin binding moiety (ABM) onto the
peptide without substantially increasing the size. The ABM binds reversibly to albumin
in the blood, thereby increasing circulation time and facilitating renal recycling, which,
in turn, increases target tissue accumulation [8,15,16,18]. Several ABMs have been em-
ployed to modify pharmaceuticals currently used in the clinic, with some being used on
their own, primarily for measuring plasma volume [16]; among the first ABMs used to
modify pharmaceuticals were long-chain fatty acids, such as myristic and palmitic acid [5],
and later other lipophilic molecules including benoxaprofen, phenytoin, ibuprofen, and
naproxen [16].

More recently, two ABMs in particular, a fragment of Evans blue (EB) dye and the
4-(p-iodophenyl)butytryl (IP) group, have also been used to modify the pharmacokinetic
profile of radiopharmaceuticals, in particular small molecules (folic acid and prostate
specific membrane antigen (PSMA) agents) and peptides (octreotide, exendin-4, and
cRGDfK) [10,11,16,18–20]. The EB-ABM was derived from Evans blue dye, a dye which has
been used clinically for over 90 years to measure plasma volume and determine blood-brain
barrier integrity [16,17,21]. The EB-ABM fragment was first used in 2004 as an MRI contrast
agent for imaging blood vessels [22] and has since been used for a variety of applications,
including determining blood volume, vascular permeability, and as a conjugate to enhance
receptor targeting agents (small molecules and peptides) for both cancer imaging and
therapy [9,17,23–26]. The IP-ABM has also been studied extensively to enhance radiophar-
maceuticals (small molecules and peptides), where the group at the para-position of the
aromatic ring of the IP-ABM can be tuned to adjust serum albumin affinity [15,27,28], and
a neighboring aspartate residue (D) has been shown to provide a more sustained tumor
retention [29]. Numerous preclinical studies have evaluated both ABMs and noted pro-
longed blood circulation, with an increase in tumor uptake that can also lead to a reduction
of kidney accumulation [7,11,18].

The Sutcliffe laboratory has spent over a decade developing and optimizing an integrin
αvβ6-binding peptide (αvβ6-BP) [30] to selectively target integrin αvβ6, an epithelium cell
surface receptor that is absent or expressed in low levels in healthy adult epithelia, but is
highly expressed in numerous challenging cancers, where it is associated with angiogenesis,
proliferation, invasion, metastasis, and chemoresistance [31–41]. Thus, the integrin αvβ6
has been recognized as negative prognostic indicator with the expression levels correlating
to poor prognosis and overall survival in many cancers [31–41]. During the optimization
of the αvβ6-BP, the bi-terminal PEGylation with monodispersed PEG28 of the 20 amino
acid A20FMDV2-peptide (NAVPNLRGDLQVLAQKVART) derived from the integrin αvβ6-
targeting foot and mouth disease virus, showed greatly improved integrin αvβ6 affinity
and selectivity, and improved on the peptide’s stability and tumor accumulation and
retention [14]. Since then, further modifications have been tested in numerous preclinical
models with an advancement of the peptide to >10-fold increase in tumor accumulation
and the successful translation of the 4-[18F]fluorobenzoyl labeled [18F]αvβ6-BP into the
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clinic for PET imaging of a variety of cancers, including pancreatic adenocarcinoma [30].
Further optimization of αvβ6-BP continues towards an integrin αvβ6 targeted peptide
receptor radionuclide therapy (PRRT).

Recently, Hausner et al. described the IP-ABM modified αvβ6-BP radiolabeled us-
ing 1,4,7-triazacyclo-nonane-N,N’,N”-triacetic acid (NOTA) for aluminum [18F]fluoride
chelation, with the goals of improving the biodistributions and simplifying the fluorine-18
radiochemistry [42]. The [18F]AlF NOTA-IP-ABM-αvβ6-BP had increased blood circulation
and tumor accumulation that allowed for high-contrast PET imaging at 6 h post-injection
(p.i.) [42], and >3.5-fold lower kidney retention than the very early generation [18F]AlF
NOTA-A20FMDV2-peptide [43]. Building on these data and to extend the imaging window
beyond that of fluorine-18 (t1/2 = 109.7 min), a copper-64 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetracetic acid (DOTA) IP-ABM-αvβ6-BP (t1/2 = 12.7 h) was prepared, which again
resulted in an increased tumor accumulation that allowed PET imaging up to 72 h p.i. [44].

In the present study, we describe a head-to-head comparison of the αvβ6-BP modified
with either EB-ABM or IP-ABM, with the goal to examine if fine tuning of the ABM could
further increase tumor accumulation. Copper-64 radiolabeled [64Cu]Cu DOTA-EB-αvβ6-BP
([64Cu]1) and [64Cu]Cu DOTA-IP-αvβ6-BP ([64Cu]2), along with the non-αvβ6-targeting
ABM controls [64Cu]Cu DOTA-EB ([64Cu]3) and [64Cu]Cu DOTA-IP ([64Cu]4; Figure 1)
were synthesized. Peptides [64Cu]1 and [64Cu]2 were evaluated in vitro by competitive
ELISA, serum stability, albumin binding assays, and cell binding and internalization assays
with DX3puroβ6 (αvβ6+), DX3puro (αvβ6−), and BxPC-3 (αvβ6+) cells (against controls
[64Cu]3 and [64Cu]4), and in vivo by PET/CT imaging and biodistribution studies in mice
bearing BxPC-3 xenograft tumors (4–72 h, p.i., against controls [64Cu]3 and [64Cu]4 at
4 h, p.i.).

Figure 1. (A) Chemical structures of 64Cu-radiolabeled-ABM-αvβ6-BP: [64Cu]Cu DOTA-EB-αvβ6-BP
and [64Cu]Cu DOTA-IP-αvβ6-BP ([64Cu]1 and [64Cu]2). (B) Chemical structures of 64Cu-radiolabeled
non-targeting-ABM controls: [64Cu]Cu DOTA-EB and [64Cu]Cu DOTA-IP ([64Cu]3 and [64Cu]4).
[αvβ6-BP = PEG28-NAVPNLRGDLQVLAQRVART-PEG28-CONH2].

