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Abstract

Any implant intended for tissue engineering application should be blood compat-
ible. Since nanofibers are used as suitable candidates for applications where they
are directly exposed to blood, the fabrication of nanofibers with excellent blood
compatibility has been an unmet challenge for all tissue engineering applications.
In this regard, various nanofibers have been fabricated through electrospinning
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while incorporating different factors for enhancing blood compatibility. Recent
studies have demonstrated the use of various contrasting agents for modifying the
properties of tissue scaffolds. In this chapter, natural and synthetic polymers that
are fabricated into nanofibers are discussed for their role in blood compatibility.
The choice of polymer used, that is, natural or synthetic; the use of drugs, such as
aspirin; the growth factors incorporated in it, like vascular endothelial growth
factor; and the topography of scaffolds, for example, smooth and rough, have a
significant impact on blood compatibility. This chapter focuses on the
characteristics of scaffolds, the methods of preparation, and the factors
incorporated in these nanofibers that influence hemocompatibility. A detailed
account of different assays employed in analyzing blood compatibility has also
been discussed, such as the determination of the hemolysis rate, platelet adhesion,
plasma recalcification time, free hemoglobin estimation, the attachment and
release of red blood cells, and the adsorption of plasma proteins.
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10.1 Introduction

Nanofibrous scaffolds are highly porous with a large surface area and have excellent
permeability. Henceforth, nanofibers are considered potential candidates for adsorp-
tion applications (Sahay et al. 2012). Electrospinning is one of the most robust
methods of nanofiber fabrication compared to other techniques. It is easy, economi-
cal, and highly versatile in forming nanofibers using various polymers. These
nanofibers can act as scaffolds, which are supposed to closely mimic the components
of the extracellular matrix (ECM) (Pham et al. 2006; Sell et al. 2007). The setup for
the process of electrospinning is shown in Fig. 10.1. Synthetic polymers, such as
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Fig. 10.1 The pictorial presentation of polymer electrospinning. The polymers can be synthetic or
natural, which should be completely soluble in solvents. This polymer solution can be filled in a
syringe, which, under the influence of a high voltage, is ejected into nanofibers that are collected on
the metal collector
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Fig. 10.2 Schematic showing the processes of platelet activation and thrombus formation

polyurethane, which has excellent biocompatibility (Lluch et al. 2013); polyvinyl
alcohol, which has high mechanical strength and elasticity (Xu et al. 2008);
polyether sulfone, which has good mechanical properties and high thermal stability
(Hou et al. 2008); poly(vinyl pyrrolidone), having the property of amphiphilicity,
inertness, and chemical stability (Kurakula and Koteswara Rao 2020); and poly
(lactic acid), being thermoplastic with high biocompatibility and biodegradability,
are widely used in the preparation of nanofibers through electrospinning, are sought
after in biomedical applications. On the other hand, natural polymers, such as
chitosan (Dash et al. 2011), silk fibroin (Nguyen et al. 2019), cellulose (Seddiqi
et al. 2021), etc., are also widely used in bioengineering applications due to their
biocompatible and biodegradable character. Chitosan is the only primary polysac-
charide with good biocompatibility and biodegradability; additionally, it possesses
antifungal properties (Li et al. 1992).

