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Abstract

The aim of this study is to investigate the potential impact of catheterization on intimal hyperplasia and explore the efficacy
of Paclitaxel loaded PLGA nanoparticles (PTX-NPs) in preventing stenosis at the site of venous injury. Under general anes-
thesia, Central Venous Catheters were inserted into the rat’s right internal jugular veins (IJ'V) using the cut-down technique.
Twenty bare catheters (C) and twenty PTX-NPs coated catheters (P) were assigned to one of four groups (C2, C4, P2, or P4)
based on catheter type and expected survival time. 2 or 4 weeks after surgery, IJVs were completely harvested by formalin
fixation and gelatin infusion and slides were stained with H&E (Haematoxylin and Eosin) and Masson's technique. The P2
(Paclitaxel coating, 2 weeks) group showed the most proliferation among the four groups and the P4 (Paclitaxel coating,
4 weeks) showed a tendency to decrease proliferation. Additionally, the lumen size in the P4 group was about 6% smaller than
in the P2 group, and there was a lower prevalence of stenotic grade in the P4 group. Our study suggests that PTX-NPs coated
catheters may be effective in preventing venous stenosis if the intended usage is prolonged, rather than for a short-term period.
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Central Venous Catheters (CVCs) are commonly used in

hospitals for various purposes, such as end-stage renal
disease, chemotherapy, nutritional support, and the
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resuscitation of critically ill patients [1]. The number of
patients using CVCs and other devices is steadily increasing.
In the US, approximately 5 million CVCs are used annually,
with a complication rate during the procedure ranging from
6 to 19% [2]. Depending on the catheter function and patient
needs, periods of catheterization may range from days to
weeks and may even be on a permanent basis. It is well-
recognized that a crucial risk factor for catheter associated
infections is the duration of catheterization [3]. Infection and
thrombosis are the most common early complications while
venous stenosis is the most common delayed complication.

Central vein stenosis (CVS) due to indwelling catheters/
devices is associated with duration of placement, active
infection, large-bore catheters, and prior history of cathe-
terization [4-6]. It is marked by neck, face, chest, and upper
extremities swelling and may require treatment, if severe
[7]. While CVC insertion itself is a risk factor for CVS, not
all CVC recipients will develop CVS [8-10]. Besides CVC
insertion, CVS can also result from fibrosing mediastinitis,
post-radiation therapy, or extrinsic compression, usually
from a malignant mass [7]. Venous intimal hyperplasia is
cited most often as etiology, and some authors have asserted
that variations in intimal caveolin-1 expression levels pro-
mote stenosis [11-13]. Therefore, the causes and treatment of
CVS has been extensively researched and regularly reported.

Paclitaxel is widely used as antiproliferative drug
that inhibits the growth of vascular smooth muscle cells,
endothelial cells and fibroblasts. Drug-eluting stents or
balloons containing paclitaxel are commonly used to treat
peripheral arterial occlusive disease and myocardial infarc-
tion. Few studies have applied paclitaxel to CVS because of
similar pathologic changes [14-16] while paclitaxel coating
of CVCs still remains problematic.

Therefore, researchers have been investigating alterna-
tive strategies to enhance therapeutic efficacy, minimizing
side effects of Paclitaxel. Using biodegradable nanocarriers
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is one of the most effective strategies to achieve this goal.
Particularly, PLGA nanoparticles have been a promising
application in the biomedical field due to their biocompat-
ibility and biodegradability [8]. Thus, various biodegradable
nanoparticles as a drug delivery system have been developed
and evaluated to enhance pharmacokinetics and reduce tox-
icity [17].

In this context, the aim of this study is to evaluate the
efficacy of Paclitaxel loaded PLGA nanoparticles (PTX-
NPs) in reducing the incidence of venous stenosis. The
study involved the use of PTX-NPs to coat CVCs that were
implanted in rat models, and then analyzed the venous
changes after placement of the PTX-NPs coated CVCs

(Fig. ).

2 Materials and methods
2.1 Materials

Commercially available Polyvinyl Alcohol (PVA),
acid-terminated Poly-lactide-co-glycolide (PLGA,
lactide:glycolide =50:50, Mw = 38,000-54,000 g/mol),
Dichloromethane (DCM), ethylenediamine, N- hydroxy-
succinimide (NHS), Paclitaxel, and Sylgard 184 elsatomer,
(3-Aminopropyl)triethoxysilane (APTES), methanol, phos-
phate buffered saline (PBS), Hematoxylin and Eosin (H &
E) stain and ethanol were purchased from sigma aldrich and
were used without purifications. Broviac® CV catheter was
purchased from Teleflex Medical device company.

