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A B S T R A C T

Polypeptides are useful in designing protein-polypeptide conjugates for therapeutic applications; however, they
are not satisfactory in improving the stability of therapeutic proteins and extending their in vivo half-life. Here
we show that thermally-induced self-assembly (TISA) of elastin-like polypeptide diblock copolymer fused in-
terferon alpha (IFNα-ELPdiblock) into a spherical micelle can dramatically enhance the proteolytic stability of
IFNα. Notably, the circulation half-life of IFNα-ELPdiblock micelle (54.7 h) is 124.3-, 5.7-, and 1.4-time longer
than those of free IFNα (0.44 h), freely soluble IFNα-ELP (9.6 h), and PEGylated IFNα (39.0 h), respectively.
Importantly, in a mouse model of ovarian tumor, IFNα-ELPdiblock micelle exhibited significantly enhanced tumor
retention and antitumor efficacy over free IFNα, freely soluble IFNα-ELP, and even PEGylated IFNα. These
findings provide a thermoresponsive supramolecular strategy of TISA to design protein-diblock copolypeptide
conjugate micelles with enhanced stability and pharmacology.

1. Introduction

Therapeutic proteins are increasingly used in clinic for the treat-
ment of various diseases [1,2]. Nevertheless, therapeutic proteins often
possess short circulatory half-lives [3,4]. As a result, frequent admin-
istrations at high concentrations are required to maintain the ther-
apeutically effective levels in blood, resulting in not only heavy fi-
nancial burden and poor compliance of patient but also unsatisfactory
therapeutic efficiency and serious side effects. Conjugating synthetic
polymers like poly(ethylene glycol) (PEG) with therapeutic proteins to
yield protein-polymer conjugates is the most frequently used strategy to
prolong the circulatory half-lives [5–9]. So far, 16 PEGylated protein
drugs have been permitted to be applied in clinic in the world [9].
However, PEGylation has some disadvantages that cannot be neglected
[10]. Specifically, PEG itself does carry some potential safety risks, such
as the antibody formation against PEG, hypersensitivity to PEG and
vacuolation. Moreover, decreased activity and heterogeneity are also
the negative aspects of PEGylated proteins, which may restrict the ex-
tensive use of PEGylated proteins.

Alternatively, polypeptides have recently been conjugated to

protein drugs to elongate the circulation half-lives [9,11–14]. Un-
fortunately, due to the biodegradability, the circulation half-lives of
protein-polypeptide conjugates (typically< 10 h) are substantially
shorter than those of protein-polymer conjugates (typically> 30 h)
[11–17]. As a prime example, interferon alpha (IFNα) is an important
protein drug for the treatments of a wide range of viral and cancerous
diseases mainly through its immunostimulatory functions [18,19], but
it is unstable with a short circulation half-life [13–17]. Recently, dif-
ferent kinds of polypeptides have been conjugated to IFNα to improve
the circulation half-life [13,14]. However, the half-lives of those poly-
peptides conjugated IFNα (6–10 h) are much shorter than those of PEG
conjugated IFNα (PEGASYS, a Food and Drug Administration approved
long-acting IFNα) (30–50 h) [15–17]. Hence, it is significant to over-
come the limitations of protein-polypeptide conjugates in stability and
circulation half-life.

Elastin-like polypeptides (ELPs) are a class of biocompatible, bio-
degradable, and thermosensitive biopolymers composed of Val-Pro-Gly-
Xaa-Gly (VPGXG) repeats, in which the guest residual Xaa is any amino
acids besides proline [20–26]. ELPs show inverse transition tempera-
ture (Tt), namely, they sharply phase separate to form coacervate in
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aqueous solution upon heating above their Tt. The phase separation is
reversible in that the coacervate dissolves upon cooling the solution
below the Tt. The Tt of ELPs can be finely tuned by changing the guest
residue X in the pentapeptide repeat units and the number of repeat
units (the chain length). More hydrophobic guest residues and longer
chains mean that ELPs have lower Tt. An ELPdiblock composed of two
ELP blocks with different Tt values can self-assemble into a micelle
above a critical micelle temperature (CMT), in which the hydrophobic
ELP block desolvates to shape the micelle core and the hydrophilic ELP
block forms the corona of the micelle [27–33]. ELPdiblock has been fused
to nanobodies to improve their receptor binding affinity through the
mechanism of multivalency [34–36]. Nevertheless, to our knowledge,
ELPdiblock has not been used to improve the stability and circulation
half-life of therapeutic proteins.