2. Materials and Methods
2.1. Materials and General Information

Amino acids N-terminally protected with a fluorenylmethyloxycarbonyl (Fmoc) pro-
tecting group and acid labile side chain protecting groups (trityl, Pbf, tert-butyl, or Boc) were
purchased from Novabiochem (MA, USA) or GL Biochem (Shanghai, China). The orthogo-
nally protected lysine with a 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl
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(ivDde) sidechain protecting group and an N-terminal Fmoc protecting group, Fmoc-
Lys(ivDde)-OH was purchased from ChemPep (Wellington, FL, USA) and the reverse
ivDde-Lys(Fmoc)-OH was purchased from EMD (MA, USA). The Fmoc-NH-PEG28 car-
boxylic acid was purchased from Polypure (Oslo, Norway) and the chelator DOTA-tris(tert-
butyl ester) was purchased from CheMatech (Dijon, France) and Macrocyclics (Plano,
TX, USA). The coupling reagent 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU) was purchased from GL Biochem, and
benzotriazol-1-yl-oxytripyrrolidinophosphoniumhexafluorophosphate (PyBOP) was pur-
chased from Novabiochem. Ethylenediaminetetraacetic acid (EDTA), manganese chloride
(MnCl2), and Tris were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tween 20 and
sodium chloride (NaCl) were purchased from Fisher (Hampton, NH, USA). The non-fat dry
milk powder was purchased from Raley’s (West Sacramento, CA, USA). Anhydrous N,N-
diisopropylethylamine (DIPEA) and hydrazine were purchased from Sigma-Aldrich and
used without additional purification. Solvents N,N-dimethylformamide (DMF), dimethyl-
sulfoxide (DMSO), acetonitrile (ACN), methanol (MeOH), dichloromethane (DCM), ethyl
acetate (EtOAc), n-hexanes, and pyridine were purchased from EMD or Acros (NJ, USA).
Water used was purified with a Millipore Integral 5 Milli-Q water system at 18.2 MΩ/cm
resistivity through a 0.22 µm filter. All solid phase couplings were carried out by rota-
tion in a fritted polypropylene reactor. Thin-layered chromatography (TLC) plates (silica
gel 60 with 254 nm fluorescent indicator) from EMD were visualized by UV lamp at
254 nm and/or iodine staining (for the synthesis of 6). Purification of compound 6 was
carried out by normal phase flash column chromatography with silica gel (40–63 µm;
Silicycle, QC, Canada). Characterization, purity, and stability were assessed by analyti-
cal C12-reverse-phase (RP) high-pressure liquid chromatography (HPLC) column (Jupiter
Proteo, 250 mm × 4.6 mm × 4 µm; Phenomenex, Torrance, CA, USA). A Semi-preparative
C18-RP-column (Proteo-Jupiter, 250 mm × 10 mm × 10 µm; Phenomenex) was used for
purification as described in the Supporting Information (Table S3). All RP-HPLC were
carried out on a Dionex Ultimate 3000 HPLC system or a Beckman Coulter Gold HPLC
with the latter being used for all radio-RP-HPLC analysis. RP-HPLC were monitored
by a UV detector at a wavelength of 220 nm; a serially connected gamma detector was
used to monitor radioactivity. [64Cu]CuCl2 was from the University of Wisconsin Medical
Physics Department (WIMR Cyclotron Labs, Madison, WI, USA). Tissue culture and cel-
lular assays used Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial
Institute (RPMI) 1640 medium, fetal bovine serum (FBS), bovine serum albumin (BSA),
penicillin-streptomycin-glutamine (PSG), puromycin, and phosphate buffered saline (PBS;
all: Gibco/Thermo Fisher). The DX3puroβ6 and DX3puro cells were a gift from Dr. John
Marshall. The DX3puroβ6 and DX3puro cell lines were maintained in DMEM medium, sup-
plemented with 10% FBS, 1% penicillin-streptomycin-glutamine, and 2 mg/mL-puromycin.
The BxPC-3 cells were purchased from American Type Culture collection (ATCC, Manassas,
VA, USA) and maintained in RPMI 1640 medium supplemented with 10% FBS and 1%
penicillin-streptomycin-glutamine. Cells were kept in a humidified incubator at 37 ◦C
under a 5%-carbon dioxide atmosphere. A Wizard 1470 or Wizard2 2470 automatic γ-
counter (Perkin-Elmer, Waltham, MA, USA) was used to measure radioactivity samples.
Mass spectrometry analysis was performed at the UC Davis Mass Spectrometry Facility
using either a matrix assisted laser desorption ionization time of flight (MALDI- TOF)
spectrometer (UltraFlextreme; Bruker, Billerica, MA, USA) in positive ionization mode
with a sinapic acid matrix (Sigma-Aldrich), or with electrospray ionization (ESI) using
a quadrupole ion-trap mass spectrometer (Orbitrap; ThermoFisher). Nuclear magnetic
resonance (NMR) spectra were collected at the UC Davis NMR Facility on an 800 MHz
Bruker instrument with the chemical shifts referenced to the residual solvent of deuterium
oxide (D2O, HOD 4.79 ppm).
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2.2. Synthesis of EB-ABM 8

The synthesis of the Evans blue fragment (EB-ABM 8) was based on previously de-
scribed methods [7,17,45] (Scheme 1). In brief, o-tolidine 5 (531 mg, 2.5 mmol; TCI America,
Inc., OR, USA) was dissolved in anhydrous pyridine (1 mL) followed by the addition of
succinic anhydride (300 mg, 3.0 mmol) in DMF (1 mL) and allowed to react overnight at
room temperature. The crude reaction mixture was concentrated under vacuum and puri-
fied by silica-gel column chromatography using a four solvent gradient system beginning
with EtOAc/n-hexanes (1/1, v/v) to remove unreacted o-tolidine (5, yellow band). The
solvent was then changed to 100% EtOAc before switching to MeOH/DCM (1/9, v/v)
and gradually ramping to 3/7 (v/v) to obtain 6 (648 mg, rt = 0.13, 1:1 hexanes:EtOAc) as a
white solid in 83% yield. Compound 6 was analyzed by analytical RP-HPLC and ESI mass
spectrometry (Figure S17).

Scheme 1. (A) Synthetic route to modified EB-ABM 8. (B) Radiochemical Synthesis of [64Cu]1–4. a.
Succinic anhydride, DMF, pyridine (1:1), b. NaNO2, MeOH, HCl/H2O, 0 ◦C, c. 1-amino-8-napthol-
2,4-disulfonic acid, NaHCO3, H2O, 0 ◦C, d. [64Cu]CuCl2, NH4OAc, 37 ◦C.

Compound 6 (300 mg, 0.96 mmol) was added to a 25 mL round bottom flask with stir
bar containing MeOH (7 mL) and water (5 mL). The contents were cooled to 0 ◦C (ice/brine
solution) and allowed to stir for 15 min prior to addition of concentrated hydrochloric acid
240 µL (HCl, 12.1 N; EMD). The diazonium formation of 7 was most successful when the
addition of sodium nitrite was done in two portions; the first portion of sodium nitrite
(NaNO2, 70 mg, 1.01 mmol; Sigma-Aldrich) was allowed to react for 5 min before the
addition of the second portion (NaNO2, 70 mg, 1.01 mmol), after which the reaction was
stirred an additional 30 min to generate 7 in situ, which was produced in better yields
using the methanol co-solvent than water alone [46]. During in situ formation of 7, sodium
bicarbonate (350 mg, 4.17 mmol; EMD) was dissolved in water (4 mL) with 1-amino-8-
napthol-2,4-disulfonic acid (377 mg, 1.18 mmol; TCI America, Inc.) in a separate 25 mL
round bottom flask and the contents cooled in an ice/brine solution (~20 min). Next,
the diazonium 7 reaction mixture (yellow) was cannulated into the 1-amino-8-napthol-
2,4-disulfonic acid (brown-purple) solution by drop-wise addition over 20 min while
maintaining both solutions at 0 ◦C. Upon complete addition of 7, the reaction contents were
allowed to stir for 3 h at 0 ◦C, and the crude reaction mixture was lyophilized and purified
by semi-preparative RP-HPLC, and the collected material lyophilized. The EB-ABM 8 was
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afforded as a fluffy purple solid (480 mg, 78%) and was analyzed by analytical RP-HPLC,
ESI mass spectrometry, and NMR (Figures S18 and S19).

