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The combination of chemotherapy and protein therapy holds immense promise for tumor treatment.
However, conventional bolus formulation or simple co-administration fails to achieve maximized
efficacy due to the distinct physiological and pharmacological properties of small molecular drugs
and protein therapeutics. As such, developing a co-delivery system for optimal antitumor efficacy
remains a great challenge. Herein, we achieve the synergistic co-delivery of human interferon-«2b (IFN)
and doxorubicin (Dox) by the facile synthesis of a multifunctional and stimuli-responsive protein-
drug-polymer (PDP) conjugate IFN-PolyDox-PEP. IFN-PolyDox-PEP is constituted of IFN, a polydisulfide
tethering multiple copies of Dox (PolyDox), and a stealthy polypeptide (PEP) for long circulation.
IFN-PolyDox-PEP self-assembles into nanoparticles of 122 nm in diameter and is able to release its
therapeutic cargos in response to tumor microenvironment cues such as matrix metalloproteinase, acidic
pH, and reducing glutathione. The in vivo synergistic effect of IFN-PolyDox-PEP is demonstrated by the
superior antitumor efficacy as compared with the co-administration of IFN-polypeptide conjugate and
free Dox. This work demonstrates the power of highly efficient chemistry in constructing well-defined
PDP conjugates, which are promising hybrid macromolecules for various chemo-protein combination
therapies.

Introduction
Both small molecular chemotherapy drugs and macromolecular
biologics are widely used for the treatment of cancers. However,
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membrane permeability, and strong immunogenicity [1-3]. On
the other hand, the severe systemic toxicity of chemotherapeutics
makes them dose-limiting with narrow therapeutic index [4].
Moreover, both small molecules and proteins often have short
circulating half-lives and suboptimal pharmacokinetics (PK). To
solve these problems, polymer conjugation (e.g., PEGylation)
has been a clinic-validated approach improving pharmacological
profiles of both proteins and small molecules [5-9]. Presumably,
the attachment of a polymeric chain augments the overall
solubility and hydrodynamic volume of drugs, alters the
biodistribution, enables sustained release, and leads to slower
renal clearance and reduced immunogenicity. Currently, there
have been a dozen PEGylated conjugates on market and
approximately 30 PEGylated drugs in clinical trial [9].

Combinatory administration of different drugs can sometimes
offer a synergistic antitumor effect beyond simple one plus
one [10,11]. Clinically, the combination of fluoropyrimidine-
cisplatin and bevacizumab significantly increased progression-
free survival and overall response rate in the first-line treatment
of advanced gastric cancer [12]. Carefully designed co-delivery
systems allowing modulable incorporation and fine-tuned release
profiles of both the protein and chemodrug payloads have
also attracted vast research efforts recently [13-18]. However,
the drastic differences in PK, biodistribution, potency, and
other related physicochemical properties of small molecules
and biologics have posed formidable formulation challenges
for maximized codelivery efficacy. Compared with conventional
bolus administration or some nanomedicines that loads drugs via
physical encapsulation or inclusion [19-21], covalently modified
conjugates can largely prevent premature leaking of payloads and
thus ensure sustained release of the bioactive components in a
spatiotemporally controllable manner. One type of such carriers is
the protein-drug-polymer (PDP) conjugate simultaneously armed
with both therapeutic modalities within one molecular scaffold.
For example, Alexander et al. developed albumin—polymer—drug
conjugates to achieve long circulating and high drug loading
[22]. However, this seemingly simple and appealing approach has
not been widely applied, presumably because the tremendous
synthetic challenges of making well-defined PDP conjugates in a
controllable fashion.