As aforementioned, these synthetic or natural polymers can be fabricated into
nanofibers using the electrospinning technique for various applications. However,
the fabrication of nanofibers with robust blood compatibility remains an unmet goal
in the biomedical field (Soundararajan et al. 2018). On the contact of blood with
foreign material (which can be undesired nanofibers), a cascade of lethal effects can
occur, for instance, adsorption of plasma proteins, platelet accumulation, and,
finally, thrombus or clot formation (Fig. 10.2) (Gorbet and Sefton 2006). Contrary
to this, it has been observed that the plasma proteins and platelets present in the
blood are readily adsorbed on these polymeric nanofiber surfaces (Gorbet and Sefton
2006; Ren et al. 2013). For example, the positively charged chitosan readily
adsorbed negatively charged proteins, which caused platelet activation and thrombus
formation. However, at the same time, it preferably bound human serum albumin,
reducing platelet attachment and activation (Lv et al. 2017; Balan and Verestiuc
2014). Various efforts have been put forward to modify the blood compatibility of
polymeric nanofibers, such as polyurethane, through the introduction of surface
additives (Hsiao et al. 2015; Chen et al. 2011). To improve compatibility with
blood, the electrospun mats have been functionalized by adsorbing certain moieties,
like those of antithrombogenic factors (Freitas et al. 2010), moieties of bioinert and
inorganic materials, (Hauert 2005), and organic coatings (Kim and Kim 2002) or by
preparing cell-friendly surfaces (Qi et al. 2013). Similarly, chitosan, its composites,
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and derivatives modified with different functional groups are fabricated (Balan and
Verestiuc 2014; Yang et al. 2007). The negative -SO3~ or -COO™ groups in
functionalized chitosan have good blood compatibility because of negative charges,
which lower the attachment of plasma proteins that have negative charges on their
surfaces (Sagnella and Mai-Ngam 2005). Silk fibroin is another natural polymer
widely used in biomaterials fabrication due to its excellent biocompatibility and
biodegradability (Naskar et al. 2017a, b). The hemolysis of blood is a significant
parameter for checking compatibility with biomaterials. If the material has excellent
hemocompatibility, there is no hemolytic phenomenon or platelet adsorption on
the surface. Upon hemolysis, hemoglobin is released into the plasma following the
damage of membranes of red blood cells, which is directly associated with the
compatibility of material (Song et al. 2016). There are several methods for deter-
mining the blood compatibility of samples in a laboratory, including measuring the
hemolysis rate. The hemolysis rate measures the extent of lysed red blood cells
(RBCs) upon the contact of the sample with blood. The lesser the hemolytic rate is,
the greater is the blood compatibility of samples. An ideal biomaterial should have a
hemolysis rate of less than 5% (Song et al. 2016). Another method includes the
proliferation of platelets on the nanofiber surface. The spreading of platelets and their
aggregation are major confirmatory indications of platelet activation and are taken as
the chief pathway of thrombosis. The attachment of blood platelets is a spontaneous
approach to measuring the compatibility of materials (He et al. 2011). The
thrombogenicity indicator of a material in a blood compatibility experiment is
given by the number of platelets that attach on the surface and the altered shape of
those platelets on coming in contact of the material with the blood. Upon contact of
foreign material with blood, the first response is the adsorption of serum proteins and
the subsequent platelet adhesion and activation of coagulation pathways, which
finally result in thrombus formation (Huang et al. 2011). The Vroman effect is the
consequence of the hydrophilicity and topography of material surfaces (De Mel et al.
2012). Moreover, the adsorption of plasma proteins is an indispensable parameter in
evaluating the thrombogenicity of materials. The blood plasma consists of several
proteins, such as albumin (45 mg/mL), immunoglobulin G (10 mg/mL), fibrinogen
(3 mg/mL), transferrin (3 mg/mL), and immunoglobulin A (1 mg/mL) (Vogler
2012). Upon the contact of blood with the biomaterial, initially, the proteins adsorb
onto the surface, which leads to the recruitment of platelet, white blood cells
(WBCs), and red blood cells (RBCs). Finally, adhesion on the plasma protein
layer occurs, leading to the formation of thrombin (Vogler 2012). The adsorption
of protein in blood plasma increases with the hydrophilicity and causes unwanted
thrombus formation events. Furthermore, the stress on the cells is dependent on the
roughness of the substrate, which later increases hemolysis (Leszczak et al. 2013).
Different strategies have been used to prevent protein and platelet attachment on the
biomaterials to attain hemocompatibility and anticoagulation (Weber et al. 2002).
Another method involves the assessment of the anticoagulant characteristics of the
substrate by recording free hemoglobin in the blood (Soundararajan et al. 2018). In
this method, coagulation is initiated, which leads to the formation of a stabilized
fibrin clot formed by RBCs, WBCs, and platelets. Then the release of hemoglobin
from the clot is measured, which determines the anticoagulant property.
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Furthermore, how much the given biomaterial sample causes a delay in the clotting
of platelet-poor plasma (PPP) is measured by plasma recalcification time (PRT),
which causes the activation of prothrombin (factor II) on the addition of Ca**. PRT
gives the point of delay in the coagulation process (Soundararajan et al. 2018). In this
method, the time taken by the sample in showing the first signs of fibrin thread
formation is observed. When the sample contacts with PPP, it can signal the intrinsic
coagulation pathway, given that coagulation factors are present. Blood compatibility
is also determined by the adsorption of blood proteins on biomaterials (Wei et al.
2009; Denis et al. 2002; Scopelliti et al. 2010). In this chapter, we discuss the impact
of different electrospun nanofibers with different modifications on checking blood
compatibility. This chapter will provide readers an insight into the different
strategies for modifying nanofibers and their evaluation by different
hemocompatibility assays for use in biological applications.

10.2 Effect of Drug-Loaded Nanofibers on Blood Compatibility

Poly(lactic acid) and silk fibroin nanofiber mats of different mass compositions
loaded with aspirin for their anticoagulant property have been prepared by
electrospinning (Qin et al. 2013). In designing the solutions for electrospinning,
the solvent used was trifluoroacetic acid and dichloromethane in the proportion of
70 parts:30 parts. Poly(lactic acid) was used due to its potential for the controlled
release of drugs in the form of fibroin scaffolds, electrospun mats, microspheres, and
films (Dev et al. 2010; Kim et al. 2010; Nagarwal et al. 2011). However, due to its
low biological activity and hydrophobicity, cell attachment is cumbersome. There-
fore, they incorporated poly(lactic acid) in fibrous protein (i.e., silk fibroin), which is
hydrophilic, inducing low to no immunogenic response. In addition, it exhibits
flexible degradation rates, fluctuating from days to months in vivo due to enhanced
crystallinity (Fei et al. 2011). However, regenerated silk fibroin has low mechanical
properties because of the modifications in conformations and the distortion of
molecules (Li et al. 2011). This led the researchers to blend poly(lactic acid) and
silk fibroin into a composite nanofiber mat for the fabrication of biomaterial with the
required properties. After degumming and dialysis, the silk fibroin solution was
filtered and freeze-dried to get silk fibroin sponges. Then different solutions
containing different compositions of poly(lactic acid)/silk fibroin (8/1, 8/3, and
8/5) and aspirin (0.7%, 0.9%, and 1.1%) were prepared. It was observed that when
silk fibroin concentration was increased, the degree of compatibility in poly(lactic
acid) and silk fibroin was reduced and resulted in increased diameters in the
nanofibers. With the increase in aspirin concentration, the fiber diameter decreased
to 80 nm from 210 nm because the charge on the surface of the jet flow increased.
The aspirin that was released from fibers was observed spectrophotometrically at
270 nm. In vitro drug release studies illustrated that the highest concentration of poly
(lactic acid)/silk fibroin gave the highest amount of drug release due to the bulging of
fibers. When the effect on the release of aspirin content was observed, it was seen
that with the increase in aspirin concentration, the amount of released drug also
increased. This was due to the effect of aspirin on the diameter of the fiber mats. The
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thinner are the nanofibers, the larger is the surface area and the more release of the
drug from the nanofibers. The morphology of 0.7% aspirin-incorporated mats before
and after its release was observed by scanning electron microscopy (SEM). Prior to the
release of the drug, the morphology of nanofibers was even and drug particles were
imperceptible because of their incorporation inside the nanofibers. Following drug
release after 72 h, the mats swelled as a result of insolubilization (Muthumanickkam
et al. 2013). The appearance of the mats became rough and ruptured upon the release
of aspirin, and small particles uniformly distributed on the fibers could be seen. It was
concluded that after swelling, degradation of the polymer may occur and the drug may
be released by diffusion and matrix erosion’ (Song et al. 2012).

