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treatment response [2]. In most hormonal therapies, andro-
gen-to-estrogen conversion is inhibited by blocking ER 
activity and aromatase activity [2]. Unfortunately, some 
patients develop resistance to endocrine therapy. The identi-
fication of new targets in resistant tumors is essential for the 
development of new therapeutic options for patients. It may 
be possible to develop new treatments for breast cancer by 
studying alternative cancer-associated signaling pathways, 
such as the Janus kinase (JAK) signal transducer and activa-
tor of transcription (STAT) signaling pathway.

In breast cancer, JAK/STAT signaling is constitutively 
active and regulates chemotherapy resistance [3]. There 
appears to be promise in treating breast cancer with drugs 
targeting different components of this pathway. The RTK 
inhibitor ruxolitinib suppresses JAK/STAT signaling by 
targeting JAK1/JAK2 [4]. This drug has been approved for 
the treatment of patients with polycythemia vera who fail 

Introduction

Breast cancer is the most common cancer diagnosed in 
women around the world [1]. The nuclear receptor super-
family includes estrogen receptors (ERs) and progesterone 
receptors (PRs). In mammary gland cells, ER/PR dysreg-
ulation contributes to carcinogenesis [1]. The PR and ER 
are prognostic markers for breast cancer and predictors of 
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Abstract
Background  JAK/STAT signaling plays an important role in regulating cell proliferation. Reducing proliferation and induc-
ing cell death with gene-specific inhibitors such as ruxolitinib, Receptor tyrosine kinases (RTK) inhibitor targeting JAK1/2, 
are therapeutic approaches. The use of nanoparticles can reduce the toxicity and side effects of drugs, as they act directly on 
cancer cells and can selectively increase drug accumulation in tumor cells. Poly-ɛ-caprolactone (PCL) is a polymer that is 
frequently used in drug development. In this study, Rux-PCL-NPs were synthesized to increase the effectiveness of ruxoli-
tinib. In addition, this study aimed to determine the effect of Rux-PCL-NPs on JAK/STAT signaling and apoptotic cell death.
Methods and results  Rux-PCL-NPs were synthesized by nanoprecipitation. The Rux-PCL-NPs had a spherical and mean 
particle size of 219 ± 88.66 nm and a zeta potential of 0.471 ± 0.453 mV. In vitro cytotoxicity and antiproliferative effects 
were determined by MTT and soft agar colony formation assays, respectively. The effects of ruxolitinib, PCL-NPs, and Rux-
PCL-NPs on apoptosis and the JAK/STAT pathway in cells were examined by western blot analysis. PCL-NPs did not have 
a toxic effect on the cells. The IC50 value of Rux-PCL-NPs was decreased 50-fold compared to that of ruxolitinib. Rux-PCL-
NPs promoted cell death by downregulating JAK2 and STAT5, thereby inhibiting the JAK/STAT pathway.
Conclusions  Our results revealed that Rux-PCL-NPs, which increased the efficacy of ruxolitinib, regulated apoptosis and 
the JAK2/STAT5 pathway.

Keywords  BT474 · Ruxolitinib · Poly-ɛ-caprolactone · Ruxolitinib-loaded poly-ɛ-caprolactone nanoparticles · JAK/
STAT

Received: 18 April 2024 / Accepted: 27 June 2024 / Published online: 22 July 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Ruxolitinib-loaded poly-ɛ-caprolactone (PCL) nanoparticles inhibit 
JAK2/STAT5 signaling in BT474 breast cancer cells by downregulating 
Bcl-2 and Mcl-1
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to respond to or are intolerant to hydroxyurea and those 
with intermediate and high-risk myelofibrosis. Several side 
effects have been reported, including anemia, leukopenia, 
thrombocytopenia, dizziness, headaches, and bruising [4]. 
Systemic side effects such as rapid dissolution of ruxolitinib 
in the blood have also been reported [5]. The numerous side 
effects of ruxolitinib on cells and patients documented in 
the literature has revealed the need to minimize the side 
effects of ruxolitinib and increase its effectiveness. At pres-
ent, it is thought that these disadvantages can be eliminated 
by synthesizing a nanoform of the drug with nanoparticles, 
which can directly target cancer cells more effectively and 
selectively increase drug accumulation in these cells while 
reducing the toxicity and side effects of drugs.

