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Blood-contacting devices (BCDs), such as blood collection bags, blood tubes, artificial heart valves, vascular

grafts and catheters, are subject to complications such as thrombosis, restenosis, hemolysis etc. These

complications result in poor hemocompatibility and bacterial infections on the surfaces of BCDs that
ultimately affect the patient’s health. Natural and synthetic biocompatible polymers are used as potential
solutions for these issues due to their superior biodegradability. Recent advancements in nanoscale
fabrication and modification of these surfaces have shown improved results with platelets, leukocytes

and other whole blood components. However, disruptions in erythrocyte's cell structure, caused by the

foreign body materials, can compromise their oxygen-carrying capacity. This can further affect the

overall tissue oxygenation and potentially lead to myocardial ischemic conditions. Therefore, it is vital to
understand the effect of BCD's surface properties on erythrocyte integrity and viability. Additionally,
bacterial adhesion on these BCDs surfaces can cause severe infections like bacteremia, that can further

escalate into sepsis. Biofilms and bacterial colonies can act as pro-thrombotic surfaces themselves,

which increases the risk of device-associated thrombosis. Hence, improving the antibacterial properties

of the BCDs surfaces is also essential to prevent bacterial growth and biofilm formation on its surfaces.
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1. Introduction

Blood-contacting devices (BCDs) are critical components in
modern medicine." Some of the examples of BCDs are catheters,
blood tubes, blood collection bags, heart valves, vascular grafts
etc.”> These devices are commonly used in procedures such as
vascular interventions,® hemodialysis* and organ support
systems.” Failure of BCDs lead to catastrophic consequences as
well as imposing severe financial burdens on the patients. Thus,
enhancing the success rate of BCDs applications can potentially
lower the cost associated with cardiovascular disease treatment
and contribute to improved patient outcomes. The main cause
of failure of BCDs is poor hemocompatibility, which leads to
a cascade of adverse biological responses. In addition to poor
hemocompatibility, contaminated BCDs can become breeding
grounds for pathogens which can lead to concerning risks of
bloodstream infections (BSIs). Therefore, the design of BCDs is

“Department of Mechanical Engineering, Colorado State University, Fort Collins, CO
80523, USA. E-mail: kpopat@gmu.edu

*Department of Bioengineering, George Mason University, Fairfax, VA 22030, USA
‘Department of Mechanical Engineering, Pontificia Universidade Catolica Do Parand,
Curitiba 80215-901, PR, Brazil

46674 | RSC Adv, 2025, 15, 46674-46690

In this study, PCL nanostructured surface: nanowires were fabricated and modified with organic
and Carboxymethyl
antibacterial properties and their effect on erythrocyte's cell integrity. Results indicate that the modified

Kappa-Carrageenan (CMKC) to investigate their

PCL nanowires retain the erythrocyte integrity better and exhibit enhanced antibacterial properties.

heavily influenced by the ongoing challenge of achieving anti-
bacterial properties and sufficient hemocompatibility while
preserving the structural and functional integrity of erythro-
cytes (red blood cells).?

One of the primary issues associated with BCDs is their
surface properties.® The physical and chemical characteristics
of the material surfaces can significantly alter the behavior of
erythrocytes and other blood components upon contact.” Such
alterations can lead to the erythrocyte dysfunction, potentially
resulting in the circulation of deoxygenated blood and causing
life-threatening conditions within the host.® For instance,
currently used polymeric materials for these BCDs include
polyvinyl chloride (PVC), polyurethanes (PUs), polyethylene
terephthalate (PET) and fluorinated polymers.” However,
studies reveal that they can potentially lead to complications
due to poor hemocompatibility, thrombus formation and
altered erythrocyte's morphology and functionality.’®'* The
primary factors that affect the erythrocytes interactions with the
surfaces include surface wettability, surface charge and the
surface topography of the polymers used.” Furthermore, path-
ogenic bacteria such as Staphylococcus aureus and Pseudomonas
aeruginosa exploit favorable conditions for growth and biofilm
formation, leading to high rates of BSIs.'"»'* Therefore, the
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selection and fabrication of BCDs should prioritize polymeric
materials with hemocompatibility and antibacterial properties,
as their physical and chemical surface characteristics are crucial
in preventing erythrocyte dysfunction and BSIs.
Polycaprolactone (PCL), a synthetic polymer, has been
shown as a potential biomaterial for BCDs due to its unique
properties that enhance biocompatibility and functionality. The
ability of PCL to be fabricated into different complex geome-
tries, using techniques like electrospinning and 3D printing,
enables a vast range of applications for it.*>'® This property
allows it to be customized into a variety of medical devices,
ranging from utilization for BCDs to implants that fit specific
patient anatomies.”” The hydrophobic nature of PCL often
limits cell adhesion and proliferation; however, the introduc-
tion of nanostructures modifies the surface properties to
improve wettability and promote cellular interactions.'® Nano-
structured surfaces can provide topographical cues that influ-
ence cell behavior. Moreover, nanostructured PCL surfaces can
also be engineered to significantly decrease the contact area
between bacteria and the surface. For instance, studies have
demonstrated that nanopillared PCL surfaces effectively
inhibited bacterial adhesion and biofilm formation, primarily
due to their reduced contact area and mechanical rupture of
bacterial membranes." The sharp edges and high aspect ratios
of nanostructures can induce physical damage to bacterial cells
on contact, leading to cell lysis or impaired function.”**!
Previous studies have demonstrated that the introduction of
nanoscale features, such as nanowires, increased the surface
area available for cell attachment, thereby promoting stronger
cell-substrate interactions.”®** The whole blood clotting
kinetics, platelet adhesion and activation were also investigated
on nanostructured surfaces such as nanofibers and nano-
wires.”*** However, not many studies are done specifically about
erythrocytes interaction with nanostructured PCL surfaces.
Furthermore, the addition of organic compounds on the
biomaterials plays a crucial role in enriching its hemocompat-
ibility and antibacterial properties, which are necessary for
successful functioning of the BCDs with the host body. Tanfloc
(TN) coatings, derived from condensed tannins, have gained
attention in the field of biomaterials for its multifaceted bene-
fits, particularly in enhancing biocompatibility, antibacterial
properties and promoting osteogenesis. The unique chemical
structure of TN, which includes catechol and pyrogallol groups,
contributes to its superior antimicrobial activity compared to
other natural polycations like chitosan.”**” Studies have
demonstrated that TN/heparin polyelectrolyte multilayers
significantly enhance blood compatibility by reducing fibrin-
ogen adsorption and platelet adhesion, which are critical
factors in preventing thrombosis on implant surfaces.”””® This
becomes an important characteristic for BCDs, where main-
taining blood flow and minimizing clot formation are essential
for the longevity of the device and patient's health. Additionally,
TN's inherent antibacterial properties contribute to its effec-
tiveness in preventing biomaterial associated infections. The
mechanism of action includes enzyme inactivation and chela-
tion of trace metal ions, which disrupts bacterial growth and
biofilm formation.”** Similarly, Carboxymethyl Kappa-
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Carrageenan (CMKC) derived from kappa-carrageenan,
a natural polysaccharide extracted from red algae, has shown
to be advantageous due to its biocompatibility, biodegradability
and non-toxicity.** Studies have shown that CMKC exhibits
favorable interactions with human cells, enhancing cell adhe-
sion and proliferation.** CMKC has also shown to significantly
reduce bacterial colonization, which is an important factor in
selection of biomaterial for BCDs. But very few studies have
been done, incorporating these organic compounds with
nanostructured polymeric surfaces, to understand its effects on
the erythrocytes cell integrity and antibacterial properties.