Herein we hypothesized that an IFNα-ELPdiblock conjugate with a
lower CMT than the body temperature would self-assemble into a mi-
celle in which the closely packed IFNα-ELP chains in the corona of the
micelle would be hard to be degraded by proteases due to the steric
hindrance effect (Scheme 1). We further hypothesized that the micelle
would circulate in blood for a prolonged time because of the improved
proteolytic stability and the enlarged size of the micelle that can ef-
fectively reduce the renal clearance. The circulation half-life of IFNα-
ELPdiblock is as long as 54.7 h, which is more than 5 times longer than
those (typically< 10 h) of the previously reported IFNα-polypeptide
conjugates [11–14,37], especially which is 1.4 times longer than that of
PEGASYS (39 h). As a result, in mice bearing ovarian tumors, the mi-
celle exhibited remarkably increased antitumor efficacy without de-
tectable side effects when compared with free IFNα, freely soluble
IFNα-ELP, and even PEGASYS at the same dose.

2. Materials and methods

2.1. Construction of IFNα-ELPdiblock

The DNA sequence of IFNα-ELPdiblock was synthesized and inserted
into a pET-24a (+) vector for overexpression in Escherichia coli [37,38].
The details of gene synthesis, protein expression and purification were
described in Supporting Information (Section 2.1).

2.2. Physicochemical characterization

The physicochemical properties of the protein samples were char-
acterized using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS), circular dichroism (CD)
spectra, photospectroscopy, dynamic light scattering (DLS), static light
scattering (SLS), cryo-transmission electron microscopy (Cryo-TEM)
and critical micelle concentration (CMC) of IFNα-ELPdiblock was mea-
sured as described in Supporting Information (Section 2.2).

2.3. Thermoresponsive behaviours

The thermoresponsive behaviours of IFNα-ELPdiblock as a function of
temperature and concentration were measured by turbidimetric
method as described previously [37].

2.4. Digestion with proteinase K

Digestion of IFNα-ELPdiblock (1 mg/mL) with proteinase K at a molar
ratio of 40:1 was conducted at 37 °C in 50 mM Tris-HCl, 2 mM CaCl2,
pH 8.0. After a certain incubation period (0, 0.5, 4, 8 h) at 37 °C, the
proteolytic reaction was ceased by adding 0.03 M Phenylmethylsulfonyl
fluoride (PMSF) in methanol. The digestion products were analyzed by
SDS-PAGE, DLS and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay as described in Supporting Information
(Section 2.3.2).

2.5. Digestion with serum

IFNα-ELPdiblock (1 mg/mL) was incubated with mouse serum at
37 °C for 0, 1, 2, 3, 5 and 7 d. The antiproliferative activity of the
digestion product was determined by MTT assay as described in
Supporting Information (Section 2.3.3).

2.6. IFNα receptor (IFNαR) expression on OVCAR-3 cells

OVCAR-3 cells were fixed and then incubated with fluorescein iso-
thiocyanate isomer I (FITC)-labelled IFNαR monoclonal antibody. The
nucleus and membrane of the cells were stained with 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma) and wheat germ agglutinin (WGA) Alexa
Fluor 594 (Invitrogen), respectively. Then the cells were visualized with
a laser scanning confocal microscope of LSM710 (Carl Zeiss) and ana-
lyzed with a Zen_2012 software (blue edition).

2.7. IFNαR binding activity

After being incubated with Cy5-labelled IFNα-ELPdiblock, IFNα-ELP
(A) and IFNα for 4 h with an IFNα concentration above (1 mg/mL) or
below (0.4 μg/mL) the CMC of IFNα-ELPdiblock, the OVCAR-3 cells were
fixed, stained, imaged and analyzed as described above. Mean optical
density of Cy5 was quantified by Image J software.