Nanoparticles are drug carrier systems that target thera-
peutic genes without damaging normal cells and are used to 
reduce high doses of chemotherapeutic drugs to cancer cells 
[6]. Nanoparticles (NPs) are thought to be an important tool 
for reducing the toxicity and side effects of drugs, as they 
can directly target cancer cells and selectively increase drug 
accumulation in these cells, thus increasing the anticancer 
effects of drugs [7, 8]. Polymeric nanoparticles (PNPs) are a 
class of nanoparticles in which different polymers encapsu-
late a drug. These polymeric nanoparticles are used to target 
specific cancer cells or tissues by increasing the stability 
of the drug by binding to its ligand, which has an affinity 
for that cell, and they provide advantages due to their bio-
compatibility [8]. Poly-ε-caprolactone (PCL) is a highly 
hydrophobic and biodegradable polymer with a synthetic 
semicrystalline structure. This polymer degrades slowly in 
the physiological environment and does not cause the accu-
mulation of toxic metabolites. PCL is widely used in drug 
development because of its biocompatibility and biodegrad-
ability. It can facilitate drug release through long-term deg-
radation [9].

In the literature, there are several studies on PCL nanopar-
ticles being loaded with certain drugs, such as paclitaxel 
[10], quercetin [11], irinotecan [12], 5-fluorouracil [13], 
cefotaxime [14], and atorvastatin calcium [15]. In the lit-
erature, there are two studies on ruxolitinib-loaded nanopar-
ticles: gold-coated nanoparticles loaded with ruxolitinib [5] 
and a topical Emulgel containing ruxolitinib nanoliposomes 
[16]. In this study, ruxolitinib-loaded PCL nanoparticles 
were synthesized for the first time using a nanoprecipitation 
technique.

First, this study aimed to minimize the toxicity of ruxoli-
tinib in its free form to cells and ensure that drug effectively 
reaches the cells. Second, this study aimed to increase the 
effectiveness of ruxolitinib in BT474 (ER+, PR+, HER2+) 
cells by synthesizing Rux-PCL-NPs. Third, we aimed to 
understand the effect of Rux-PCL-NPs on JAK/STAT sig-
naling and apoptotic cell death.

Materials and methods

Drugs, chemicals and antibodies

Ruxolitinib was purchased from MedChemExpress (USA). 
Rabbit antibodies against β-actin (CST-4970), PARP (CST-
9532), Caspase-9 (CST-9508), Caspase-7 (CST-12,827), 
and Caspase-3 (CST-9662) (1:1000 dilution) were pur-
chased from Cell Signaling Technology (CST, Danvers, 
MA, USA). Mouse antibodies against JAK2 (sc-390,539), 
STAT5 (sc-74,442), STAT3 (sc-8019), Caspase-8 (sc-
56,070), Bax (sc-20,067), Bcl-2 (sc-7382), and c-Myc 
(sc-40) (1:500 dilution) were purchased from Santa Cruz 
Biotechnology (sc, Oregon, USA). HRP-conjugated anti-
rabbit and anti-mouse secondary antibodies (1:5000 dilu-
tion) were purchased from CST.

Synthesis of PCL, blank and drug-loaded PCL 
nanoparticles

Synthesis of PCL nanoparticle

PCL nanoparticles were prepared using the nanoprecipi-
tation method. One hundred milligrams of PCL was dis-
solved in 25  ml of acetone. This organic solution was 
added dropwise to 75 ml of dH2O (cold) aqueous solution 
containing 0.1% (w/v) acetic acid and 0.03% (w/v) Tween 
80 in a magnetic stirrer in an ice bath. The resulting sus-
pension was centrifuged at 16,000 × g for 75 min at 4 °C. 
The supernatant was removed. The pellet was frozen at 
-20 °C for 24 h and lyophilized for 24 h (Biobase, BK-
FD10S) [17].

Synthesis of ruxolitinib-noaded PCL nanoparticles

Ruxolitinib-loaded PCL nanoparticles (Rux-PCL-NPs) 
were prepared using the nanoprecipitation method. PCL 
(10  mg) was dissolved in 5  ml of acetone. Then, ruxoli-
tinib (1 mg) was dissolved in 1 ml of DMSO, added to the 
mixture, and mixed thoroughly. This organic solution was 
added dropwise on a magnetic stirrer to 20  ml of dH2O 
(cold) containing 0.03% Tween 80 and stirred at room tem-
perature for 1 night to allow the organic solvent to evaporate 
completely and promote the precipitation of the nanopar-
ticles. The resulting suspension was centrifuged at 16,000 
× g for 75 min at 4 °C. The supernatant was removed. The 
pellet was frozen at -20 °C for 24 h and lyophilized for 24 h 
(Biobase, BK-FD10S). The samples were stored at 4  °C 
until use. Blank NPs (PCL nanoparticles) were used as a 
control [18, 19].
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Characterization of nanoparticles

Zeta potential and particle size measurement

The average size and zeta potential of the Rux-PCL-NPs 
were measured with a Zetasizer (Malvern, NANO-ZS). 
Fifty microliters of the nanoparticle solution was added to 
950 µl of ddH2O, and 1 ml of the solution was prepared and 
read at 25 °C. The polydispersity index and zeta potential 
were analyzed in three groups to obtain average values for 
the standard deviation and mean size [19].