2.2 Paclitaxel loaded PLGA nanoparticle
preparation

A schematic of nanoparticle preparation steps is pro-
vided in Fig. 2A. Paclitaxel loaded PLGA nanoparticles
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Fig.2 A Preparation of PTX-NPs. PLGA and Paclitaxel were mixed
in DCM. The dissolved polymeric solution with Paclitaxel was mixed
in 0.2% PVA solution. The mixed solution was homogenized at 80%
for 3 min to get a homogeneous solution. After stirring for 4 h, PTX-
NPs were centrifuged and harvested after purification. B Steps in

(PTX-NPs) were synthesized by a solvent evaporation
method, as reported earlier [18]. Briefly, 83 mg PLGA
and 13 mg paclitaxel was dissolved in 2 ml of dichlo-
romethane (DCM). The solution was added dropwise in
20 ml of 0.2% (w/v) polyvinyl alcohol (PVA) solution. The
resulting solution was emulsified using a Probe Sonicator
(sonics Vibra cell) at 80% amplitude for 3 min. Finally,
the suspension was magnetically stirred at 5000 revolu-
tions per minute (RPM) for 4 h and centrifuged at 7000
RPM for 10 min, and washed twice with deionized (DI)
water. The supernatant was discarded, and the pellets were

] ) @

Pre-coated catheter

PLGA-Pac particles

paclitaxel coating of catheters. Surface hydroxyl groups (—OH) of
catheter activated through oxidation; using APTES solution, NH2
attaches to catheter surface, enabling coating of nanoparticles via
EDC-NHS (carbodiimide-hydrochloride)

collected. The pellet was then resuspended in DI water
and freeze-dried overnight to obtain the nanoparticle
powder. Size and zeta potential of PTX-NPs were meas-
ured by dynamic light scattering (Zetasizer Nano ZS90;
Malvern Instruments Ltd., Malvern, UK). The amount of
entrapped paclitaxel in PTX-NPs was determined by spec-
trophotometric estimation. 1 mg PTX-NPs were dissolved
in PBS: methanol (V/V) mixture in the ratio of 7:3. Then
the absorbance was measured using a Microplate reader
at 230 nm [19, 20].
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2.3 Central venous catheter preparation

A 5 cm central venous catheter constructed specifically from
formulated and processed silicone (2.7 F Single-Lumen CV
catheter with Surecuff™ Tissue ingrowth cuff, 52 cm Tip to
cuff length) was cut from a 50 cm long catheter. The cath-
eter was blocked with a fish string from both sides. Plasma
technique was used in order to introduce reactive groups into
catheter surface using a plasma oxidation device (Femto Sci-
ence Cute Plasma System) with a Pressure of 5x 1072 Torr
and Max Power=200 W. Furthermore, it was immersed in
3-Aminopropyltriethoxysilane (APTES) and ethanol solution.
A hydrolyzed APTES solution was obtained by adding APTES
to an ethanol 4% aqueous solution (V/V) and shaken at 60
RPM for 24 h in shaker. The catheter was washed three times
with DI water and incubated at the oven for 30 min at 120 °C.

Catheter-APTES was directly immersed in PTX-NPs
which were reacted with 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-Hydroxysuccinimide (NHS)
solution freshly prepared. The solution was diluted with DI
water and allowed to react for 4 h rsotating in a rotator. After
finishing the reaction, PTX-NPs coated catheter was then
freeze-dried.

2.4 In-vitro drug release studies of PTX-NPs coated
catheters

For the in-vitro release studies, a mixture of PBS: methanol
in the ratio of 7:3 (V/V) was used as a medium. PTX-NPs
coated catheters were placed into dialysis bags (Slide-A-
Lyzer™ mini dialysis, 10 k MWCO) in the medium and
stirred at 37 °C at 80 RPM. The released Paclitaxel was
measured using a plate reader at every designated interval
of time (0, 4, 12, 24, 48, 72, and 96 h) at 230 nm.