2.8. Pharmacokinetics

IFNα-ELPdiblock was injected intravenously into mice at 1 mg IFNα-
equivalent/kg body weight (BW). Blood samples were taken at given
time points and centrifuged to get plasma samples for measurements of
the concentrations of the proteins in plasma as described in Supporting
Information. Pharmacokinetic parameters were calculated using Drug

Scheme 1. Schematic illustration of thermally induced self-assembly of IFNα-ELPdiblock into a spherical micelle with enhanced stability and retained bioactivity,
leading to prolonged circulation half-life, increased tumor retention, and improved antitumor efficiency.
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Analysis System 3.0 software.

2.9. Biodistribution

OVCAR-3 tumor-bearing mice received intravenous injection of
1.5 mg IFNα-equivalent/kg BW of IFNα-ELPdiblock. At 2, 48 and 120 h,
the mice were executed and major tissues were harvested. The con-
centrations of IFNα equivalent in tissues were measured as described in
Supporting Information (Section 2.4.2). After subtracting the back-
ground, the data were presented as IFNα equivalent (ng) per gram of
tissue (ng/g tissue).

2.10. Antitumour efficacy

The animals bearing OVCAR-3 tumors of ~30 mm3 in volume ac-
quired intravenous injection of IFNα-ELPdiblock at a dose of 1.5 mg
IFNα-equivalent/kg BW once every week 4 times. Tumor volumes were
evaluated via calipers every 3 days and calculated with the formula:
volume = length × width2 /2. The mice were weighed at the same
time. When the tumor volumes were more than 300 mm3 or the body
weight loss was over 15%, the mice would be considered dead. To
evaluate the biological safety, the mice were executed on the 15th day
after intravenous injection. H&E staining and hematology analyses
were performed as described in Supporting Information (Section 2.4.4).

2.11. Statistical analysis

Data are presented as mean ± standard error. Each group contains
at least 3 independent repeats. The data were analyzed with one-way
analysis of variance (ANOVA) test, which were followed by Tukey HSD
test for multiple comparisons between different groups using SPSS
software. Cumulative survival of mice was analyzed with Log-rank
(Mantel-Cox) test. P < 0.05 was thought to be significant statistically.
Statistical analyses were conducted with GraphPad Prism 5.0 software.

3. Results and discussion

3.1. Synthesis and physicochemical characterization

IFNα was genetically fused to the N-terminal of an ELPdiblock of
herein ELP(A)48-ELP(I)48, in which A (alanine) and I (isoleucine that is
hydrophobic relative to alanine) in parenthesis are the guest residues of
the hydrophilic ELP(A)48 block and the hydrophobic ELP(I)48 block,
respectively (Scheme 1). The repeat unit number of ELP(A)48 was de-
signed to be 48, which is the same as that of ELP(I)48. Meanwhile, a
control sample of IFNα-ELP(A) was constructed. The repeat unit
number of ELP(A) was 96, which is the same as the sum of the repeat
unit numbers of ELP(A)48 and ELP(I)48 in IFNα-ELPdiblock, so that the
molecular sizes of IFNα-ELPdeblock and IFNα-ELP(A) are almost the
same. The conjugates were biosynthesized and purified through inverse
transition cycling [13], as indicated by SDS-PAGE in which a single
band for each conjugate was seen with the expected molecular weight
(Fig. 1A). MALDI-TOF-MS was further used to determine the accurate
molecular weights of IFNα-ELPdiblock, IFNα-ELP(A) and free IFNα to be
58219.5, 56204.0, and 20338.6 Da, respectively (Fig. 1B), which well
matched with the theoretical ones of 58221.7, 56201.9, and
20340.1 Da, respectively. The CD shape and peak intensity of IFNα-
ELPdiblock and IFNα-ELP(A) were found to be nearly identical to those of
IFNα, indicating that the site-specific conjugation to ELPs did not alter
the secondary structure of IFNα (Fig. 1C).