In this study, Nanowires (NW) were fabricated from PCL
control surfaces using nano-templating method. Additionally,
the NW surfaces were modified with organic compounds - TN
and CMKGC, to study their effects on the erythrocyte cell integrity
and antibacterial properties. The surface morphology and
topography of different surfaces were characterized using
Scanning Electron Microscopy (SEM). The surface wettability
was evaluated by measuring contact angles via goniometry. X-
ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) crystallography were used to evaluate the surface chem-
istry and surface crystallinity. To understand the mechanical
properties of all the surfaces, indentation hardness and elastic
modulus were analyzed using the nanoindentation technique.
Erythrocyte cytotoxicity was evaluated using commercially
available LDH assay kit. Erythrocyte cell adhesion was examined
using Rhodamine-Phalloidin (F-actin) stain under fluorescence
microscopy and erythrocyte cell morphology was characterized
using SEM. Finally, the antibacterial properties of the surfaces
were investigated with Gram-positive Staphylococcus aureus and
Gram-negative Pseudomonas aeruginosa bacteria using SEM and
live/dead bacteria staining. The results indicated that the NW
surfaces modified with organic compounds exhibited enhanced
antibacterial properties and retained the erythrocyte cell
integrity significantly, while being non-cytotoxic to the

erythrocytes.

2. Experimental details

2.1. Fabrication of PCL control (PCL) surfaces

PCL control surfaces (PCL) were fabricated using a Prusa i3 3D
printer with a nozzle diameter of 1.75 mm. Facilan™ PCL 100
Filament, with a diameter of 1.75 mm and molecular mass of 50
kDa, was used to 3D print PCL discs of 10 mm diameter and
2 mm thickness on a flatbed. The nozzle and bed temperature of
the printer were set to 180 °C and 45 °C, respectively. The
printed control discs were collected in a well plate and stored in
a desiccator overnight to remove moisture from the control
surfaces.

2.2. Fabrication of PCL nanowire (NW) surfaces

Commercially available 20 nm diameter nanoporous
aluminium oxide membranes (ANOPORE™, Whatman) were
used to fabricate PCL Nanowire (NW) surfaces using the solvent-
free nano-templating process. The PCL control surfaces were
placed on the nanoporous membrane surface inside a custom-
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made 3D printed template and were covered with glass slides on
the top and bottom. The polymer control surfaces, placed on the
nanoporous alumina membrane, were allowed to gravimetri-
cally extrude through the membrane for 15 minutes at 74 °C in
an oven. The extruded NWs were then released by dissolving the
aluminium oxide membranes in 1 M NaOH for 75 minutes.*
Once dried, the NW surfaces were washed thrice with DI water
and then stored in a desiccator to remove moisture from the
surfaces.

2.3. Modification of PCL nanostructured surfaces

2.3.1 Tanfloc purification. Tanac SA (Montenegro-RS, Bra-
zil) has generously donated Tanfloc (TN),
functionalized polyphenolic tannin derivative with a molec-
ular weight of approximately 600 kDa,** which was then purified
for this study. The Commercial TN product is produced by
polymerizing tannin with the addition of formaldehyde,
ammonium chloride, and hydrochloric acid.** Dialysis can
remove the excess chloride ions in the TN structure transferred
from the ammonium chloride used in TN synthesis. The
hydrolyzable tannins and other low molecular weight
substances in the commercial TN can also be removed through
dialysis. A solution of TN in sodium acetate buffer (pH 5.0 and
0.2 mol L") was produced at a concentration of 10 g L™" and
stirred overnight on a magnetic stir plate to ensure complete
dissolution. The TN solution was then dialyzed using a Snake-
skin Dialysis Tubing (10 kDa MWCO) in DI water for three
consecutive days. The dialysate (DI water) was replaced bi-daily
to maintain its purity during dialysis. After the 72-hours dial-
ysis, the solution was filtered using a Whatman filter paper (110
mm) to eliminate residual contaminants. The filtered TN solu-
tion was frozen at —80 °C and lyophilized for five days to yield
a dry, purified TN.?*3°

2.3.2 CMKC synthesis. Kappa-carrageenan (KC) containing
small amounts of iota-carrageenan and monochloroacetic acid
(MCA) were purchased from Sigma-Aldrich (USA). The
Carboxymethyl-Kappa-Carrageenan (CMKC) was synthesized
for this study. The carboxymethylation of KC was done
following Williamson's ether synthesis method. The system
used for the carboxymethylation process consists of a 250 mL
three-necked glass flask combined with a reflux condenser,
thermometer, and a mechanical stirrer placed in a water bath.
For the reactions, 2 g of KC was suspended in 40 mL of an
aqueous solution containing 80% (w/v) of 2-propanol in the 3-
necked glass flask coupled with a reflux condenser. 4 mL of
a 20% NaOH aqueous solution was added dropwise over 15
minutes. The mixture was stirred rapidly at 40 °C for 1 hour.
Monochloroacetic acid solution (MCA) was dissolved in 4 mL of
20% NaOH aqueous solution and stirred at ambient tempera-
ture for 30 minutes to achieve alkaline activation. The activated
MCA solution was then added dropwise using a syringe to the
KC solution for a duration of 20 minutes while maintaining
a temperature of 55 °C for 4 hours of stirring. The reaction was
carried out with the degree of substitution (DS) being 1.1 for the
molar ratios of MCA to KC monomer of 3.5 : 1. Previous studies
have reported the confirmation of DS of CMKC using "H NMR

an amino-

46676 | RSC Adv, 2025, 15, 46674-46690

View Article Online

Paper

spectroscopy. Following the reaction, the product was isolated
using vacuum filtration and washed thrice with 80% 2-propanol
aqueous solution and pure 2-propanol. Later, the product was
dried in an oven at 50 °C for an entire night. The resultant
powder was dissolved in 300 mL of DI water overnight and
underwent dialysis against water using a membrane with
a maximum molecular weight cut-off (MWCO) 7000 Da (pore 22
x 35 mm) until the conductivity went below 20 pS cm ™. Ulti-
mately, the product was lyophilized in a ModulyoD lyophilizer
(ThermoSavant), resulting in CMKC (M,, = 4.3 x10°> gmol ")
with a DS of 1.1, as mentioned above. The reaction conditions
were uniform for both products.®***

2.3.3 Layer-by-layer deposition. The experimental proce-
dure used to prepare the Layer-by-Layer (LbL) deposition was
adapted from the methods that had been previously reported.****
In this procedure, NW surfaces were modified by treating them
with TN and CMKC solutions to obtain modified nanostructured
surfaces. The following notations will be used throughout the
manuscript - NW modified with TN: NWy; and NW modified
with TN followed by CMKC: NWrn.cmic groups. TN (polycation)
and CMKC (polyanion) solutions were prepared in an acetic acid-
acetate buffer (0.2 M sodium acetate and acetic acid at pH 5.0) at
a concentration of 5 mg mL~ " and 1 mg mL ™" respectively. The
solutions were stirred overnight. After that, the solutions were
filtered using 0.22 um polyvinylidene fluoride (PVDF) syringe
filters from Fisher Scientific (Waltham, MA, USA). An aqueous
acetic acid solution (pH 4.0) was used as a rinse solution. Prior to
surface modification with polyelectrolytes, the NW surfaces were
treated with oxygen plasma at 200 V in 10 cm® min ™" of oxygen
gas for 5 minutes. The surfaces were placed in 24-well plates and
were modified via oxidation using oxygen plasma to facilitate the
deposition of the polyelectrolytes. The rinse and deposition steps
were all conducted on an orbital shaker (100 rpm). The oxidized
surfaces were rinsed with the rinse solution for 4 minutes before
the LbL deposition. The rinse solution was aspirated, and LbL
deposition was carried out on the oxidized surfaces by adding the
TN solution (polycation). After 5 minutes, the TN solution was
aspirated, and the surface was rinsed again for 4 minutes.
Subsequently, the rinse solution was aspirated, and the surfaces
were washed with DI water for 30 seconds to obtain NWpy
surfaces. For NWrn.cmke, an additional layer of CMKC solution
was deposited on the surfaces. The CMKC (polyanion) solution
was added to the oxidized surfaces containing one layer of poly-
cation (TN) for 5 minutes. Then, the CMKC solution was aspi-
rated, and the surfaces were rinsed for 4 minutes. Finally, the
rinse solution was aspirated, and the surfaces were washed with
DI water for 30 seconds. Following this LbL deposition, all the
modified surfaces were stored in a desiccator until further use.

