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a b s t r a c t 

Cellulose acetate (CA) based biomaterials are being used as substrates for bone ingrowth applications due to 
their non-toxic and non-irritant nature coupled with optimum morphology and stiffness. Electrospinning with 
additives and/or post-treatment has emerged as a viable protocol to improve the mechanical properties of CA 
further and expand its utility. Herein, we highlight the role of potassium chloride (KCl) in association with 
air-drying to enhance the elastic modulus and tensile strengths of CA fiber mats. Salt aggregation between fibers 
was observed through Scanning Electron Microscopy (SEM). However, Fourier-transform infrared (FTIR) analysis 
indicates the interactions between K + ions and acetyl groups. X-ray diffraction (XRD) study suggests the retention 
of CA structure in the CA-KCl mats and the excess presence of KCl. The increase in KCl concentration (from 2 
to 6%) boosts the elastic modulus to 176 MPa (52 times than pure CA) and tensile strength to 1.2 MPa (9 times 
than pure CA). Indeed, the presence of K + ions offers osteoconduction to fiber mats, and thus the outcome has 
potential in bone tissue engineering. 

1

 

h  

[  

c  

a  

c  

s  

t  

c  

a  

b  

f  

b  

[
 

s  

i  

e  

s  

fi  

s  

e  

q  

a  

a  

v  

f  

t  

p  

p
 

C  

s  

i  

[  

s  

a  

s  

a  

i  

c  

a

h
R
A
2

. Introduction 

Cellulose is the most abundant organic compound found on earth. It
as the highest stiffness to density ratio among other natural materials
1] . It also has the multifunctionality of fibrous structure, excellent bio-
ompatibility, and high water absorbance [2 , 3] . Consequently, cellulose
nd cellulose-based polymers have been investigated for a host of appli-
ations, including water filtration, food delivery, and tissue engineering
caffold [4–10] . However, pure cellulose is water-insoluble, requiring
he use of harsh chemicals during manufacturing [3 , 11] . Consequently,
ellulose derivatives such as Cellulose acetate (CA) find use as cellulose
lternative with similar advantages in terms of mechanical properties,
iocompatibility, and degradability. Cellulose acetate (CA) based scaf-
olds have found widespread use in biomedical applications such as for
one [12–14] , cartilage [15] , skin [16] , and neural tissue regeneration
17] . 
For tissue engineering applications, replicating a fibrous scaffold

tructure similar to the extracellular matrix of native tissue is crit-
cal to support cell function for tissue regeneration. Towards this
nd, electrospinning has emerged as a viable, cost-effective, and
uccessful manufacturing tool to engineer submicron to nanoscale
bers for tissue engineering and other applications requiring fibrous
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tructure such as in air filtrations [18–24] . The morphology of the
lectrospun fibers can be fine-tuned to meet application-specific re-
uirements by controlling the electrospinning parameters, namely volt-
ge, types of collectors, solvent(s), solution concentration, flow rate,
nd tip-to-collector distance [25] . From the above parameters, sol-
ent plays a critical role in producing uniform, ultrafine and defect-
ree fibers. Importantly, solvents such as acetone with lower surface
ension leading to high dispersion force are favored [26] . For exam-
le, with acetone solvent, bead-free CA fibers of 1 𝜇m diameter were
roduced [27] . 
Other solvents or combinations of solvents have also been used in

