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Our study involves inhibition of glycolysis and inhibition of the
HER2 pathway, which is highly expressed in many types of
cancer. Decreased survival, negative metastasis, and induced
apoptosis are expected due to the combined inhibition of these
two targets. Trastuzumab was used as the HER2 inhibitor and
lonidamine was used as the HK2 inhibitor. Lonidamine (LND)
was delivered to cells as hybrid nanoparticles to enhance the
effect of lonidamine and make it target specific. Separate
cytotoxicity studies were conducted for LND, LND-NP and
Tmab. While application of lonidamine alone gave an IC50 value
of 124.6 μM, application in NP reduced the IC50 value to

44.18 μM. In addition, the combination of Tmab and LND-NP
showed synergistic effects compared to treatments alone in
other analyses. On the aspect of apoptosis, this combination
showed a 14-fold increased apoptosis compared to the control
group. This combination therapy can prevent drug resistance.
In addition, the hybrid nanoparticle structure used will prevent
the formation of toxicity as it will ensure that LND is
administered to the body with less repetition. Our study aims to
minimize the negative effects of the chemotherapy process by
improving it with various variations in future studies.

1. Introduction

Breast cancer is the most common type of cancer among
women in the world and has the highest mortality rate. New
cases exceeded two million in 2018, although prognosis and
survival rates for breast cancer have improved significantly.[1]

Unlike the standard pathological features of cancers, breast
cancer displays a heterogeneous disease course with various
biological and morphological features. These heterogeneous
structures of breast cancer make the treatment method difficult
and unexpected results may occur.[2] In this context, tumor
classifications are needed to strongly predict clinical
outcomes.[3] When classifying breast cancer, 3 different recep-
tors are evaluated: estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2

(HER2) (Figure 1). With these features of tumors, they are
classified as luminal A, luminal B, HER2 positive and Triple-
negative breast cancer (TNBC), and the importance of basing
treatment decisions on internal molecular subtypes of breast
cancer has been internationally recognized.[4] In most breast
cancer cases, abnormalities in HER2 expression at the gene or
protein level have been consociated with a contrary prognosis
in both lymph node negative and lymph node positive breast
cancer. In many different studies looking at approximately
40,000 patients, 88% of HER2 gene overexpression of the HER2
protein was found to predict breast cancer outcome in
univariate or too many variables analysis.[5] The obtained data
suggest that HER2 overexpression is associated with an
unfavorable prognosis in node-positive and node-negative
breast cancer.[6,7]

The HER2 receptor (human epidermal growth factor
receptor 2) is a membrane tyrosine kinase (Figure 2). There are
4 types of membrane receptor kinases. These; HER1 (EGFR),
HER3 (erbB3) and HER4 (erbB4) are receptor tyrosine kinases.
These each have a transmembrane domain (an extracellular
ligand binding domain), and an intracellular tyrosine kinase
catalytic domain. They are transmembrane single subunit
glycoproteins.[8] These receptors provide ligand activation by
forming homodimers or heterodimers.[9] HER2 receptors have
no known ligands to make homodimers. But it can make
heterodimers with all other family members. It is similar in the
activated form of RTK (Receptor Tyrosine Kinase) with the
structure of the extracellular domain of HER2 without bound
ligand. After the activation of these receptors, other intracellular
pathways are activated, and transphosphorylations occur.[11]

These pathways are Ras/mitogen-activated protein kinase path-
way (mTOR), phosphatidylinositol 3 kinase (PI3 K)/Akt pathway,
Janus kinase/signal converting and transcription pathway
activator (JAK-STAT) and phospholipase C (PLC) pathway. As a
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result, many actions occur such as cell proliferation, survival,
cell cycle and resistance to apoptosis.[11]

HER2 overexpression is generally observed in 15% of
primary breast cancers. Given the history of the disease, it has a
high metastatic potential and results in decreased overall
survival.[5,12] Biomarker characteristics detected in primary breast
cancer may change when the tumor progresses from primary
breast cancer to metastatic breast cancer.[13,14] HER2-targeted
therapy reversed adverse outcomes in breast and gastric
cancers that overexpress HER2 receptor tyrosine kinase.[15]

HER2-targeted therapy is used in high rates of breast cancer.
There are some approved treatments for adjuvant (post-
surgical) and metastatic HER2-positive breast cancers. Pertuzu-
mab (metastatic and adjuvant), Trastuzumab (Tmab) (metastatic
and adjuvant), lapatinib (metastatic), ado-Trastuzumab emtan-
sine (metastatic) and neratinib (adjuvant), in addition to these,
cisplatin and a fluoropyrimidine (capecitabine or 5-fluorouracil)
are used.[16,17] These treatments are also sanctioned for other
HER2-positive cancer types. In addition to these treatments,
Trastuzumab-dkst (Ogivri; Mylan) has been approved as a Tmab
biosimilar and is used in the chemotherapy process.[17]

Tmab is a monoclonal antibody used against HER2 receptor.
Tmab complementary determinant region amino acids comple-
ment amino acids located in the IVth domain of the HER2

ectodomain and binds to them. It has a very important place in
the treatment of early and metastatic breast cancer. Combina-
tions of Tmab and chemotherapy started to be used approx-
imately 15 years ago. It has been shown to importantly high
survival in HER2-positive cancer patients.[18] Tmab was adminis-
tered weekly (4 mg/kg intravenous loading dose followed by
2 mg/kg IV weekly) in the first clinical trials. With subsequent
studies, it has been shown that it is more appropriate to
administer 6 mg/kg (with a loading dose of 8 mg/kg) every
three weeks. Recorded data show that Tmab significantly
improves the patients’ quality of life with the introduction of
chemotherapy for HER2-positive breast cancer patients.[17,20–22]

(Tmab is an IgGl. Two mechanisms of function mediated by
Fab, or Fc regions are proposed. Fab comprises the antigen
binding sites of the antibody while Fc comprises the binding
sites for Fc receptors found on immune cells, platelets,
hepatocytes, and endothelial cells.[23–25] Besides the fact that
Tmab provides effective treatment in HER2 positive breast
cancer, long-term use of Tmab triggers the development of a
resistance mechanism. As a result, cancer resistant to Tmab
occur. Therefore, understanding the Tmab resistance mecha-
nism is of great importance. The mechanisms of Tmab
resistance can be examined under 4 headings (Figure 3). First,
the barriers to the binding of Tmab to HER2 are the up-
regulation of HER2 downstream signaling pathways, signaling
via alternative pathways, and finally the inability to trigger
immune-mediated mechanisms to destroy tumor cells. These
models have been validated preclinically but have not yet been
validated in clinical samples.[23]