2.3. Synthesis of DOTA-ABM-αvβ6-BPs 1 and 2

The αvβ6-BP (PEG28-NAVPNLRGDLQVLAQRVART-PEG28) was synthesized on No-
vaSyn TGR resin (NovaBiochem) and PEGylation was done using monodisperse Fmoc-amino-
PEG-propionic acid (Fmoc-PEG28-CO2H; FW = 1544.8 g/mol) as previously described [30]
using standard Fmoc-chemistry. After each coupling or deprotection the resin was rinsed
with DMF (3×), MeOH (3×), and DMF (3×). The αvβ6-BP-resin was split in equal portions
(100 mg, 0.0088 mmol) and further modified at the N-terminus for the synthesis of peptides 1
and 2. The DOTA-EB-αvβ6-BP 1 was generated by first removing the N-terminal Fmoc of the
αvβ6-BP with 20% piperidine (Sigma-Aldrich) in DMF (2 × 10 min) followed by the addition
of Fmoc-Lys(ivDde)-OH (50.6 mg, 0.088 mmol) using HATU (32.3 mg, 0.085 mmol) and DI-
PEA (30 µL, 0.172 mmol) in DMF (1 mL) for 2 h. The Fmoc was subsequently removed with
20% piperidine in DMF (2 × 10 min) and DOTA-tris(tert-butyl ester) (50.3 mg, 0.088 mmol)
was coupled for 2 h to the N-terminus with HATU (32.3 mg, 0.085 mmol) and DIPEA (30 µL,
0.172 mmol) in DMF (1 mL). The removal of the ivDde lysine-sidechain protecting group was
done with hydrazine (50 µL) in DMF (1 mL, 2 × 30 min) and the resin dried under vacuum.
The EB-ABM 8 (60 mg, 0.093 mmol) was then coupled to the ε-amine of the sidechain of the
DOTA-lysine on the αvβ6-BP-resin using PyBOP (125 mg, 0.24 mmol) and DIPEA (50 µL,
0.287 mmol) for 6 h to yield DOTA-EB-αvβ6-BP-resin 1 (Figure S4). The DOTA-EB-αvβ6-BP
1 was cleaved off the resin with concomitant removal of the protecting groups using trifluo-
roacetic acid (TFA, 2 mL; EMD), triisopropylsilane (TIPS, 50 µL; Alfa Aesar, Haverhill, MA,
USA) and water (50 µL), concentrated, purified, and characterized by analytical RP-HPLC
and MALDI-TOF (Figure S5). The IP-ABM containing-αvβ6-BP 2 was prepared as previously
described [42,44] were upon removal the N-terminal Fmoc of the αvβ6-BP-resin, a ivDde-
Lys(Fmoc)-OH was coupled. Completion of DOTA-IP-αvβ6-BP 2 was done by sequential
coupling/deFmocing of (1) Fmoc-Asp(OtBu)-OH, (2) N-γ-Fmoc-γ-aminobutyric acid, and
(3) 4-(p-iodophenyl)butyric acid using HATU and DIPEA for each coupling. Completion
of DOTA-IP-αvβ6-BP 2 was achieved by removal of the N-terminal ivDde protecting group
with 5%-hydrazine in DMF followed by attachment of DOTA-tris(tert-butyl ester) [44]. The
completed DOTA-IP-αvβ6-BP 2 was cleaved, purified, and analyzed as described above for
the DOTA-EB-αvβ6-BP 1 (Figure S8) [44].

2.4. Synthesis of Non-Targeting ABMs 3 and 4

Using Fmoc-chemistry with Rink AM resin (200 mg, 0.114 mmol; GL Biochem),
DOTA-ABM non-targeting compounds 3 and 4 were synthesized by first coupling Fmoc-
Lys(ivDde)-OH (196.6 mg, 0.342 mmol) using HATU (123.5 mg, 0.325 mmol) and DIPEA
(100 µL, 0.574 mmol) in DMF (1 mL). The Fmoc was removed with 20% (v/v) piperidine in
DMF (1 mL, 2 × 10 min) and DOTA-tris(tert-butyl ester) (80 mg, 0.140 mmol) was coupled
for 2 h with HATU (50 mg, 0.132 mmol) and DIPEA (50 µL, 0.287 mmol). Following the
ivDde protecting group removal with hydrazine (50 µL) in DMF (1 mL, 2 × 30 min), the
resin was dried under vacuum and split into equal portions for synthesis of 3 and 4. For 3,
the EB-ABM 8 (165 mg, 0.256 mmol) was coupled using PyBOP (166.5 mg, 0.32 mmol) and
DIPEA (100 µL, 0.574 mmol) for 6 h. The EB-ABM 3 was cleaved off the resin, purified, and
characterized by analytical RP-HPLC and MALDI-TOF (Figure S11). IP-ABM 4 was pre-
pared by sequential coupling/deFmocing of (1) Fmoc-Asp(OtBu)-OH (90 mg, 0.219 mmol),
(2) N-γ-Fmoc-γ-aminobutyric acid (70 mg, 0.215 mmol), and (3) 4-(p-iodophenyl)butyric
acid (65 mg, 0.224 mmol) using HATU (78 mg, 0.205 mmol) and DIPEA (100 µL, 0.574 mmol)
for each coupling. The IP-ABM 4 was then cleaved off the resin, purified, and characterized
by analytical RP-HPLC and MALDI-TOF (Figure S14).
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2.5. Radiochemical Synthesis of [64Cu]1–4

DOTA-compounds 1–4 were dissolved in metal free water at 1 µg/µL, and the
[64Cu]CuCl2 (1–10 µL of 0.5 M HCl, 1 and 2: 174–255.3 MBq, 3 and 4: 51–55 MBq) was di-
luted with 1.0 M ammonium acetate (NH4OAc, Sigma-Aldrich) aqueous solution (pH = 8.0)
to 0.27 µL/MBq. Peptides 1 and 2 were added to the NH4OAc buffered [64Cu]CuCl2 such
that the starting molar activity of the reaction was between 18.5 and 20 GBq/µmol. The
starting molar activity for compounds 3 and 4 was between 15.9 and 17.1 GBq/µmol. The
reaction mixtures were vortexed and warmed to 37 ◦C for 30 min. The radiochemical purity
was assessed by quenching an aliquot of the reaction (≤1 µL; 0.74–3.7 MBq) with 0.1 M
EDTA (50 µL) and analyzed by analytical RP-HPLC. Product identity was confirmed by
cold spike RP-HPLC, i.e., co-injection of the radiolabeled product with authenticated re-
spective [NatCu]Cu 1–4 reference standard of each compound (Figures S6, S9, S12 and S15).
[NatCu]Cu 1–4 reference standards were produced via reaction of DOTA-compounds 1–4
(0.1–0.5 mg) with excess CuCl2 (Sigma-Aldrich, 1–6 mg) in water (50 µL) for 30 min at
room temperature, and purified directly by RP-HPLC and confirmed by MALDI-TOF
(Figures S7, S10, S13 and S16).