Herein, we report the highly efficient synthesis of a designer
PDP conjugate, which contains a therapeutic human interferon-
a2b (IFEN), a polydisulfide (PDS) tethering multiple copies
of doxorubicin (Dox), and a stealthy polypeptide poly(y-
(2-(2-(2-methoxyethoxy)ethoxy)ethyl L-glutamat?) (P(EG3Glu))
(Fig. 1). The PDP conjugate, termed as IFN-PolyDox-PED, has
an exceedingly high Dox/IFN molar ratio up to 103/1, which
is unprecedented using conventional conjugation methods.
IFN-PolyDox-PEP is designed to possess long circulation and
release its therapeutic cargos through multiple stimuli-responsive
mechanisms in tumor microenvironment (TME) and inside tumor
cells. Specifically, IFN can be released upon proteolytic cleavage by
matrix metalloprotease (MMP) overexpressed TME for enhanced
binding to cell surface receptor and thus restored protein activity.
Free Dox can be released intracellularly through the degradation
of PDS by glutathione (GSH) and the acid-triggered hydrolysis
of hydrazide-ketone bond in the endosome/lysosome [23-25].

Notably, such a sophisticatedly designed conjugate can be
efficiently prepared within 4 steps thanks to the mild yet efficient
chemistry.

Results and discussion

Design, synthesis, and characterization of the conjugate
IFN-PolyDox-PEP

IFN is an important cytokine exhibiting anti-proliferative effect
to certain types of tumor cells by binding to specific extracellular
receptors on the membrane; Dox, a well-known first-line
anthracycline drug, induces the apoptosis of a wide spectrum
of tumor cells by intercalating with nuclear DNA. We selected
IFN and Dox to construct the PDP conjugate because several
clinical trials and preclinical studies have demonstrated certain
degrees of synergistic efficacy using combinatory regimens of
IFN with Dox [26-28]. To make a viable co-delivery construct
in which both drugs can act at their optimal doses, we sought
to tune the IFN/Dox molar ratio in the conjugate ~1/100
based on reported animal studies in which IFN was used at ~
50 nmol (1 mg)/kg for IFN[29-31] and ~5 pmol (3 mg)/kg for
Dox [13,32,33]. This high Dox/IFN ratio represents a practical
synthetic challenge because Dox is relatively hydrophobic and
too many copies of Dox in one conjugate may cause undesired
precipitation. For this, the hydrophilic and stealthy polypeptide
P(EG3Glu) was firstly introduced for improved solubility and
extended circulation half-life. Briefly, Cys-M-IFN, an IFN mutant
containing an N-terminal cysteine (N-Cys) followed by a
MMP-responsive peptide linker (sequence: GPLGiVRGK), was
constructed [30] and reacted with phenyl thioester-tethered
P(EG3Glu)qg9 via native chemical ligation (Fig. 1A) [29,31,34—
37]. The resulting conjugate IFN-PEP has a reactive thiol group
originated from the previous N-Cys, which allows the in situ
growth of PDS through the ring-opening polymerization (ROP)
of 1,2-dithiolane [38]. Previously, protein-initiated ROP of 1,2-
dithiolane has been elusive. However, by employing the Cryo-
ROP method recently developed by our group, this synthetic
challenge became easily conquerable. Specifically, the thiol-
bearing IFN-PEP was mixed with a hydrazide-functionalized lipoic
acid (LA-NHNH;, characterization see Figure S1-S3) under frozen
conditions to afford the product IFN-PDS-PEP. Non-reducing
SDS-PAGE analysis and size exclusion chromatography (SEC)
confirmed the successful generation of IFN-PDS-PEP (Fig. 2A-
B). Dynamic light scattering (DLS) result indicated a substantial
increase of the hydrodynamic size from 14 nm for IFN-PEP to
28 nm for IFN-PDS-PEP (Fig. 2C). The degree of polymerization
(DP) of PDS was estimated to be ~120 based on the assessment
of the hydrazide groups in IFN-PDS-PEP using the trinitrobenzene
sulfonic acid (TNBS) assay.