Glycolysis occurs in the cytoplasm. It converts glucose into
pyruvate, lactate, and hydrogen ions. As shown in Figure 4 in
the first step, glucose transport is an important factor in aerobic
glycolysis to protect tumor cells from high glucose consump-
tion. The glucose transporters Glut-1 and sodium-glucose-
dependent transporter 1 (SGLT1) have been found to be
overexpressed in most cancer cells.[26,27] In the first step,
intracellular glucose is phosphorylated to glucose-6-phosphate
by the HK-2 enzyme. This product is converted to fructose-6-

Figure 1. Molecular Classification of Breast Cancer Based on GeneExpression.

Figure 2. HER2 Receptor tyrosine kinase and its sub-pathways.
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phosphate with the help of glucose-6-phosphate isomerase
enzyme. Downstream of PGI modulates degradation of F-1,6-P
to G6P via G6P to 6-phosphofructokinase (PFK) and fructose1,6-
biphosphatase (FBPase) activities.[28] During the glycolytic path-
way, F-1,6-P is converted to glyceraldehyde-3-phosphate by the
enzyme aldolase (ALDO). Among the three ALDO isoforms,
ALDO B is overexpressed in cancer cells.[29] In addition to ALDO,
glyceraldehyde 3-phosphate can be rapidly produced from
dihydroxyacetone phosphate by triosephosphate isomerase
(TPI). High regulation of TPI has been reported in many cancer
types. In the next step, glyceraldehyde 3-phosphate is dehydro-
genated. Glyceraldehyde is converted to 1,3-bisphosphoglycer-
ate by the enzyme phosphate dehydrogenase (GAPDH). After
1,3-bisphosphoglycerate production by GAPDH, a 1,3-bisphos-

phoglycerate phosphate group is transferred to ADP by
phosphoglycerate kinase (PGK) to form ATP and 3-
phosphoglycerate.[30,31] 3-phosphoglycerate is then converted to
2-phosphoglycerate with the help of the enzyme phosphogly-
cerate mutase (PGM). It is then converted to phosphoenolpyr-
uvate by 2-phosphoglycerate enolase (ENO).[32,33] All the above-
mentioned enzymes are known to be overexpressed in various
cancers.[34–36]

Inhibition of glycolysis in cancer cells is associated with
mitochondrial respiratory dysfunction and hypoxia. It also offers
a strategy for overcoming drug resistance.[37] The development
of safe and effective new therapeutic strategies depends on a
better understanding of the difference between cancer cells
and normal cells. One of the main biochemical features in most
cancer cells is that they produce energy by increasing the rate
of aerobic glycolysis. In addition, cancer cells prefer glycolysis
instead of oxidative phosphorylation. Therefore, changing the
shape of energy metabolism, which is a biochemical fingerprint
of cancer cells, has been accepted as one of the ’characteristics
of cancer. A series of cancer cell behaviors such as endless
proliferation and metastasis consumes a large amount of
energy. To get used to this state, cancer cells need to raise their
glucose as glycolysis is less efficient than oxidative phosphor-
ylation on adenosine triphosphate (ATP) yield. Therefore,
targeting glycolysis is a promising strategy for metastatic
cancer. According to new research, inhibition of glycolysis kills
cancer cells. It also shows that it has a mild effect on normal
cells. A single drug that inhibits glycolysis is widely used in
chemotherapy.[38] The Warburg effect is associated with in-
creased glycolysis. Therefore, there is an increase in the HK2
level. The increase of HK2 has an important place in tumor
development and progression. In this context, its first step in
glycolysis is the enzyme hexokinase, which controls the
phosphorylation of glucose to form glucose-6-phosphate (G6P).

Figure 3. Biochemical transformation of glucose and Warburg Effect.

Figure 4. TEM micrographs of lonidamine-loaded lipid-based hybrid nano-
particle formulations.
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HK2 is an important enzyme that controls the first step of
glycolysis. There are studies showing that inhibition of HK2
inhibits cancer cell proliferation without overt side effects in
animal models,[39] suggesting that targeting HK2 is a viable
strategy for cancer therapy.[39] The increase in HK2 enzyme level
is an important difference between cancer cells and normal
cells. This may lead to the development of new strategies to
target and kill cancer cells.[40] Mito-HKII plays a cytoprotective
role by protecting the mitochondrial membrane integrity and
supports the metabolic coupling of glycolysis and oxidative
phosphorylation.[41] Thus, HK2 inhibition causes a significant
reduction in glycolysis, which affects multiple pathways of
central metabolism and stabilizes the mitochondrial outer
membrane, ultimately increasing cell death.[39]

Hexokinase 2 is an enzyme that in humans is encoded by
the HK2 gene on chromosome 2. This gene encodes the
enzyme hexokinase 2, the predominant form found in skeletal
muscle. It is localized in the outer membrane of mitochon-
dria48. Hexokinase (HK) converts glucose to glucose-6-
phosphate (G-6-P). This G-6-P then initiates important glucose
pathways including glycolysis, the pentose phosphate pathway.
HK is an indispensable regulator of glucose metabolism.[42] In
addition, it has been reported that increased hexokinase
concentrations together with decreased glucose-6-phosphatase
ratios accelerate glucose phosphorylation, resulting in increased
glucose consumption.[43] Therefore, the HK family of enzymes
functions to catalyze the first irreversible step of glycolysis, in
which glucose is phosphorylated to glucose-6-phosphate.[44]

Although HK isoforms are differentially expressed in various
tissues, hexokinase 2 (HK2) is considered one of the most
important subtypes for glucose metabolism in cancer cells.[45]

Expression of the HK2 gene is insulin sensitive. According to
studies in rats, it has been shown to play a role in increasing
glycolysis in rapidly proliferating cancer cells.[46,47] In addition,
the mechanism of increased glycolysis in cancer cells has been
described as the Warburg effect.