To check the in vitro blood compatibility of these composite aspirin-loaded
nanofibers, a platelet adhesion experiment was carried out. The 2 x 2 cm samples
were fitted to the bottom of a 96-well plate and equilibrated with physiological saline
for 1 h. Also, fresh human blood was added to trisodium citrate dehydrate to prevent
coagulation in the ratio anticoagulant: blood of 1:9 v/v was centrifuged at 800 rpm
for 10 min to get platelet-rich plasma (PRP). Following this, the nanofiber samples
were incubated with 0.2 mL of PRP for 1 h at 37 °C. The samples were rinsed with
phosphate-buffered saline (PBS) to eliminate loosely bound or unbound platelets.
Then to prepare samples for SEM, they were fixed with 2.5% glutaraldehyde
solution. After dehydration with ethanol, they were permuted with tertiary butanol
and incubated in a refrigerator at 4 °C for 24 h. Lastly, the attached platelets were
examined by SEM. Many adherent platelets were found attached to the pristine poly
(lactic acid) nanofiber membrane. The platelets were seen to aggregate, adhere, and
cover the nanofibers. Moreover, they deformed and exhibited pseudopodia. This
showed the noncompatibility of pristine poly(lactic acid) nanofiber mats. On the
other hand, the surface of poly(lactic acid)/silk fibroin (8/3) showed a smaller
number of adhered platelets, and also fewer platelets were deformed and activated.
The rationale behind the platelet adhesion on these mats was the equal proportion of
hydrophilic/hydrophobic regions and the micro-phase separation in the material.
Given the strong hydrophobicity of poly(lactic acid) nanofibers, poly(lactic acid)/
silk fibroin nanofibers had excellent hydrophilicity/hydrophobicity balance and a
good microphase separation structure. Therefore, poly(lactic acid)/silk fibroin
composites had better blood compatibility. Also, some platelets attached and did
not change their discoid shape on a poly(lactic acid)/silk fibroin composite having
0.9 wt.% aspirin, indicating an inactivated state. This concludes that aspirin
prevented platelet stimulation and attachment and clot forming by poly(lactic
acid)/silk fibroin composites.