Next, Dox was covalently attached to IFN-PDS-PEP via an
acid-labile hydrazone bond between the hydrazide of PDS and
the ketone of Dox (Fig. 1A). The product IFN-PolyDox-PEP was
purified by extensive dialysis and was estimated to have a Dox/IFN
ratio of ~103 calculating from the absorption intensity of the
characteristic wavelengths of Dox and IFN at 495 and 280 nm,
respectively. Notably, the purified IFN-PolyDox-PEP showed no
leakage of Dox even after one month of storage at 4 °C. This
observation further underscored the remarkable stability and high
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Fig. 1

(A) Synthesis of IFN-PolyDox-PEP. (B) Cartoon illustration of the MMP-activatable, pH- and GSH-responsive release of IFN and Dox for enhanced chemo-protein
combination therapy. Cyro-ROP, cryo ring-opening polymerization; Dox, doxorubicin; IFN, interferon-a2b; PDS, polydisulfide; MMP2, matrix metalloproteinase2;

GSH, glutathione.
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Characterizations: (A) SDS-PAGE, (B) size exclusion chromatography, and (C) DLS analysis of the precursor IFN-PEP and the PDP conjugate IFN-PDS-PEP. In (A), wt-IFN
and IFN-PEP were treated with DTT before electrophoresis, whereas IFN-PDS-PEP was analyzed without DTT.

purity of IFN-PolyDox-PEP. DLS analysis of IFN-PolyDox-PEP gave
an average hydrodynamic diameter of 122 nm (Fig. 3A), likely
due to the self-assemble of the conjugated PolyDox. This result was
further confirmed by transmission electron microscopy (TEM),
which gave an estimated average size of ~80 nm for IFN-PolyDox-
PEP in dry state (Fig. 3A inset). Next, we interrogated the stimuli-
responsive Dox release of IFN-PolyDox-PEP in phosphate buffer
saline (PBS) at 37 °C under different conditions. Since the MMP-
specific cleavability of a similar PEPylated interferon, PEP;y—M-
IFN has been systematically demonstrated in our previous work
[30], here, we focused on the responsive release of Dox in this
system. As illustrated in Fig. 3B, at pH 7.4, only less than 2% Dox
was released over 64 h. At pH 6.0 which mimics the slightly acidic
TME, the percentage of Dox release increased to 10% owing to
the acid-catalyzed hydrolysis of hydrozone bond. Remarkably, in
the presence of 10 mM glutathione (GSH), nearly 55% Dox was

liberated over a course of 64 h. The results suggested that the Dox
release would be further boosted inside the reductive cytosolic
milieu for GSH-assisted depolymerization of PDS.

In vitro Cytotoxicity. The in vitro cytotoxicity of IFN-
PolyDox-PEP was evaluated using the human ovarian cancer cell
line SKOV3. Previously, we have observed that SKOV3 was only
moderately sensitive to the treatment of IFN both in vitro and
in vivo. Here, we would like to test whether a synergistic effect
can be achieved by combinatory therapy of IFN and Dox [14].
As expected, the treatment of Dox + IFN-PEP mixture resulted in
significantly lowered viabilities of SKOV3 in relative to Dox or IFN-
PEP treatment alone. The conjugate IFN-PolyDox-PEP revealed
a slightly lower in vitro toxicity as compared to the treatment
of Dox + IFN-PEP mixture, which could be attributed to the
gradual release of IFN and Dox (Fig. 4A). Next, we examined the
intracellular delivery of IFN-PolyDox-PEP by using confocal laser
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Fig. 3

(A) DLS analysis and TEM images (inset) of IFN-PolyDox-PEP. (B) Dox release profile of IFN-PolyDox-PEP under different conditions (PBS buffer at 37 °C). Each point
was based on triplicated experiments and data are presented as mean =+ SD (n = 3); P value was determined by two-way ANOVA analysis: *P<0.05, **P<0.01, ***
P<0.001.