HK2 is a new tumor inhibitory target. However, several
potent HK2 inhibitors have been identified. Currently, 2-
Deoxyglucose (2-DG) and 3-Bromopyruvate (3-BrPA), LND are
the most reported HK2 inhibitors. 2-DG works as an HK2
inhibitor by replacing glucose. Since the 2-hydroxyl group is
replaced with hydrogen, it cannot enter glycolysis anymore,
thus stopping the glycolysis step.[38,47] As it can be understood
from here, it is not a complete HK-2 inhibitor and as a single
agent, it does not have an important therapeutic activity due to
the dose range of 500–2000 mg/Kg in mice. As for 3-bromopyr-
uvic acid (3-BrPA), halogenated pyruvate, and strong alkylating
agent, of cysteine residues towards free SH groups in proteins,
it has no use because it can affect multiple enzymes and cause
inevitable side effects, is unstable, and only shows inhibition of
glycolysis at high concentrations. Another drug is LND (also
called TH-070).[48,49] LND, which inhibits energy metabolism in
cancer cells and increases the activity of other anti-cancer
agents, has been clinically studied in different cancer types
such as benign prostatic hyperplasia, glioblastoma multiforme,
ovarian cancer, and lung cancer, and has taken its place among
supportive anti-cancer agents.[27,50] However, its use has been

suspended due to toxicity problems. It seems possible to inhibit
the increased glycolysis that occurs in cancer cells with the least
toxicity, by developing the mechanism that LND can have a
high effect at low doses.[51]

When we look at the relationship of apoptosis mechanism
with HK2 inhibitors, it is at the center of the event and is at the
key point for the occurrence of apoptosis.[52] HK2 mediates the
ATP-mediated conversion, phosphorylation, of glucose (or other
hexose sugars) to glucose-6-phosphate depending on ATP. It
does this depending on the mitochondria. Mitochondrial bind-
ing helps increase selectivity as it is a property of hexokinase I
and II isoforms only. HK2 binds to the mitochondrial outer
membrane with high affinity. This binding is associated with
the interaction with the voltage-dependent anion channel
(VDAC).[53,54] According to this, binding of HK2 to the mitochon-
drial membrane occurs through interaction with the outer
membrane protein VDAC, which activates the apoptotic proc-
ess. Thus, HK2 binding to VDAC can suppress the release of its
proteins into the intermembrane space and inhibit apoptosis.
Thus, it may contribute to tumor cell survival.[55] When we
examine this mechanism in detail, AKT can directly phosphor-
ylate HK2. AKT also negatively regulates glycogen synthase
kinase 3β (GSK3β) activity and VDAC phosphorylation. In this
way, HK2 binding to mitochondria is affected. GSK3β can
phosphorylate VDAC-1 on threonine 51, which allows HK2 to
dissociate from VDAC-1 and affect cancer cells by chemo-
therapeutic agents.[56] Dissociation of HK-2 from VDAC results in
disruption of the BCL-XL-BAX interaction and binding of BCL-XL
to VDAC. The BCL-XL version facilitates BAX binding, which
prevents BAX-BAK interaction and guards against OMM pass-
through. The formation of pore structures that allow the
released BAX to communicate with BAK and the release of
cytochrome-c and other apoptosis proteins in the outer
membrane is ensured. This leads to the initiation of
apoptosis.[57]

Tumor therapy response estimation can be determined by
positron emission tomography (PET) to monitor changes during
therapy. 2-[18F]-Fluoro-2-deoxy-D-glucose (FDG) is the most
widely used PET tracer available at all PET centers. There are
many studies showing that continuous FDG-PET research in
cancer patients during chemotherapy is an important method
in cancer management.[58] FDG uptake is reduced within a few
days of starting chemotherapy when responsive tumors are
compared with pretreatment. Two studies of human tumor
xenografts have produced conflicting results regarding the
effect of Tmab response on FDG participation. McLarty et al. It
was shown that treatment of HER-2 highly expressing MDA-MB-
361 cells showed a decrease in FDG, whereas MDA-MB-231 cells
that did not overexpress HER-2 showed no change in FDG
regulation.[59] However, Shah et al found that FDG incorporation
by Tmab-treated MMTV/HER-2 and BT474 cells was not
accompanied by response.[60] As a result of these studies, some
studies have revealed that inhibiting HER2 with Tmab also
affects HK2. In these studies, Chenye RW et al. In his first study,
Tmab not only inhibited HER2, but also stated that this
inhibition decreased the expression of HK2 and accordingly
FDG combination decreased.[61] Later, Smith TA et al. demon-

Wiley VCH Donnerstag, 06.06.2024

2422 / 351884 [S. 197/208] 1

ChemistrySelect 2024, 9, e202304555 (4 of 15) © 2024 Wiley-VCH GmbH

ChemistrySelect
Research Article
doi.org/10.1002/slct.202304555

 23656549, 2024, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/slct.202304555 by Istanbul M
edipol U

niversity, W
iley O

nline L
ibrary on [27/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



strated this effect with their xenograft model with mice.[62]

Cooper et al. reported that the co-administration of Tmab and
Metformin increased the fraction of phosphorylated [18F] FDG
in cells compared to control cells, in a relationship demon-
strated by previous studies, and that HK2 efficiency increased
with MET.[62–64] KU004, a new quinazoline derivative molecule,
with structural modification based on lapatinib, studies have
been done that it is a HER2 inhibitor. The authors stated that
this molecule was both an HER2 and HK2 inhibitor. However, as
mentioned above, HER2 inhibition also reduces HK2
expression.[64,65] Although this drug is not an HK2 inhibitor; it
has been shown that the effects of HER2 and HK2 are parallel
and that inhibiting HK2 together with HER2 will have a positive
effect on the tumor.

When the relationship between the HER2 receptor and the
HK2 enzyme is examined in terms of apoptosis; As mentioned
above, AKT is the common point of both. Therefore, both HK2
and HER2 suppress apoptosis and cause uncontrolled prolifer-
ation of cells. Inhibition of HER2 with Tmab prevents suppres-
sion of apoptosis and ensures cell death. However, resistance to
Tmab prevents long-term use of the drug. It has been shown
that activation of the PI3 K/AKT signaling pathway can lead to
resistance to HER2-positive Tmab in this development of
resistance.[66] Since AKT activation stimulates aerobic glycolysis
in cancers, it is assumed that the Warburg effect may increase
and lead to Tmab resistance.[67] At the same time, since AKT is
involved in many vital pathways, inhibiting HK2 instead of AKT
will help to induce apoptosis and increase efficiency without
affecting other pathways. Targeting these two pathways
together may be successful against cancer by both preventing
resistance to Tmab and further inducing apoptosis.