The thermally responsive behaviours of IFNα-ELPdiblock and IFNα-
ELP(A) were studied with turbidimetric assay (Fig. 1D). IFNα-ELP(A)
underwent a first-order phase transition of unimer-to-aggregate when
the solution was heated above its Tt, as indicated by a dramatic increase
in the solution turbidity over a 1–2 °C temperature span. As expected,
the Tt is concentration dependent and well above the body temperature

of 37 °C, as indicated by the increase in Tt with the decrease in con-
centration (Fig. 1E and Fig. S1). By contrast, IFNα-ELPdiblock showed a
two-step thermoresponsive phase transition; namely, the solution was
transparent at low temperatures (< 21 °C), but the turbidity increased
with the temperature in the range of 21–50 °C (Fig. 1D). Upon further
heating, the turbidity increased dramatically and plateaued in the range
of 51–72 °C. The two-step change in turbidity could be attributed to
unimer-to-micelle and micelle-to-coacervate transitions, which was
previously observed in ELPdiblock systems [27]. The first small increase
in turbidity was indicative of the formation of micelle, which was ef-
fected by the thermoresponsive phase transition for the ELP(I)48 block
with a low Tt1 of 20 °C. Tt1 is the temperature where the optical density
(OD) value first deviates from the baseline. When the solution was
heated above 50 °C, the ELP(A)48 block underwent its thermo-
responsive phase transition with a high Tt2, inducing the production of
large aggregates as suggested by the high value in OD. Tt2 is the max-
imum temperature in the derivative of OD to temperature. The con-
centration dependence of Tt1 and Tt2 was further investigated for IFNα-
ELPdiblock (Fig. 1E and Fig. S2). The Tt1 increased with the decrease of
concentration of IFNα-ELPdiblock but was well below the body tem-
perature of 37 °C even at low concentrations, suggesting the high in-
tegrity of the micelle in vivo. In contrast, the Tt2 was almost in-
dependent of concentration, presumably due to the high local ELP(A)48
concentration in the corona that was caused by the close packing of
IFNα-ELP(A)48 chains in the corona of the micelle.

Next, the temperature-induced self-assembly of IFNα-ELPdiblock at a
concentration of 25 μM was investigated by DLS (Fig. 1F). The unimer
of IFNα-ELPdiblock (hydrodynamic radius (Rh) = 8.5 nm) formed
monodisperse micelle (Rh = 25.5 nm) at a critical micelle temperature
(CMT) of 21 °C that was close to the Tt1. The micelle was stable up to
50 °C, followed by the formation of bulk aggregates due to the phase
transition of the corona block. As expected, the unimer of IFNα-ELP(A)
(Rh = 9.6 nm) formed bulk aggregates when heated above the Tt of
58 °C. To further characterize the structure of IFNα-ELPdiblock, SLS was
applied to determine the radius of gyration (Rg = 17.4 nm) (Table S1).
The ρ = Rg/Rh ratio was further determined to be 0.74 that is close to
the theoretical one of 0.775 for homogeneous hard spheres [39], sug-
gesting that the morphology of IFNα-ELPdiblock micelle was spherical.
Indeed, Cryo-TEM revealed uniform nanospheres with a size of 48 nm
in diameter (Fig. 1G). The CMC of IFNα-ELPdiblock at 37 °C was de-
termined to be as low as 0.5 μg IFNα/mL in PBS and 0.3 μg IFNα/mL in
mouse serum (Fig. S3). The low CMC and enlarged Rh (25.5 nm) suggest
that the micelle would circulate in blood with the integrated micellar
structure for a prolonged time due to the reduced renal clearance as
compared to IFNα-ELP(A) (Rh = 9.6 nm) and IFNα (Rh = 2.8 nm)
(Fig. 1H).

3.2. IFNα receptor (IFNαR) binding activity and antiproliferative
characterization

IFNαR is highly expressed on human ovarian tumor cells (OVCAR-
3) (Fig. 2A). To study the IFNαR binding activity of IFNα-ELPdiblock,
OVCAR-3 cells were incubated with cyanine 5 (Cy5)-labelled IFNα-
ELPdiblock for 4 h at an IFNα concentration above or below the CMC of
IFNα-ELPdiblock (Fig. 2B and C). When the IFNα concentration was
lower than the CMC, the IFNαR binding activity of IFNα-ELPdiblock
unimer was close to that of IFNα-ELP (A) as indicated by the similar
Cy5 fluorescence intensities in the cells, but was lower than that of
IFNα as implied by the weaker Cy5 fluorescence in the cells treated
with the IFNα-ELPdiblock unimer than IFNα. On the other hand, when
the IFNα concentration was higher than the CMC, the IFNαR binding
activity of IFNα-ELPdiblock micelle was lower than that of IFNα-ELP (A)
as indicated by the weaker Cy5 fluorescence in the cells treated with
IFNα-ELPdiblock micelle than IFNα-ELP(A), probably due to the steric
hindrance caused by the close packing of IFNα-ELP(A)48 chains, a part
of IFNα-ELP(A)48-ELP(I)48, in the corona of the IFNα-ELPdiblock