10.3 Effect of Surface Topography of Nanofibers on Blood
Compatibility

Smooth, porous, and rough nanofibers of poly(lactic acid) were fabricated in a study
by electrospinning to see the effect of the topography of these nanofibers on
hemocompatibility (Soundararajan et al. 2018). To prepare nanofibers with porous
topography, 7% (w/v) poly(lactic acid) was dissolved in dichloromethane/acetone in
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a 7:3 ratio to prepare the spinning solution. The spinning solution for smooth
nanofibers was prepared by using dimethyl formamide in place of acetone in the
binary solvent. Other constraints, like the concentration of polymer solutions, the
magnitude of voltage, the diameter of the needle, the tip-to-collector distance, and
the flow rate, were constant in both cases. To prepare nanofibers having rough
topography, hydrophobic superparamagnetic iron oxide nanoparticles (SPION)
were produced by coprecipitation. This SPION was complexed with curcumin to
form the Cur-SPION complex. This complex (5 mg/mL) was dispersed in poly(lactic
acid) polymeric solution dissolved in dichloromethane/dimethyl formamide to pro-
duce curcumin-incorporated magnetic fibers with rough topography. The water
contact angle was found to be lowered in porous and rough mats as compared to
the mats with smooth surfaces. The electrospun nanofibers were then analyzed for
hemolysis properties. The integrity of the red blood cell membrane was analyzed by
exposing the cells to different topographies of nanofibers. The human blood was
incubated in 0.5 mL of 0.1 M ethylenediaminetetraacetic acid (EDTA). After
centrifugation at 1500 rpm for 15 min, the pellet containing RBCs was obtained. It
was followed by washing with PBS three times, and the volume was made up to
3.5 mL. Next, 0.2 mL of this suspension was pipetted out and added to 0.8 mL of
distilled water set as a positive control or PBS set as a negative control. Mats were
incubated in the positive control at 37 °C for 2 h, followed by centrifugation at
1500 rpm for 15 min. Then the optical density of the supernatant was measured at
540 nm, and the hemoglobin released was calculated. Following this, the hemolysis
percentage was calculated. To categorize the biomaterials as hemolytic or nonhemo-
lytic, hemolysis percentage values over 5% are taken as hemolytic. The results of the
hemolysis experiment showed haptoglobin (HP) of less than 2% in smooth
nanofibers (1.17%), which established the nonhemolytic behavior of smooth fibers.
On the other hand, porous and rough mats showed an increased hemolysis percent-
age of 3.80% and 4.94%, respectively. However, this was smaller than the threshold
value (hemolysis percentage >5%) (Soundararajan et al. 2018). Slight hemolysis on
smooth mats can be attributed to the delicateness of RBCs on attaching to nonuni-
form surfaces compared to smoother surfaces. The increase in hemolysis percentage
in rough nanofibers was due to the impact of surface chemistry and the rough
structure on hemolysis. The efficiency of scaffolds to bind and release RBCs with
no deformation was evaluated through the capture and release of RBCs. For this,
80 pL diluted RBC suspension was taken and dropped on nanofiber mats, followed
by incubation for 30 min at 37 °C. To capture the cells, 2.5% glutaraldehyde was
used. To release RBCs, fibers cultured with cells were first fixed with 2.5% glutaral-
dehyde for 1 h at 37 °C and then dehydrated with ethanol, and the fibers were imaged
under FE-SEM. It was seen that porous nanofibers retained more cells than smooth
nanofibers. The biconcave morphology of RBCs was also retained in both scaffolds,
and adhered cells were released with 100% efficiency. In contrast, rough nanofibers
(with Cur-SPION) did not have many cells attached as compared to the other two
combinations. Furthermore, the anticoagulant assay was carried out to confirm the
clot-inhibition properties of samples via the kinetic clotting time method. Next,
20 pL of anticoagulated blood was dispensed onto the samples and glass slabs,
with the latter being taken as a positive control. Then 10 pL of CaCl, solution
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(0.2 mol/L) was mixed homogeneously to induce coagulation. The samples were
incubated for different time intervals of up to 60 min. Lastly, 5 mL water was added
to all solutions and incubated for 5 min. Following this, the free hemoglobin in water
was recorded at 540 nm. It was observed that mats with smooth, porous, and rough
topographies had higher absorbance than coverslips, indicating a higher concentra-
tion of free hemoglobin and a slower rate of clotting. Furthermore, stimulated
platelets were confirmed by their morphological change after adhesion to the sample
surfaces from a discoid to a spread structure. Smooth fibers showed a higher number
of platelets attached and had an elongated appearance with no pseudopodia forma-
tion. In contrast, porous nanofibers showed lower adhesion of platelets and retained
discoidal morphology due to the hydrophilicity of fibers. The cells on Cur-SPION-
modified fibers had an original discoidal shape, referring to inactivated platelets.
PRT was done to assess the sample-induced time of delay in the coagulation process.
Centrifugation of whole blood at 3000 rpm was performed to obtain PPP. Thereafter,
tubes were incubated with nanofibers and glass coverslips (positive control) and
added with 0.1-0.5 mL of PPP. From these combinations, 0.1 mL of PPP was added
to 0.1 mL of CaCl,. The time of coagulation was measured by a steel hook, which
was immersed in the solution to sense fibrin threads. It was observed that the positive
control activated the coagulation cascade by adsorbing the clotting proteins. On the
other hand, fibers took more time for thread development than the positive control.
The porous and rough nanofibers showed improved clot-inhibiting activity (234 s)
compared to smooth nanofibers as they exhibited longer clotting times of 277 s and
279 s, respectively. The researchers also investigated the adsorbed serum proteins
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Samples were
incubated in PRP and were allowed to adsorb for 2 h at 37 °C. The proteins that
did not attach or that attached loosely were eliminated by rinsing with PBS. Then the
proteins that attached to the sample surfaces were eluted using SDS. The samples
were mixed with loading buffer and boiled at 95 °C for 10 min, then loaded into
wells of acrylamide gel following cooling at room temperature. Electrophoresis was
carried out at a voltage of 80 V in a Tris-glycine-SDS buffer. Coomassie brilliant
blue dye was used to stain the adsorbed proteins after electrophoresis. It was
observed that the smooth nanofibers showed high adsorption of fibronectin
(200220 kDa), prothrombin (72 kDa), and albumin (66 kDa).