Metformin (MET), a widely used anti-diabetic drug, has
recently been the subject of research with its anti-tumor effect.
In this context, in studies where Tmab and MET were given
together, it was observed that when used as a neoadjuvant, it
reduced the resistance and increased the success rate. Consid-
ering the mechanistic descriptions of this effect, it is thought
that MET inhibits the erbB2/IGF-1 receptor.[68,69] However, recent
studies on the anti-cancer mechanism of MET present evidence
that it may be an HK2 inhibitor.[70,71] It is known that MET has
anti-cancer properties by inhibiting HK-2 in studies performed
independently of Tmab. Therefore, it is important to prevent
the development of resistance and metastasis, which are
among the problems encountered in the treatment of HER2
positive breast cancer patients. Also suggests that this situation
may open the door to new ideas that will increase the drug
efficacy by stopping the energy pathways of cancerous cells
and triggering apoptosis.

In the light of these findings of KU004, we sought to
investigate the synergetic effects of LND and Tmab for the
treatment of solid tumors. In addition to all these, we have
contributed to targeted therapy by using LND-NP in our study.
Taking advantage of the nanoparticle properties rather than
sending the LND to the cells in a bare state will ensure that the
toxicity that may occur will be minimized. Nanoparticles have
numerous intrinsic benefits over other carriers, including high
drug loading efficiency, high biological environment stability,

and biocompatibility, which result in superior pharmacokinetic
and theragnostic drug biodistribution in clinical
investigations.[72,73] As a result, nanoparticles are among the best
delivery vehicles for the identification and management of a
variety of cancers.[74]

Methods

Cell Culture Studies

Human breast cancer cell line, SK-BR-3 was obtained from ATCC
(Manassas, VA, USA). The human HER2 positive breast cancer cell
line was incubated at 37 °C, 5% CO2. Cells were cultured in
Dulbecco Modified Eagle Medium (Corning, NY, USA) supple-
mented with 1% Penicillin-Streptomycin, 1% non-essential amino
acids and 10% fetal bovine serum (Gibco, MT, USA). During the
passage, cells were washed with phosphate buffer (PBS) and
incubated briefly with 0.25% (w/v) trypsin/0.53 mM EDTA (Gibco
BRL) to separate them in the cell culture dish. Then 4 ml of cell
medium was added to the cells and transferred to a 15 ml tube.
After centrifugation at 1200 rpm for 5min, the upper liquid in the
15 ml tube was removed. 1 ml media was added to the pellet and
pipetted to suspend the cells. Cells were diluted 1 :5 and trans-
ferred to a T75 cell dish and passaged every 3days.

Preparation of Lipid Based Hybrid Nanoparticle Formulation

Nanoprecipitation technique was used to prepare LND-NP. A series
of formulations were prepared using LND added at 5%, 10% and
20% (w/w) ratios of the selected poly(lactic-co-glycolic acid) (PLGA)
polymer to form the polymeric core of the hybrid structure. Stock
solutions were prepared by dissolving LND and PLGA polymer in
acetonitrile, and 1,2-distearoyl-sn-glycero-3-phosphoetanolamine-
N-carboxy(poly (ethylene glycol) (DSPE-PEG-COOH) and phosphati-
dylcholine were separately dissolved in a 4% ethanol-water mixture
to form the lipid-based shell structure of the hybrid system.
Calculated amounts of DSPE-PEG-COOH 2000 and phosphatidylcho-
line stock solutions were added to distilled water within the ratios
presented in Table 1 and sonicated in an ultrasonic bath at 35 °C at
40 kHz ultrasonic power. The nanoparticle dispersion was centri-
fuged at 4500 rpm using Vivaspin 20 (Sartorius) centrifuge filters in
order to remove the free excipients and uncharged drug in the
environment. The obtained lipid base hybrid nanoparticle concen-
trate was frozen for 1 day at � 80 °C and then lyophilized for 2days
(Christ gamma 2–16 LSC, Martin Christ Gef., Germany) and stored at
4 °C until use.[75] Empty nanoparticles that do not contain LND were
fabricated in the same procedure (blank formulation).

Characterization of Lipid Based Hybrid Nanoparticle
Formulations

Determination of Encapsulation Efficiency

In order to determine the amount of LND contained in the
nanoparticles, a known quantity of lyophilized nanoparticle was
sonicated in acetonitrile in an ultrasonic homogenizer for 10min,
and the amount of drug contained in the nanoparticles was
determined by reading the absorbance at 298 nm wavelength in
the UV spectrophotometer (n=3). (Table 2). The encapsulation
efficiency (%) values of nanoparticles were calculated using the
equations given below.[76]
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Determination of Particle Size, Size Distribution (PDI) and
Surface Charge

Photon correlation spectroscopy Zetasizer Nano ZS instrument was
used to determine polydispersity index (PDI), particle sizes and zeta
potential values of lipid-based nanoparticle formulations. For this
purpose, analysis was made by placing nanoparticles dispersed in
distilled water into the relevant chamber of the device (n=3).

Determination of Morphological Characteristics

Transmission Electron Microscopy (TEM) analysis was used to
visualize the shapes of the lipid-based hybrid formulations. For
imaging purposes, hybrid nanoparticles in the form of aqueous
dispersion were dropped onto the carbon film covered with copper
sheet and left overnight in a petri dish with a lid and dried at room
temperature. Samples prepared in this way were stained with 2%
(w/v) uranyl acetate solution before being visualized.

Determination of In Vitro Drug Release Rate

Dialysis membrane technique, which is a static method, was applied
to determine the release rate and release profile of LND from lipid-
based hybrid nanoparticle formulations. For this purpose, nano-
particles containing 2 mg of lonidamine suspended in dialysis
membranes with a molecular size of 12–14 kDa at appropriate rates
were placed in 75 ml of PBS pH 7.4 phosphate buffer at 37 °C. The
prepared systems were incubated in a shaker with an incubator at a
rotational speed of 75 rpm (n=3) and 1.5 ml of sample was taken
at predetermined time intervals and the amount of LND released
was analyzed in a UV spectrophotometer at a wavelength of
299 nm. SPSS 13.0 for Windows was utilized for the kinetically
evaluation of the dissolution data of PRX (SPSS, USA).