Z. Wang, et al. Journal of Controlled Release 328 (2020) 444–453

446



micelle. Taken together, these data suggest that multivalent effect did
not exist in this system or was so weak that it could be compromised by
the decreased IFNαR binding activity of the micelle, which is consistent
with our previous observation in another micelle system [17,40]. No-
tably, cross-linking of IFNα receptors is not required for signal trans-
duction [41], which means that multivalent effect should be weak if
existing in this system.

Next, we tested the in vitro antiproliferative activity of IFNα-
ELPdiblock using OVCAR-3 cells (Fig. 2D). All the IFN analogues did not
show any cytotoxicity to OVCAR-3 cells even if the IFNα concentration
was as high as 107 pg/mL, indicating OVCAR-3 cells are insensitive to
the IFNα analogues. Nevertheless, this result did not mean that the
IFNα analogues would be ineffective in killing OVCAR-3 cells in vivo
considering that IFNα mainly functions by stimulating anticancer im-
mune response [19]. Therefore, Daudi cells that are highly sensitive to
IFNα were further used for in vitro antiproliferative activity evaluation
(Fig. 2E). The antiproliferative activity of IFNα-ELPdiblock (half maximal
inhibitory concentration (IC50) = 61.6 pg IFNα/mL) was similar to
that of IFNα-ELP(A) (IC50 = 60.4 pg IFNα/mL), which was 35.2% of
that for IFNα (IC50 = 21.7 pg IFNα-equivalent/mL). Notably, the an-
tiproliferative activities of IFNα-ELPdiblock and IFNα-ELP(A) were 5.7-
and 5.8-time higher than that for PEGASYS (IC50 = 350.6 pg IFNα/
mL), respectively, indicating that these ELP conjugations were

substantially superior to PEGylation in activity retention.

3.3. Proteolytic stability

To study the proteolytic stability of IFNα-ELPdiblock micelle, it was
treated with protease K at 37 °C and then analyzed by SDS-PAGE
(Fig. 3A). Much longer incubation time was needed to digest IFNα-
ELPdiblock micelle than IFNα and IFNα-ELP(A), which indicates that
IFNα-ELPdiblock micelle was much more resistant to proteolysis than
IFNα and IFNα-ELP(A). This result was corroborated by DLS analysis
(Fig. 3B). Only one single peak with a Rh of 23.6 nm was observed after
the incubation for 4 h, which well overlapped that for IFNα-ELPdiblock
before the incubation, indicating that IFNα-ELPdiblock micelle was
structurally stable against proteolysis. On the contrary, multiple species
with lower Rh values were observed for IFNα-ELP(A) after the in-
cubation for 4 h, suggesting that IFNα-ELP(A) was degraded into small
species. IFNα was completely digested into very small species, as in-
dicated by a single peak with a very small Rh of 0.51 nm. These data
indicate that IFNα-ELP(A) and IFNα were structurally unstable against
proteolysis. We further found that the structural stability was correlated
with the functional stability. The antiproliferative activity of IFNα-
ELPdiblock micelle decreased much more slowly with the time of in-
cubation with protease K than those of IFNα and IFNα-ELP(A) (Fig. 3C).