Morphological analysis of drug-loaded PCL 
nanoparticles

The size and surface morphology of the ruxolitinib-loaded 
PCL nanoparticles were examined by scanning electron 
microscopy (SEM). Lyophilized Rux-PCL-NPs were coated 
with gold for 1 min after being dropped onto a Stub plate 
with carbon tape attached. Then, a scanning electron micro-
scope (ZEISS/Supra 40 VP)was used to determine their 
sizes and morphologies [10].

Assessment of encapsulation efficiency and drug 
loading capacity

The encapsulation of ruxolitinib in a biocompatible PCL 
polymer was achieved via a nanoencapsulation method. PCL 
nanoparticles encapsulated with ruxolitinib were developed 
by the nanoprecipitation technique. After centrifuging the 
samples at 16,000 rpm for 45 minutes, the amount of drug-
containing nanoparticles was determined. The separation 
of free nanoparticles in the supernatant was ensured. The 
amount of unencapsulated free ruxolitinib was determined 
using the nanoparticle supernatant as a blank in a UV spec-
trophotometer at a wavelength of 230 nm. The encapsula-
tion efficiency (EE) and drug loading capacity (DL) of the 
Rux-PCL-NPs were determined via the following formula 
[18]:

EE (%) =

(
Weight of Rux in the NP
Initial weight of Rux used

)
× 100

DL (%) =

(
Weight of Rux in the NP

Total weight of NP

)
× 100

In vitro ruxolitinib release

The in vitro drug release of PCL nanoparticles contain-
ing the active ingredients of ruxolitinib was determined 
by a dialysis membrane technique. The dialysis membrane 

(MWCO: 14.000 Da) was activated with 70% EtOH. PCL 
nanoparticle suspensions containing ruxolitinib active 
ingredients were transferred to dialysis membranes, placed 
in 75 ml of phosphate-buffered saline (PBS) (pH 7.4) and 
incubated at 37 °C and 200 rpm. After 0.5, 1, 2, 4, 8, 16, 
24, 36, 48, 72, and 96 h, 2 ml of sample was replaced with 
PBS, and the samples were incubated at the same volume 
and temperature. The samples were measured with a UV 
spectrophotometer at 230 nm. The amount of drug released 
was determined for each measurement hour by drawing a 
graph for each formulation with the measured absorbance 
values [10].

Investigation of the anticancer effect of Rux-PCL-
NPs

Cell Culture

BT474 cells were incubated in RPMI medium supplemented 
with 1% NEAA, 0.1% insulin, 1% penicillin/streptomycin, 
and 20% heat-inactivated fetal bovine serum (FBS) in 37 °C 
incubators containing 5% CO2 (Memmert CO2 Incubator, 
INCO153med, Germany).

In vitro cytotoxicity

Three-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl-2  H-tetra-
zolium-bromide (MTT) assays were used to examine the 
viability of BT474 breast cancer cells treated with ruxoli-
tinib and Rux-PCL-NPs at different concentrations. BT474 
cells were seeded at 1 × 104 in each well of a 96-well Petri 
dish. After attaching the cells to the Petri dish, Ruxolitinib 
and the Ruxolitinib-loaded PCL nanoparticles were applied 
for 48 h. To each well, 10 µl of MTT was added, and the 
plate was then incubated at 37 °C for 4 h. After incubation 
for 5 minutes in the dark, the medium with the MTT reagent 
was removed and 100 µl of DMSO was added to the wells. 
The absorbance values were measured at dual wavelengths 
of 570 nm and 655 nm on an ELISA reader (Multiskan™ 
FC Microplate Photometer, Thermo Fisher Scientific, Mul-
tiskan FC China).

Soft agar colony formation analysis

The soft agar colony formation test was used to observe the 
ability of the cells to grow in an environment where their 
adhesion to the surface was prevented. Six-well Petri dishes 
were covered with previously prepared and autoclaved 2X 
media containing 0.5% agarose solution and 20% FBS at 
a 1:1 ratio. BT474 cells were seeded as 2.5 × 103 cells in 
Petri dishes covered with 2× media, 0.3% agarose, and 
0.5% agarose at a cell ratio of 1:1. The cells were incubated 
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defined as * P < 0.05; ** P < 0.01; ***P < 0.001; and **** 
P < 0.0001.