10.4 Effect of Synthetic Nanofibers on Blood Compatibility

Nanofibers of polyurethane were fabricated with polyhedral oligomeric
silsesquioxanes (POSS) to impart viscoelastic properties (Song et al. 2016). POSS
was used due to the hollow cage assembly of silicon (Wang et al. 2009). Further-
more, it has excellent biocompatibility (Le et al. 2013; Raghunath et al. 2009).
Because the hydrophobic surface with low surface energy prevent the adsorption of
plasma proteins and platelets (Hasebe et al. 2013; Bhatt et al. 2011). It was assumed
that incorporating POSS into polyurethane would cause a reduction in platelets and
protein attachment on polyurethane mats because of lowered surface tension (Kanna
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et al. 2006; Kidane et al. 2009). POSS-polyurethane spinning solutions (12%)
having different concentrations of POSS (0%, 1%, and 2%) were prepared in
dimethyl formamide/tetrahydrofuran (1:2). The hydrophilicity results showed that
nanofibers with 2% POSS concentration had the highest water contact angle among
all concentrations. The lowest contact angle was found in the case of pristine
polyurethane without POSS. The reason for the increased hydrophobicity can be
attributed to weak polarity due to the presence of hydrophobic POSS molecules in
the polymer (Kidane et al. 2009; Teng et al. 2014). The hemolysis analysis showed
that the hemolysis rate in POSS-incorporated polyurethane nanofibers reduced
significantly with the increase in POSS concentration. The plasma protein adsorption
assay showed a decrease in the amount of bovine serum albumin protein adsorption
upon increasing POSS in the nanofibers. The adsorption amount of pristine polyure-
thane was 3336.36 pg/cm? and 159.50 pg/cm?, and 115.70 pg/cm? for the lowest and
highest concentrations of POSS, respectively. Platelet adhesion was studied to
analyze the hemocompatibility of nanofibers. The SEM images showed that the
platelets attached more to pristine polyurethane nanofibers than to POSS-
incorporated nanofibers. Furthermore, with the increase in the concentration of
POSS, a smaller number of platelets got attached to the nanofiber samples. This
showed the improved compatibility of samples on the incorporation of POSS. The
above results of decreasing protein and platelet adsorption on POSS-incorporated
polyurethane nanofibers may be ascribed to the lessening of the amount of urethanes
in polyurethane on the incorporation of POSS (Groth et al. 1995). POSS also lowers
the surface tension of polyurethane nanofibers, which is an advantage in inhibiting
protein and platelet attachment, and lowers the binding of platelets to the nanofibers
(Silver et al. 1999). After microbial culturing for 12 h, the number of E. coli on
pristine polyurethane surfaces was the highest compared to POSS-incorporated
fibers, and absolutely no growth was seen on the surface with the highest content
of POSS. This indicated that the presence of POSS macromolecules could suppress
bacterial growth. The reason behind the antibacterial activity of these fibers may be
attributed to the lower surface tension caused by incorporating POSS in polyure-
thane nanofibers (Knorr et al. 2005). Also, the lotus effect of hydrophobic substrates
can prevent bacterial growth due to the formation of self-cleaning surfaces (Knorr
et al. 2005; Page et al. 2009; Meng et al. 2015). Furthermore, hydrophobic POSS
molecule decreases the free energy of membrane and because bacteria tend to adhere
to a high-energy surface (Teng et al. 2014), thereby, contributing to resist the
adherence of bacteria.

A wearable artificial kidney is a new intervention for renal failure patients,
replacing dialysis (Moon et al. 2017; Crews et al. 2019; Voinova et al. 2019).
Studies are aiming to fabricate dialyzers by modifying membranes for blood purifi-
cation through convection, diffusion, or adsorption (Castro et al. 2018; Mohammadi
etal. 2018; Sultan et al. 2019). Studies have proven that zeolite is a potential material
for the selective adsorption of toxins in an artificial kidney (Narasimhan et al. 2013;
Arstad et al. 2008). The powder form of zeolite is unfit for use in dialysis due to its
loose powder-like appearance. Therefore, some hydrophilic and biocompatible
materials need to be used as substrates. Poly(vinyl pyrrolidone) due to its excellent
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biocompatibility, and solubility in organic and inorganic solvents. This polymer has
good spinnability when the electric field is applied and has been used in engineering
materials (Huang et al. 2016). It is potentially apt to use along with zeolites and acts
as an adhesive for binding zeolite nanoparticles. However, due to the poor mechani-
cal strength of poly(vinyl pyrrolidone), polyether sulfone polymers are the better
choice for dialysis membranes because of their desirable characteristics (Qu et al.
2010). So, in this regard, a wearable blood purification system was proposed
(Haghdoost et al. 2021). In this study, polyether sulfone/poly(vinyl pyrrolidone)-
zeolite was fabricated by single-step electrospinning. Core spinning was employed
with polyether sulfone solution and shell spinning with poly(vinyl pyrrolidone)-
incorporated zeolites. Poly(vinyl pyrrolidone) prevented zeolites from discharging
into circulation. Two types of zeolites were used in their study, viz., CP8C11 (beta)
and ZSM-5 zeolites, due to their ability to attach creatinine from the solution.
Polyether sulfone spinning solution (25% v/v) was prepared in dimethyl formamide.
Poly(vinyl pyrrolidone)/zeolite solution was prepared by dissolving (10% v/v) in
binary solvent dimethyl formamide: acetone. Following this, ZSM-5 and other beta
zeolites (10% and 20%) were added to the poly(vinyl pyrrolidone) solution. It was
observed that the beta zeolites adsorbed the creatinine more than the ZSM-5 zeolites.
Also, the silicon/aluminum ratio is an aspect of creatinine adherence (Lu et al. 2017,
Namekawa et al. 2014). It is shown in Fig. 10.3 that the adsorption capacity of beta
zeolite decreases with an increase in its concentration due to zeolite aggregation at
high concentrations, which in turn lowers the surface area for adsorption.

The cytotoxicity of polyether sulfone/poly(vinyl pyrrolidone)-zeolite nanofibers
was investigated. Figure 10.4 shows the cell viability results of commercial
polyether sulfone, the core-shell nanofiber of polyether sulfone/poly(vinyl
pyrrolidone), and zeolite-incorporated polyether sulfone/poly(vinyl pyrrolidone)
nanofiber. The growth of fibroblasts on the core-shell nanofibers was as desired till
24 h. This study suggested the efficient use of core-shell nanofibers (viability of over
90%) for blood purification in dialysis approaches. Moreover, the optical micro-
scope images are shown in Fig. 10.5 to observe the viability of fibroblasts after
24 and 48 h of cell culture with samples.

Figure 10.6 shows the platelet adhesion results of the samples. No pseudopod
morphology was acquired by cells on the samples, which indicates no platelet
stimulation and good compatibility of zeolites. These images (Fig. 10.6) illustrate
none of the adsorbed platelets on zeolite-incorporated nanofibers. However, there
was a significant number of platelets attached to pure nanofibers.