A C
bkl Kkk BB IFN-PEP -
100[ @8 Dox =
- B8 IFN-PEP+Dox c 100
X | IFN-PolyDox-PEP -
‘; 80 ***- . £
= " g %
§ 60 - e
> § 60
8 40 S
o 40
20 o
>
i E 20
IFN 1 125 500 2000 @ 0
Dox 3 375 1500 6000 Control +NaN, +DTNB
Concentration (ng/mL)
B 10 min 30 min 1lh 2h
x
o
o
Q.
w
Q.
x
o
o
=
<]
e
2
=

Fig. 4

In vitro Cytotoxicity and cellular uptake: (A) Relative cell viability of SKOV3 cells 48 h after the treatment of IFN-PEP, Dox, Dox + IFN-PEP mixture, or IFN-PolyDox-PEP.
(B) CLSM of SKOV3 cells uptaking free Dox or IFN-PolyDox-PEP at different time points. The nucleus is stained with Hochest (blue); Dox is presented in green. (C)
Relative uptake of IFN-PolyDox-PEP by SKOV3 cells with different pretreatments. Cells were treated with opti-MEM, sodium azide (10 mM), or DTNB (5 mM) for
30 min before incubation with IFN-PolyDox-PEP (20 M Dox) for 2 h; Internalization of IFN-PolyDox-PEP were quantified based on the mean fluorescence intensity
(MFI) of Dox in flow cytometry histogram. Data are presented as mean =+ SD (n = 3); P value was determined by t-test: *P<0.05, **P<0.01. n.s., not significant.
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In vivo pharmacokinetics of Dox + IFN-PEP mixture and IFN-PolyDox-PEP. The plasma level of IFN (A) and Dox (B) at designated time points were measured by
anti-IFN ELISA and fluorescence assay, respectively; drugs were intraperitoneally administered to Sprague-Dawley rats and the blood was drawn from the orbit at

designated time points. Data are presented as mean =+ SD.

scanning microscopy (CLSM) at various time points. As expected,
free Dox was internalized into SKOV3 cells more efficiently than
IFN-PolyDox-PED, as shown by the higher intracellular intensity of
Dox fluorescence at each incubation time. It is worth mentioning,
however, that a substantial amount of Dox signal was distributed
throughout the cytosol with no significant endosome/lysosome
trapping even at as early as 30 min or 1 h incubation for IFN-
PolyDox-PEP (Fig. 4B). It is well-known that nanomedicines are
usually uptaken by endocytosis/pinocytosis and can be easily
trapped within endosomes/lysosomes. Thus, this difference in
subcellular location with vast majority nanomedicines suggested
a distinct internalization mechanism and intracellular trafficking
of IFN-PolyDox-PEP. Matile and coworkers have convincingly
demonstrated that PDS penetrates into cell cytosols through the
thiol-initiated disulfide exchange on cell surface, which bypasses
conventional endocytosis pathways [25, 39-41]. To investigate the
internalization mechanism of IFN-PolyDox-PEP, SKOV3 cells were
pretreated with 10 mM sodium azide to inhibit endocytosis or 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) to block cell surface thiols
[23,42,43]. Interestingly, the intracellular fluorescence of Dox did
not show a dramatic decrease for NaN3 treatment (n.s.); on the
contrary, the thiol-blocking DTNB treatment suppressed ~25%
Dox uptake (P < 0.01). The results suggested that endocytosis was
not the dominate internalization pathway for IFN-PolyDox-PEP
and the disulfide exchange-mediated cell-penetrating was at least
one accountable internalization mechanism along with others
(Fig. 4C).

PharmacoKkinetics. To assess the circulation half-life,
Sprague-Dawley rats were intraperitoneally administered with
either a physically mixed solution of (Dox + IFN-PEP) or the
conjugate IFN-PolyDox-PEP. The plasma levels of IFN and Dox
were determined by enzyme-linked immunosorbent assay (ELISA)
and fluorescence assay, respectively. As shown in Fig. 5A, wt-IFN
was quickly cleared from blood upon injection and became
undetectable within 24 h, whereas both conjugates IFN-PEP
and IFN-PolyDox-PEP showed significantly higher plasma IFN
contents and were almost indistinguishable with each other
throughout all selected time points. The pharmacokinetic profiles

of Dox were shown in Fig. 5B. Free Dox was cleared rapidly from
blood, whereas Dox was maintained at high concentrations even
72 h post injection for IFN-PolyDox-PEP. These results clearly
demonstrated the benefit of IFN-PolyDox-PEP in prolonging the
circulation time of both therapeutic components for optimal
codelivery.

