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Cell-penetrating peptides (CPPs) facilitate efficient biomolecule delivery with low immunogenicity
and cytotoxicity, making them ideal for in vivo drug delivery. Heparin-binding epidermal growth factor-
like growth factor (HB-EGF), a ligand of the epidermal growth factor receptor (EGFR), is overexpressed
in tumors and can promote angiogenesis. Doxorubicin (DOX), a chemotherapeutic, treats various cancers
but has limited use with HB-EGF as a carrier.

Aim. In this study we focused on the HB-EGF’s potential in enhancing DOX delivery and antitumor
effects.

Methods. Recombinant sHB-EGF was expressed in E. coli, purified by IMAC, and loaded with DOX
with further dialysis of the complex from unbound antibiotics. Binding to cell surfaces (4431, 3T3, Vero),
as well as ROS production using DCFH-DA, were analyzed by flow cytometry. Cell viability was assessed
with MTT assays after 48 h.

Results. sHB-EGF fluorescent derivatives effectively bound to A431 cells, enhancing DOX delivery to
squamous-cell carcinoma and significantly reducing cell viability.

Conclusions. HB-EGF efficiently delivers DOX into cells, suggesting its potential as a targeted drug
carrier for EGFR/ErbB-1 overexpressed cancers.
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Cell-penetrating peptides (CPPs) have
been shown to be promising transport
systems, capable of efficiently delivering
biomacromolecules into cells [1]. Human-
derived CPPs, such as heparin-binding
epidermal growth factor-like growth factor
(HB-EGF), offer significant advantages due
to their low immunogenicity and cytotoxicity,
making them ideal candidates for in vivo drug
delivery. HB-EGF, a ligand for the epidermal
growth factor receptor (EGFR), not only
facilitates intracellular drug transport but
also selectively targets cancer cells, as EGFR/
ErbB-1 is frequently overexpressed in various
malignancies [2].

Previous research has focused on developing
drug-loading platforms for doxorubicin
(DOX), a widely used anthracycline-based
chemotherapeutic agent effective against
various cancers, including those of the soft
tissue, bone, breast, ovary, bladder, and thyroid
[8]. While its precise mechanisms remain
unclear, DOX is known to intercalate into DNA,
inhibit topoisomerases (which leads to DNA
breaks and prevents its reparation by ligation),
disrupt mitochondrial function, and increase
iron-mediated formation of free radicals
(reactive oxygen species (ROS)), leading to
diverse cell death pathways depending on dose
and cellular context [4]. However, its clinical
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use is compromised by nonspecific distribution,
resulting in severe side effects such as
cardiotoxicity [5]. Therefore, an advanced drug
delivery system is essential to enhance DOX’s
therapeutic efficacy while minimizing off-
target toxicity.

The potential of using HB-EGF as a
carrier for anticancer treatment has remained
largely unexplored despite its favorable
characteristics. This study investigates the
ability of HB-EGF to serve as a selective
drug carrier for DOX, aiming to improve its
intracellular accumulation, enhance anticancer
efficacy, and minimize systemic toxicity.

Materials and Methods

Protein extraction and purification. E. coli
Rosetta (DE3) cells containing the pET28a-
HB-EGF construct were grown in LB medium
with kanamycin for ~2 h at 37 °C. The culture
was then induced with isopropyl B-d-1-
thiogalactopyranoside (IPTG) and further
grown for ~3—4 h at 30 °C and active aeration.
Cells were centrifuged, and the precipitate was
resuspended in Wash buffer (50 mM Na,HPO,,
0.3 M NaCl, pH 8.0) containing 10 mM
imidazole, lysozyme (0.1 mg/mL) and with
the addition of protease inhibitor cocktail,
then lysed by ultrasound homogenization.
The homogenized cell mass was centrifuged,
and the supernatant containing HB-EGF was
retained for protein purification. The HB-EGF
was purified by metal-affinity chromatography
(IMAC) with Co?"-NTA agarose. Recombinant
6His-HB-EGF was eluted with a Wash buffer
(50 mM Na,HPO,, 0.3 M NaCl, pH 8.0) that
contained 250 mM imidazole. The purity of the
recombinant proteins was confirmed via 10%
SDS—PAGE under denaturing conditions, and
protein concentration was quantified using
densitometry with the Fiji image processing
tool.