Fig. 1. Physicochemical characterization of IFNα-ELPdiblock. (A) SDS-PAGE analyses of IFNα-ELPdeblock, IFNα-ELP(A) and IFNα after purification. M: marker, Lane 1:
IFNα-ELPdiblock, lane 2: IFNα-ELP(A), lane 3: IFNα. (B) MALDI-TOF-MS spectra of IFNα-ELPdeblock, IFNα-ELP(A) and IFNα. In parenthesis, the theoretical mass of
each sample is given. (C) CD spectra. (D) Turbidity (OD350) of IFNα-ELPdiblock and IFNα-ELP(A) at 25 μM in PBS versus temperature. (E) The concentration
dependence of Tt. (F) Rh of IFNα-ELPdiblock and IFNα-ELP(A) at 25 μM in PBS versus temperature. (G) Cryo-TEM analysis of IFNα-ELPdiblock micelle. (H) DLS analyses.
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Fig. 2. IFNαR binding and antiproliferative activities of IFNα-ELPdiblock. (A) Immunofluorescence staining of OVCAR-3 cells to show membrane localization of
IFNαR. The cell membrane is stained with WGA in red; the cell nucleus is stained with DAPI in blue; FITC-labelled IFNαR monoclonal antibody is in green. (B)
Localization of Cy5-labelled IFNα-ELPdiblock, IFNα-ELP(A) and IFNα on OVCAR-3 cells after incubation for 4 h at an IFNα concentration above (1 mg/mL) or below
(0.4 μg/mL) the CMC of IFNα-ELPdiblock. Cy5-labelled IFNα-ELPdiblock, IFNα-ELP(A) and IFNα are in yellow. (C) Mean optical density of Cy5 quantified from panel B
by Image J software, which reflects the IFNαR binding activity of IFNα-ELPdiblock, IFNα-ELP(A) or IFNα (n = 3, *P < 0.05, **P < 0.01, ****P < 0.0001). (D)
Cytotoxicity against OVCAR-3 cells (n = 3). (E) Cytotoxicity against Daudi B cells (n = 3). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Specifically, the antiproliferative activity of IFNα-ELPdiblock micelle
(IC50 = 66.9 pg IFNα/mL) was 2.6-time higher than that of IFNα-ELP
(A) (IC50 = 178.1 pg IFNα/mL) after the incubation with protease K
for 4 h (Fig. 3D). IFNα almost completely lost its activity after the 4 h
incubation. These data indicate that IFNα-ELPdiblock micelle was much
more stable, in function, against proteolysis than IFNα-ELP(A) and
IFNα. This result was further supported by incubating these samples

with serum at 37 °C. The antiproliferative activity of IFNα-ELPdiblock
decreased much more slowly with the time of incubation with serum
than those of IFNα and IFNα-ELP(A) (Fig. 3E). The antiproliferative
activity of IFNα-ELPdiblock (IC50 = 71.5 pg IFNα/mL) was 2.4-time
higher than that of IFNα-ELP(A) (IC50 = 170.3 pg IFNα/mL) after the
incubation with serum for 7 d (Fig. 3F). IFNα completely lost the ac-
tivity after the incubation. The improvements in the structural and

Fig. 3. Proteolytic stability of IFNα-ELPdiblock. (A) SDS-PAGE analysis of IFNα-ELPdiblock digested with proteinase K at given time points at 37 °C. M: marker, lane 1:
IFNα-ELPdiblock, lane 2: IFNα-ELP(A), lane 3: IFNα. (B) DLS analysis of IFNα-ELPdiblock incubated with proteinase K for 0 and 4 h. (C) The antiproliferative activity
retention versus the time of incubation with protease K. (D) The antiproliferative activity measurements after the incubations with protease K for 0 h and 4 h. (E) The
antiproliferative activity retention versus the time of incubation with serum at 37 °C. (F) The antiproliferative activity measurements after the incubations with serum
for 0 d and 7 d (n = 3).
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functional stabilities of IFNα-ELPdiblock micelle against protease K and
serum over IFNα-ELP(A) and IFNα could be attributed to the compact
packing of the IFNα-ELP(A)48 block in the corona of the micelle. The
resulting steric hindrance could hamper the interactions between the
IFNα-ELP(A)48 chains and proteases and thus effectively reduce the
enzymatic degradation of IFNα-ELPdiblock.