2.6. Integrin αvβ6 Affinity ELISA

Affinity for the integrin αvβ6 was determined by competitive binding ELISA of
[NatCu]1 and [NatCu]2 against biotinylated-LAP (G&P Biosciences, Santa Clara, CA, USA)
as previously described to determine the half-maximum inhibitory concentration (IC50) [44].
Briefly, in a 96 well Nunc Immuno maxisorp plate, capturing anti-αv antibody (P2W7,
5 µg/mL, Abcam, MA, USA) was plated (50 µL/well) at 37 ◦C for 1 h, washed with PBS
(3×), and blocked overnight with blocking buffer (300 µL/well, 0.5% non-fat dry milk
powder (w/v), 1% Tween 20, in PBS). It was then washed with wash buffer that consisted
of 2 mmol/L of Tris buffer (pH = 7.6), 150 mmol/L sodium chloride, 1 mmol/L manganese
chloride, and 0.1% Tween 20 (v/v) in deionized water (3×). Purified integrin αvβ6 (R&D
Systems, Minneapolis, MN, USA) in conjugate buffer (50 µL/well, 20 mM Tris, 1 mM
MnCl2, 150 mM NaCl, 0.1% Tween, 0.1% milk powder in water) was then added to each
well, incubated at 37 ◦C for 1 h, followed by washing using wash buffer 3×). Serial dilu-
tions of each peptide stock of 2 mmol/L in 10% DMSO (v/v) into PBS and biotinylated
natural ligand LAP were premixed in equal volumes and placed onto the plate in triplicate
for each peptide concentration (50 µL/well) and allowed to incubate at 37 ◦C for 1 h then
washed with wash buffer (3×). A 1:1000 dilution of ExtrAvidin Horseradish Peroxidase
(HRP; Fisher, NH, USA) was added to each well (50 µL/well), incubated at 37 ◦C for 1 h,
and then washed with wash buffer (3×). The ExtrAvidin HRP was detected with TMB
One solution (50 µL/well; Promega Corp., Madison, WI, USA) for 10–15 min at room
temperature. The reaction was stopped by adding 1N sulfuric acid (H2SO4, 50 µL/well;
EMD, MA, USA) and the absorbance was measured in a Multiscan Ascent plate reader
(Thermo Fisher, Waltham, MA, USA) at 450 nm. Half-maximal inhibitory concentration
(IC50) of peptides was determined by fitting to sigmoidal dose-response model in GraphPad
Prism 8.0 (GraphPad, CA, USA). For the positive control no peptide was added and for the
negative controls either no biotinylated-LAP or no integrin αvβ6 was added.

2.7. Cell Binding and Internalization Assay

Binding of [64Cu]1–4 and internalization to DX3puro, DX3puroβ6, and BxPC-3 cells
were determined as previously described [44]. Prior to the experiment, the cells were
analyzed by flow cytometry to confirm levels of integrin αvβ6 expression. Non-fat dry
milk powder (0.5% w/v in PBS) was used to pretreat the assay tubes to prevent non-specific
binding. Aliquots of [64Cu]1–4 (≤1 µL, 7.4–18.5 KBq) in 50 µL serum free medium (pH 7.2)
were added to a cell suspension (3.75 × 106 cells in 50 µL serum free medium) and incubated
for 1 h at room temperature in closed microfuge tubes (n = 3/cell line/compound) and
gently agitated every 3 min to ensure mixing. The cells were pelleted by centrifugation at
200 (RCF) for 3 min and the supernatant collected. The cell pellet was washed with 0.5 mL

135



Pharmaceutics 2022, 14, 745

serum free medium and the wash medium combined with the original supernatant. The
cells were resuspended in 0.6 mL serum free medium for γ-counting. The fraction of bound
radioactivity was determined with a γ-counter (by measuring cell pellet and combined
supernatants). To determine the fraction of internalized radioactivity, the cells were re-
pelleted, and re-suspended in acidic wash buffer (0.2 mol/L sodium acetate, 0.5 mol/L
sodium chloride, pH 2.5, 300 µL, 4 ◦C, 5 min) to release surface-bound activity, followed by
a wash with PBS (300 µL). The internalized fraction was determined with a γ-counter (cell
pellet vs. radioactivity released into supernatant).

2.8. Human and Mouse Serum Binding Assay and Stability Assay

Serum protein binding of [64Cu]1 and [64Cu]2 was assessed following the previously
reported method [42]. Peptides [64Cu]1 and [64Cu]2 were evaluated by ultrafiltration using
Centrifree Ultrafiltration devices (EMD) according to the manufacturer’s recommendations.
Experiments were carried out in triplicate. The Centrifree Ultrafiltration devices were
pretreated with PBS containing Tween 20 (5% v/v), followed by triplicate rinses with PBS.
An aliquot of each peptide [64Cu]1 or [64Cu]2 in PBS (≤25 µL, 20–60 KBq) was thoroughly
mixed with 0.5 mL of serum at 37 ◦C in a microfuge tube. The mixture was incubated
at 37 ◦C for 5 min, and an aliquot (50 µL) was transferred to a tube for γ-counting. The
remaining sample was transferred to a Centrifree Ultrafiltration device and centrifuged
for 40 min at 1500 (RCF) at ambient temperature (20–24 ◦C). An aliquot (50 µL) of the
filtrate was transferred to a tube for γ-counting. For each radiolabeled peptide, a blank
was run using 0.5 mL PBS/Tween 20 (5% v/v) instead of serum (n = 3) to determine non-
specific binding. Following γ-counting, the protein-bound radioactivity was calculated by
subtracting the counts measured in the filtrate aliquot (i.e., not protein-bound) from the
counts in the corresponding serum aliquot. The data are expressed as mean ± standard
deviation of fraction of radioactivity bound to protein after subtraction of non-specific
binding determined in the blank.

For serum stability, mouse serum or human serum (0.5 mL, both purchased from
Sigma-Aldrich) was combined with an aliquot of each of the peptides [64Cu]1 and [64Cu]2
(≤25 µL, 14.8–22.2 MBq) and incubated at 37 ◦C. At each time point (1, 4, and 24 h) an
aliquot (50–200 µL) was taken, proteins precipitated with ethanol, and removed by pelleting
at 1500 (RCF) for 4 min. The ethanol solution was diluted with water (1 mL) and analyzed
by RP-HPLC as previously described [47].

2.9. Biodistribution

All animal procedures conformed to the Animal Welfare Act and were approved by
the University of California, Davis Institutional Animal Care and Use Committee. Female
athymic nu/nu-nude mice (6–8 weeks old) were purchased from Charles River Laboratories
(Wilmington, MA, USA) and provided food and water on an ad libitum basis. BxPC-3
xenografts were implanted according to previous methods [42,44]. Briefly, BxPC-3 cells
were evaluated by flow cytometry to confirm integrin αvβ6 expression levels, injected
subcutaneously into the left flank [5 million in 100 µL of a 1:1 mixture of serum-free RPMI
and GFR Matrigel (Corning, New York, NY, USA)], and allowed to grow for approximately
3 weeks until tumors reached a diameter of 0.5–1 cm.

For biodistribution studies the [64Cu]1–4 (3.7–5.55 MBq) in PBS (100 µL, pH 7.2) was
injected intravenously (i.v.) via catheter into the tail vein. Following a conscious uptake
period, the mice were anesthetized (5% isoflurane), euthanized, and dissected ([64Cu]1 and
[64Cu]2, n = 3/radiolabeled peptide/time point; 4, 24, and 48 h p.i.; the 72 h time point was
obtained from the imaging animals after the 72 h PET/CT scans; compounds [64Cu]3 and
[64Cu]4, n = 2/radiolabeled compound at 4 h p.i.). Tissues were rapidly collected, weighed,
and radioactivity measured with a γ-counter. Decay-corrected radioactivity concentrations
are expressed as the percentage of injected dose per gram of tissue (% ID/g). Data are
reported as mean ± standard deviation (SD) (Figure S20, S21 and S25).
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2.10. Blocking Biodistribution

For blocking studies, the metal free peptides 1 or 2 (~220 nmol, 1.3 mg in 100 µL
PBS), respectively, were injected i.v. (n = 1/peptide) as described above 10 min prior to the
injection of matching radiolabeled [64Cu]1 or [64Cu]2 (3.7–5.55 MBq, 100 µL PBS). After
a conscious 4 h uptake period, the animals were anesthetized, sacrificed, tissues rapidly
collected, and analyzed as described above. Decay-corrected radioactivity concentrations
are expressed as a percentage of injected dose per gram of tissue (% ID/g) (Figure S23).