In vivo efficacy. The antitumor efficacy of IFN-PolyDox-PEP
was studied in a SKOV3 xenograft model in nude mice. When
the average tumor size reached approximately 60 mm3, mice
were randomly grouped (n = 5-6) and intravenously administered
with phosphate buffer saline (PBS), Dox, IFN-PEP, Dox+IFN-
PEP, or IFN-PolyDox-PEP every 4 days at a dosage of 3.0 mg
Dox/kg or 1.0 mg IFN/kg per mouse (day 0). As shown in
Fig. 6A, the tumor grew rapidly in both the Dox and IFN-
PEP groups, with no significant difference detected between the
two. Notably, the co-injection of Dox and IFN-PEP was found
to exhibit significantly higher efficacy of tumor inhibition than
individual therapy of IFN-PEP or Dox. IFN-PolyDox-PEP displayed
the most remarkable antitumor efficacy and almost completely
eradicated the tumor. This result underscored the necessity of
both long circulation and chemo-protein combination therapy
for suppressing the tumor growth. In the survival study, no mice
in the PBS, Dox and IFN-PEP groups remained alive on day 16
due to oversized tumors, whereas those receiving mixture of Dox
and IFN-PEP showed slightly extended survival to day 20. To our
excitement, none of the mice administered with IFN-PolyDox-PEP
died within 27 days (Fig. 6B). The outstanding performance of
IFN-PolyDox-PEP in anticancer efficacy was further confirmed by
hematoxylin and eosin (H&E) staining of tumor tissue (Fig. 6C).
H&E staining showed that the tumor treated with PBS consisted
of tightly packed tumor cells (Fig. S4), while the tumor treated
with free Dox or IFN-PEP exhibited moderate vacuolization. As
expected, both IFN-PolyDox-PEP and Dox + IFN-PEP mixture
caused higher degrees of tumor cell apoptosis than administration
of IFN or Dox individually. No significant body weight loss was
observed for all treatments because of the judiciously chosen
dosages of IFN and Dox (Fig. 6D). Moreover, IFN-PolyDox-
PEP showed no damage to other major tissues (e.g. kidney,
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sections. BALB/C-nu mice (n = 5-6) bearing s.c. SKOV-3 tumors (~60 mm3) were i.v. injected with Dox-based therapies at 3.0 mg/kg, or IFN-based therapies at
1.0 mg/kg every 4 days for 4 times; therapies started on day 0 and stopped on day 12. Data are presented as mean =+ SD; P value was determined by two-way

ANOVA analysis: *P<0.05, **P<0.01, *** P<0.001.

spleen, lung and heart) according to the histopathology imaging
(Fig. S5).

Conclusions

In summary, we report a well-defined PDP conjugate IFN-PolyDox-
PEP to achieve enhanced chemo-protein combination therapy.
The construct was facilely prepared via an integrated process
harnessing the power of site-specific bioconjugation (grafting-
to), in-situ growth of PDS (grafting-from), and hydrazide-ketone
chemistry (Dox functionalization). The PDP conjugate bears an
exceedingly high Dox loading, self-assembles into nanoparticles
~80-100 nm, circulates in blood for a prolonged time period than
individual IFN/Dox, and exhibits multiple stimuli-responsiveness
to selectively and sustainably release cargos in TME or inside
tumor cells. Consequently, IFN-PolyDox-PEP gives superior in
vivo antitumor efficacy to simple co-administration of IFN-PEP
and Dox. Taken together, this work demonstrates the power
of highly efficient chemistry in constructing well-defined PDP
conjugates. The method is also easily translatable to other
combinations of protein and chemodrugs for treating numerous
diseases.