Storage Stability

The storage stability of the lipid-based hybrid nanoparticle
formulations of LND was also evaluated. For this purpose, the
lyophilized form of nanoparticles was put into capped glass
containers and stored at 4 °C during sixth-month periods. Entrap-
ment efficiency, particle size, size distribution, and zeta potential
were examined in this context (n=3).

Cell Viability Analysis

The SKBR3 (HER2 positive breast cancer) cell line was cultured in
high glucose medium containing 10% FBS in a 37 °C incubator with
5% CO2. When cells covered 80% of the culture surface, they were
removed using 0.25% Trypsin-EDTA (Gibco) after washing with PBS,
and cells were seeded in 96-well black plates (Corning)
(1×104 cells/well). After 24 h of incubation, the drug was adminis-
tered in three wells for each dose to the cells that reached sufficient
density. It is planned to use a total of seven control groups,
including untreated cells, as controls. LND will be used as an HK2
inhibitor. The appropriate dose range to determine IC50 was
determined as 400–12.5 μM as 6 doses. In the literature, LND IC50
studies are performed in 48 or 72 h, while in Tmab studies, the
effective dose is given in 72 or 120 h. The IC50 value for Tmab was
determined by studying 6 doses as 20–0.625 μg/ml. For LND-NP,
the IC50 value was determined by studying 7 doses of 100–
1.56 μM. Cell viability testing was performed using the CellTiter-
Glo® Luminescent Cell Viability Assay protocol. Cell viability studies
were performed in triplicate.

Annexin V Apoptosis Assay

To evaluate the viability of SKBR3 cells, eBioscience™ Annexin V
Apoptosis Detection Kit FITC was used. The percentage of viable
cells was determined after 48 h of incubation with Tmab, LND,
LND-NP and their combinations. Annexin V studies were performed

Table 1. Contents of lonidamine-loaded lipid-based hybrid nanoparticles.

Formula Code Formulation Ingredients

Organic phase Water phase

PLGA (μg) LND (μg) Acetonitrile
(μl)

DSPE-PEG-COOH
2000 (μg)

Phosphatidylcholine
(μg)

Ethanol solution
(%4, (μl)

Enough amount
of water (ml)

DF1 4000 200 1600 800 50 850 16

DF2 4000 400 1600 800 50 850 16

DF3 4000 800 1600 800 50 850 16

BF 4000 – 1600 800 50 850 16

Table 2. Calculations of drug loading capacity, theoretical drugamount and encapsulation efficiency.
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in duplicate. The apoptosis was detected with FACS analysis. BDfacs
diva machine was used.

Real-Time PCR Analysis

In logarithmic phase of growth, SKBR3 breast cancer cells were
treated with Tmab, LND-NP and their combinations. Real-time PCR
was performed for the determination of gene expression analysis.
Primers belonging to Bax (5’- CCCGAGAGGTCTTTTTCCGAG � 3’) and
(5’- CCAGCCCATGATGGTTCTGAT � 3’), BCL2 (5’- GGATAACG-
GAGGCTGGGATG � 3’) and (5’- TGACTTCACTTGTGGCCCAG � 3’),
and the reference gene GAPDH (5’- GGACTGACCTGCCGTCTGA 3’)
and (5- TAGCCCAGGATGCCCTTGAG � 3’) were used for gene
expression analysis.

For the real-time PCR reaction, each experimental step was
performed in triplicate and run in three biological replicates. For
Syber green, reading will be made at a wavelength of 530 nm and
melting curve analysis was performed to see if the amplifying gene
region is replicating in the right place. The reaction was carried out
by Real-time PCR instrument reading with fluorescent signals at
each 0.5 °C increment between 65 °C and 95 °C.

Scratch Assay

SKBR3 cells are seeded in 6-well plates. The seeding density is
adjusted to the appropriate number of cells for the SKBR3 cell line
to form a confluent monolayer. The cell monolayer is drawn in a
straight line with a sterile 10 μl pipette tip after 24 h of incubation.
The old medium was then replaced with a medium containing the
tested compounds. Plates are placed in an incubator for 48 h. After
completion of the incubation, the plates are placed under the
microscope to align the photographed area. Scratch assay studies
were performed in duplicate. Images of the scratch were obtained.
Images for each sample at 48 h were quantitatively analyzed using
Image J software.

Statistical Methods

Obtained data will be expressed as mean�SD and statistical
analysis will be generated using SPSS version 21. Data will be
analyzed using Tukey’s post hoc test for one-way analysis of
variation (One-way ANOVA) multiple comparison. P values
<0.0001, <0.0003, <0.0005, <0.001, <0.005, <0.05 will be
considered significant.

2. Results

2.1. Findings for Lipid-Based Nanoparticles

2.1.1. Findings for Determination of Encapsulation Efficiency,
Particle Size, PDI and Surface Charge of Lipid-Based
Nanoparticles

The data obtained for the encapsulation efficiency, particle size,
PDI and zeta potential analyzes of the prepared lipid-based
hybrid nanoparticles are presented in Table 3, arranged togeth-
er with the mean value and standard error values.

2.1.2. Findings Regarding Morphological Characteristics

The micrographs obtained as a result of the TEM analysis carried
out in order to determine the morphology of the LND-NP are
presented in Figure 4.

2.1.3. Findings for the Determination of In Vitro Drug Release
Rate

The dissolution rate profiles obtained as a result of the
dissolution rate determination for LND-NP were prepared by
plotting the % of drug released versus time and presented in
Figure 5.

Kinetic evaluation was also performed to analyze the release
rate profiles of lipid-based hybrid nano formulations more
precise. The in vitro drug release data were fitted into various
release models, namely zero-order, first-order and Higuchi’s
square root. The rate constants and statistical parameters of the
kinetic models are tabulated in Table 4.

2.1.4. Findings for the Storage Stability

Storage stability of the lipid-based hybrid nano formulations
were also designated at 4 °C during periods of six months. Drug
content, mean particle size, PDI value, and zeta potential of the
nanosystems were evaluated within this scope (Table 5).

Table 3. Physicochemical properties of lipid-based hybrid nanoparticle formulations.