2.11. PET-Imaging

For imaging studies, [64Cu]1 and [64Cu]2 (7.77–8.88 MBq) in PBS (100 µL, pH 7.2) were
injected i.v. via a catheter into the tail vein of mice (n = 3/radiolabeled peptide) anesthetized
with 2–3% isoflurane in medical grade oxygen. Animals were imaged in a prone position
two at a time side by side. PET/CT scans were acquired using Inveon scanners (Inveon
DPET scanner and Inveon SPECT/CT scanner, Siemens Medical Solutions, Knoxville, TN,
USA; PET scans: a static 15 min scan at 4 h p.i., static 30 min scans at 24 and 48 h p.i., and a
static 1 h scan at 72 h p.i.) and analyzed as previously described using the Inveon Research
Workplace software (Siemens) [42,44].

2.12. Statistical Analysis

Quantitative data are reported as mean ± standard deviation (SD). Statistical signifi-
cance was determined by a paired two-tailed Student’s t-test from the two independent
sample means to give a significance value (p-value) at 95% confidence interval (CI). A
p-value of <0.05 was considered statistically significant.

3. Results
3.1. Synthesis of EB-ABM 8

EB-ABM 8 was generated efficiently in three synthetic steps from o-tolidine 5 in an
overall yield of 65% (Scheme 1A). EB-ABM 8 was characterized by analytical RP-HPLC with
a retention time of 17.72 min; ESI-MS m/z [M + H]+ for C28H27N4O10S2 calc’ed 643.1163;
found 643.1207, and by 1H NMR (Figures S18 and S19). 1H NMR (800 MHz, D2O) δ 8.28
(s, 1H), 7.55 (d, J = 9.4 Hz, 1H), 7.29−7.27 (m, 2H), 7.24–7.23 (m, 1H), 7.17–7.16 (m, 1H),
7.13–7.12 (m, 1H), 6.98–6.97 (m, 1H), 6.88 (d, 7.8 Hz, 1H), 2.64–2.61 (m, 4H), 2.12 (s, 3H),
1.96 (s, 3H).

3.2. Synthesis and Radiochemical Synthesis of [64Cu]1–4

DOTA-compounds 1–4 were prepared in >97% isolated purity after RP-HPLC purifica-
tion. DOTA-EB-αvβ6-BP 1 had an RP-HPLC retention time of 17.22 min with a MALDI-TOF
m/z [M + Na]+ for C261H460N46NaO102S2 calc’ed 5958.1556; found 5958.1756 (Figure S5).
DOTA-IP-αvβ6-BP 2 had an RP-HPLC retention time of 17.07 min with a MALDI-TOF m/z
[M + H]+ for C251H458IN44O98 calc’ed 5786.1314; found 5786.1209 (Figure S8). DOTA-EB-
ABM 3 had an RP-HPLC retention time of 14.18 min with a MALDI-TOF m/z [M + H]+ for
C50H66N11O17S2 calc’ed 1156.4074; found 1156.4079 (Figure S11). DOTA-IP-ABM 4 had an
RP-HPLC retention time of 14.46 min with a MALDI-TOF m/z [M + H]+ for C40H63IN9O13
calc’ed 1004.3585; found 1004.3590 (Figure S14).

The 64Cu-radiolabeled compounds ([64Cu]1–4) were produced in near quantitative
yields (n = 2–4/compound/molar activity ranging between 16 and 20 GBq/µmol) by reac-
tion of with [64Cu]CuCl2 in 1.0 M NH4OAc-buffer (pH = 8) at 37 ◦C for 30 min (Scheme 1B).
The radiochemical purities were ≥97% as determined analytical radio-RP-HPLC and com-
pounds [64Cu]1–4 used without further purification. Analytical radio-RP-HPLC retention
times were: [64Cu]1—19.05 min (Figure S6); [64Cu]2—18.68 min (Figure S9); [64Cu]3—
17.01 min (Figure S12); and [64Cu]4—16.73 min (Figure S15).
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3.3. Integrin αvβ6 Affinity ELISA

Competitive ELISA against biotinylated LAP, demonstrated that both ABM modi-
fications of αvβ6-BP were well tolerated; [NatCu]1 and [NatCu]2 showed high integrin
αvβ6-affinity as expressed by the half-maximum inhibitory concentrations (IC50); [NatCu]1
and [NatCu]2: IC50 = 14 ± 2 and 19 ± 5 nM, respectively) compared to DOTA-αvβ6-BP
(IC50 = 28 ± 3 nM) [44].

3.4. Cell Binding and Internalization Assay

Cell binding studies showed that [64Cu]1 and [64Cu]2 both bound to cells in an
αvβ6-dependent manner at similar levels (DX3puroβ6 (+): [64Cu]1 55.8 ± 3.0% of total
radioactivity, [64Cu]2 60.2 ± 3.9%; BxPC-3 (+): [64Cu]1 30.3 ± 2.7%, [64Cu]2 48.5 ± 3.5%;
and the negative control DX3puro (−): [64Cu]1 2.7 ± 0.5%, [64Cu]2 3.1 ± 0.3%, Figure 2).
This resulted in binding ratios for DX3puroβ6 (+) vs. DX3puro (−) of 20.7:1 for [64Cu]1
and 19.4:1 for [64Cu]2. Internalization into αvβ6-positive cells was also high ([64Cu]1:
48.5–52.7% of the bound radioactivity, [64Cu]2: 41.5–54.8%, Figure 2). The non-targeting
control ABM conjugates [64Cu]3 and [64Cu]4 exhibited low, non-specific binding to all cell
lines (≤4.3%; Figure S24).

Figure 2. Cell binding (�) and internalization (�) for [64Cu]Cu DOTA-EB-αvβ6-BP ([64Cu]1) and
[64Cu]Cu DOTA-IP-αvβ6-BP ([64Cu]2) for (A) DX3puroβ6 (αvβ6+) and DX3puro(αvβ6−) cells and
(B) BxPC-3 (αvβ6+) cells.