Results

Synthesis and characterization of PCL and 
ruxolitinib-loaded PCL nanoparticles

PCL nanoparticles (PCL-NPs) and ruxolitinib-loaded PCL 
nanoparticles (Rux-PCL-NPs) were synthesized by nano-
precipitation, and the samples were stored at -20  °C [18, 
19]. The average size, zeta potential, and PDI values of 
pure ruxolitinib and the synthesized PCL-NPs and Rux-
PCL-NPs were determined via a Zetasizer instrument. 
The average sizes of ruxolitinib, PCL-NPs, and Rux-PCL-
NPs were 564.4641 ± 25.4505  nm, 159.4 ± 74.72  nm, and 
219 ± 88.66  nm, respectively (Table  1). The zeta poten-
tials of ruxolitinib, PCL-NPs, and Rux-PCL-NPs were 
− 44.6 ± 6.19 mV, -0.372 ± 0.449 mV, and 0.471 ± 0.453, 
respectively (Table 1). The polydispersity index (PDI) val-
ues of ruxolitinib, PCL-NPs, and Rux-PCL-NPs were 0.696, 
0.756 ± 0.172, and 0.669 ± 0.245, respectively (Table  1). 
The %EE and %DL values of the Rux-PCL-NPs were 61% 
and 6.1%, respectively (Table 1).

Morphological characterization of PCL and 
ruxolitinib-loaded PCL nanoparticles

The surface morphology of the Rux-PCL-NPs was deter-
mined by SEM. The molecular size of ruxolitinib decreased 
with increasing encapsulation of PCL (Fig. 1a and b). The 
size of the Rux-PCL-NPs varied between 97 and 101 nm.

In vitro release

In vitro drug release of ruxolitinib from the synthesized 
PCL nanoparticles was carried out using the dialysis mem-
brane technique (Fig. 2). It was determined that 51% of the 
ruxolitinib was released from the PCL nanoparticles in the 
first 24 h (Fig. 2). At the end of the 96th hour, 77% of the 
ruxolitinib was released (Fig. 2).

with ruxolitinib and Rux-PCL-NPs at the determined con-
centrations for 15 days and grown in 37 °C incubators con-
taining 5% CO2. The cells were cultured by removing the 
upper media and adding new media every 2 days. The colo-
nies were examined under an inverted microscope (Nikon 
Eclipse TS100-F) at 100× magnification and stained with 
0.5 ml of 0.005% crystal violet for 20 minutes.

Western blotting

Cells were treated with 0.3267 µM Rux-PCL-NPs and 50 
µM ruxolitinib for 48 h. After all the samples were washed 
with 1× PBS, they were centrifuged at 13,200  rpm for 
2 minutes. Cells were lysed on ice for 5 minutes with radio-
immunoprecipitation assay (RIPA) solution (CST-9806). 
After the cells were lysed, they were shaken at room tem-
perature for 20  minutes. After centrifuging the cells for 
15  min at 13,200  rpm, the supernatant was collected. A 
semidry transfer system (Hoefer) was used to transfer the 
protein lysates (50 µg), as determined by the Bradford pro-
tein assay, to PVDF membranes (Merck Millipore). Primary 
and secondary antibodies were incubated at 4 °C overnight. 
After the washing steps, the protein expression levels of 
JAK2 (sc-390,539), STAT3 (sc-8019), STAT5 (sc-74,442), 
PARP (CST-9532), Caspase 8 (sc-56,070), Caspase 9 (CST-
9508), Caspase 7 (CST-12,827), Caspase 3 (CST-9662), 
β-actin (CST-4970), Bax (sc-20,067), c-Myc (sc-40), and 
Bcl-2 (sc-7382) were analyzed via enhanced chemilumines-
cence (ECL, Thermo Fisher Scientific) in a Syngene G: Box 
Chemi XRQ system.

Statistical analysis

Each experiment was analyzed using one-way analysis of 
variance (ANOVA) with GraphPad Prism 9.0.0. The graph 
error bars represent the standard deviations (SDs), which 
were calculated from at least three independent experi-
ments. Using ImageJ, SD values were calculated for the 
fluorescence intensities of proteins obtained from western 
blotting. The mean value of three measurements was used 
for each protein. The relative expression level of each pro-
tein was calculated by dividing the value of the protein by 
the value of β-actin. In this study, statistical significance was 

Table 1  Ruxolitinib payload, encapsulation efficiency, size, size distribution (polydispersity), and Zeta potential of the NPs at 25 °C. The results 
are expressed as the mean ± S.D. (n = 3)
Sample Size (nm) (± SD) Polydispersity (± S.D.) Zeta potential (mV)

(± SD)
Encapsulation effi-
ciency (%)

Drug 
loading 
(%w/w)

Ruxolitinib 564.4641 ± 25.45057 0.696 -44.6 ± 6.19
PCL-NPs 159.4 ± 74.72 0.756

± 0.172
-0.372 ± 0.449

Rux-PCL-NPs 219 ± 88.66 0.669 ± 0.245 0.471 ± 0.453 61 6.1
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Effects of ruxolitinib and rux-PCL-NPs on colony 
formation

The ability of the cells to grow on soft agar surfaces where 
they were prevented from adhering to the surface was tested 
(Fig. 4). BT474 cells in the untreated control group and the 
DMSO-treated group exhibited similar sizes of colonies. 
PCL did not prevent colony formation in BT474 cells, but 
ruxolitinib and Rux-PCL-NPs significantly inhibited colony 
formation in BT474 cells.