Complex loading. In order to load HB-EGF
with DOX, a 5 uM DOX solution was mixed
with each 500 ng of recombinant HB-EGF, and
the solution was incubated for 12 hours at 4 °C
with gentle stirring. Following incubation,
the mixture was dialyzed against PBS (0.01 M
phosphate buffer, 0.0027 M KCI, 0.137 M
NaCl, pH 7.4) to remove unbound DOX.

Cell lines. Cell lines A431, 3T3, and Vero
were obtained from the Kavetsky Institute
of Experimental Pathology, Oncology,
and Radiobiology (Kyiv, Ukraine). All cell
lines were cultured in RPMI-1640 medium
supplemented with L-glutamine, 10%
fetal calf serum, streptomycin (100 mg/L),
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penicillin (10.000 U), and amphotericin B
(250 pg/L) in a 5% CO4 atmosphere.

Cell binding assay. A431 cells were stained
with mCherry and mCherry-HB-EGF to
evaluate the functional activity of sHB-EGF.
Fluorescence intensity was measured using a
DxFLEX Flow Cytometer, and cell death was
assessed via Annexin V-EGFP and propidium
iodide (PI) staining.

Measurement of ROS generation.
Intracellular reactive oxygen species (ROS)
generation was measured using 5-(-6)carboxy-
2,7-dichlorofluorescein diacetate (DCFH-
DA) staining. After 24 hours of treatment
with sHB-EGF-DOX complexes and DOX,
the A431 and Vero cells were incubated with
DCFH-DA (10 uM in PBS) for 30 min at room
temperature. Fluorescence was captured using
a DxFLEX Flow Cytometer with further data
processing using Kaluza Analysis Software
(Beckman Coulter, USA).

MTT assay. Cell viability was assessed
using the MTT reagent. Cells (100 pL of
suspension containing 25,000 cells) were placed
into 96-well plates and incubated for 24 hours.
After two washes with PBS, fresh serum-free
medium was added with control substances at
the following concentrations: DOX — 5 uM,
sHB-EGF — 500 ng/ml, sHB-EGF + DOX
(mix) — 500 ng/ml of protein and 5 uM of
DOX, sHB-EGF -DOX (loaded complexes) —
500 ng/ml (according to protein), and the cells
were further incubated for 48 hours at 37 °C.
MTT reagent (0.5 mg/mL) was then added to
treated cells, and the plates were incubated for
4 hours at 37 °C. The results were recorded by
measuring absorbance at 570 nm using a multi-
well spectrophotometer MULTISKAN FC.

Statistical analysis. The statistical
significance of differences between samples
was determined using the Student’s T-test,
with P < 0.05 considered statistically
significant.

Results and Discussion

The purification of recombinant proteins
human sHB-EGF and mCherry-sHB-EGF
was confirmed via affinity chromatography
and polyacrylamide gel electrophoresis. The
molecular masses of the proteins corresponded
to the theoretically predicted values (Fig. 1).

Flow cytometric analysis of A431 cells
stained with mCherry and mCherry-HB-EGF
revealed a noticeable rightward shift in the
fluorescence peak, indicating specific binding
of the labeled HB-EGF ligand to EGFR on the
cell surface. This shift represented a 60%
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Fig. 1. Results of SDS-PAGE of recombinant
human 6His-sHB-EGF. 1, 2 different fractions of
6His-HB-EGF (0.5—1 mL and 1-1.5 mL collected

flow samples on column respectively)
M — protein molecular weight marker
(PageRuler™ Prestained Protein Ladder, 10 to
250 kDa, Thermofisher)

change in fluorescence compared to control
cells (Fig. 2).

The cytotoxicity and anti-proliferative
activities of DOX at different concentrations
(0.1 uM, 0.5 pM, 5 uM, 10 uM, 25 uM, 50 uM)
were assessed using MTT assay in various cell
lines (A431, 3T3, Vero). DOX concentrations
of 5 uM and higher significantly reduced cell
viability compared to controls (Fig. 3).