2.5 Selection and care of rats

Male Sprague Dawley (SD) rats (weight range, 230-250 g)
were purchased (Dae Han BioLink Co Ltd, Eumseong-gun,
Chungju, South Korea) at 8 weeks old. All were raised for
7 days in a designated pathogen-free (SPF) room with free
access to food and water. Our experimentation protocol was
approved by the Institutional Animal Care and Use Commit-
tee at the School of Medicine, Kangwon National University
(IACUC No.: KW-180528-2). All animals were treated in
accordance with the Guide for the Care and Use of Labora-
tory Animals.

2.6 Study design of rat-animal model, operative
procedure, and tissue sampling

The rats were divided into four groups (n= 10 each), based
on type of CVC and anticipated sacrifice, either 2 or 4 weeks
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after surgery. The four groups were designed as follows:
(C2: uncoated, 2 weeks; P2: paclitaxel coating, 2 weeks; C4:
uncoated, 4 weeks; P4: paclitaxel coating, 4 weeks).

Isoflurane was used for inhalation anesthesia. Induction
was performed with 5% isoflurane for 2 min and 30 s to
4 min. Maintenance of inhalation anesthesia was achieved by
administering 4% isoflurane through an anesthetic gas tube.
Since there were slight differences between rats, their heart
and respiratory rates were checked. The isoflurane concen-
tration was adjusted to maintain anesthesia when the heart
and respiratory rates were lower than their initial values.

Inhalation anesthesia was used to elevate the proxi-
mal right IJ'V using a loop of silk suture for anterior wall
venotomy with 24-G needle of Midicut™, and 5 cm cath-
eter was inserted. The study design of animal model and
detailed operative procedures are described in supplemen-
tary information.

At the end of the study, the tissue surrounding the
inserted catheters were carefully dissected to the level of
right atrium. After fixing the tissues with gelatin and for-
malin all tissue harvested from IJV to SVC (Superior Vena
Cava) was quickly frozen to —20 °C for future use.

2.7 Histomorphometric analysis

Three segments of each vein were subjected to hematoxylin
and eosin (H&E) stain: (1) IJV closest to catheterization, (2)
SVC where catheter tip was located, and (3) a 2-cm segment
proximal to catheter insertion site. Masson’s trichrome stain
was also performed on IJV closest to catheterization.

2.8 Statistical analysis

All quantitative measurements involving animals were per-
formed by two researchers, using an open-source applica-
tion (Image J2; National Institutes of Health, Bethesda, MD,
USA) to analyze morphometric data. Statistical computa-
tions relied on commercially available software (SPSS 25.0;
IBM Corp, Armonk, NY, USA). Student’s #-test, X2 test, and
ANOVA were used to compare groups, setting significance
at p <0.05. Zeta Potential result was analyzed using Graph-
pad Prism.

3 Results

3.1 Characterization of paclitaxel loaded PLGA
nanoparticles

The physicochemical properties of PTX-NPs were meas-
ured, and the results are summarized in Table 1. The nano-
particles exhibited a narrow size distribution, with a particle
size that increased from 387.6 to 403.1 nm with the loading
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of paclitaxel (polydispersity index, PDI without pacli-
taxel =0.187, PDI with paclitaxel =0.159). Both PLGA nan-
oparticles (NPs) and PTX-NPs showed negative zeta poten-
tial, (Blank NPs=—-40.2 mV and PTX-NPs=-39.5 mV).
The drug loading content and encapsulation efficiency were
found to be 15.50% and 75.58%, respectively.

The immobilization of the nanoparticles was confirmed
by fluorescence signals observed on the catheter (Fig. 3).

3.2 In-vitro release profile of paclitaxel
from PTX-NPs coated catheter

The in-vitro release of paclitaxel from PTX-NPs and PTX-
NPs coated catheter was studied. The result showed that
PTX-NPs released gradually over time, with a 15% release
observed at 96 h. On the other hand, PTX-NPs coated cath-
eter showed a delayed release, with significant paclitaxel
release occurring after 24 h. Interestingly, PTX-NPs coated
catheter had a lower initial releasing rate than PTX-NPs.
However, as time progressed, the amount of paclitaxel
released by the coated catheter was found to be similar to
that of PTX-NPs, with both releasing approximately 12.5%
and 15% of the drug at the 96 h (Fig. 4).