Formula code Encapsulation
efficiency (%)

Average particle
size (nm)

PDI Zeta potential
(mV)

DF1 81.47�1.28 160.1�5.71 0.121�0.01 � 28.9�1.00

DF2 87.13�1.17 175.7�2.16 0.111�0.03 � 30.7�1.05

DF3 93.89�2.05 201.4�5.92 0.144�0.02 � 31.7�0.35

BF – 147.8�4.52 0.091�0.03 � 31.7�0.72
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Figure 5. Dissolution rate profiles of lonidamine loaded lipid-based hybrid nanoparticle formulations.

Table 4. Kinetic evaluation data of LND release from the lipid-based hybrid nanocarrier.

Kinetic model Rate constant Statistics Hybrid formulations

DF1 DF2 DF3

Zero-order ko(mgh� 1) 15.839 9.679 2.734

r2 0.990 0.983 0.984

RMS 2.979 9.128 5.342

Fmodel 1167.068 684.928 721.525

First-order k1 (h
� 1) 0.096 0.182 0.109

r2 0.810 0.863 0.762

RMS 21.129 42.537 52.225

Fmodel 42.736 63.111 32.032

Higuchi k (h� 1/2) 14.139 13.968 11.623

r2 0.974 0.933 0.959

RMS 55.241 29.305 19.412

Fmodel 457,111 480.730 567.724

RMS: Residual mean square.
r2: Determination coefficient.

Table 5. Storage stability data of hybrid nanoparticle formulations after a storage period of six months at 4 °C.

Formula code Encapsulation
efficiency (%)

Average particle
size (nm)

PDI Zeta potential
(mV)

DF1 80.23�1.44 159.4�4.41 0.127�0.04 � 27.3�1.21

DF2 85.71�1.38 176.2�3.21 0.110�0.02 � 32.3�1.56

DF3 94.76�1.97 203.1�6.75 0.138�0.04 � 33.8�1.74
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2.2. Cell Viability Analysis

To investigate the effects of LND, Tmab, LND-NP, and Blank NP
on cell viability in the SKBR3 HER2 positive breast cancer cell
line, cells were exposed to the drug. Afterward, cell viability was
measured using the CellTiter Glo experiment kit, which is a kit
based on the determination of the amount of ATP in the
medium.

As seen in the graphs above, LND, LND-NP, blank-NP and
Tmab(72 h,120 h) gave IC50 values of 124.6 μM, 44.18 μM,
210.1 μM, 9.5 μg/ml and 1.12 μg/ml, respectively (Figure 6). IC50
studies were performed in triplicate.

2.3. Annexin V Results

The flow cytometry results, performed in duplicates, showed
that among the drug treatments, LND-NP and Tmab combina-
tion had the highest effect on apoptosis induction after 48 h
incubation on SKBR3 cells (p<0.0001) (Figure 7).

When the Annexin V images were examined, the combina-
tion of LND-NP and Tmab expressed with g significantly led
SKBR3 cells to apoptosis. The graphic below shows the
statistical analysis of all groups and combinations.(Figures 8 and
9).

Measurements of late apoptosis were calculated by propor-
tioning them with the control group. According to this, control
group 100�0, Tmab group 125�2.122, LND group 104.0�
0.1131, LND-NP group 529.6�27.45, blank NP group 192.1�
5.433, Tmab-LND group 238.0 �1.075, Tmab-LND NP group
1418�31.63 was calculated. Annexin V studies were performed
in duplicate.

LND-NP significantly induced cells to apoptosis when
compared between all doses and combinations. The combina-
tion of LND-NP and Tmab showed a synergistic effect. After
48 h of drug exposure, the percentage of cells leading to late
apoptosis and the percentage of dead cells increased signifi-
cantly. In addition, empty nanoparticle structures encoded as
Blank-NP showed a significant effect in cells.

2.4. Real Time PCR Analysis

Real-time PCR was used to assess the expression levels of BAX,
BCL-2 gene in breast cancer. In all assessments, untreated cells
were used as negative controls. All the experiments were
carried out in triplicates.

Measurements of BAX/BCL-2 ratio were calculated by
proportioning them with the control group. According to this,
control group 1�0, Tmab group 0.9352�0.006, LND group
5.123�0.010, LND-NP group 1.194�0.007, blank NP group
1.75�0.07, Tmab-LND group 3.733�0.094, Tmab-LND NP
group 15.37�0.1162 were calculated. Scratch assay studies
were performed in duplicate.

According to the Real-Time PCR results, the BAX/BCL-2 ratio
was compatible with the other apoptosis data. Especially when
only Tmab and LND NP are examined, there is a low rate, while
the combination of the two drugs creates a synergistic effect
and gives a significant BAX/BCL-2 ratio.

Figure 6. Determination of IC50 values of drugs and drug delivery system used in the study. a; Lonidamine(48h), b; Lonidamine-NP and Blank-NP (48h), c;
Tmab(72 h), d; Tmab(120 h).
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2.5. Scratch Assay

According to the Scratch Assay images and statistical evalua-
tion, treatment with Tmab, LND and LND NP significantly
inhibits the migration of cells. Combination groups significantly
increase the wound area compared to drugs applied alone. In
addition, the combination of Tmab and LND NP significantly
increases the wound area compared to the combination in
which Tmab and LND are applied together.

Measurements of wound area were calculated by propor-
tioning them with the control group. According to this, control
group 1657�204.6, Tmab group 2698�268.1, LND group
2764�311.4, LND-NP group 4100�438.9, blank NP group
1438�146.5, Tmab-LND group 3632�276.6, Tmab-LND NP
group 5386�185.1 were calculated.