The impact of DOX-loaded HB-EGF on
cell viability was further evaluated in A431,
3T3, and Vero cells at various concentrations
of HB-EGF and DOX-loaded HB-EGF. Both
DOX-loaded HB-EGF and HB-EGF combined

with DOX significantly decreased cell viability
compared to control wells and HB-EGF alone
(Fig. 4). No statistically significant differences
were observed between the HB-EGF with DOX
and DOX-loaded HB-EGF groups.

One of the key findings of this study is the
comparable cytotoxicity observed between
HB-EGF with DOX and DOX-loaded HB-EGF,
suggesting that HB-EGF effectively interacts
with DOX to facilitate its intracellular
delivery. This supports the hypothesis that
HB-EGF, as a naturally occurring ligand of
EGFR, enhances DOX uptake into EGFR-
expressing cells. The absence of significant
differences between these two treatment
groups may indicate that HB-EGF does not
require a specific conjugation method to
function as an efficient DOX transporter.

A notable advantage of using HB-EGF
as a drug carrier is its potential to minimize
systemic toxicity. Since HB-EGF selectively
binds to EGFR, which is overexpressed in
various cancers, this approach may reduce
off-target effects and improve therapeutic
outcomes. However, additional research is
needed to assess the selectivity of DOX-loaded
HB-EGF in vivo models, as well as to determine
whether it can overcome common resistance
mechanisms associated with DOX treatment.

Moreover, doxorubicin suppressed the
proliferative potential of the growth factor in
all cell lines, including cancer cells. This also
indicates that the targeted delivery system was
effective, as HB-EGF specifically bound to cell
receptors, allowing doxorubicin to exert its
proliferation-inhibiting effects.

We established that DOX induces ROS
generation in DOX-loaded HB-EGF complexes
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Fig. 2. Fluorescence intensity on the ECD-A channel in control unstained (4), mCherry-stained
(B), and mCherry-HB-EGF-stained (C) A431 cell samples
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Fig. 3. MTT assay results for A431, 3T3, and Vero cell lines exposed to varying DOX concentrations
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Fig. 4. MTT assay results for A431, 3T3, and Vero cells treated with HB-EGF (500 ng/mL and 1000 ng/mL),
HB-EGF with DOX (5 uM), and DOX-loaded HB-EGF
* P < 0.05 compared to control, P < 0.05 compared to HB-EGF (500 ng/mL), P < 0.05 compared to HB-EGF
(1000 ng/mL).
# P < 0.05 compared to HB-EGF (500 ng/mL) + DOX.

in cancer cell treatment. Figure 5 depicts
that the cellular oxidative stress increased
significantly in treated cells compared to
untreated cells. Production of ROS by HB-
EGF-DOX complexes is relatively lower
compared to that of pure DOX. However,
the utilization of sHB-EGF as a ligand to
deliver DOX to sensitive cells represents
a highly effective strategy. This targeted
delivery approach enhances the therapeutic
efficacy of DOX while potentially reducing
off-target effects and minimizing systemic
toxicity. By directing the chemotherapeutic
agent specifically to cancer cells, the protein-
mediated targeting mechanism offers a
promising avenue for improving cancer
treatment outcomes. Oxidative damage is often
leveraged in cancer therapy to induce apoptosis
in cancer cells. DOX is well-known for its
ability to generate ROS and induce apoptosis
in cancer cells. When combined with sHB-
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EGF, which targets EGFR, the effectiveness
of DOX may be enhanced, leading to increased
ROS generation and subsequent cell death in
targeted cells.

Despite the promising findings, several
limitations should be addressed in future
studies. The precise mechanism of DOX
loading onto HB-EGF remains to be elucidated,
and optimization of binding efficiency could
enhance the therapeutic potential of this
approach. In some studies, DOX has been
conjugated to an EGFR-binding peptide via
an ester bond at position 14, using a glutarate
spacer for targeted drug delivery [6].
Additionally, the stability of DOX-HB-EGF
complexes in physiological conditions needs
to be further characterized to ensure adequate
drug release upon cellular uptake.

Overall, our findings suggest that HB-
EGF is a viable candidate for targeted DOX
delivery, with potential applications for cancer
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Fig. 5. Flow cytometry analysis representing the percentage of cells after DOX-induced elevation of intracel-
lular ROS level in A431 and Vero cells treated with DOX-loaded HB-EGF complexes

therapy. Further studies focusing on in vivo
efficacy, long-term stability, and mechanistic
insights will be essential to validate its clinical
utility.