3.3 Animal characteristics

The mean weight of rats preoperatively was not signifi-
cantly different between the two groups, but the duration of
operation was significantly longer in the P4 group. This was
likely due to the high concentration of isoflurane concentra-
tion during general anesthesia. The other rats in P2 and P4
groups died from massive bleeding during catheterization
(Table 2).

3.4 Biodistribution studies

Table 3 highlights a comprehensive overview of the wall
thickening and luminal stenosis observed in the IJ'V seg-
ments. It is important to note that the measurements pri-
marily reflect the proliferation of smooth muscle, since the
partial loss of intima is not an effective indicator of venous
wall proliferation.

To accurately measure the growth of smooth muscles, two
methods were employed. Firstly, vessel thickness was meas-
ured 12 times in a clockwise direction, and the two thickest

Table 1 Characterization of particles

Nanoparticles Size (nm) Zeta potential Loading amount
(mV)

Blank NPs 387.6 -40.2 -

PTX-NPs 403.1 -39.5 16.39+2.65%

Before washing

After washing

(a)

Only Silicon
Catheter

(b)
Silicon
catheter and
PLGA NPs

(c)

Amine
functionalized
silicon catheter
and PLGA NPs

(d)
Amine
functionalized
silicon catheter
along with
EDC/NHS and
PLGA NPs

Fig. 3 Fluorescent PLGA nanoparticles chemically conjugated on the
silicon catheter. a Only silicon catheter b NPs were coated on sili-
con catheter ¢ Amine functionalized silicon catheter coated with NPs
by charge-charge interaction d Amine functionalized silicon catheter
reacted with EDC and NHS and coated with NPs

and two thinnest regions were averaged. Secondly, the outer
and inner diameter of the IJV was calculated by assuming
that the venous wall had proliferated concentrically from
the total area and inner area of each segment respectively

. 20+
9 - PTX-NPs
<
2 154 - PTX-NPs on
g catheter
[2)
S 104
2
=
= 5+
£
S
0 T 1 1 T 1
0 20 40 60 80 100
Time (h)

Fig.4 In vitro release profile of paclitaxel from PTX-NPs and PTX-
NPs coated on catheter at different time point
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(Fig. 5). Ultimately, the results by these two methods did
not differ significantly.

The study’s findings indicated that there was no signifi-
cant difference between the animal groups at 2 or 4 weeks
in terms of the degree of hyperplasia, as evidenced by
p-value of 0.367 and 0.424 respectively. However, among
the four groups the P2 group exhibited the highest degree
of proliferation, while the P4 group showed a tendency
towards decreased proliferation. When comparing the C2
and P2 groups, it was observed that the P2 group showed
more proliferation, and it was confirmed that there was lit-
tle difference in the degree of proliferation between the C4

and P4 groups. Additionally, the differences in the degree
of wall thickening between the C2 and C4 groups was
found to be insignificant.

There were no significant differences between the ani-
mal group in terms of lumen size, stenosis grade and sever-
ity. However, the lumen size in the P4 group was about 6%
smaller than in the P2 group. Additionally, there was a
lower prevalence of stenotic grade in the P4 group, but
mild to moderate stenosis was observed in roughly 27% of
all animals. More severe stenosis (>50%) was observed in
the P2 group (51%) and C4 group (56%) (Fig. 7, Table 3).

Table 2 Mortalities and Py

S 1 P2 C4 P4 P-value
operative times during
catheterization Number 10 9 10 8
Preoperative Wt. (g)  327.8+17.70  314.1+10.61 320.1+14.81 322.7+11.95 0.144
Operative time (s) 799.0+£75.34 1032.2+£243.08 984.5+247.92 9509+151.27 0.613
Mortality 0 1(10%) 0 2(20%) 0.297
Table 3 Vascular changes 2 P2 c4 P4 P_value
observed in four animal groups
Number 10 9 10 8
Wall thickening (R) 0.099+0.719  0.155+0.178 0.100+0.070  0.093+0.050 0.367
Wall thickening 0.089+0.061 0.145+0.174 0.091+0.058 0.070+0.044 0.424
Mean value of Stenosis (%) 14.85+7.49 21.25+1343 19.33+15.06 15.63+6.99 0.289
Grade of stenosis 0.688
Normal (0-19%) 8 5 8 6
Mild (20-49%) 2 1 2
Moderate (50-69%) 0 1 0
Shape 0.759
Eccentric 4 6
Concentric 6 5 4

Wall thickening(R): outer radius — inter radius of the vessel,

‘Wall thickening: mean of thickness of each measurement in 12 directions

Fig.5 Methods of calculating venous wall thickness: a mean of 12-point measurement; and b R, -R,;, method, based on presumption of con-
centric hyperplasia, using outer and inner diameters to calculate outer and inner areas
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Interestingly, while there was no difference in wall thick-
ening between the C4 and C2 groups, an increase in luminal
stenosis was observed in the former group. This suggests
that luminal stenosis is more strongly influenced by remod-
eling induced changes in the vessel lumen than by increased
wall thickness.