3.4. Pharmacokinetics and biodistribution

The pharmacokinetics of IFNα-ELPdiblock was evaluated after in-
travenous bolus injection in a mouse model (Fig. 4A). After intravenous
bolus injection, the plasma level of IFNα rapidly dropped, with a short
distribution half-life (t1/2α) of 0.07 h and a short terminal half-life (t1/
2β) of 0.44 h (Table S2). By contrast, the plasma IFNα concentrations of
IFNα-ELPdiblock, IFNα-ELP(A), and PEGASYS slowly decreased with
time, with prolonged t1/2α and t1/2β. Notably, the t1/2α of IFNα-
ELPdiblock (1.1 h) was 16.9-, 2.9-, and 1.4-time longer than those of
IFNα (0.07 h), IFNα-ELP(A) (0.38 h), and PEGASYS (0.78 h), respec-
tively. The t1/2β of IFNα-ELPdiblock (54.7 h) was 124.3-, 5.7-, and 1.4-
time longer than those of IFNα (0.44 h), IFNα-ELP(A) (9.6 h), and
PEGASYS (39.0 h), respectively. Consequently, the area under the curve
(AUC) of IFNα-ELPdiblock (63.2 mg/L·h) was 48.6-, 5.2-, and 1.3-time
larger than those of IFNα (1.3 mg/L·h), IFNα-ELP(A) (12.1 mg/L·h), and
PEGASYS (50.5 mg/L·h), respectively. This dramatically improved
pharmacokinetics demonstrates that IFNα-ELPdiblock was much more
effectual in meliorating the pharmacokinetic profile of IFNα than IFNα-
ELP(A), which could be attributed to the enlarged size and enhanced
stability of IFNα-ELPdiblock micelle over IFNα-ELP(A). More interest-
ingly, the pharmacokinetics of IFNα-ELPdiblock was even better than
that of PEGASYS, due to the larger size of the IFNα-ELPdiblock mecelles
(Fig. S4).

The distribution of IFNα-ELPdiblock in major tissues was examined in
a nude mouse model of ovarian tumor (Fig. 4B). Notably, the IFNα
concentration of IFNα-ELPdiblock in tumor (23.5 ng IFNα/g tissue) was
2.5-time higher than that of PEGASYS (9.5 ng IFNα/g tissue) at 120 h

after intravenous injection, whereas the IFNα concentrations of IFNα
and IFNα-ELP(A) approached zero. More IFNα-ELPdiblock, IFNα-ELP(A),
PEGASYS, and IFNα were detected in kidney than in other tissues,
suggesting that they could be removed from the body via renal clear-
ance. Also, the concentrations of them in lung were found high, pre-
sumably due to the high levels of IFNα receptors distributed in lung
[41]. Collectively, these results demonstrate that IFNα-ELPdiblock was
much more effective than IFNα-ELP(A) and even better than PEGASYS
in enhancing the tumor retention of IFNα, and existed in tumor in the
form of unimer.

3.5. Antitumor efficacy

We reasoned that the significantly enhanced pharmacokinetic
property and tumor retention of IFNα-ELPdiblock over IFNα-ELP(A),
PEGASYS, and IFNα would translate into remarkably improved anti-
tumor efficacy. In a nude mouse model of ovarian tumor with a size of
30 mm3 in volume, IFNα-ELPdiblock, IFNα-ELP(A), PEGASYS, and IFNα
were intravenously injected at the same dose (Fig. 5A). Notably, IFNα-
ELPdiblock was extraordinarily more effective than IFNα-ELP(A) in in-
hibition of tumor growth (Fig. 5B, Fig. S5 and S6), due to the sub-
stantially improved pharmacokinetics and tumor retention. Further-
more, IFNα-ELPdiblock exhibited much higher potency in suppressing
tumor growth than PEGASYS, due to the high activity retention and the
improved pharmacokinetics and tumor retention. By contrast, IFNα was
almost ineffective in inhibition of tumor growth, due to its poor phar-
macokinetics and tumor retention. Specifically, at 40 d after treatment,
the average tumor size for the IFNα-ELPdiblock treatment (68.4 mm3)
was 13.9-, 7.4-, and 3.3-time smaller than those for the IFNα
(950.0 mm3), IFNα-ELP(A) (505.5 mm3), and PEGASYS (228.9 mm3)
treatments, respectively. Correspondingly, the animal survival rates for
the IFNα-ELPdiblock, IFNα-ELP(A), PEGASYS, and IFNα treatments were
40% (tumor free), 0%, 10% (tumor free), and 0%, respectively. The
improved proteolytic stability, the enlarged size, and the reduced
binding activity of the IFNα-ELPdiblock micelle can effectively prolong