3.5. Human and Mouse Serum Binding Assay and Stability Assay

Serum albumin binding for [64Cu]1 and [64Cu]2 was similar, with higher binding to
human serum protein (53.4 ± 0.9% and 63.3 ± 1.5%, respectively) than to mouse serum
protein (41.9 ± 1.1% and 44.0 ± 0.1%, respectively; Figure 3A). The ABM modifications of
[64Cu]1 and [64Cu]2 increased the serum albumin affinity as the [64Cu]Cu DOTA-αvβ6-BP
without an ABM modification showed <29% binding to either serum albumin [44]. Both
peptides showed high stability in human serum at 37 ◦C ([64Cu]1 1 h: 99% and 4 h: 89%
intact; [64Cu]2 1 h: 99% and 4 h: 93% intact) with some degradation apparent after 24 h
([64Cu]1: 76% intact vs. [64Cu]2: 90% intact, Figure 3B). In contrast, faster degradation
was observed in mouse serum at 37 ◦C, and the stability was lower for [64Cu]1 than for
[64Cu]2 at all-time points; [64Cu]1 was 78% intact at 1 h, dropping to 58% at 4 h, and largely
metabolized at 24 h (14% intact). By comparison, [64Cu]2 was 92% and 83% intact at 1 h
and 4 h, respectively, with 48% remaining intact at 24 h, a 3.4-fold higher stability than
[64Cu]1 (Figure 3C).
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Figure 3. (A) Binding to human and mouse serum (n = 3/compound/condition; bars: SD).
(B) Stability in human serum at 37 ◦C. (C) Stability in mouse serum at 37 ◦C for [64Cu]1 (�) and
[64Cu]2 (
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3.6. Biodistribution

The biodistributions for [64Cu]1 and [64Cu]2 in the BxPC-3 tumor model showed good
tumor uptake (4 h to 72 h: [64Cu]1 5.29 ± 0.59 to 3.32 ± 0.46% ID/g, [64Cu]2 7.60 ± 0.43 to
4.91 ± 1.19% ID/g, Figure 4). Overall, tumor uptake of [64Cu]2 appeared higher than of
[64Cu]1, particularly at the earliest time point, and relative tumor washout over the total
observed time frame was similar for both peptides. The ABM modifications increased
tumor accumulation by >3-to-4.5-fold compared to the [64Cu]Cu DOTA-αvβ6-BP without
an ABM, which had only 1.61 ± 0.70% ID/g at 4 h in the same BxPC-3 tumor model [44].
Clearance for [64Cu]1 and [64Cu]2 was primarily renal and the kidneys were the organ with
the highest levels of radioactivity (Figure S20 and S21). Notably, [64Cu]1 showed more
than double the kidney uptake of [64Cu]2 at 4 h, p.i. ([64Cu]1 75.51 ± 7.26% ID/g; [64Cu]2
33.56 ± 5.39% ID/g; p = 0.0013) and remained significantly higher for at least 48 h (>1.7-fold,
p < 0.05), but both were cleared from the kidneys over time with accumulation dropping at
72 h ([64Cu]1 19.97 ± 6.91% ID/g; [64Cu]2 11.48 ± 1.02% ID/g; p = 0.103, Figure 4). Kidney
accumulation for the ABM containing peptides [64Cu]1 and [64Cu]2 was initially higher
than for the parent non-ABM containing [64Cu]Cu DOTA-αvβ6-BP (20.37 ± 1.67% ID/g
at 4 h to 6.81 ± 1.36% ID/g at 48 h) [44]. Some clearance for [64Cu]1 and [64Cu]2 was
also observed through the gastrointestinal tract (GI), with the stomach having the highest
uptake at 4 h, p.i. ([64Cu]1: stomach 6.41 ± 0.64% ID/g, small intestines 4.72 ± 0.55% ID/g,
large intestines 4.13 ± 0.10% ID/g, [64Cu]2: stomach 18.07 ± 2.91% ID/g, small intestines
9.55 ± 1.21% ID/g, large intestines 9.83 ± 0.69% ID/g; Figure 4). Clearance from the GI
tract was further confirmed by radioactivity measurements of fecal matter (4–72 h: [64Cu]1:
3.03 ± 0.67 to 1.81 ± 0.74% ID/g; [64Cu]2: 9.32 ± 1.08 to 2.29 ± 0.53% ID/g; Figure 4).
The GI uptake for [64Cu]2 was more than double that of [64Cu]1 at the earliest time point,
but both peptides dropped over time to below 3.2% ID/g at 72 h. The liver uptake was
moderate (<3% ID/g) throughout for both peptides; but it increased to significantly higher
levels for the EB-ABM containing peptide [64Cu]1, beginning at 24 h, reaching >1.8-fold
higher levels than [64Cu]2 at 72 h (2.36 ± 0.51% ID/g vs. 1.30 ± 0.13% ID/g, respectively;
p = 0.025, Figure 4). Overall, the EB-ABM containing peptide [64Cu]1 had a less favorable
pharmacokinetic profile with significantly higher uptake in the kidneys and liver, resulting
in generally lower tumor-to-tissue ratios for [64Cu]1 compared to [64Cu]2, most notably for
the tumor-to-kidney ratio ([64Cu]1 0.13 ± 0.06/1 to 0.19 ± 0.08/1 vs. [64Cu]2 0.20 ± 0.06/1
to 0.44 ± 0.14/1), and the tumor-to-liver ratio ([64Cu]1 2.39 ± 0.59/1 to 1.47 ± 0.47/1 vs.
[64Cu]2 2.72 ± 0.62/1 to 3.77 ± 0.72/1) (Figure S22).
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Figure 4. Biodistribution time activity plots for [64Cu]1 (�) and [64Cu]2 (
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The non-αvβ6-targeting ABM controls [64Cu]3 and [64Cu]4 were used to determine
non-specific uptake and provide support that the enhanced tumor accumulation of ABM
containing peptides [64Cu]1 and [64Cu]2 was due to integrin αvβ6 receptor mediated
uptake. The biodistributions of the non-αvβ6-targeting ABM controls [64Cu]3 and [64Cu]4
at 4 h p.i. (n = 2/compound) showed prolonged blood circulation with much higher blood
accumulation (38.9 ± 10.4% ID/g and 9.5 ± 1.3% ID/g, respectively; Figure 5, Figure S25).
This increased blood accumulation also led to higher systemic accumulation in other tissues,
especially the highly perfused tissues such as the heart, muscle, liver, and lung (Figure 5,
Figure S25), with the exception of the kidneys (18.6 ± 1.4% ID/g and 4.34 ± 0.61% ID/g,
respectively). These distinctly different pharmacokinetic profiles of the non-integrin αvβ6-
targeting [64Cu]3 and [64Cu]4 resulted in a low tumor-to-blood ratio of <0.9/1 compared to
>4/1 for [64Cu]1 and [64Cu]2, a lower tumor-to-muscle ratio ranging from 5.6 to 6.3/1 for
[64Cu]3 and [64Cu]4 compared to >8/1 for [64Cu]1 and [64Cu]2, and a lower tumor-to-liver
ratio of 1.2–1.3/1 for [64Cu]3 and [64Cu]4 compared to 3.2–4.9/1 for [64Cu]1 and [64Cu]2
(Figure 5, Figure S26).

3.7. Blocking Biodistribution

Integrin αvβ6-dependence of the tumor uptake was further substantiated by blocking
studies with pre-administration of the respective nonradioactive peptide, which reduced
tumor uptake to 2.91% ID/g and 2.89% ID/g for [64Cu]1 and [64Cu]2, respectively (4 h;
∆ = −45% and −62%, p = 0.0124 and 0.0007, respectively; Figure S23).
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Figure 5. (A) Biodistribution of select tissues at 4 h p.i. for [64Cu]1–4. (B) Tumor-to-organ ratios at 4
h p.i. for [64Cu]1–4 [64Cu]1 (�), [64Cu]2 (
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3.8. PET Imaging

Overall, the BxPC-3 tumors were clearly visualized by PET imaging with both peptides
at all time points (Figure 6); the PET imaging also showed that [64Cu]2 provided the clearest
images based on its superior tumor-to-background ratios. Most notably, as previously
discussed for the biodistribution data, the PET images for [64Cu]1 had much higher kidney
accumulation and higher levels of radiation in the liver, indicative of possible in vivo
instability of [64Cu]1, which had shown substantially higher degradation in mouse serum
compared to [64Cu]2.