Figure 7. Flow cytometry analysis of cancer SKBR3 cells after 48h treatment with Lonidamine, Lonidamine-NP, blank-NP, Tmab and its combinations. Cells
considered viable are Annexin V and PI negative. Statistical analysis of Annexin V results. The results were expressed as the mean of duplicates�SD. Cells
treated with control, LND (50 μM), LND-NP (50 μM), blank-NP (50 μM) and Tmab (10 μg/ml) (*p < 0.0001). *a significantly different from control, *b significantly
different from Tmab, *c significantly different from LND, *d significantly different from 50 LND-NP, *e significantly different from blank-NP, *f significantly
different from Tmab-LND combination
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3. Discussion

Our study explains the targeting of two pathways and the effect
of combined treatment in order to contribute to the chemo-
therapy process of HER2 positive breast cancer patients. As it is
known, combined therapies can produce synergistic effects by
targeting more than one pathway instead of a single target. It
can also be useful in preventing drug-induced resistance by
targeting both pathways. Recently, it has been seen that
inhibiting the energy pathways of cancer cells gives successful
results in cancer treatment. It has been determined that the
glycolysis pathway, which is the first step of the energy
production process, is over-activated in many cancer types. In
this context, the Warburg effect is remarkable in cancer cells.
The Warburg effect is the observation that most cancer cells
release energy predominantly through a less efficient process of
glycolysis, rather than through the ’usual’ citric acid cycle and
oxidative phosphorylation in the mitochondria as observed in
normal cells. In this study, we set the target to inhibit the
glycolysis pathway by targeting the HK2 enzyme. The HER2
receptor protein, a tyrosine kinase protein, is overexpressed in
some cancer cells. This results in increased survival, prolifer-
ation, and metastasis. We aimed to inhibit these two target
pathways by using LND as HK2 enzyme inhibitor and Tmab as
HER2 receptor inhibitor and to observe the effectiveness on cell
survival, apoptosis, and proliferation. Although Tmab is cur-
rently used in chemotherapy, it shows drug resistance in long-
term use. Although LND has been shown to be effective in
clinical practice, its use is limited due to its toxic effects. By
targeting these two pathways, it is expected that more than
one death mechanism will be stimulated, and a synergistic
effect will occur.

The encapsulation efficiency values of lipid-based hybrid
nanoparticle formulations loaded with LND were determined in
a narrow range of 81.47%–93.89%. The encapsulation efficiency
values of the prepared formulations increased statistically as
the particle sizes of the nanoparticles increased (p<0.05). This
situation was realized by the increase in the viscosity of the
organic phase due to the increase in the ratio of active
substance in this phase, and thus the higher level of LND
loading on the nanoparticles due to the increase in the particle
size of the nanoparticles[77,78] (Table 3). The viscosity values of
the organic phase of the DF1, DF2 and DF3 coded formulations
were found as 18.3 cP, 27.9 cP and 41.5 cP, respectively. These
values have proved our interpretation.

When the particle size values of lipid-loaded hybrid nano-
particle formulations containing LND in different ratios (5–10%
and 20% of the polymer) are examined in terms of formulations
containing and without active ingredient, the particle sizes of
formulations containing LND are primarily determined in the
range of 160.1 nm–201.4 nm (p<0.05) The particle size of the
empty nanoparticle formulation without LND was determined
as 147.8 nm. It was determined that the particle sizes of the
formulations containing LND increased statistically significantly
depending on the increase in the active substance content. It is
thought that this is due to the increase in the viscosity of the
organic phase, resulting in the formation of a more viscous
organic phase that is more difficult to disperse in the water
phase during sonication, and it has been determined that an
increase in particle size is observed in this way.[78,79] The particle
size of the empty formulation without LND was determined as
147.8 nm and it was determined that there was a statistically
significant reduction in the particle size since the active
ingredient was not included in the formulation content (p>
0.05) (Table 3).

When the PDI values of the developed lipid-based hybrid
nanoparticle formulations were examined, it was determined
that the particle size distributions were determined in a narrow
range based on all the formulations prepared (PDI<0.2)
(Table 3).[78]

The indicator of the stability of nanoparticles in the
dispersion medium is the zeta potential value. The higher the
zeta potential, the greater the repulsive forces between the
nanoparticles. Thus, the aggregation of nanoparticles in the
dispersion medium is prevented and the high stability is
ensured. When the zeta potential values of the prepared lipid-
based hybrid nanoparticle formulations were examined, it was
stated that the nanoparticles had a negative surface charge in
the range of � 28.9 mV–� 31.7 mV. This situation indicated that
the stability of all nanoparticle formulations was high (Table 3).

It was determined that the lipid-based hybrid nanoparticle
formulations prepared within the scope of this research could
be obtained in a spherical shape and it was designated that the
phospholipid shell wall of the nanoparticles could be observed
clearly.

When the release rate of LND from the developed lipid-
based hybrid nanoparticles was evaluated over the active
substance ratio, it was stated that the release profiles were
proportional to the varying particle sizes (p<0.05) (Figure 5). As

Figure 8. BAX/BCL-2 ratio. The results were expressed as the mean of
triplicates�SD. Cells treated with control, LND (50 μM), LND-NP (50 μM),
blank-NP (50 μM) and Tmab (10 μg/ml) (*p<0.0001). *a significantly different
from control, *b significantly different from Tmab, *c significantly different
from LND, *d significantly different from 50 LND-NP, *e significantly different
from blank-NP, *f significantly different from Tmab-LND combination.
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a result of in-vitro release rate studies carried out for 22 days, it
was observed that approximately 55.27%–83.21% of LND was
released from the formulations developed. During this period,
the highest release of active substance from the lipid-based
hybrid nanoparticle systems was achieved in the DF1 coded
formulation. Cell-based experiments were continued with DF1
encoded lipid-based hybrid nanoparticles.

The kinetic evaluation of the dissolution release data was
carried out according to the lowest RMS value and the highest
determination coefficient and the F value, which represents the
fit to the model. When the in vitro drug release data of LND
from the lipid-based hybrid nanocarriers were fitted to stated
kinetic models, it was observed that the all formulations
complied with zero order kinetic, which is an indicator of
controlled release manner (Table 4). When the zero-order

kinetic rate constants of all formulations are compared with
each other, the finding that the fastest release is observed in
the DF1 coded formulation is proven.

Statistical evaluation of the drug content stability data
indicated that the developed lipid-based hybrid nano formula-
tions qualified as active compounds without any changes, and
also demonstrated excellent chemical stability for entrapped
lonidamine (p>0.05). The measurements of size distribution,
mean particle diameter and surface charge of the nanoparticles
revealed no changes for any of the formulations after a storage
period of six months at 4 °C (p>0.05).

As a result of all in vitro characterization studies, among the
LND encapsulated hybrid nanocarriers, DF1 encoded lipid-based
hybrid formulation was chosen as the final formulation for cell-
based experiments.