10.5 Effect of Natural Nanofibers on Blood Compatibility

Carboxymethyl chitosan is a widely used derivative of chitosan used in biomaterial
fabrication. Its compatibility with the blood system has been reported in the literature
(Fu et al. 2011). Moreover, it is used in modifying other polymers also to improve
blood compatibility (Aiping and Tian 2006). Electrospun carboxymethyl chitosan
and poly(lactic acid) nanofibers were prepared to test their compatibility with blood
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Fig. 10.3 (a) Solution adsorption capacity of creatinine using zeolite (powder type), (b) creatinine
adsorption by core-shell nanofiber (membrane type), (¢) micrographs of creatinine solution adsorp-
tion of ZSM-5 zeolite 20% incorporated polyether sulfone/poly(vinyl pyrrolidone) nanofibers, and
(d) micrographs of creatinine solution adsorption of beta zeolite 20% incorporated polyether
sulfone/poly(vinyl pyrrolidone) nanofibers. (Reproduced with permission from Haghdoost et al.
2021)

(Lv et al. 2017). Carboxymethyl chitosan nanopowder was prepared by ball milling
from 400 mg carboxymethyl chitosan powder. Carboxymethyl chitosan was
downsized by two steel balls with a 5 mm radius for 4 h at 20 Hz, and carboxymethyl
chitosan nanopowder was obtained. To prepare the spinning solution, 8% poly(lactic
acid) prepared in binary solvent dimethyl formamide and dichloromethane (v/v = 7/3)
was mixed with 400 mg carboxymethyl chitosan nanopowder under constant mag-
netic stirring. The carboxymethyl chitosan/poly(lactic acid) membranes were linked
in 50% glutaraldehyde solution at 80 °C for 12 h, followed by 0.1 mol/L glycine
treatment to block unreacted aldehyde groups.

Multilayered silk fibroin was obtained from tussah cocoons incorporated in poly
(lactic acid) nanofibers by electrospinning (Shao et al. 2017). The silk fibroin sponge
was prepared following the treatment of cocoons, viz., degumming, dissolving,
dialysis, and lyophilization. Next, the silk fibroin sponge and poly(lactic acid)
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol in different proportions to
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Fig. 10.4 Cell viability results at 540 nm absorbance of nanofibers with different zeolite
concentrations, where control is the tissue culture plate, PES is pristine polyether sulfone nanofiber,
NO is pristine polyether sulfone/poly(vinyl pyrrolidone) nanofiber, NB20 is 20% beta zeolite, and
NZ20 is 20% ZSM-5 zeolite. (Reproduced from Haghdoost et al. 2021)

Fig. 10.5 Optical microscope images showing the proliferation of fibroblasts (a) and (f) tissue
culture plate; (b) and (g) polyether sulfone; (c) and (h) pure; (d) and (i) NZ20; (e) and (j) NB20. Top
(after 24 h) and bottom (after 48 h). (Reproduced with permission from Haghdoost et al. 2021)

make the final concentration of the spinning solution 8%. To prepare the nanofiber
mats, the nanofiber yarns were electrospun, and a fiber web was formed by rotating
them in a funnel. To fabricate multilayer fibers, parallel twisted and weft strands of
these yarns were intertwined longitudinally to produce a fabric sheet. Three layers



10 Hemocompatibility of Differently Modified Polymeric Nanofibers:. . . 263

SEM MAD: 100 kx Det 5E

SEMHV. 13.00K¢ WL 5744 mm
Date(migh 02N 820 Vac: Hivac

HEM MAG" 2 00 lor Dat SE VEGHN TEBCAN
SEMHY 1500V WD 5500 mm 20 um = SEMHV- 1500k WD 4 910mm
Diateimitly); 0220 Vax: Hivas FRC n Datetmidiyl; (210 Yac: Hivec

Fig. 10.6 SEM micrographs of platelet attachment on (a) commercial polyether sulfone, (b) pure
polyether sulfone/poly(vinyl pyrrolidone), (c) beta-zeolite-incorporated nanofibers, (d)
Z20-incorporated nanofibers. (Reproduced with permission from Haghdoost et al. 2021)

were later combined with seriatim, and a multilayered nanofiber fabric membrane
was formed. To test for biomineralization, simulated body fluid was prepared, and
1% of aspartic acid (a polymer that dissolves in aqueous solvents) was mixed to
bring about mineralization. The electrospun nanofiber mats were soaked in
simulated body fluid and kept at 37 °C for 72 h, and the medium was replaced
every day. Following this, samples were washed with distilled water and deposited
on coverslips after freeze-drying. Following mineralization, the samples were
observed under SEM after 6, 12, 24, and 72 h (Fig. 10.7). At 6 h, the surface of
the samples showed little mineralization in addition to discontinuous mineral
clusters; at some points, these particles were observed until mineralization time of
24 h. The reason may be the hydrophobic nature of the poly(lactic acid) surface,
which cannot easily constrain the calcium present in simulated body fluid in the form
of ions and nucleation points. The surface of multilayer poly(lactic acid)/silk fibroin
nanofibers showed a higher number of spherical particles at 6 h as compared to pure
poly(lactic acid). After 12 h, the mineral particles covered about all of the nanofibers,
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Fig. 10.7 SEM micrographs of silk fibroin and poly(lactic acid) nanofibers after biomineralization
for different time intervals: (a, b) 6 h; (¢, d) 12 h; (e, f) 24 h; (g, h) 72 h. (Reproduced with
permission from Shao et al. 2017)

with a decrease in their diameter. At 24 h of mineralization, the particles further
reduced in diameter and got compressed together to cover all nanofibers.