2.4. Surface characterization

2.4.1 Surface morphology. The surface topography of
different nanostructured surfaces was examined using scanning
electron microscopy (SEM, JEOL JSM-6500F). Prior to imaging,
a 10 nm coating of gold was applied to the surfaces for improved
conductivity. The parameters for the SEM were optimized and
chosen as follows: accelerating voltage of 5 kv, working distance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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range: 7-12 mm, and vacuum pressure below 3 x 10~ * Pa. The
working distance, brightness and contrast were adjusted for
each surface to ensure similar quality of images. SEM images
were captured at varying magnifications ranging from 500x to
7500x magnification.

2.4.2 Surface wettability. Goniometer was used to deter-
mine the surface wettability of different surfaces by measuring
contact angle measurements using a sessile drop measuring
technique with the Rame-Hart goniometer (Ramé-Hart Instru-
ment Co., Succasunna, NJ, USA). The apparent contact angle
was measured 3 s after a 10 ul drop of DI water was placed on
the surface using the DROPimage software.

2.4.3 Surface chemistry. XPS (PHI Physical Electronics PE-
5800 X-ray Photoelectron Spectrometer with an Al Ko X-ray
source) was used to characterize the surface chemistry of
different surfaces. XPS survey scans were collected for all the
surfaces to understand the overall atomic composition. Survey
spectra for all the surfaces were collected from 0 eV to 1100 eV.
Peak-fit analysis was conducted using CasaXPS (Version
2.3.25PR1.0). From the survey spectra, elemental analysis was
also conducted for each surface using CasaXPS (Version
2.3.25PR1.0) and the composition (atomic weight percentage, %
at) of each element was recorded.

2.4.4 Surface crystallinity. XRD (XRD-7000 Shimadzu) was
used to analyze the crystalline structure of the surfaces, while
using CuKa radiation at 40 kV and 30 mA. When performing
XRD, a thin film (TF-XRD) geometry was utilized for the surfaces
with a fixed incidence angle of 5°. Diffractograms were acquired
with continuous scans from 20° to 80° at scanning speed of
1° min~". Peaks were indexed using Match! software with the
PDF-2 Database.

2.4.5 Mechanical properties. Nanoindentation technique
was used to characterize the mechanical properties of the
surfaces, such as surface hardness (H) and elastic modulus (E).
A Zwick-Roell/Asmec nano-indenter was used to examine these
mechanical properties. It was programmed by an array (5 x 5),
with 50 um between each indentation and 0.1 N of maximum
applied force on the surface by a calibrated Berkovich tip. To
enhance measurement accuracy, the quasi-continuous stiffness
measurement (QCSM) technique was implemented. This
method allows for high accuracy measurements due to
a progressively increasing force (from 0-100 mN for this study)
combined with a dwell time at each force point.

2.5. Erythrocyte interaction with different surfaces

2.5.1 Isolation of erythrocytes from whole human blood.
Human blood samples were drawn from healthy volunteers at
Colorado State University, with informed consent secured prior
to collection, in accordance with protocols approved by the CSU
Institutional Review Board and adhering to NIH ethical guide-
lines. The whole blood was collected into EDTA vials and
centrifuged (500 g, 10 min, 4 °C) to separate plasma, buffy coat
and erythrocytes. Then the plasma and buffy coat were aspi-
rated, and the erythrocyte layer was resuspended in PBS (pH 7.4)
to a final concentration of 10” cells per mL. Surfaces were
washed with DI waster and PBS and were sterilized with 70%
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ethanol (30 minutes) and UV light (30 minutes). Sterilized
surfaces were then incubated with 500 pL erythrocyte suspen-
sion for 1.5 and 6 hours at 37 °C in 24-well plates.

2.5.2 Cytotoxicity of different surfaces. To assess the cyto-
toxicity induced by different surfaces, a lactate dehydrogenase
(LDH) based indicator assay was utilized (Cayman's LDH
Cytotoxicity Assay Kit). After 1.5 hours of incubation of different
surfaces with erythrocytes, 100 pL supernatants of the cell
media were transferred from each surface to a new sterile 96-
well plate. A 100 pL of LDH reaction solution was added to each
well containing the cell supernatants that were previously
added to the 96-well plate. The well plate was incubated at 37 °C
with 5% CO, for 30 minutes. The plate reader measured the
absorbance of the resultant solution at a wavelength of 490 nm.
A negative control (highest LDH release) was established by
lysing erythrocytes with 10% Triton-X100. The positive control
(Sp, indicating spontaneous release) was prepared using eryth-
rocyte suspension without any surface exposure. The assay
protocol provided by the manufacturer was followed to deter-
mine the cytotoxicity induced by the surfaces against erythro-
cytes and thus the cytotoxicity was calculated.

2.5.3 Erythrocyte adhesion on different surfaces. Erythro-
cyte adhesion on different surfaces was characterized using
fluorescence microscopy. Rhodamine-Phalloidin (F-actin stain)
was used to stain the adhered erythrocyte cells on the surfaces.
The stock solution was prepared by resuspending the vial in 500
pL of 100% methanol (14 puM). The working solution was
prepared by resuspending 11.25 uL of the stock solution in
2.25 mL PBS (final concentration 70 nM). The erythrocyte
suspension from the incubated surfaces was aspirated to
remove floating cells, and the surfaces were rinsed twice with
PBS to remove the rest of the non-adherent cells. Then, the
fixative (3.7% formaldehyde in PBS) was added to the surfaces
with adhered cells and incubated for 15 minutes at ambient
room temperature. Subsequently, the fixative solution was
aspirated and rinsed with PBS thrice after the incubation. Then,
the permeative (1% Triton X-100 in DI water) was added to all
surfaces and incubated at room temperature for three minutes.
Later, the permeative solution was aspirated, and the surfaces
were rinsed thrice with PBS to ensure complete removal of any
residual solution. Then, the surfaces were exposed to the
staining solution, prepared at a concentration of 1:200 (50 pL
rhodamine + 10 mL PBS), and incubated at room temperature
for 25 minutes. Finally, the staining solution was aspirated, and
the surfaces were rinsed with PBS. The surfaces were then
hydrated with PBS, just enough to be immersed in. The well-
plates with the surfaces were immediately covered with
aluminum foil to avoid any contact with ambient lights. The
surfaces were imaged using a fluorescent microscope (Zeiss).
Each surface was imaged at three different locations at
a magnification of 20 x. The images were processed with Image]
to adjust their brightness and contrast. The entire procedure,
from staining to imaging, was performed in darkness.