Conclusions

This study demonstrates that DOX-loaded
HB-EGF significantly inhibits cell growth
and viability across multiple cell lines. Both
DOX-loaded HB-EGF and HB-EGF combined
with DOX exhibited comparable effects in
reducing cell viability compared to controls.
Notably, the targeted delivery of DOX via
sHB-EGF enhances therapeutic efficacy while
potentially minimizing off-target effects and
systemic toxicity. These findings highlight
the potential of HB-EGF as an effective carrier
for targeted DOX delivery in cancer therapy.
Further investigation is needed to explore
the enhancement of DOX’s antitumor effects
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with Multiple Mechanisms of Anticancer

HB-EGF AK HOCIH JJIsI TAPTETHOI JOCTABKH JIIKAPCBKHUX 3ACOBIB
P JEARNX BUJAX PARY
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ITentunu, 1o nporukaioTh y Kiaituau (CPP), 3abesmneuyioTh epeKTUBHY JOCTaBKY 0iOMOJIEKY.JT i3
HU3bKOI0 iIMYHOTE€HHICTIO Ta IIUTOTOKCUYHICTIO, II0 POOUTH IX NPUAATHUMU IJI in DIVO TPAHCIIOPTY
JiKapcbKUX 3aco0iB. ['emapuH-3B’A3yBaIbHUN (paKTOP POCTY, HOLIOHMI 40 elifepMaJIbHOI'0 POCTOBOTO
darkropy (HB-EGF), nirang pemnenrtopa enigepmaabuoro paxropa pocry (EGFR), HagekcmpecyeTbes
B IyXJMWHAX i 3maTed cTuMmyJoBatu aurioreres. [Jokcopybinua (DOX), IpoTUNYXJIUHHAI IIpemapar
IIUPOKOrO0 CIIEKTPAa Aii, BUKOPUCTOBYETHCS B Tepallii pisHMX OHKOIIATOJIOTiH, IIPOTe 1OTO 3aCTOCYBaHHS
B koMmbOinarii 3 HB-EGF ak HocieM 3anumiaeTbcsa Maaoq0CTiI3KeHTM .

Mema. Hocainutu norernrian HB-EGF nia nocraku DOX i mocuiaeHHA MOr0 IPOTUNTYXJIMHHOT [Tii.

Memodu. PekombinanTuuii nporeia sHB-EGF excupecysanu B E. coli, ounirjanu metogom IMAC,
igkyo6yBaau 3 DOX, micjis 4oro mpoBOAMIIN AiaJlis AJId BUAAJIEHHS He3B sI3aHOTO0 Ipenapary. 34aTHiCTh
o 3B’sI3yBaHHA 3 KJIiTuHHUMU perentopamu (A431, 3T3, Vero) Ta yrBOpeHHA aKTUBHUX (POPM
kucuio (DCFH-DA) anasisyBajgm MeTon0oM HPOTOKOBOI IuTodayopumerpii. sKurTesgaruicTs KIiTUH
orinoBau 3a gfomomoro MTT-Tecty uepes 48 rox.

Pesynvmamu. @ayopecnienTno miuerni noxigui sHB-EGF edekTuBHO 3B’ A3yBaInCa 3 KJIITUHAMUT
A431, cupuaiouu goctasii DOX mo KJIiTHWH, M0 IMOXOAATH 3 MJOCKOKJITHHHOI KapIlMHOMM, Ta
IOCTOBipHOMY 3SHUKEHHIO JKUTTE3TATHOCTI KJIIiTHH.

Bucnosrku. HB-EGF € e(peKTUBHUM HOCi€M AJISI JOCTABKU JOKCOPYOINMHY B KJIITHUHU, III0 CBIIUNUTL
Ipo 10ro MOTeHIiaa AK IIaT@opMu A TapreTHoI Tepamii myxiaus 3 Hagekcupeciero EGFR/ErbB-1.

Knwuosi cnosa: Tapreta gocraska Jikis, SHB-EGF, nokcopy6inuu, EGFR, mpoTunyxjneuHa Teparis.
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