The shape of hyperplasia was found to occur in both
eccentric and concentric forms, rather than appearing
uniformly (p =0.759). Masson’s trichrome staining was
employed to produce differential staining of Smooth

Muscle Fiber (SMF) and extracellular matrix (ECM) in
tissue, with red SMF tissue being prominent and blue or
greenish hues corresponding to extracellular matrix (col-
lagen and elastin) (Fig. 6B).

The authors concluded that venous hyperplasia is the
result of both SMF proliferation and excessive ECM. This
change occurred regardless of the degree of hyperplasia
(Fig. 5), suggesting that both SMF and ECM are involved
in the proliferation of the venous wall. Hence, inhibition
of both can be the evidence for preventing luminal stenosis
at the site of venous injury.

e
Ok

Fig. 6 Histologic views of venous cross sections in animal groups: A H & E stain (40X), group-wise (a-d) B Masson’s trichrome stain (40X), P2
and P4 groups (a, d) showing extracellular matrix (c, d) and smooth muscle fiber (e, f) components
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Fig.7 Mean value of percentage luminal stenosis in animal group; there were no significant differences

@ Springer



512

Biomedical Engineering Letters (2023) 13:505-514

4 Discussion

Recently, as the incidence of vascular disease increases,
the use of CVCs is more demanding. Meanwhile, the use
of current CVCs is limited due to various side effects.
A common complication associated with these treat-
ments is Intimal hyperplasia, which occurs when vascular
smooth muscle cells invade and proliferate at the intima.
While efforts to reduce intimal hyperplasia, have gener-
ally focused on arteriovenous grafts in dialysis patients,
recent studies have shown that Paclitaxel-coated expanded
polytetrafluoroethylene (ePTFE) grafts can effectively
reduce juxta-anastomotic neointimal hyperplasia in this
setting [21]. Given that the same mechanism is implicated
in CVS, it is plausible that PTX-NPs coated catheters or
devices may also provide similar benefits.

However, the present study found that tissue samples
from rats treated with PTX-NPs coated catheters showed
more prominent neointimal hyperplasia two weeks after
treatment. This was also observed in control groups, rais-
ing the possibility that PTX-NPs coated catheters do not
confer any significant advantage. Interestingly, the wall-
thickening of C4 seems to be more decreased in the con-
trol group than in P2, but when Paclitaxel was used, the
proliferation was suppressed by 40-50% at 4 weeks. This
suggests that paclitaxel has a long-term suppressive effect
of more than 4 weeks rather than a short-term of about
2 weeks. This fact is consistent with the in vitro result
which showed a gradual decrease on the release rate of
paclitaxel over time.

Pathologic vascular remodeling and proliferation of
media occur during the first 2 weeks after vascular injury
[22]. However, in our study, we have confirmed exten-
sive multilayered hyperplasia of neointima (Fig. 6) at
4 weeks, despite evidence of constant paclitaxel release
over a 2-week interval (Fig. 4). These findings suggest that
PTX-NPs coated CVCs may be effective only if the time
of indwelling is prolonged, unlike the efficacy of pacli-
taxel-coated balloons in the first 4 weeks after deployment
[23]. Studies by Sousa et al. have found that 7-14 days are
required for sirolimus to exert its antiproliferative cellular
effects on targeted vessel walls [24] Therefore, it is pos-
sible that a paclitaxel-coated catheter may be inadequate
if the intended usage is less than 2 weeks (Fig. 7).