2.5.4 Erythrocyte morphology on different surfaces. The
morphology of adhered erythrocytes on different surfaces was
characterized using SEM. After the erythrocytes incubation, the
media was aspirated, and the surfaces were washed once with
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PBS for 5 minutes. Then, the surfaces were incubated with
a primary fixative solution comprising 3% glutaraldehyde
(Sigma-Aldrich, St. Louis, MO, USA), 0.1 M sucrose (Sigma-
Aldrich, St. Louis, MO, USA) and 0.1 M sodium cacodylate
(Electron Microscopy Sciences, Hatfield, PA, USA) in DI water
for 45 minutes at ambient temperature. Following this, the
fixative solution was removed, and the surfaces were incubated
with a buffer solution containing the fixative, except glutaral-
dehyde, for 10 minutes. At last, the surfaces were dehydrated
with 35%, 50%, 70% and 100% ethanol solution, each for a 10-
minutes incubation period. Prior to SEM imaging, the surfaces
were stored in a desiccator to ensure dryness. Before placing the
surfaces in the SEM apparatus, a 10 nm gold coating was
applied using a Denton Vacuum Desk II Gold Sputter Coater to
enhance the surface conductivity of the polymer surfaces for
imaging purposes.

2.6. Evaluation of antibacterial properties

2.6.1 Bacteria culture. Gram-positive Staphylococcus aureus
(S. aureus, ATCC6538) and Gram-negative Pseudomonas aerugi-
nosa (P. aeruginosa, ATCC10145) bacterial strains were utilized
to access the antibacterial properties of different surfaces. Both
bacterial strains were cultured in tryptic soy broth (TSB, Sigma-
Aldrich, St. Louis, MO, USA) at 37 °C for 24 hours until
a concentration of 10° Colony Forming Units (CFU) mL™~" was
attained. The CFU mL™"' was quantified by analyzing the
absorbance values of the bacterial solution using a plate reader
at a wavelength of 562 nm. A diluted bacterial culture of 10° CFU
mL~" was used to examine bacterial adhesion and morphology
on different surfaces. The surfaces were placed in a 24-well plate
and sterilized with 70% ethanol for 30 minutes. Then, they were
air dried, further sterilized under UV light for 30 minutes, and
subsequently rinsed twice with PBS for 5 minutes each. After
sterilization, the surfaces were incubated with the 10° CFU
mL " bacterial solution for 6 hours and 24 hours at 37 °C in an
incubator. Following incubation, the surfaces were washed
twice with PBS for 5 minutes to remove any non-adhered
bacteria prior to further characterization.

2.6.2 Bacteria adhesion on different surfaces. A fluorescent
microscope was used to determine the amount of live or dead
bacteria adhering to different surfaces. Post incubation of the
surfaces with the bacteria media for 6 hours and 24 hours, the
media was aspirated, and surfaces were rinsed with PBS for 5
minutes each. Then, the surfaces were incubated at room
temperature for 15 minutes in a staining solution comprising
a1:1 ratio of propidium iodide (dead bacteria stain) and Syto 9
(live bacteria stain) at a concentration of 3 pL mL™" in PBS
(ThermoFisher Scientific, Waltham, MA, USA). The stain solu-
tion was then removed, and the surfaces were rinsed again with
PBS and incubated with 3.7% formaldehyde (Fisher Chemical,
Fair Lawn, NJ, USA) for 15 minutes at ambient room tempera-
ture to fix the cells adhering to the surfaces. Subsequently, the
formaldehyde was aspirated, and the surfaces were washed with
PBS twice for 5 minutes each and stored in PBS. Ultimately, the
surfaces were imaged using a fluorescence microscope (Zeiss).
Image] was used to determine the percentage of the area
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fraction covered by the live or dead bacteria on the surfaces. The
entire procedure, from staining to imaging, was performed in
darkness.

2.6.3 Bacteria morphology on different surfaces. The
morphology of adhered bacteria on different surfaces was
characterized using SEM. Prior to SEM imaging, the bacteria
adhered to the surfaces were fixed using a standard fixing
procedure. The procedure for this study follows the same steps
as done for erythrocyte morphology, as mentioned earlier in
Section 2.5.4.

2.7. Statistical analysis

Surface characterizations were done using at least 3 different
samples for each surface, at 3 different locations on the surface
(min = 9). For cytotoxicity, a minimum of four samples (7, =
4) of each surface were utilized and the experiments were
repeated at least twice (7, = 8). In the erythrocyte adhesion,
morphology and anti-bacterial activity studies, a minimum of
three samples (nni, = 3) of each surface were utilized and all
experiments were repeated at least thrice (7., = 9). Statistical
one-way analysis of variance (ANOVA) and post-hoc analysis (¢
tests) were conducted for the experiment data using OriginPro
2024 software at a 5% significance level (p = 0.05).

3. Results and discussion

3.1. Surface morphology

The morphological features on the surfaces play a crucial role in
affecting the cell and bacteria adhesion on surfaces.’”** SEM
images of PCL do not show any unique topography (Fig. 1). As
expected, the PCL surfaces have considerable roughness and
irregularities due to its processing and are not naturally
smooth. The NW surfaces are formed by gravimetrically
extruding PCL control surfaces via nanoporous anodic
aluminum oxide membranes at a temperature slightly greater
than the glass transition temperature of PCL.** The SEM images

5 R

N
&

Fig.1 Representative SEM images of different surfaces at low (2500 x)
and high magnification (insert, 7500x). Scale bars of low and high
magnification images indicate 10 um and 1 um, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of NW surfaces show an evenly distributed uniform architecture
of extrusions, perpendicular to their surface (Fig. 1). These SEM
images of NW indicate that their morphologies have a unique
texture topography contrasting to the non-textured PCL surface.
Using Image], the height and the diameter of the NWs were
computed to be 1.57 £ 0.17 um and 341.43 £ 31.96 nm
respectively. This study conformed with the previous literature
that have shown similar NW surfaces produced, which
enhances cellular functionality.*®*' The increase in the diameter
of the NWs compared to the nominal pore size of the alumina
membrane can be attributed to the static surface change and
surface tension effects following the expansion of the poly-
merized NWs after the lateral dissolution of alumina
membranes in NaOH.*>* After the LbL deposition of TN and
CMKC on different surfaces, the SEM images indicate no visible
changes as compared to unmodified surfaces. Thereby, the
evidence suggests that the NW surfaces maintain a stable
nanoarchitecture throughout the LbL deposition process.

3.2. Surface wettability

Surface wettability is an important surface characteristic of
a biomaterial that has shown to influence interactions of blood
components with surfaces.*>** The contact angle is measured
between the surface and tangent line at the point of contact of
the liquid droplet with the surface. Contact angle (¢) depends
on various surface properties such as surface area, topography,
energy, polarity due to chemistry etc. This angle provides insight
about the liquid and the solid surface, which are influenced by
the above-mentioned surface properties. Generally, the wetta-
bility of surfaces can be categorized into different types based
on its contact angle: hydrophilic if # < 90°, indicating that the
liquid tends to spread across the surface, hydrophobic if > 90°,
indicating that the liquid droplet maintains a more spherical
shape and does not spread out much on the surface.***
Furthermore, superhydrophilic surfaces can have 6 < 5°
allowing the water droplet to spread almost completely across
the surface.*

Results indicate that the PCL surface was almost hydro-
phobic as expected, with contact angle value 80.2° + 10.6°
(Fig. 2). This hydrophobic nature of PCL is attributed to its
densely packed semi-crystalline structure, which limits water
penetration and interaction with biological fluids.*”»** All the
other treated surfaces exhibited a significantly reduced contact
angle with respect to the PCL control. The NW, NWy and
NWrniomie Surfaces were all hydrophilic with values 21.9° +
7.0°, 12.5° £ 2.9° and 22.1° + 5.5° respectively (Fig. 2). This is
because, NWs have increased surface area to volume ratio which
enhances their hydrophilic characteristics. Also, their compact
and elongated nanostructures, tend to trap water within them,
further enhancing the material's apparent hydrophilicity.*>*°
There was no significant difference in terms of wettability
between the NW and modified NW surfaces.”*?