Apoptosis is induced by Rux-PCL-NPs

Using western blotting, changes in the expression of pro-
teins involved in the apoptotic pathway were examined 
in response to ruxolitinib, PCL-NPs, and Rux-PCL-NPs 
treatment. BT474 cells treated with ruxolitinib exhibited 
decreased expression of PARP, Caspase-3, Caspase-8, and 
Caspase-7 but not Caspase-9 (Fig.  5a). In BT474 cells, 
Rux-PCL-NPs treatment decreased PARP, Caspase-8, and 

In vitro cytotoxicity of ruxolitinib and Rux-PCL-NPs

To determine the dose- and time-dependent in vitro cytotox-
icity of ruxolitinib, PCL-NPs, and Rux-PCL-NPs in BT474 
cells, 24-, 48-, and 72-hour MTT cell viability assays were 
performed (Fig. 3a, b and c). BT474 cells were treated with 
various concentrations of ruxolitinib (0–50 µM) [20, 21], 
PCL-NPs (0–2500 µM), or Rux-PCL-NPs (0–490 µM) 
for 24, 48, or 72 h. To determine whether the decrease in 
cell viability was due to ruxolitinib itself or the DMSO in 
which it was dissolved, DMSO was applied to the cells at a 
maximum final concentration of 0.1%. PCL-NP application 
had no toxic effect on the BT474 cells (Fig. 3b). Treatment 
with ruxolitinib or Rux-PCL-NPs for 24 h was not effective 
against BT474 breast cancer cells, and 72 h of ruxolitinib 
or Rux-PCL-NP treatment was toxic. Therefore, the experi-
ments were continued with 48  h of ruxolitinib and Rux-
PCL-NP treatment (Fig. 3c). The IC50 values of ruxolitinib, 
PCL-NPs, and Rux-PCL-NPs on BT474 cells were 50 µM, 
1.6 µM, and 0.3267 µM, respectively (Table 2).

Fig. 1  Morphological structure of ruxolitinib (A) and synthesized Rux-PCL-NPs (B)
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BT474 cells, while the expression of STAT3 did not change. 
STAT3 expression decreased with Rux-PCL-NP treatment 
in BT474 cells, but STAT5 and JAK2 expression did not 
significantly change.

Discussion

Breast cancer remains the most commonly diagnosed cancer 
in women [1]. Progesterone receptors (PRs) and estrogen 
receptors (ERs) belong to the nuclear receptor superfam-
ily. In mammary gland cells, ER/PR dysregulation causes 
tumorigenesis, so these receptors are prognostic markers for 
breast cancer [1]. Additionally, ERs and PRs can be used 
to predict treatment response [2]. Because of the develop-
ment of resistance to endocrine therapy in some patients, 
most hormonal therapies focus on blocking ER activity and 
inhibiting aromatase-mediated androgen-to-estrogen con-
version [2]. There is a need for new therapeutic approaches 
to treat resistant tumors. It may be possible to develop a 
new treatment strategy for breast cancer by understanding 
the mechanism of alternative cancer-associated signaling 
pathways, such as the JAK/STAT signaling pathway.

Caspase-3 expression, whereas Caspase-9 and Caspase-8 
expression did not change (Fig. 5b).

The members of the Bcl-2 family play essential roles in 
regulating apoptosis by balancing pro- and antiapoptotic 
activities. The effects of ruxolitinib, PCL-NPs, and Rux-
PCL-NPs on the apoptotic pathway were investigated by 
western blotting to determine the changes in the expression 
of the pro- and antiapoptotic proteins in BT474 cells (Fig. 5c 
and d). Treatment of BT474 cells with ruxolitinib increased 
the expression of Bax, a member of the proapoptotic Bcl-2 
family, decreased the expression of Mcl-1 and Bcl-2, did not 
significantly change the expression of Bad, and increased 
the expression of c-Myc (Fig. 5c). The expression of Bcl-2 
and Mcl-1 decreased with Rux-PCL-NP treatment in BT474 
cells, and there was no change in the expression of Bad, 
Bax, or c-Myc (Fig. 5d).