Methods

Synthesis of IFN-PDS-PEP. First, the macroinitiator IFN-PEP
was prepared via native chemical ligation of Cys-M-IFN and
P(EG3Glu)100-SPh based on a previously reported protocol [30].
LA-NHNH, (13 mg, 59 pmol) was dissolved in DMSO (100

ul) followed by dilution with PBS (400 nL, pH 7.4) to make
the final LA-NHNH, concentration of ~100 mM. Next, IFN-PEP
(1.0 mg/mL, 1.0 mL in PBS) was added to the above LA-NHNH,
solution (100 mM, 500 pL) and the mixture was frozen in a
—30 °C freezer for 2 h. The reaction was quenched with cold
iodoacetamide (20 uL x 0.5 M) for ~20 min. The reaction mixture
was first passed through a PD-10 size exclusion column in PBS
(pH 7.4) to remove the unreacted LA-NHNH,. The product IFN-
PDS-PEP was further purified via FPLC on a superdex 200 size
exclusion column. To analyze the ratio of LA-NHNH,/IFN in
the conjugate via the TNBS assay, 20 uL of IFN-PDS-PEP (IFN
concentration = 0.75 mg/mL) was incubated with 180 uL of 0.1%
(w/v) TNBS in 0.1 M NaHCO3 (pH=8.5) at 37 °C for 120 min. IFN-
PEP was used as a blank control to subtract the absorption derived
from e-amine of IFN. Solutions of LA-NHNH, at different known
concentrations in 0.1 M NaHCOj3 buffer were used to obtain a
calibration curve. The absorbance at 425 nm was recorded using
a plate reader.

Synthesis of IFN-PolyDox-PEP. For drug conjugation,
Dox (5.0 mg) was dissolved in DMSO (400 nL) followed
by the addition of PBS (3.0 mL, pH 7.4) to make a clear
aqueous solution. Then IFN-PDS-PEP in PBS (IFN concentration
0.3 mg/mL, 3.5 mL) was added dropwise into the above Dox
solution, and the mixture was stirred at room temperature for
24 h in the dark. The final product IFN-PolyDox-PEP was purified
by extensive dialysis in PBS to remove DMSO and free Dox
(MWCO = 3.5 kDa).




Giant, 5, 2021, 100040

Evaluation of Dox conjugation efficiency. The IFN
concentration of IFN-PolyDox-PEP was further confirmed by
human IFN ELISA Kit. The concentration of Dox was determined
by the absorbance at 495 nm based on a standard curve drawn
from a series of free Dox with known concentrations. The ratio of
Dox/IFN in the freshly prepared IFN-PolyDox-PEP was calculated
based on the c(Dox)/c(IFN).

Dox release studies. [FN-PolyDox-PEP (280 uM Dox, 0.5 mL)
in PBS (pH 7.4) were placed in a dialysis tube (MWCO 4 kDa)
and dialyzed against PBS (pH 7.4), PBS (pH 6.0), or PBS with
GSH (10 mM, pH 7.4) at 37 °C, respectively. The concentration
of released Dox were measured at designated time points by
taking aliquots of PBS outside the dialysis tube and recording the
absorbance at 495 nm based on a standard curve drawn from a
series of free Dox with known concentrations. Each experiment
was repeated three times.

In vitro Cytotoxicity. SKOV3 cells were cultured in RPMI
1640 supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 U/mL streptomycin. SKOV3 cells were cultured
in a 96-well plate at a density of 5000 per well for 24 h before
the addition of Dox, IFN-PEP, or IFN-PolyDox-PEP at gradient
concentrations with triplicate repeats, respectively. After 48 h
incubation, the cell proliferation inhibition was determined by
Cell Titer-Blue® Viability Assay. The ICs, values were calculated
using the GraphPad Prism software.