3.3. Surface chemistry

The PCL control surface underwent several surface modifications
to improve its hemocompatibility and enhance antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Static water contact angle of different surfaces. Images of water
droplet on the surfaces are also shown in the plot. Statistical signifi-
cances (p-value) were represented as *** for p < 0.001 when
compared to PCL control.

properties. Hence, it is vital to understand the surface chemistry
of different surfaces before and after modifications. Moreover,
evaluating the surface chemistry is necessary to understand if
LBL deposition of TN and CMKC was successful.

The XPS survey scan depicts comparison between PCL
control and all other surfaces at different bonding energies
ranging from 100 eV to 700 eV (Fig. 3). From the survey scan of
PCL control, the presence of C 1s peak (284.6 eV) and O 1s peak
(530 eV) was detected, which is typical of the PCL XPS spectrum
reported in previous literature.’® NW were also exhibiting the
same peaks of C 1s and O 1s, indicating that there was no
change in the surface chemistry of the nanostructured PCL
surfaces in comparison to the PCL control. However, after the
LbL deposition of TN, both the modified surfaces (NWyy and
NWn+cmice) €xhibited a new peak at binding energy 400 eV (N
1s) that corresponds to the presence of nitrogen on the surfaces
(Fig. 3). This N 1s presence was due to the successful modifi-
cation of surfaces with TN. The N 1s peak can be attributed to

- sz sz

NWoy

il

PCL

1 1
500 400 300, 200 1
Binding Energy (eV)

S

Fig. 3 XPS survey scan spectra of different surfaces. Peaks corre-
sponding to C 1s and O 1s are characteristic of PCL, while the
appearance of N 1s and S 2p peaks after modification confirm the
presence of TN and CMKC functional groups on NW surfaces. The
relative changes in elemental composition demonstrate successful
LbL surface modification.
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Table 1 Elemental analysis (% atomic) of different surfaces from XPS
survey spectra

% C 1s % 0 1s % N 1s % S 2p
PCL 76.53 23.47 0.00 0.00
NW 69.79 30.21 0.00 0.00
NWn 73.35 25.06 1.58 0.00
NW-insomie 71.58 26.24 1.55 0.63

the characteristic composition of TN because of the presence of
amine groups in it.>** However, NWrn.cmxc exhibited addition-
ally a small peak at binding energy 168 eV which corresponds to
the traces of sulphur (S 2p).** Presence of S 2p peak is attributed
to the sulphate group which belongs to CMKC.* This is due to
the sulfation process that kappa carrageenan undergoes during
its extraction and purification from algae.*® The sulphur atoms
in kappa carrageenan are primarily associated with sulphate (-
SO,) moieties, which are integral to its biological and physico-
chemical properties.>” Therefore, the XPS survey scan confirms
the successful LbL deposition of TN and CMKC.

From the XPS survey scans, the elemental composition
(atomic weight percentage, % atomic) of the surfaces was calcu-
lated as shown in Table 1. PCL and NW surfaces showed no traces
of nitrogen or sulphur as expected. On the other hand, both the
modified surfaces (NWy and NWqy.comkce) showed the presence
of nitrogen. Also, the NWrnicmie surfaces displayed minute
traces of sulfur as expected.

3.4. Surface crystallinity

To characterize surface crystallinity and phase composition of
the materials, XRD is a pivotal technique. The characterization
of PCL control and nanostructures is important for under-
standing the physical properties which directly influence its
functionality as a biomaterial. In addition to crystallinity, XRD
also serves as a fundamental tool to estimate the presence of
any secondary phases or impurities within PCL nanostructured
surfaces. The XRD patterns of different surfaces are presented
in Fig. 4. PCL is a semi-crystalline polymer characterized by
distinct peaks in its XRD patterns. Results indicate that PCL
control shows a significant crystalline peak approximately at
21.5° and a relatively low intensity peak at about 23.5°,%%°
which are attributed to the (110) and (200) lattice planes of its
orthorhombic crystal form, respectively.®* These values align
with the Joint Committee on Powder Diffraction Standards
(JCPDS #50-2459) reference for PCL, which confirms the
orthorhombic crystalline structure of the polymer.®* These
sharp peaks indicate a high degree of crystallinity, which is an
important property influencing the mechanical and thermal
behavior of the polymer.®® The XRD patterns of NW and modi-
fied NW groups also remain consistent with the patterns of PCL
control.®®%”

3.5. Mechanical properties

Understanding the mechanical properties such as material
hardness, elastic modulus, stiffness and flexibility of materials
is essential to determine the influence of biological interactions
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Fig. 4 XRD spectra of different surfaces. Characteristic diffraction
peaks of PCL at 260 = 21.5° and 23.5° are evident in all samples, cor-
responding to the orthorhombic crystalline phase of PCL. The NW
fabrication did not alter the intrinsic crystallinity of PCL. After TN and
CMKC deposition, no new crystalline peaks ware observed, consistent
with the amorphous nature of polyelectrolyte coatings. This confirms
that the surface modifications did not disrupt the bulk crystalline
structure of PCL NWs.

and material performance in biomedical applications.** Studies
have shown that mechanical signaling from the surrounding
microenvironment influences the interaction of cells with
surfaces.®>® Hence, to understand these mechanical properties,
indentation hardness and elastic modulus of all the surfaces
were determined using the nanoindentation technique.

Fig. 5A shows the indentation hardness vs. displacement
plots of different surfaces. Results show very similar range of
hardness values for NW (0.03 + 0.02 GPa) and modified NW
surfaces (NWpy = 0.1 £+ 0.01 GPa, NWynicmke = 0.04 £+ 0.01
GPa) when compared with PCL control (0.08 + 0.01 GPa). The
linear structure of NW surfaces does not effectively distribute
loads, resulting in fewer points of resistance during indenta-
tion, thereby contributing to its lower initial hardness. As the
displacement increases, the NW surfaces show longer plateau
regions before failure (displacements ranging from 11 to 14 pm)
at lower hardness values (0.05 + 0.02 GPa). This indicates
a deeper penetration of the indenter into the material, sug-
gesting its enhanced deformation tolerance prior to local failure
under indentation. Elastic modulus curves (Fig. 5B) also show
a similar qualitative trend to the hardness curves for the NW
surfaces. No practically meaningful separation in near-surface
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Fig. 5 (A) Indentation hardness (GPa) vs. displacement (um) and (B)
elastic modulus (GPa) vs. displacement (um) for different surfaces.
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elastic modulus vs. displacement was resolved within the pro-
bed depth range. The improved blood compatibility is achieved
mainly from the surface chemistry, wettability and nano-
topography and not from small differences in stiffness.

3.6. Bacteria adhesion

To evaluate the antibacterial activity of the nanostructured
surfaces, all the surfaces were incubated for 6 hours (included
in the SI) and 24 hours with P. aeruginosa and S. aureus bacteria.
PS and PCL flat surfaces were used as controls for all bacteria
studies. Following the incubation, the live/dead bacteria stain-
ing was conducted to assess the amount of bacteria attached to
different surfaces. Fig. 6A and S1A (SI) show the fluorescence
microscopic images of different surfaces after the incubation
periods with P. aeruginosa. Fig. S1B, C (SI), 6B and C also show
plots quantifying the percentage of area fraction of the surfaces
covered by live and dead P. aeruginosa bacteria over 6 and 24
hours of incubation periods respectively. Results indicate that
there was a significant difference in % of area covered by live P.
aeruginosa, between PCL and PS during the 6-hours incubation
period. But after the 24-hours incubation period, the PCL
surfaces were almost 96% covered with live P. aeruginosa,
similar to the PS surfaces. In contrast to this, all the nano-
structured surfaces reduced P. aeruginosa attachment in both
incubation periods; however, modified NW surfaces exhibited
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the least adhesion of live P. aeruginosa compared to the control
surfaces. For instance, after the 24-hours incubation (Fig. 6B),
the % area fraction covered with live P. aeruginosa on NWy and
NWn+omic Were just 0.16% and 0.04% respectively, while NW
had 0.42% of live P. aeruginosa coverage.