Rux-PCL-NPs inhibit JAK2/STAT3 signaling

To investigate the effects of ruxolitinib, PCL-NPs, and 
Rux-PCL-NPs on JAK/STAT signaling, which is a cell 
survival pathway, in BT474 cells, changes in protein lev-
els were determined by immunoblotting (Fig.  6a and b). 
Ruxolitinib reduced the expression of STAT5 and JAK2 in 

Fig. 2  Ruxolitinib release from PCL nanoparticles at 37 °C over 96 h
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quercetin- [11], irinotecan- [12], 5-fluorouracil- [13] and 
atorvastatin calcium- [15]loaded PCL nanoparticles have 
been reported. In the literature, there are only two stud-
ies on the ruxolitinib-loaded nanoparticles: gold-coated 
ruxolitinib-loaded nanoparticles [5] and a topical Emulgel 
containing ruxolitinib nanoliposomes [16]. In this study, 
ruxolitinib-loaded PCL nanoparticles were synthesized for 
the first time, and their effects on apoptosis and the JAT/
STAT signaling pathway in triple-positive breast cancer 
cells were examined.

Particle size plays an important role in NP migration 
across the cell membrane and cellular uptake, as well as 
in determining the route of treatment. Especially in intra-
venous applications, the nanoparticle diameter should be 
below a certain size because it may obstruct blood capil-
laries. In contrast, smaller particles may have toxic effects 
because of their greater surface area [24]. Unal et al. [10] 
showed that the average size of the paclitaxel-loaded 
PCL nanoparticles they synthesized was between 199 and 
383 nm and that the nanoparticle size may increase com-
pared to that of blank nanoparticles due to paclitaxel set-
tling on the nanoparticle surface. Similarly, in this study, the 
average sizes of the ruxolitinib, PCL-NPs, and Rux-PCL-
NPs were 564.4641 ± 25.4505  nm, 159.4 ± 74.72  nm, and 
219 ± 88.66 nm, respectively (Table 1). Studies have shown 
that drug-loaded nanoparticles can be larger than empty 
nanoparticles, and active transport makes carrier systems 
smaller than 500 nm more effective at delivering drugs to 
target tissues, especially tumor tissues [11]. According to 
our results, the particle size of the ruxolitinib-loaded PCL 
nanoparticles may have increased compared to that of the 
PCL-NPs due to the drugs settling on the nanoparticle 
surface.

The zeta potential plays an important role in determin-
ing the characteristics and stability of particles. Studies 
have shown that positively charged NPs have a high prob-
ability of interacting with the cell membrane because the 

Tumor cells inhibit apoptosis by decreasing caspase 
activity, disrupting the balance of proapoptotic and anti-
apoptotic proteins, and disrupting death receptor signals 
[22]. In cancer cells, oncogenic mutations targeting signal 
transduction pathways and signaling proteins cause a loss 
of proliferation and survival control [23]. Continuous acti-
vation of cytoplasmic tyrosine kinases and oncogenic sig-
nal transmission accelerate cellular events such as tumor 
growth, transformation, angiogenesis, and invasion. RTKs 
regulate signaling pathways such as the JAK/STAT path-
way. This pathway plays a crucial role in cell proliferation, 
angiogenesis, and metastasis. Ruxolitinib is an orally avail-
able receptor tyrosine kinase inhibitor that targets JAK1 and 
JAK2. It is approved for use in patients with myelofibrosis 
or polycythemia vera who are intolerant or inadequately 
responsive to hydroxyurea. The most commonly observed 
side effects are leukopenia, anemia, thrombocytopenia, 
headache, bruising, and dizziness [4]. Studies have revealed 
the need to minimize the side effects of ruxolitinib and 
increase its effectiveness [5]. At present, it is thought that 
its disadvantages can be circumvented by synthesizing the 
ruxolitinib-loaded nanoparticles, which can directly target 
cancer cells more effectively and selectively increase drug 
accumulation in these cells, thereby reducing the toxicity 
and side effects of the drug.

Due to the biodegradable and biocompatible features 
of PCL, it is frequently used in drug development studies 
because it can slowly release drugs for up to several months 
[9]. In the literature, studies related to paclitaxel- [10], 

Fig. 3  Effect of ruxolitinib, PCL, and Rux-PCL-NPs on BT474 cell viability. In vitro cytotoxicity was determined by MTT assay after ruxolitinib 
(a), PCL (b), and Rux-PCL-NPs (c) treatment. Three independent experiments are indicated by the standard deviation (SD) values. Statistical dif-
ferences were analyzed with one-way ANOVA and two-way ANOVA. *, **, *** and **** indicate P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, 
respectively

Table 2  IC50 values determined by MTT assay after ruxolitinib, PCL-
NP, and Rux-PCL-NP treatment in BT474 cells