Nanofiber mats were placed in a 24-well tissue culture plate, treated with PBS for
2 h, and then added with 75% ethanol for sterilization. Following this, the fibers were
incubated for 24 h at 37 °C in the presence of 1 mL of 10% fetal bovine serum. The
absorbance was measured at 280 nm to check the concentration of fetal bovine
serum proteins prior to and after adsorption. The blood compatibility was quantified
by hemolysis assay, and the hemolysis rate was measured in all cases. The poly
(lactic acid)/silk fibroin mats had a hemolysis rate of 0.9%, indicating their good
blood compatibility. The proliferation of cells cultured on poly(lactic acid)/silk
fibroin/hyaluronic acid multilayered mats was found to be enormously higher than
on poly(lactic acid)/silk fibroin. It was also found that the proliferation on reference
coverslips was low, pointing out that the mineral crystals on the nanofibers promote
proliferation. Both nanofiber mats and nanofiber fabrics showed the same value on
day 4 of cell culture. On the other hand, the proliferation on fabrics was a bit
increased compared to the fiber mats on day 7. The morphology of mesenchymal
stem cells (MSCs) was determined by confocal laser scanning microscopy
(Fig. 10.8). A directional growth of cells was seen on the nanofiber fabric along
the axial direction of the yarn; however, the cells on nanofiber mats showed a
random arrangement. This phenomenon might arise due to the contact guidance of
the underlying substrate, such as nanopatterned material and nanofiber (Laco et al.
2013). Also, the fluorescence intensity on the fabric group was higher compared to
mats with multilayered nanofiber fabrics, which offer a much optimal environment
for the proliferation of cells.
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Fig. 10.8 The confocal microscope images of MSCs grown on (a and b) poly(lactic acid)/silk
fibroin fabric, (¢ and d) poly(lactic acid)/silk fibroin/hyaluronic acid fabric, and (e and f) poly(lactic
acid)/silk fibroin/hyaluronic acid mats at 4 and 7 days of culture. (Reproduced with permission from
Shao et al. 2017)

The expression of marker genes on cells attached to the mats for different times
(7, 14, and 21 days) was analyzed. After culture, the cells were washed with PBS and
suspended in a cold TRIzol reagent. cDNA was produced using the first-strand
synthesis system, which was later on followed by quantitative PCR using SYBR
Green. The marker genes for osteocytes that were used were those for alkaline
phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN), and collagen type I
(Col I). After 14 days, ALP and type I collagen expression levels were much higher
in all nanofiber groups (Fig. 10.9a, b). The mineralization of nanofibers increased the
osteogenic differentiation of MSCs. After 21 days of culture, the OCN gene
(a marker for the late expression of osteogenesis) expression in cells increased by
threefolds on poly(lactic acid)/silk fibroin/hyaluronic acid nanofiber mats than on the
poly(lactic acid)/silk fibroin group, which indicated that hyaluronic acid accelerated
the differentiation of osteoblasts (Fig. 10.9¢). In addition to this, OPN gene expres-
sion in cells cultured on fabric scaffolds had higher levels of expression than on
nanofiber scaffolds after 7 days of culture (Fig. 10.9d), indicating that the arrange-
ment of nanofibers can promote the differentiation of MSCs into osteoblasts.

10.6 Effect of Growth-Factor-Incorporated Nanofibers on Blood
Compatibility

Vascular grafts made from polymeric nanofibers have been used in treating vascular
diseases (Desai et al. 2011). However, these grafts should prevent platelet aggrega-
tion and promote endothelialization on the surface of the graft. To achieve this goal,
many bioactive molecules have been merged in the grafts to modify their characters.
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Fig. 10.9 The expression of genes obtained from RT-PCR: (a) alkaline phosphatase, (b) collagen
type I, (¢) osteocalcin, (d) osteopontin. (Reproduced with permission from Shao et al. 2017)

For instance, anticoagulant heparin has been routinely introduced into tissue
materials to inhibit thrombogenesis (Hoshi et al. 2013; Yao et al. 2014; Seib et al.
2014). Furthermore, vascular endothelial growth factor (VEGF) is also an effective
molecule for endothelialization (Coultas et al. 2005; Asahara et al. 1999). Despite
the benefits of VEGF in endothelial progenitor cell (EPC) proliferation (Asahara
et al. 1999), it has a rapid half-life in the biological system (Takeshita et al. 1994).
Therefore, any delivery agent used for VEGF should preserve its activity and release
it at a precise rate. Given this, diverse quantities of heparin were encapsulated into a
poly(L-lactic acid-co-e-caprolactone) nanofiber through emulsion electrospinning,
followed by hemocompatibility analysis (Chen et al. 2015). Furthermore, the opti-
mal concentration of heparin was selected and encapsulated, along with VEGF, to
form nanofibers. For spinning solutions, aqueous solutions of heparin in distilled
water with varying concentrations (5%, 10%, and 15%) were prepared. The internal
structure of the nanofibers was examined with transmission electron microscopy
(TEM). For this, the samples were prepared by directly depositing fibers on copper
grids. The TEM images showed that the composite poly(L-lactic acid-
co-g-caprolactone) scaffolds presumed a uniform core-shell morphology
(Fig. 10.10a, b). However, the fibers with heparin and those with or without
VEGEF had a no-uniform multicore shell conformation, and the incorporated factors
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Fig. 10.10 TEM images of different electrospun poly(L-lactic acid-co-e-caprolactone) nanofibers,
(a) Poly(r-lactic acid-co-e-caprolactone) incorporated heparin; (b) Poly(L-lactic acid-
co-g-caprolactone) incorporated heparin and VEGF. (Reproduced with permission from Chen
et al. 2015)

showed a zonal distribution inside the fibers. The reason for this is that heparin,
because of its strong negative charge, increased interdroplet repulsion, leading to the
discontinuous core-shell morphology at the time of stretching and evaporation.