Results also indicate that, compared to PCL surfaces, NW
surfaces had significantly higher % area fraction of dead P.
aeruginosa bacteria during the 6-hours incubation period
(Fig. S1C: SI) suggesting that these surfaces were more anti-
bacterial than PCL. However, after the 24-hours incubation
period, NW groups had shown a significant reduction in % area
fraction of dead P. aeruginosa, indicating that these surfaces are
not only antibacterial but can also inhibit bacterial adhesion
and growth on their surfaces. For instance, after 24-hours
incubation (Fig. 6C), NWn:cmkc had the least % area fraction
of dead P. aeruginosa, approximately around 10.3%, followed by
NWry with 32% area covered. NWs typically exhibit a unique
pillar-like structure creating a complex surface environment,
which hinders bacterial adhesion by providing fewer flat
surfaces for their attachment. Previous studies have highlighted
that the hierarchical structure of PCL NW allows for enhanced
interactions with the surrounding environment, which can
influence bacteria behavior.*” Thus, NWs inherent topography
has contributed towards creating a less conducive environment
for bacterial colonization.
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(A) Representative fluorescence microscopic images of surfaces after 24 hours of incubation with P. aeruginosa. The graphs represent the

percentage of the area fraction of different surfaces covered by (B) live and (C) dead P. aeruginosa bacteria after 24 hours of incubation. ****
represent p-value < 0.0001 when compared to PCL control and AAAA represent p-value < 0.0001 when compared to NWqy.
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Fig. 7A and S2A (SI show the fluorescence microscopic
images of different surfaces after the incubation periods with S.
aureus. Fig. S2B, C (SI), 7B and C also shows plots quantifying
the % of area fraction of the surfaces covered by live and dead S.
aureus bacteria over 6 and 24 hours of incubation periods
respectively. Similar to P. aeruginosa, live S. aureus bacteria
attachment was significantly low in NW surfaces compared to
PCL surfaces after the 6-hours incubation period. But the %
area fraction of live S. aureus bacteria increased on the NW
surfaces after the 24-hours incubation period. However, unlike
NW surfaces, their modified surfaces, with TN and CMKC,
exhibited increased antibacterial activity by drastically reducing
live S. aureus attachment during both the incubation periods.
For instance, after 24-hours incubation (Fig. 7B), % area frac-
tion covered by live S. aureus on NWry and NWrnicomie were
just 0.72% and 0.67% when compared to NW which had 89.32%
of live S. aureus coverage. Additionally, there was a significant
increase in % area fraction of dead S. aureus bacteria in all the
nanostructured surfaces when compared to PCL surfaces
(Fig. 7C). However, the modified NW surfaces exhibited the
most % area fraction of dead S. aureus bacteria compared to NW
surfaces. This validates that NW surfaces, modified with TN and
CMKGC, exhibited improved antibacterial properties.

The amount of attachment of S. aureus bacteria on surfaces
is high compared to P. aeruginosa. This difference in bacterial

Area fraction (%) of live S. aureus

PS PCL NW
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NWIN NwTNtCMKC

Fig. 7
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adhesion can be attributed to the presence of surface structures
like pili and adhesins on the bacteria, which affect their binding
effect. P. aeruginosa is characterized by its motility and the
presence of pili, which are hair-like appendages that facilitate
attachment to the surfaces.®® On the other hand, S. aureus
possesses a variety of adhesins that enhance its ability to attach
to surfaces, including fibronectin-binding proteins and
clumping factors.®>”® These proteins can interact with the
material surface enhancing adhesion. P. aeruginosa, while also
possessing adhesins, tend to rely more on flagella and motility
for attachment, which may not be as effective as the adhesive
mechanisms employed by S. aureus.” Another important factor
is the relative size of both the bacteria. S. aureus is a spherical-
shaped bacteria with 0.5 to 1 pm diameter’ whereas P. aerugi-
nosa is a rod-shaped bacterium having length of 1-5 pm and
width of 1 pum.*® Due to this size difference, it is possible for the
smaller S. aureus to agglomerate and cluster even in tiny spaces
and further grow into colonies. Therefore, a substantial differ-
ence can be observed in the amount of bacterial adhesion
between the two bacteria strains.

Both bacteria show evident stacking up in layers on PS and
PCL control surfaces (Fig. 8(A and B), discussed below). These
layers account for the combined sum of percentage of areas,
covered by their live/dead bacteria, to go above the total 100% of
area coverage.
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(A) Representative fluorescence microscopic images of surfaces after 24 hours of incubation with S. aureus. The graphs represent the

percentage of the area fraction of different surfaces covered by (B) live and (C) dead S. aureus bacteria after 24 hours of incubation. ****
represent p-value < 0.0001 when compared to PCL control and AAAA represent p-value < 0.0001 when compared to NWqy.
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3.7. Bacteria morphology

Understanding the morphological changes of viable bacteria on
the implant surfaces is vital to determine how bacteria attach,
proliferate and form biofilms. SEM images of different surfaces
were captured after the bacteria were fixed by following appro-
priate fixing mechanisms. Fig. S3 (SI) and 8A shows the SEM
images of surfaces after 6 and 24 hours of P. aeruginosa incu-
bation respectively. Fig. S4 (SI) and 8B show the SEM images of
surfaces after 6 and 24 hours of S. aureus incubation respec-
tively. Bacteria cells and colonies are false colored in the figures
for better visualization and distinction from the topography of
the surfaces.

Similar to the results discussed in the previous section,
initially the NWs with Gram-negative P. aeruginosa exhibited
reduced bacterial adhesion on their surfaces compared to the
PCL control surfaces, which had more bacterial colonization.
However, after the 24-hours incubation period, the modified
NW groups tend to show greater inhibition for bacterial adhe-
sion and biofilm formation compared to their control group.
Similar results were observed with Gram-positive S. aureus
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bacteria. This is because the incorporation of TN and CMKC
onto surfaces significantly enhances their antibacterial prop-
erties, primarily due to their unique biochemical interactions
with bacterial cells. TN exhibits inherent antimicrobial activity
due to its amphoteric nature, allowing it to function as both
polycation and polyanion in polyelectrolyte coatings. This
duality of TN enables it to effectively disrupt bacterial cell walls
and membranes, leading to bacterial cell lysis and death.**”*
Moreover, the addition of CMKC, known for its biocompatibility
and antibacterial properties, complements the action of TN.
The negatively charged carboxymethyl groups in CMKC create
an electrostatic repulsion between CMKC and the negatively
charged surfaces of bacterial cells. This repulsion can disrupt
the initial stages of bacterial adhesion, which is the critical step
in biofilm formation.” The presence of carboxymethyl groups
also enhances the solubility and bioactivity of KC, allowing for
better interaction with bacterial cells. This interaction can lead
to increased permeability of the bacterial cell membrane,
resulting in cell lysis and death.” In addition to the direct
antibacterial effects of CMKC, its antioxidant properties may

Fig. 8 Representative SEM images of bacteria morphology after 24 hours of (A) P. aeruginosa and (B) S. aureus incubation captured at 2500 x

magnification.
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also play a crucial role in mitigating bacterial activity. Antioxi-
dants help reduce oxidative stress in the surrounding environ-
ment, which can be detrimental to bacteria survival.*® This
synergistic effect attributed to the unique properties of both TN
and CMKC helps create an unfavorable environment for
bacterial colonization. Therefore, these findings confirmed the
improved antibacterial activity of TN and CMKC on PCL nano-
structured surfaces.