Figure 6. PET/CT imaging. Representative whole-body coronal maximum intensity projections
(MIPs) of PET/CT images of mice bearing BxPC-3 xenograft tumors at 4 h, 24 h, 48 h, and 72 h p.i. of
(A) [64Cu]1 and (B) [64Cu]2. Arrow: tumor. Decay corrected PET data are shown in color, CT data
in gray.
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4. Discussion

Cancer remains a leading cause of death globally [48,49]. Many cancers exhibit high ex-
pression of the cell surface receptor integrin αvβ6, and expression levels correlate with poor
prognosis and reduced progression-free and overall survival [31,32,38]. Therefore, integrin
αvβ6 has been identified as an important target both for imaging and treatment [50,51].
Receptor targeted delivery of radiopharmaceuticals is an important part of new approaches
for improved cancer detection and therapy [48]. Peptides are attractive radiopharmaceu-
ticals for both detection and treatment, because they are readily synthesized and can be
chemically modified to optimize pharmacokinetics and metabolic stability. The addition of
albumin binding moieties (ABMs) to numerous radiopharmaceuticals has demonstrated
increased circulation time, reduced kidney uptake, and substantially increased tumor ac-
cumulation [18,52,53]. However, differences in the chemical structures of the ABM have
been found at times to significantly affect the biodistribution, which ultimately determines
target uptake, therapeutic efficacy, and off-target toxicity [52,54–56]. Thus, evaluation
of different ABMs is important for optimal radiopharmaceutical performance towards
the development of an αvβ6-targeted radiotherapeutic agent. Our laboratory continues
to develop integrin αvβ6-targeting radiopharmaceuticals, including optimization of the
core peptide structure [30] via PEGylation [14], and most recently the addition of an 4-(p-
iodophenyl)butyryl (IP) ABM, which has demonstrated improved accumulation in tumors
for both the [18F]AlF NOTA and [64Cu]Cu DOTA radiolabeled IP-ABM-αvβ6-BP compared
to the parent non-ABM αvβ6-BP [42,44]. To further evaluate the choice of preferred ABM
for αvβ6-BP, the comparison of the IP-ABM with another prominent ABM, the Evans blue
fragment (EB-ABM), was explored. The synthesis of both αvβ6-BP peptides containing
different ABMs, [64Cu]1 or [64Cu]2 (Scheme 1), was done efficiently using a solid-phase
approach, which allowed installation of the respective ABM-peptide from the same batch
of peptidyl-resin by first coupling an orthogonally protected lysine allowing for the attach-
ment of the DOTA-chelator at the N-terminus and either the EB-ABM 8 or the IP-ABM at
the sidechain. The IP-ABM included an aspartate (D) residue as it is reported to result in
better tumor retention [28]. After removal from the resin and purification, both DOTA-
ABM-αvβ6-BP peptides (1 and 2) were efficiently radiolabeled with copper-64 to yield
[64Cu]1 and [64Cu]2 in high radiochemical purity >97%.

The ABM containing peptides [64Cu]1 and [64Cu]2 both demonstrated high tumor
uptake at 4 h p.i., over 5% and 7.5% ID/g, respectively; representing a greater than 3-
to-4.5-fold increase, respectively, from the non-ABM bearing [64Cu]Cu DOTA-αvβ6-BP
(1.61 ± 0.70% ID/g) [44]. The improvement in tumor accumulation was greater for the IP-
ABM peptide [64Cu]2 than for the EB-ABM peptide [64Cu]1, and was in concordance with
the cell binding to both DX3puroβ6 and BxPC-3 cells (Figure 2). Furthermore, the prolonged
tumor uptake and retention (Figure 4A) were maintained for 72 h, and, in conjunction
with rapid renal clearance, provided a high tumor-to-background ratio (Figure 5) and high
contrast PET-images (Figure 6). Since the only difference between [64Cu]1 and [64Cu]2 is
the ABM, and [64Cu]2 showed significantly higher stability in serum compared to [64Cu]1
(Figure 3), the observed differences in the tumor-to-background ratios could be attributed
to the improved stability. This study adds to the growing number of literature reports
describing improved tumor uptake following the incorporation of ABMs [4,7,11]. For
example, the small molecule PSMA-617, a radiopharmaceutical targeting the prostate
specific membrane antigen (PSMA), exhibited approximately a fivefold increase in tumor
accumulation with the addition of an EB-ABM at 4 h and a twofold increase for the
IP-ABM modified PSMA-617, compared to the unmodified (non-ABM bearing) PSMA-
617; furthermore, the EB-ABM PSMA-617 maintained tumor accumulation over time
(65.6–77.3% ID/g from 4 h to 48 h) [55]. In another study with PSMA-617, the addition of
the IP-ABM also resulted in twofold higher accumulation in tumor tissue as compared to
the non-ABM containing PSMA-617 agent (non-ABM PSMA-617: 38% ID/g vs. IP-ABM
PSMA-617: 75.7% ID/g at 24 h) [28,57]. Other small molecule PSMA agents modified with
ABMs have also shown improvements in tumor accumulation, with the EB-ABM MCG
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PSMA agent having around a fourfold increase in tumor accumulation (MCG non-ABM:
10.9% ID/g vs. MCG-ABM: 40.4% ID/g at 24 h) [53] and an IP-ABM PSMA agent CTT1403
exhibiting >18-fold improvement in tumor accumulation (CTT1401 non-ABM: 2.2% ID/g
vs. CTT1403-ABM: 40% ID/g at 24 h [54]. The addition of ABMs to other small molecule
radiopharmaceuticals has also been shown to improve tumor accumulation with the small
molecule radioligand folic acid modified with the IP-ABM having a threefold increase
in tumor accumulation (ABM: 19.5% ID/g vs. non-ABM: 7% ID/g at 24 h, p.i.) with a
considerably lower kidney accumulation (ABM: 28% ID/g vs. non-ABM: 70% ID/g at
4 h) [52,58].

Aside from small molecule radiopharmaceuticals, substantial benefits from the addi-
tion of ABMs to peptide radiopharmaceuticals have been shown; for example, the large
peptide exendin-4 (39 amino acids), which targets the glucagon-like peptide 1 (GLP-1)
receptor, when modified with the IP-ABM, demonstrated an improved stability and a
twofold increase in tumor accumulation at 4 h, along with reduced kidney retention by
more than half [7,59]. The small five amino acid integrin αvβ3 targeting cyclic peptide
(cRGDfK) modified with EB-ABM and radiolabeled as [64Cu]Cu NOTA-EB-cRGDfK dis-
played a >16-fold improvement (vs. [64Cu]Cu NOTA-cRGDfK) in tumor accumulation in a
U87MG glioblastoma tumor model (with ABM: 16.6% ID/g vs. non-ABM: <1.1% ID/g),
but only had about a fivefold improvement in MDA-MB-435 melanoma and HT29 colorec-
tal adenocarcinoma models [18]. The somatostatin receptor targeting peptide octreotide
(TATE), which is eight amino acids in size, has seen some of the greatest improvements in
tumor accumulation upon modification with an ABM. For example, the EB-ABM modified
[177Lu]Lu DOTA-EB-TATE provided a greater than eightfold increase in the tumor accu-
mulation at 24 h (with ABM: 78.8% ID/g vs. non-ABM: 9.3% ID/g, respectively) [60] and
the [86Y]Y DOTA-EB-TATE showed a larger enhancement with a between 30- and 60-fold
increase in tumor accumulation compared to [86Y]Y DOTA-TATE, depending on the tumor
model [6]. These studies paved the way for clinical trials where [177Lu]Lu DOTA-EB-TATE
showed an extended circulation which led to a 7.9-fold increase in tumor dose delivery [61].
Overall, these studies illustrate the potential benefits of including an ABM on targeted
peptide receptor radionuclide therapy (PRRT).