A fiber formation, as listed in Table 2 . Significant variability in fiber
trength and geometry have been reported, with elastic modulus vary-
ng from 1 MPa to 400 MPa, tensile strength from 1.2 MPa to 49 MPa
24 , 28–32] , and fiber diameter from 35 nm to 65,000 nm [26] . The ob-
erved variations are due to differences in electrospinning parameters
nd strain rate of the tensile test ( Table 2 ). Tests conducted at a higher
train rate exhibit increased stiffness and strength than those performed
t lower strain rates [33] . Overall, pure CA fibers are fluffy and have
nadequate mechanical strengths for most applications. Thus, modifi-
ations are warranted to enhance mechanical properties, e.g., through
dditives and/or post-treatment. 
d. 
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Fig. 1. The in-house electrospinning setup used in the 
study with the major components marked. We used the 
static collector plate for the study. 
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Several studies have evaluated such modifications for CA-based fiber
ormation. For instance, heat treatment at 208°C for 1 h augments tensile
trength to 5 MPa from the initial 1.2 MPa [28] . The fusion of fibers just
bove the glass-transition temperature appears to be responsible for the
bserved increase. Similarly, deacetylation with Na 2 CO 3 followed by
ashing resulted in 2.5 times increased in tensile strength from 2.16
o 5.24 MPa due to its conversion to pure cellulose, enabling newly
ormed hydroxyl groups holding the chains tighter via hydrogen bonds
29] . Modifications involving certain additives and fillers led to even
ore remarkable changes in the mechanical properties. For example,
he presence of 0.5 wt% carbon nanotube elevates the tensile strength
y about 3 times: 40 to 135 MPa and Young’s modulus by about 11
imes: 100 to 1100 MPa [30] . Similarly, graphene and graphene-COOH
psurge Young’s modulus to 910 MPa from the initial 245 MPa (pure CA)
24] . In another study, the CA-Graphene oxide composite demonstrated
oung’s modulus from 400 MPa to 1600 MPa and tensile strength from
9 MPa to 97.5 MPa compared to pure CA values [31] . 
Another approach of strengthening CA material is by use of natural

llers such as collagen and chitosan. The CA matrix impregnation with
hese biopolymers as fillers to form sponge-woven scaffolds results with
 tensile strength of 40 MPa and Young’s modulus of 600 MPa compared
o pure CA values 3.8 MPa and 34.7 MPa respectively [32] . In another
tudy, Chitosan/cellulose acetate nanofibers fabricated through electro-
pinning demonstrated higher tensile strength of 17 MPa compared to
.2 MPa of pure CA [29] . 
The examples stated above suggest the seminal role of additives on

mproving the mechanical properties of CA fibers. The choice of addi-
ives or post-processing also depends on targeted applications. Additives
hat potentially show bioactivity to enhance tissue regeneration and os-
eointegration will be preferred for bone tissue applications. It has been
emonstrated in an ex-vivo cell-culture experiment that potassium ions
K + ) release from the alkaline treated calcium phosphate coating of Ti-
4Nb-4ZR-7.6Sn alloy can promote osteoblast adhesion and prolifera-
ion [34] . A similar in-vitro study of human alveolar bone cell culture
n ion-implanted titanium found the influence of 40 Ca + and 39 K + ions
n the surface chemistry enhancing the osseointegration [35] . These
tudies point towards the benefit of K + ions in bone tissue regeneration.
n the context of cellulose, inorganic non-aggressive solvents, including
otassium chloride (KCl) solution in water, have been used for cellu-
ose solubilization and mechanical property modulation by chemically
nteracting with cellulose polymer backbone [36] . 
Hence, the above leads us to hypothesize that the KCl solution can
odulate the mechanical properties of electrospun CA fibers, which can
ave potential promising applications for bone tissue engineering. To-
ards the end, here we investigate the interactions and strengthening
nfluences of K + ions on electrospun CA fibers by treating with vary-
ng concentrations of KCl (CA-KCl fibers). The structure and response of
ative and processed CA-KCl fibers are analyzed using multiple experi-
ental techniques to identify the underlying mechanisms. 
. Materials and methods 

.1. Materials 

CA with average molecular weight 30,000 g/mol and degree of
cetylation 39.8% was purchased from Sigma Aldrich. Acetone of HPLC
rade was purchased from EMD Millipore. KCl was purchased from
WR. All the chemicals were used as received without further purifi-
ation. 

.2. Electrospinning 

Cellulose-based fiber mats were prepared using an in-house built
lectrospinning platform consisting of a 20 mL syringe with a 14-gauge
pinneret and Chemyx Fusion 100 pump, a rack Mounting Linear reg-
lated power supply (Acopian), and arrangement with static and roller
ollector. Fig. 1 shows the setup with the components marked. 
A solution of 15 wt% cellulose acetate was dissolved in acetone us-

ng hot plate and magnetic stirrer at 150 rpm and 22°C for around
0 min until a homogenous solution was achieved. Since higher con-
entration contributed to increased viscosity [26 , 27] , a 15 wt% solution
as viscous enough to form bead-free fibers. The electrospinning param-
ters included a flow rate of 0.2 mL/min, an applied voltage of 15 kV,
nd a static horizontal collector made of aluminum foil with dimension
5 cm x 15 cm at around 18 cm from the spinneret. The electrospinning
as performed for approximately 125 min at room temperature and av-
rage humidity. The volatile nature of acetone enabled easy peeling of
he fiber mat from the foil. However, the spinneret needs to be cleaned
egularly due to clogging to maintain the uniformity of fiber generation.