3.8. Cytotoxicity of different surfaces

In this work, PCL surface's topography and chemistry have been
modified and hence, it is crucial to determine whether the
surface modifications induce any kind of toxicity to the cells.
This is vital to understand if the modified surfaces can be
incorporated in the production of BCDs without causing any
negative effects.”””> Commercially available LDH cytotoxicity
assay, which follows a coupled two-step reaction, was utilized to
characterize the cytotoxicity of different surfaces. This is
particularly important in clinical diagnostics, as increased LDH
levels can indicate tissue damage or disease conditions, such as
myocardial infarction or various cancers.”’® The LDH assay
protocol is based on an enzymatic coupling reaction, which
plays an important role in cellular metabolism by catalyzing the
conversion of lactate to pyruvate. Lactate dehydrogenase (LDH)
is a cytosolic enzyme present in many different cell types, which
is released into the cell culture medium when the plasma
membrane of the cells is damaged. This LDH released from the
damaged cells serves as an indicator of the cell membrane
integrity and cell viability, thus a measurement of cytotoxicity.””

The LDH activity of different surfaces was evaluated (Fig. 9).
Polystyrene (PS) was also considered as a standard control for
this study. The maximum LDH activity was observed in the
negative control (max release) as the erythrocyte cells were lysed
intentionally, to release the maximum possible amount of LDH.
The positive control (Sp) was prepared by adding erythrocyte
suspension to empty wells in the well-plate, which experienced
natural cell death due to the interaction with the well-plate
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Fig. 9 Cell cytotoxicity for erythrocytes exposed to different surfaces
measured using LDH assay. Results indicate that the LDH activity on
negative control (100% dead cells) was significantly high (**** repre-
sents p-value < 0.0001) compared to the LDH activity on all the
surfaces and the positive control (Sp = 100% live cells). Error bars
represent the standard deviation.
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surfaces. The LDH activity on the negative control was signifi-
cantly high compared to all the other surfaces exposed to the
erythrocyte cell suspension, including the positive control. This
significant difference in LDH activity of all surfaces with respect
to the negative control indicated that the physical and chemical
modifications done on the surfaces did not cause any cytotoxic
effects on the cells.

3.9. Erythrocyte adhesion on different surfaces

Understanding the adhesion properties of erythrocytes on
surfaces is required to enhance the designs of biomaterials that
can promote optimal hemocompatibility and reduce compli-
cations related to blood-material interaction. When erythro-
cytes adhere to biomaterial surfaces, they initiate a coagulation
cascade, which is critical for wound healing and preventing
excessive bleeding. Higher levels of erythrocyte adhesion may
suggest that a material has favorable interactions with blood
components, potentially leading to increased thrombosis,
which can be beneficial in hemostatic applications.” In
contrast, lower erythrocyte adhesion may indicate a non-
thrombogenic surface, which is desirable in vascular grafts
and stents to prevent thrombosis and ensure long-term
patency.”® The balance between promoting adhesion for
hemostatic purposes and preventing excessive adhesion to
avoid thrombosis is crucial for a biomaterial's design.
Erythrocyte adhesion on different surfaces was characterized
by using fluorescence microscopy after 1.5 hours (Fig. S5: SI)
and 6 hours of incubation (Fig. 10). Polystyrene (PS) and flat
PCL surfaces were used controls for all time points. Results after
6 hours of incubation indicate that the NW surfaces had no
significant differences in erythrocyte adhesion when compared
with the PCL surfaces. On the other hand, the modified NW
surfaces (NWy and NWy omkc) €xhibited significantly higher
erythrocyte adhesion compared to the NW surfaces. This can be
attributed to the addition of TN and CMKC to the surfaces.
Incorporation of TN and CMKC increases the hydrophilicity of
surfaces which can lead to improved water retention and
protein adsorption on the surfaces.®* Also, the ionic nature of
both coatings can lead to enhanced electrostatic interactions
with erythrocytes and proteins.** Furthermore, erythrocytes
require a certain level of rigidity in their substrate for stable
attachment to specific adhesion sites, which is provided by the
architecture of NW surfaces. The topographical features of NWs
can mimic the extracellular matrix (ECM) found in natural
tissues.®® These hierarchical and distributed features allow for
a more extensive interaction between erythrocytes and the NW
surfaces, leading to enhanced adhesion compared to flat
control surfaces. The synergistic effect of these nanostructured
topography of the surfaces, modified along with the organic
compounds, results in enhanced erythrocyte adhesion.

3.10. Erythrocyte morphology on different surfaces

The unique structure of erythrocytes, characterized by their
biconcave shape, maximizes surface area for gas exchange and
facilitates their deformability, allowing them to navigate
through the narrowest capillaries.®*® They are anuclear cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Representative fluorescence microscopic images of adhered erythrocyte cells on surfaces after 6 hours of incubation.

that contain lipids and proteins, and hemoglobin that binds to
oxygen.*® Identification of erythrocytes with disruptions and
abnormalities in their cell morphology serves as a marker for
hemolytic pathologies and oxidative damage to integrated
membrane proteins.*”*® Previous studies have reported that
there are 18 different types of morphological changes observed
in erythrocytes due to different conditions.*® Few of such di-
srupted abnormal morphologies of erythrocytes include echi-
nocyte, spherocyte, stomatocyte, sickle cell, etc. Each type of
these abnormalities corresponds to an associated condition,
disease, or deficiency. These cell morphological disruptions
compromise erythrocyte's oxygen-carrying ability, which further
leads to ischemic conditions.””®* Therefore, the capacity of
erythrocytes to retain their discocyte, biconcave shape upon
adhesion on surfaces is vital for effective blood flow and oxygen
delivery, which indicates that the surfaces are capable of sup-
porting normal erythrocyte functionality.”* Hence, the erythro-
cyte cell morphology on different surfaces was characterized
using SEM. In this work, hemocompatibility is defined by the
ability of the surface to preserve the normal erythrocyte
morphology and integrity upon contact without inducing any
shape changes, rather than by a reduction in the number of
adherent cells.

In this study, two types of morphological changes were
observed prominently apart from a few others which were not
significant. Stomatocytes and different stages of echinocytes
were the major morphological changes observed on different
surfaces (Fig. 11). Stomatocytes have a mouth-like (stoma)
appearance, often associated with alterations in the lipid bilayer
of the cell membrane.” On the other hand, formation of echi-
nocytes (erythrocytes with spicules) undergoes echinocytosis in
which the surface area of the outer lipid monolayer is increased

© 2025 The Author(s). Published by the Royal Society of Chemistry

with respect to the inner monolayer. There are different stages
of echinocytosis. During stage 1, the normal erythrocyte cell
shape is transformed to have several irregularities on its rim.
Furthermore, in stage 2, the cells transform into an elliptical
body slightly distributed over its surface with different sizes of
blunt spicules. Finally, it reaches a sphero-echinocyte
morphology, where it is transformed into a sphere with short
and sharp spicules. Even though the stomatocytes and initial
stages of echinocytes are partially reversible, the sphero-
echinocyte is irreversible due to extensive loss of membrane.***¢

The SEM imaging results show the morphological changes of
erythrocytes adhered to different surfaces after 1.5 hours
(Fig. S6: SI) and 6 hours of incubation (Fig. 12A). The percentage

Fig. 11 Representative images illustrating distinct RBC shapes: (A)
normal biconcave shape (B) stomatocyte (C) punctured cell
membrane with holes being a sign of hemolysis (D) stage 1 echinocyte
(E) stage 2 echinocyte (F) sphero-echinocyte. Images are illustrative
only and are not associated to a specific surface.