Cellular uptake of Dox-loaded nanoparticle. SKOV3
cells were cultured in glass bottomed chambers at a density of
50,000 cells per well. After 12 h incubation, the medium was
removed and the attached cells were treated with fresh opti-MEM
(1.0 mL) containing Dox or IFN-PolyDox-PEP (20 M based on
Dox) at 37 °C. At different time points (10 min, 30 min, 1 h and
2 h), the cells were washed with heparin sodium (0.1 mg/mL,
1.0 mL x 3) and PBS (1.0 mL) and then stained with Hoechst
33,342 at 37 °C. The cells were then washed with PBS three times
and then imaged with confocal laser scanning microscope.

Mechanistic studies of cellular internalization

DTNB blocking: SKOV3 cells were seeded in a 6-well dish at
a density of 1.0 x 10* cells per well. After 12 h incubation,
the medium was removed and the attached cells were treated
with fresh opti-MEM (1.0 mL) containing 5 mM DTNB at 37 °C
for 30 min. After incubation, the cells were washed with PBS
(1.0 mL x 3) and then treated with IFN-PolyDox-PEP (20 uM based
on Dox) for 2 h. Then, cells were washed with heparin sodium
(0.1 mg/mL, 1.0 mL x 3) and PBS (1.0 mL) and digested with
trypsin. Finally, the cells were analyzed by flow cytometry.

NaN; Inhibition: For endocytosis inhibition experiment, the
cells were incubated with fresh opti-MEM (1.0 mL) containing
10 mM sodium azide (NaN3) for 30 min at 37 °C. Then, cells
were treated with IFN-PolyDox-PEP (20 uM based on Dox). Upon
2 h incubation at 37 °C, cells were washed with heparin sodium
(0.1 mg/mL, 1.0 mL x 3) and PBS (1.0 mL) and then digested with
trypsin. Finally, the cells were analyzed by flow cytometry.

Pharmacokinetics. The female Sprague-Dawley rats
weighing ~250 g were randomly divided into three groups
(n = 3) and intraperitoneally injected with wt-IFN, IFN-PolyDox-
PEP or physically mixed solution of Dox+IFN-PEP at a dose of

50 ug IFN and 150 ug Dox per mouse. At designated time points
(45 min, 2, 5, 8, 12, 24, 48 and 72 h), blood was withdrawn from
the orbit and kept at 4 °C for 30 min, followed by centrifugation
at 4500 g for 15 min. The plasma IFN levels were evaluated by
human IFN ELISA Kit; The plasma Dox levels were determined
via fluorescence at 590 nm with the fluorescence of plasma from
untreated mice measured as the background. A series of free Dox
solution at known concentrations ranging from 0.25 to 25 ng/mL
was used to establish the standard curve for the quantification of
Dox concentration.

Invivo anti-tumor efficacy using SKOV-3 model. Female
BALB/c nude mice (4-week old, ~15 g) were subcutaneously
implanted with 1.5 x 107 SKOV-3 cells dispersed in 0.1 mL PBS.
When the tumor size reached ~60 mm3, mice were randomly
assigned to five groups (n = 5~7, Day 0). The tumor-bearing
mice were intravenously (i.v.) administered with phosphate buffer
saline (PBS), Dox, IFN-PEP, Dox + IFN-PEP, or IFN-PolyDox-PEP
every 4 days at a dose of 15 pg IFN (1.0 mg IFN/kg) and 45 ug
Dox (3.0 mg Dox/kg) per mouse for 4 times. Tumor volume was
calculated by the following formula: V = L*W?2/2. Relative tumor
volume was calculated by the formula: R = V/V,, where V,, was the
average tumor volume on Day 0. The mice were sacrificed when
the tumor volume reached 1000 mm? or beyond. At the end of
the fourth injection, one mice from each group was sacrificed to
extract major organs and tumors for histopathology evaluation
using H&E staining.
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