BT474
IC50 Values

Ruxolitinib 50 µM
PCL 1.6 µM
Rux-PCL-NPs 0.3267 µM

Fig. 4  Determination of the growth ability of ruxolitinib, PCL-NPs, and Rux-PCL-NPs in BT474 cells by a soft agar colony formation assay
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Fig. 5  Effects of ruxolitinib, PCL-NPs, and Rux-PCL-NPs on apoptosis. The effects of ruxolitinib (a), PCL-NPs (b), or Rux-PCL-NPs (b) on 
apoptosis and Bcl-2 family members (c, d) were examined by western blotting
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demonstrated that the PDI values of paclitaxel-loaded PCL 
and chitosan nanoparticles were close to 0. According to our 
findings, the synthesized Rux-PCL-NPs were homogeneous 
since the PDI was close to 0 (Table 1).

A number of benefits can be achieved by loading bioac-
tive drugs into nanoparticle systems, including increasing 
and prolonging their stability, improving therapeutic effi-
cacy, allowing precise doses to be tailored to meet thera-
peutic needs, and minimizing the risk of degradation and 
nonspecific uptake by cells [28]. Studies have shown that 
the encapsulation efficiency of NPs prepared with high-
molecular-weight (MW) PCL is greater than that of NPs 
coated with low-molecular-weight PCL [25, 29]. Increasing 
the organic phase viscosity may lead to a higher encapsu-
lation efficiency. Unal et al. demonstrated that the encap-
sulation efficiency of NPs prepared with 80,000 MW PCL 
ranged from 59.4 to 64.7%, while that of NPs prepared 
with 14.000  MW PCL varied from 51.3 to 63.1%. In the 

cell membrane surface is negatively charged [25]. Yue et al. 
demonstrated that the positive charge further increased the 
uptake of NPs into the cell [26]. Unal et al. determined that 
the interaction between NPs and the mucus layer was sig-
nificantly increased by coating NPs with positively charged 
materials [27]. PCL has a negative surface charge due to 
its terminal carboxylic groups. Unal et al. determined that 
in uncoated NPs, the zeta potential ranged from − 20.1 to 
-25.8, whereas in coated NPs, the surface charge ranged 
from + 29.6 to + 57. [10]. They demonstrated that the zeta 
potential of NPs coated with chitosan and PCL used in 
the study changed from negative to positive [10]. Accord-
ing to our results, the surface charge of the Rux-PCL-NPs 
increased from − 44.6 to 0.471 mV (Table 1).

The degree of homogeneity of the formulation is indi-
cated by the PDI. 0 indicates a monodisperse system, which 
indicates a heterogeneous system containing aggregates, 
polymer residues, and particles of varying sizes. Unal et al. 

Fig. 6  Effects of ruxolitinib (a), PCL-NPs (b), and Rux-PCL-NPs (b) on JAK/STAT signaling. Total protein lysates (50 µg) of ruxolitinib (a), 
PCL-NPs (b), and Rux-PCL-NPs (b) were examined by western blotting
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demonstrated that ruxolitinib-conjugated-gold nanopar-
ticles inhibit the proliferation of fibroblasts by inhibiting 
the JAK2 protein, compared to the treatment of ruxolitinib 
alone [5]. According to our results, PCL nanoparticles did 
not affect the viability of cells (Fig.  3c). In addition, our 
study indicated that the IC50 of ruxolitinib decreased from 
50 µM to 0.3267 µM upon treatment with the ruxolitinib 
nanoformulation (Fig. 3a and b). Our study shows that Rux-
PCL-NPs inhibits the proliferation of BT474 cells more 
effectively than the treatment of ruxolitinib alone (Fig. 4). 
According to our findings, similar results can be obtained 
with free ruxolitinib treatment by treating BT474 cells with 
lower doses of Rux-PCL-NPs.