RSC Adv, 2025, 15, 46674-46690 | 46685


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05152e

Open Access Article. Published on 26 November 2025. Downloaded on 3/15/2026 8:33:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

of cell change on different surfaces was calculated from the SEM
images and plotted as shown in Fig. 12B. PS was used as
a control to monitor the morphology of erythrocytes. Results
indicate that after 6 hours of incubation, PCL surfaces exhibited
a drastic increase in the percentage of cell change, approxi-
mately equal to 95%, while PS surfaces had 100% cell change
documented. This result can be correlated with Fig. 12A, where
PS surfaces were completely filled with sphero-echinocytes,
while PCL surfaces exhibited multiple morphological changes
like echinocytes, stomatocytes and punctured cell structures
with holes, which are an indication of hemolysis.®”” NW surfaces
have shown similar results as PCL after 1.5 and 6 hours with
relatively more stomatocytes than echinocytes (Fig. S6 and 12).
No sphero-echinocytes were observed on NW surfaces unlike PS
and PCL surfaces. However, NWyy and NWinicmke had

View Article Online
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a greater number of healthy erythrocyte cells, with the normal
biconcave shape, as opposed to its control NW surfaces. After 6
hours of incubation, % cell change in NWyy was 26.2% and in
NWrn+omre Was 31.7%, which were still significantly lower
compared to their control surfaces. Even this reduced % cell
change contained only early stages of echinocytes and stoma-
tocytes, and no sphero-echinocytes.

The PS surfaces exhibited expected results with respect to
previous literature.”® The morphological changes of cells on PCL
surfaces can be attributed to the physiochemical interactions
between the cell membrane and PCL material, which can
disrupt the lipid bilayer's integrity and alter the membrane's
mechanical properties. The primary issue with PCL surfaces is
its hydrophobicity that leads to poor protein adsorption, which
is essential for the initial stages of blood-material interaction.

50 -

40 1

% Cell Change

20 A

10

Fekkk

Fededkk ‘

PS PCL

NW NWTN NWTN«rcMKC

@6 hours

Fig. 12

(A) Representative SEM images depicting erythrocyte cells morphological changes on surfaces after 6 hours of incubation (2500x

maghnification). (B) Percentage of morphological changes in erythrocytes on different surfaces after 6 hours of incubation, characterized from
SEM images. Error bars represent standard deviation. **** represent p-value < 0.0001 when compared to PCL control.
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Even though PCL surfaces exhibit good biocompatibility with
certain cells, their hemocompatibility is poor due to insufficient
protein adsorption and subsequent platelet activation, which
are highly influenced by the surface wettability.*®

The topography and wettability of the NW surfaces influence
the cell interactions. Previous studies indicate that PCL NWs,
due to their distinct morphology and topography, may facilitate
a more optimal interaction with blood components, potentially
leading to lower platelet activation and aggregation.'****> These
findings align with the results of this study, where NW surfaces
exhibited slightly reduced morphological changes in erythro-
cytes, compared to the PS and PCL control surfaces.

Furthermore, the addition of TN and CMKC on these
nanostructured surfaces exhibited a significantly drastic impact
on retaining the morphology of adhered erythrocytes. This can
be attributed to the synergistic effect provided by both physical
and chemical modifications done on these surfaces, which
enhanced erythrocyte cell compatibility. The hydrophilic nature
of TN and the functional properties of CMKC, combined with
nanostructured surfaces, create a more stable microenviron-
ment for erythrocytes.*'*® Also, previous studies have shown
that incorporation of antioxidant supplements have signifi-
cantly improved the erythrocyte membrane integrity by
reducing  oxidative lesions and membrane lipid
peroxidation.'**°® For instance, ascorbic acid's antioxidant
properties has shown promising results in reducing erythrocyte
membrane fragility and decreased hemolysis as they help
maintain hemoglobin in a reduced state and minimizing
erythrocyte oxidative injury.’*”'*® The results with TN and
CMKC can be correlated to findings on ascorbic acid suggesting
a structural-functional relationship between them. The pres-
ence of antioxidant functional groups such as phenolic rings in
TN and sulfate/carboxyl moieties in CMKC can be correlated
with the redox activity of ascorbic acid, contributing to reduc-
tion in osmotic fragility and membrane stability.******** This
enhanced environment helps the cells to maintain its structural
integrity and functionality and thus reducing the likelihood of
hemolysis. However, no statistically significant % cell change
was observed between NWn and NWn:comke surfaces.

4. Conclusions

In this study, PCL nanostructured surfaces (NW) were fabri-
cated and modified with organic compounds, such as TN and
CMKGC, for investigating their material properties, antibacterial
properties and influence on erythrocyte integrity. The
morphology of the surfaces was analyzed (SEM) and revealed
the topographical differences between the nanostructured
surfaces and the flat PCL control surfaces. There was no
significant difference in the morphology of the surfaces post
modification with TN and CMKC. Surface wettability analysis
(Contact angle) has shown that NW and modified NW surfaces
were hydrophilic in contrast to their hydrophobic PCL control
surfaces. Surface chemistry analysis (XPS) revealed peaks of
nitrogen and sulphur in TN modified and CMKC modified
groups respectively, compared to unmodified surfaces. These
results account for the presence of amine groups in TN and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of sulphate groups in CMKC, which indicated the
successful modification of the nanostructured surfaces. Surface
crystallinity analysis (XRD) was conducted, and the results
exhibited no significant differences in the patterns between PCL
control, NW and modified NW surfaces. Mechanical properties
of surfaces, such as indentation hardness and elastic modulus,
were analyzed using nano-indentation technique. Results indi-
cated that NW surfaces have enhanced load bearing capacity
and thus increased durability and flexibility.

Following the fabrication and modification of surfaces, PCL
nanostructured surfaces were subjected to Gram-positive (S.
aureus) and Gram-negative (P. aeruginosa) bacterial strains, at
two different incubation periods, to understand the antibacte-
rial properties of different surfaces. The surfaces were charac-
terized by bacteria adhesion to evaluate the amount of live or
dead bacteria and bacteria morphology to understand the
morphological changes or biofilm formation of the cells. The
percentage area fraction coverage of live and dead bacteria was
also calculated. It was observed that nanostructured surfaces
modified with TN and CMKC exhibited improved antibacterial
properties by reducing bacterial adhesion and inhibiting bi-
ofilm formation. This can be attributed to the synergistic effect
of nanostructures combined with organic compounds. Modi-
fied NW surfaces exhibited the least % of area covered by
bacteria.

Furthermore, nanostructured surfaces were evaluated to
understand their effects on erythrocyte integrity and viability.
Cytotoxicity assay was conducted to assess if the surface
modifications have induced any toxicity towards adhered cells.
Results have shown significantly low LDH activity on all the
surfaces when compared to the negative control, indicating that
the physical and chemical modifications done on the surfaces
did not induce any cytotoxic effects on the cells. Surfaces were
characterized for erythrocyte adhesion using fluorescence
microscopy, to assess their viability towards erythrocytes.
Modified NW surfaces exhibited increased erythrocyte adhesion
compared to their control surfaces, which can be attributed to
the synergistic effect of addition of TN and CMKC along with
nanostructured surfaces. Erythrocyte morphology was exam-
ined using SEM and the results indicated that the modified NW
surfaces significantly retained the healthy erythrocyte
morphology and integrity than their control surfaces. This can
be attributed to the antioxidant properties of both TN and
CMKC which helps in reducing the oxidative injuries of the
erythrocytes. No significant differences were observed between
the NWyy and NWrn:omie surfaces in terms of maintaining
erythrocyte cell integrity, but the NWyn.cmxce surfaces had
improved antibacterial properties.

These findings indicate that PCL nanostructured surfaces
coupled with organic compounds like TN and CMKC can
provide a stable biocompatible environment for cell integrity
and serve as a better alternative for BCDs.
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