Figure 9. Representative images of scratch assay. Statistical analysis of the scratch assay. The results were expressed as the mean of triplicates�SD. Cells
treated with control, LND (50 uM), LND-NP (50 μM), blank-NP (50 μM) and Tmab (10 μg/ml) (*p<0.0001). *a significantly different from control, *b significantly
different from Tmab, *c significantly different from LND, *d significantly different from 50 LND-NP, *e significantly different from blank-NP, *f significantly
different from Tmab-LND combination.
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Firstly, IC50 doses of Tmab, LND, and LND loaded hybrid NP
were determined in SKBR3 cells. Since Tmab is an antibody and
shows activity by binding to a receptor, long-term treatment is
required. In this context, studies in the literature were generally
carried out between 120 h and 72 h.[67,80–84] LND and LND NP
IC50 values were evaluated as 48 h. According to the results
obtained, Tmab 72 h gave 9.5 μg/ml, Tmab 120 h 1.12 μg/ml,
LND 48 h 125 μM and LND NP 45 μM IC50 values (Figure 6). The
results of both LND and Tmab IC50 overlap with the literature
studies.[85–87] There is no LND and Tmab combination study in
the literature. In this context, our work has original value. The
results clearly indicate that there is a synergistic effect of both
LND and Tmab combination for cancer therapy. Additionally,
the more effective LND analogs which are under development
in our labs might demonstrate more potential synergy as well
as stand-alone cancer treatment.

The positron emission tomography (PET), which is used to
observe the change in tumor tissue, is based on the inclusion of
the marked isotope 2-[18F]-Fluoro-2-deoxy-D-glucose (FDG). In
general, responsive tumors show a reduction in FDG uptake
within a few days of starting chemotherapy compared to
pretreatment. It has been shown that there is a decrease in FDG
uptake after Tmab in the treatment of HER2 breast cancer.
Studies have revealed that inhibiting HER2 with Tmab also
affects HK2. In the first study by Chenye RW et al., Tmab not
only inhibited HER2, but also stated that this inhibition
decreased the expression of HK2 and accordingly, FDG combi-
nation was also decreased.[61] Later, Smith TA et al. demon-
strated this effect with their xenograft model with mice. Tian C
et al., is a new quinazoline derivative molecule with structural
modification based on lapatinib named KU004. Studies have
been done showing that this molecule is an HER2 inhibitor and
later stated that this molecule is both a HER2 and HK2 inhibitor.
As we mentioned above, HER2 inhibition also reduces HK2
expression.[65,87] The formation of this effect may be due to the
interaction of HER2 receptor and HK2 with each other via the
AKT-PI3 K pathway. In our study, the effects on cell growth and
proliferation were investigated by inhibiting HER2 and HK2,
whose expression is increased in cancer cells. In this context,
according to Annexin V/PI analyzes after 48h of exposure, cell
viability was 98% in control, 97% in 10 μg/ml Tmab and 50 μM
LND, 90% cell viability and 2.5% late apoptosis in 50 μM LND
loaded NP, In the combination of 10 μg/ml Tmab+50 μM LND
loaded NP, cell viability was 83.8%, late apoptosis was 7.06%
and dead cell percentage was 7.31%. According to these
results, it is clearly seen that LND loaded hybrid NPs direct cells
to apoptosis. In addition, the Tmab-LND loaded NP combination
appears to be much more effective than the groups in which
drugs are administered alone, by creating a synergistic effect.
There are studies showing that when LND and Tmab drugs are
given as monotherapy, they cause cell death and even
stimulate apoptosis.[88–93]

Many mechanisms play a role in the formation of apoptosis.
Proteins linked to the BCL-2 family maintain the integrity of the
mitochondria and are key regulators of mitochondria-initiated
caspase activation. Some proteins belonging to this family can
act as antiapoptotic (BCL-2, BCL-XL, etc.) and some proteins as

proapoptotic (BAX, BAK, etc.). The ratio between these anti-
apoptotic and proapoptotic members of the BCL-2 family helps
determine the sensitivity of cells to the death signal.[94]

Accordingly, the rate of change between them was analyzed by
RT-PCR. Statistical analysis was performed by proportioning the
gene expression levels (at the transcript level) of the proapop-
totic gene BAX and the antiapoptotic gene BCL-2. BAX gene
expression level increases in cells that will go to the apoptosis
pathway, while BCL-2 gene expression level decreases.[95–98] In
our study, in comparison with the control, there was no
significant increase in BAX/BCL2 ratio in the group given 10 μg/
ml Tmab, but a significant increase in BAX/BCL2 ratio was
observed in the 10 μg/ml Tmab+50 μM LND-NP. The most
significant increase was seen in the combination with 10 μg/ml
Tmab+50 μM LND-NP, which showed a 14-fold increase
compared to the control. According to these results, induced
apoptosis was confirmed by Annexin V and RT-PCR results. In
terms of the contribution of our study to the literature, induced
apoptotic cells are formed with the combination of a targeted
nanoparticle with Tmab and it gives a more effective result than
the use of LND alone. In our study, all groups were used, and
each was compared with Tmab and LND NP.

4. Conclusions

Our study involves targeted inhibition of glycolysis of the HK2
enzyme and targeted inhibition of the overexpressed HER2
pathway. With combined inhibition of these two targets,
reduced survival, negative metastasis, and induced apoptosis
are expected to be observed. For this purpose, Tmab, LND and
LND loaded NPs were used. Lonidamine causes toxic effects
when administered alone. Here, Lonidamine, which is sent to
the cell with the help of nanoparticles, makes a targeting thanks
to the size of the nanoparticles and shows its effectiveness in
that region for a long time. While Lonidamine alone gives an
IC50 value of 124.6 μM, LND applied with NP gives an IC50
value of 44.18 μM. Thanks to NP, the IC50 value decreases
approximately 3 times. This clearly shows that nanoparticle
systems can cause positive effects in terms of toxicity. In this
context, it has been shown by different molecular experiments
that the combination of 10 μg/ml Tmab+50 μM LND-NP
induces apoptosis. When all parameters were examined, it was
seen that the combination of 10 μg/ml Tmab+50 μM LND-NP
increased apoptosis. Our study presents the molecular mecha-
nisms by which Tmab, an effective drug in breast cancer, and
LND-loaded hybrid NPs may be an effective combination
therapy in chemotherapy. Our study needs to be supported by
in vivo experiments and efficacy studies. If the results of these
experiments are promising, HER2-positive cancer patients may
be offered an important chemotherapy opportunity.
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