The addition of either EB-ABM or the IP-ABM on the αvβ6-BP did significantly
increase tumor accumulation (three-to-fivefold from the non-ABM-αvβ6-BP) and the overall
clearance properties of the ABM-modified αvβ6-BP peptides [64Cu]1 and [64Cu]2 were
similar with predominantly renal excretion. The organ with the highest accumulation was
the kidneys, with the initial kidney uptake of the EB-ABM peptide [64Cu]1 having more
than double that of the IP-ABM peptide [64Cu]2 (4 h: 75.5 ± 7.3% ID/g vs. 33.6 ± 5.4%
ID/g, p = 0.0013), with both dropping to approximately one third of their initial value at
72 h p.i. (20.0 ± 6.9% ID/g and 11.4 ± 1.0% ID/g, respectively, p = 0.10, Figure 4). The
introduction of the IP-ABM to the αvβ6-BP significantly reduced kidney accumulation,
which we hypothesize is due to the higher stability of the IP-ABM [64Cu]2 over the EB-
ABM [64Cu]1. These data are promising and indicate that renal toxicity would be less of a
concern for PRRT of αvβ6-BP agents using the IP-ABM. The observed effects of the different
ABMs on kidney uptake and retention are comparable to other radiopharmaceutical ABM-
adducts, for example, the ABM modified peptide [177Lu]Lu DOTA-TATE showed that the
IP-ABM-analogue also provided lower kidney accumulation that was more rapidly cleared
(dropping from ~20% ID/g at 4 h to ~5% ID/g at 72 h) compared to the EB-ABM-analogue
(~30% ID/g at 4 h to ~15% ID/g at 72 h) [29,60]. This similar kidney accumulation and
retention trend was also observed with the small molecule PSMA-617 agent, where the
EB-PSMA-617 had considerably higher kidney accumulation and retention compared to
the IP-PSMA-617, which had rapid kidney clearance (EB-PSMA-617: >20% ID/g at 4 h,
which remained at 48 h vs. IP-ABM-PSMA-617: ~10% ID/g at 4 h dropping to <5% ID/g at
48 h) [55]. Both [64Cu]1 and [64Cu]2 also displayed some secondary clearance through the
gastrointestinal (GI) tract and excretion of radioactivity in the feces (Figures S20 and S21).
The IP-ABM modified peptide [64Cu]2 had higher GI accumulation, with the highest
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uptake in the stomach of 18.1 ± 2.9% ID/g at 4 h, though, gratifyingly, both peptide’s GI
accumulation dropped down to less than one-fifth of their respective original value (≤3.2%
ID/g at 72 h, Figure 4).

The non-αvβ6-targeting ABM controls [64Cu]3 and [64Cu]4 were used to evaluate
non-specific uptake and demonstrate that the enhanced tumor accumulation of [64Cu]1 or
[64Cu]2 resulted from integrin αvβ6 receptor mediated uptake, as opposed to the enhanced
permeability and retention (EPR) effect. As expected, [64Cu]3 and [64Cu]4 largely remained
in the blood, thus mostly acting as blood pool imaging agents with high blood accumulation
of 39.0% ID/g and 9.5% ID/g, respectively, at 4 h (Figure S25) and mirrored other similar
non-targeted ABMs, such as the EB-ABM compound [64Cu]Cu NOTA-EB (NEB, ~15% ID/g
at 4 h, dropping to ~10% ID/g at 1 d) [16,23]. Compared to the ABM peptides [64Cu]1
and [64Cu]2, accumulation of [64Cu]3 and [64Cu]4 generally increased in organs with high
blood flow (viz. heart, liver, and lungs; Figure 5A) but was lower in the kidneys (though
the EB compound was still higher than the IP compound with 18.6% ID/g and 4.3% ID/g,
respectively, at 4 h; Figure 5A), highlighting the effect of both the properties of the ABM
as well as the targeting peptide moiety on kidney uptake. Both non-targeted [64Cu]3 and
[64Cu]4, due to their much higher blood accumulation (>9–39-fold higher than [64Cu]1 and
[64Cu]2) and longer blood residence time, provided much higher tumor accumulation at
4 h than the two peptides [64Cu]1 and [64Cu]2 (Figure 5A). However, the non-targeted
[64Cu]3 and [64Cu]4 showed minimal binding (<4.3%) in cell binding studies to both the
αvβ6-expressing and αvβ6-null cells (Figure S24), thus their higher tumor accumulation
compared to [64Cu]1 and [64Cu]2 was attributed to the EPR effect (which, together with the
long circulation, resulted in the expectedly low tumor-to-blood ratios of <0.9/1 (Figure 5B,
Figure S26). By comparison, [64Cu]1 and [64Cu]2 showed high and αvβ6-dependent cell
binding (>30–60% binding; ~20:1 for DX3puroβ6 (+)/DX3puro (−) cells), and in vivo tumor
uptake was efficiently blocked by the pre-administration of metal free 1 and 2, respectively,
supporting integrin αvβ6-dependent tumor accumulation (Figure S23). Taken together,
the tumor uptake observed for the integrin αvβ6-binding peptides [64Cu]1 and [64Cu]2
was attributed to specific targeting of the integrin αvβ6 receptor. Both ABM modified
αvβ6-BP peptides had improved pharmacokinetic profiles from the parent peptide and
overall [64Cu]2 demonstrated a more favorable biodistribution. Tumor retention of [64Cu]1
and [64Cu]2 was good over the three day study period, with each retaining about two-thirds
of the original (4 h) uptake at 72 h p.i. The PET image quality improved, most notably for
[64Cu]2 over time after the initial uptake period (i.e., after 24 h p.i.) as a result of faster
washout from non-target tissues (Figure 6). The high absolute tumor uptake of [64Cu]2,
its efficient binding and internalization to αvβ6-expressing cells (Figure 2), and its better
serum stability (Figure 3) demonstrate the potential of using the [64Cu]2 as an integrin
αvβ6-targeted peptide receptor radionuclide therapy (PRRT) agent where the copper-64 is
replaced by a therapeutic radioisotope such as lutetium-177.

5. Conclusions

The effect of Evans blue (EB) and 4-(p-iodophenyl)butyryl (IP)-based albumin binding
moieties (ABMs) on the pharmacokinetics of αvβ6-BP, a peptide targeting the cancer-
associated cell surface receptor integrin αvβ6 was investigated. The albumin binding
moieties on αvβ6-BP did not interfere with integrin αvβ6 affinity or selectivity in vitro.
In vivo in a BxPC-3 pancreatic tumor xenograft mouse model, the IP-ABM-modified αvβ6-
BP [64Cu]2 had a considerably more favorable pharmacokinetic profile compared to the
EB-ABM-modified αvβ6-BP [64Cu]1, with higher tumor uptake, reduced kidney and liver
uptake, and improved tumor-to-background ratios that led to a clearer tumor visualiza-
tion by PET imaging. Furthermore, the IP-ABM-modified αvβ6-BP [64Cu]2 had superior
serum stability, making it a lead candidate for future integrin αvβ6-targeted imaging and
therapy studies.
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