Apoptosis is regulated by a series of events [32]. The loss 
of mitochondrial membrane potential activates the release 
of cytochrome C, located between the mitochondrial double 
membrane, into the cytoplasm, activates the mitochondrial 
pathway of apoptosis, and stimulates caspase activation 
[33]. Members of the protease caspase family play impor-
tant roles in the initiation and execution of apoptosis [34]. 
Apoptosis is regulated by pro- and antiapoptotic mem-
bers of the BCL-2 family [21]. The increased resistance 
of several types of cancer cells to chemotherapy is caused 
by the activation of MCL-1, BCL-XL, BCL-2, and BCL-
W, which are antiapoptotic members of the BCL-2 family 
[35]. Li et al. determined that ruxolitinib treatment for 48 h 
increased the expression of cleaved PARP and Caspase-9, 
-8, and − 3 in SW620 and LS411N colorectal cancer cells 
[36]. Bragta et al. demonstrated that carboplatin-loaded 
poly-(ɛ-caprolactone) nanoparticles (CBDCA-PCL-NPs) 
caused 57.6% of B16F1 melanoma cells to undergo apop-
tosis, and CBDCA-PCL-NPs-Gel caused 80.2% of B16F1 
melanoma cells to undergo apoptosis [19]. They demon-
strated that CBDCA-PCL-NPs-Gel treatment decreased 
Bcl-2 expression in tumor tissues by 2.5-fold and increased 
Bax expression by 2.03-fold in tumor tissues and B16F1 
cells. Additionally, they determined that the nanoform of 
carboplatin can induce Caspase-8- and Caspase-3-mediated 
apoptosis in tumor tissues and B16F1 melanoma cells [19]. 
Bhattacharya demonstrated by an Annexin V assay that the 
percentage of apoptotic cells in NCI-H460 cells treated 
with free gefitinib, gefitinib PCL10.000NPs, gefitinib 
PCL45.000NPs, and gefitinib PCL80.000NPs increased by 
30.78 ± 3.78%, 31.67 ± 3.67%, and 46.78 ± 4.56%, respec-
tively [37]. According to our results, treatment of BT474 
cells with ruxolitinib and Rux-PCL-NPs inhibited apop-
tosis, decreasing Caspase-8, Caspase-3, Mcl-1, and Bcl-2 
expression (Fig. 5a, b, c and d).

JAK2 plays an essential role in regulating the prolifera-
tion and apoptosis of cancer cells by activating the STAT3/
STAT5 and PI3K/AKT pathways [38]. STAT3 and STAT5 
modulate the expression of genes involved in cell growth, 

same study, they determined that the drug loading capac-
ity of NPs prepared with 80.000 MW PCL was greater than 
that of NPs prepared with 14,000 MW PCL, with ranges of 
6.2–8.4% and 5.2–6.6%, respectively. This suggests that the 
molecular weight of PCL can influence the amount of drug 
that can be loaded into the nanoparticles [10]. According to 
our findings, the %EE values of the Rux-PCL-NPs prepared 
with 66,000  MW PCL were 61% and 6.1%, respectively 
(Table 1). Moreover, the loading of ruxolitinib into PCL was 
effective due to the increase in the %EE values.

Unal et al. determined that the sizes of paclitaxel-loaded 
NPs prepared with 80,000 MW PCL were 238–380 nm and 
that the NP formulations were smooth and spherical [10]. 
According to our findings, the molecular size of ruxolitinib 
decreased as a result of its encapsulation with PCL, the size 
of the Rux-PCL-NPs varied between 97 and 101 nm, and 
all the NP formulations had smooth and spherical surfaces 
(Fig. 1a and b).

Unal et al. demonstrated the in vitro release profiles of 
PCX from PCL-NPs by the dialysis membrane technique. 
They determined that paclitaxel can be released from the 
PCL formulation for up to 96 h. They showed that a sudden 
release of paclitaxel from paclitaxel-loaded chitosan (CS) 
and paclitaxel-loaded poly-L-lysine (PLL) nanoparticles 
occurred in the first 24 h, and the release rate of paclitaxel 
may vary depending on the coating material [10]. In the 
same study, when looking at the rates of drug release accord-
ing to particle size, they found that smaller-sized paclitaxel-
loaded PCL nanoparticles showed a higher release rate and 
that larger-sized paclitaxel-loaded chitosan-coated PCL 
nanoparticles showed a slower release rate [10]. Kamaraj 
et al. determined that the release of DDA from 14-deoxy 
11.12-didehydroandrographolide-loaded polycaprolac-
tone nanoparticles (nanoDDA) was 20% in the first 24 h, 
increased up to 50% up to 192 h, and decreased at the 264th 
hour [30]. According to our findings, 51% of the ruxolitinib 
was released from PCL nanoparticles in the first 24 h, and 
77% of the ruxolitinib was released at the end of the 96th 
hour. According to our results, the controlled release of the 
active ingredients of ruxolitinib from PCL nanoparticles can 
be achieved (Fig. 2).

Schneider et al. reported that ruxolitinib decreases pro-
liferation in SKBR3, MCF-7, and MDA-MB-468 cells, and 
the IC50 values of ruxolitinib were 13.94 µM, 30.42 µM, and 
10.87 µM, respectively [31]. Abamor et al. determined that 
the toxic effects of blank nanoparticles and quercetin-loaded 
PCL nanoparticles were quite low. They demonstrated that 
even at low concentrations, nanoparticles show similar cell 
viability to that of the control [11]. Ozturk et al. demon-
strated that lower cell viability was obtained with 5-FU-
loaded PCL NPs and that empty PCL nanoparticles had no 
effect on the viability of Caco-2 cells [13]. Boca et al. have 
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