The optimum release of heparin and VEGF from the nanofibers was recorded.
The poly(L-lactic acid-co-e-caprolactone) scaffolds containing varied concentrations
of heparin and VEGF were immersed in 5 mL of PBS solution and incubated. At
different time intervals, 1 mL of the supernatant was pipetted out, and 1 mL of fresh
medium was added. To measure the release of heparin from nanofibers, a toluidine
blue test was conducted, and to measure VEGF release, an enzyme-linked immuno-
sorbent assay kit was used. The release profiles of heparin and VEGF showed two
stages. There was a constant release of heparin for 6 days; after this, a slow release
was observed for 29 days. However, there was no perceptible change between the
scheme for the release of heparin in the two different concentrations of composite
nanofibers, which indicated that VEGF has no role in the release of heparin. On the
other hand, the release profile of VEGF was different compared to that of heparin.
Due to the higher amount of heparin than of VEGF, the release of VEGF was
significantly affected. VEGF release was higher from both types of scaffolds until
day 4, which was followed by a slow and constant release. In the scaffold with a
higher concentration of VEGF (20%), more VEGF was released compared to the
scaffold with 15% VEGF. The results indicate that the amount of VEGF release
significantly depends on the loading amount of heparin and that both the growth
factors loaded in fibers can be released in a tuned style (Fig. 10.11).

The hemolysis assay revealed hemolysis rates of less than 5%, indicating good
blood compatibility of all mats. The hemolysis rate for poly(L-lactic acid-
co-g-caprolactone) with 10% heparin and 15% heparin were less than 0, indicating
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Fig. 10.11 Release profiles of heparin (a) and VEGF (b) from different poly(L-lactic acid-
co-g-caprolactone) (PLCL) mats. (Reproduced with permission from Chen et al. 2015)

very few ruptured RBCs than the negative control. The reason for this may be
attributed to the anticoagulant properties of heparin and also because it acts as a
regulator of the complement system (Ninomiya et al. 2000). It has also been studied
that heparin has an important role in the regulation of complement-system-induced
hemolysis (Mannari et al. 2008). The platelet adhesion studies showed that the
number of platelets that adhered to the nanofibers with loaded heparin was lesser
as compared to the pure poly(L-lactic acid-co-e-caprolactone). For the biocompati-
bility assay, bone marrow cells were produced from the bones of Sprague-Dawley
rats (weight = 200-250 g). The mononuclear cells having low density were
separated by density gradient centrifugation in a medium exclusive for lymphocytes.
The detached cells were resuspended in a culture medium (EGM-2), having the
optimal composition for the lymphocytes to grow. Lastly, mononuclear cells were
seeded on fibronectin-coated plates and incubated with ample CO, supply at a
temperature of 37 °C. Fluorescence microscopy confirmed the presence of endothe-
lial progenitor cells (EPCs) by imaging double-positive cells. Furthermore,
fluorescence-activated cell sorting (FACS) confirmed the EPCs characteristics of
cells by confirming the presence of CD34 and VEGFR-2(KDR) in cells. Cell growth
was recorded by a cell counting kit-8 (CCK-8) assay. The samples were placed at the
bottom of 24-well plates, and cells were seeded and grown for different time
intervals for 7 days. CCk-8 solution was added to the wells already containing the
culture medium at a concentration of 10 pL./100 pL, and the samples were raised for
2 h in this solution. Following this, absorbance was measured at 490 nm. Cell
viability was determined by correlating the amount of absorbance with the number
of viable cells. In addition to this, two more plates were cultured for 7 days. One
plate was set for the fluorescent staining to determine the morphology and quantity
of cells and the other for SEM to see the cell attachment on the surface of scaffolds.
Absorbance was noticeably higher in VEGF-incorporated fibers than in pure fibers
(Fig. 10.12). The results suggest that EPCs multiply faster on VEGF-incorporated
fibers than those without VEGF, and this effect was concentration and time-
dependent.
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Fig. 10.13 (a) Immunofluorescent images of EPCs cultured on composite poly(L-lactic acid-
co-g-caprolactone) nanofibers. (b) SEM images of the EPCs attached on nanofibers show prolifera-
tion. (Reproduced with permission from Chen et al. 2015)

The structure and number of cells were revealed by immunofluorescence staining.
shown in Fig. 10.13a, b. The morphology of cells and their interaction with
nanofibers were analyzed by SEM. After 7 days of culture, the cells spread well
on the nanofiber surfaces incorporated with VEGF.

10.7 Conclusion

In this chapter, the impact of different agents when incorporated into nanofiber has
been discussed, which in turn reflects blood compatibility. The different assays for
testing hemocompatibility have also been discussed in detail. We also discussed how
different topographies of the nanofibers could impact the blood compatibility of a
nanofiber sample. It was also seen that the introduction of growth factors and drugs
causes variation in blood compatibility. For example, aspirin loading showed an
enhanced effect of the anticoagulation of the poly(lactic acid)/silk fibroin nanofibers.
Furthermore, the method of fabrication of nanofibers and the choice of polymer can
significantly influence hemocompatibility. In conclusion, the chapter gives informa-
tion on the biocompatible properties of different nanofibers and their use in other
biomedical applications.
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