Paclitaxel is a promising antiproliferative agent, and
is proven to be effective in preventing venous stenosis
[25]. However, poor water solubility, rapid drug release,
and high toxic effects limit its clinical application. There-
fore, to circumvent these limitations, paclitaxel-loaded
nanoparticles were used in our experiment [26]. Recently,
nano-delivery systems have become advantageous owing
to fewer adverse effects, the ability to control rates of
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drug release, and the capacity for targeted treatment [27,
28]. In our animal model, we chose nanoparticles as the
potent carrier of paclitaxel, achieving a drug encapsula-
tion of 75%. PTX-NPs released gradually and exhibited a
15% release at 96 h while PTX-NPs coated on the cath-
eter showed a delayed release, with significant paclitaxel
release occurring after 24 h. PTX-NPs coated on the
catheter had a lower initial releasing rate than PTX-NPs.
However, at 96 h, paclitaxel coated catheter released a
similar amount (12.5%) of paclitaxel from PTX-NPs. This
might be explained by the reduced surface area of PTX-
NPs bounded on the catheter, limiting the hydrolysis of
PLGA polymer via water molecules at initial time point.

Although nanoparticles have shown effective release of
paclitaxel in vitro, more research is needed to confirm this
in vivo. Additionally, daily blood samples were not possible
to take in rat model; therefore, further studies on adverse
effects of nanoparticles in vivo are needed.

The earlier study also mentions that the release of PTX-
NPs is well known to have the ability to control the release
of paclitaxel for up to 8 weeks and stably release them for
4 weeks due to PLGA being biodegraded. Intimal hyper-
plasia resulting from vascular injury in the late phase was
inhibited owing to the aforementioned slow-releasing rate
[29-31]. However, the shorter releasing period of paclitaxel
in our study compared with other studies and its less clinical
use due to poor solubility in blood may result in insufficient
concentrations to inhibit the intimal hyperplasia. Addition-
ally, the possibility that the paclitaxel was easily dropped out
of the catheter due to physical stress when the catheter was
inserted via IJV could not be excluded.

To obtain best possible results, an increasing period of
tissue procurement is required, and a peel-away sheath was
used to alleviate physical stress. Neointimal hyperplasia in
veins is indistinct, and venous structure is poorly maintained.
We encountered eccentric rather than concentric hyperpla-
sia, making it difficult to evaluate degrees of change, which
are proportional to wall thickening. Consequently, we used
two different methods to measure the walls of each venous
segment. However, these measurements may be skewed
if hyperplastic eccentricity is extreme. By presuming that
blood vessels were symmetrically thickened, we used outer
and inner venous diameters to calculate outer (Amax) and
inner (Amin) areas of veins, subtracting inner from outer
areas to determine wall thickness. However, this method is
not valid in totally collapsed vessels, so a later formula is
required.

Rmax = \/Amax/ﬂ-’ Rmin = \/Amin/”! Thickness = Rmax - Rmin

Pablo et al. [32] have proposed a method of measuring
neointimal hyperplasia based on areas differential coloring
by Masson’s trichrome stain. It is promising, but one expert
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has called for a correlation with pathologic findings. We
attempted this method, but found that SMF and ECM pro-
duced a blurring of intima and media, making them impos-
sible to distinguish. Arvydas et al. have addressed the use
of digital eyes, a new technology expected to aid in accurate
and rapid analysis.

In conclusion, while paclitaxel-loaded nanoparticles show
promise in reducing intimal hyperplasia, our study suggests
that PTX-NPs coated catheters may not be effective in the
short term, and that a longer period of indwelling may be
required for the drug to have a significant impact. Further
research is needed to determine the optimal duration of cath-
eter use and whether there are adverse effects associated
with the use of PTX-NPs coated catheters. The use of digital
eyes or other new technologies may aid in accurate and rapid
analysis of neointimal hyperplasia.

5 Conclusion

In summary, this study aimed to investigate the effectiveness
of PTX-NPs coated CVCs in reducing CVS by histological
means. The result showed that there was no significant dif-
ference between the test and control groups in intimal hyper-
plasia after 2 or 4 weeks. However, the P4 group showed less
intimal hyperplasia than the P2 group. This suggests that
PTX-NPs coated catheters may be effective in preventing
venous stenosis for a prolonged period, exceeding 4 weeks.

To establish the efficacy of PTX-NPs coated CVCs in
reducing CVS in the long term, further research is required
to determine the optimal release rate. In conclusion, this
study highlights the importance of investigating the effec-
tiveness of new technologies to reduce CVS using PTX-NPs
coated catheters.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13534-023-00282-y.
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