Fig. 4. Pharmacokinetic profile and biodistribution of IFNα-ELPdiblock. (A) Plasma IFNα concentration as a function of time post intravenous injection. (B) IFNα levels
in tumors and major tissues at 2, 48 and 120 h post intravenous injection (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, considerable difference for IFNα-
ELPdiblock relative to other groups.
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the circulation time and enhance the retention in the tumor. When the
intratumoral micelle concentration is below the CMC, the micelles can
disintegrate to release IFNα-ELP(A)48-ELP(I)48 unimers with re-
covered activity and reduced size for tumor penetration, leading to the
substantially improved in vivo antitumor efficacy. The enhanced anti-
tumor activity of IFNα-ELPdiblock was further corroborated by hema-
toxylin and eosin (H&E) staining of tumor tissues after the treatments,
as implied by a more extensive cell apoptosis observed in the IFNα-
ELPdiblock treatment (Fig. 5C). Collectively, these results demonstrate
that IFNα-ELPdiblock was much more efficient than IFNα-ELP(A) and
even better than PEGASYS in antitumor efficacy.

3.6. Biosafety study

The biosafety of IFNα-ELPdiblock was further studied after the
treatment. No considerable loss of mouse body weight was measured
for all of the treatments (Fig. 6A). No detectable histological alterations
in major organs such as lung, kidney, heart, liver, and spleen were
observed for all the drug treatments relative to the saline treatment
(Fig. 6B), indicating that all the drug treatments at the same dose did
not damage the major organs significantly. These results were corro-
borated by blood biochemsitry analysis (Fig. 6C), showing that the le-
vels of the functional markers for liver, heart, and kidney fluctuated
within the normal ranges, indicating that all the drug treatments did
not induce obvious toxicity to liver, heart, and kidney. Hematological
examination showed that the levels of the major hematological para-
meters changed within the normal ranges (Fig. 6D), implicating that all
the drug treatments did not result in significant hematological toxicity.
All of the biosafety data indicate that all the drug treatments in this
study did not induce detectable systemic toxicity.

4. Conclusions

In summary, we have demonstrated TISA of IFNα-ELPdiblock into a
micelle that is distinguishable, in structure and function, from IFNα-
ELP(A) and PEGASYS. First, in response to the body temperature, IFNα-
ELPdiblock can self-assemble into a uniform spherical micelle with well-
retained bioactivity as compared to PEGASYS. Second, the micelle is
highly stable in structure and function against proteolysis, presumably
due to the close packing of the IFNα-ELP(A)48 block in the corona of

the micelle. Third, as a result of the enlarged size and improved stability
of the micelle, the half-life of IFNα-ELPdiblock is much longer than those
of IFNα-ELP(A), IFNα, and even PEGASYS. Fourth, IFNα-ELPdiblock can
efficiently accumulate into tumors as compared to IFNα-ELP(A), IFNα,
and even PEGASYS. Fifth, as a result of the improved pharmacokinetics
and tumor retention, IFNα-ELPdiblock is much more effective in sup-
pressing tumor growth than IFNα, IFNα-ELP(A) and even PEGASYS at
the same dose in a nude mouse model of ovarian tumor, along with a
considerably increased animal survival rate (40%) for IFNα-ELPdiblock
as compared to those for IFNα (0%), IFNα-ELP(A) (0%) and even
PEGASYS (10%). In our previous work, we reported that an IFNα-am-
phiphilic diblock copolymer conjugate without thermo-sensitivity can
self-assemble into micelles during the site-specific in situ polymeriza-
tion [17]. The micelles can elongate the circulation half-life of IFNα and
enhance the treatment effect, but the amphiphilic diblock copolymer is
not precisely-defined in structure and biodegradable, and the chemical
synthesis of the micelles is cumbersome. In contrast, in this work,
ELPdiblock is precisely-defined in structure and function, biocompatible,
biodegradable, and thermosensitive. Moreover, IFNα-ELPdiblock can be
genetically designed, easily biosynthesized and purified. Taken to-
gether, these advantages make IFNα-ELPdiblock interesting as a new,
long-acting and potent biologic for the treatments of cancer and po-
tentially hepatitis. We speculate that the strategy of TISA is applicable
to other therapeutic proteins to significantly improve their stability and
pharmacology.
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