.3. Sample preparation 

The fiber mats formed on the collector were peeled off gently, folded
hree times, and kept under weight overnight to flatten. The total thick-
ess of the folded mat was found to be around 3 mm. The middle por-
ion with dimension 16 × 2 cm was cut out to form a testing sample,
s shown in Fig. 2 b. A set of ten samples were tested as such with no
urther post-treatment. Other samples were post-treated by dipping in
Cl-water solution of varying concentrations (2%, 4%, and 6%) and then
ir-dried overnight at room temperature (RT). Dipping in the solution
an have other side effects such as pore removal to affect mechanical
trength. Hence to study the effect of dipping, another set of three sam-
les without KCl treatment was dipped in distilled water and air-dried
t room temperature. The dipping and post drying resulted in shrinkage
f the mat to a thickness of approximately 2 mm. Treatment with KCl as
bove was repeated with two other batches to dry at different temper-
tures inside an incubator: 37°C (Panasonic CellIQ CO2 Incubator) and
5°C (Blue M 100A Dry Type Bacteriological). 
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Fig. 2. a) SEM image of pure CA fiber mat; b) 
Folding of the fiber mat to form a testing sam- 
ple of size 16 cm x 2 cm; and c) Tensile test 
setup with fabric clamp and a gauge length of 
the sample = 12 cm 
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Fig. 3. Relative weight of CA-KCl fiber mats dried at RT, 37°C and 65°C. Number 
of samples = 3 for each type of fiber mats. Increasing temperature showed a 
decreasing trend in relative weight due to higher evaporation of trapped water. 
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.4. Characterization 

The weight of the post-processed fiber mats was measured, and a rel-
tive total weight for each set of mats was reported. Several tests were
arried out for mechanical strength evaluation and fiber mat charac-
erization, as indicated in Figs. 2 a to 2 c. Scanning electron microscopy
SEM) was used for fiber morphology of electrospun mat. The tensile test
as used for mechanical property analysis. To understand the nature of
he interaction of CA-KCl, FTIR and X-ray diffraction (XRD) analysis
ere also performed. 
SEM was performed using Hitachi S-3400N. Prior to the observation,

 piece of 5mm x 5mm fiber mat was cut out with scissors and placed in
he specimen holder. They were sputter-coated using a CRC sputtering
evice with gold to minimize the electrostatic charge build-up on the
on-conductive surface. The Au layer was 10 nm thick layer suitable for
mproving the quality of the high-resolution secondary-electron signal
nd preventing thermal damage [37] . The deposition was done at the
ate of 0.2 Ås − 1 and the current setting of 35 mA on a 2 inch diame-
er, 0.125 inch thick target from Kurt J Lesker Co. The surfaces were
bserved at 10 kV. 
The uniaxial tensile test was performed using Insight 4 (MTS Elec-

romechanical Testing Systems) equipped with a 5 kN load cell. These
ests were carried at a strain rate of 2 mm/min with a data acquisi-
ion rate of 50 Hz. The load versus deformation data was obtained di-
ectly without using an external strain gauge or digital image-correlation
ethod. Mechanical properties such as elastic modulus, tensile strength,
nd percentage strain at failure were determined and reported. Further,
ean and standard deviation values were calculated, and significant
ifferences using the t-test were established wherever necessary. 
FTIR was performed using Perkin Elmer Spectrum 65 FT-IR Spec-

rometer. XRD was performed using the Rigaku MiniFlex600 diffrac-
ometer operated at 35 kV and 15 mA. For XRD, the Cu K 𝛼 radiation
l = 1.5406 Å) was used, and intensity data were collected in the angu-
ar range of 5 < 2 𝜃 < 50° at a step size of 0.02° with the scan rate of 2°
er min. 

. Results 

.1. Relative weight and Fiber morphology 

The relative weight of the CA-KCl fiber mats was measured and re-
orted in Fig. 3 . It was observed that the relative weight increased as
he concentration of KCl increased for all three drying temperatures,
ndicating a rise of salt deposition on the surfaces of fiber mats. The
lope becomes smaller with an increase in drying temperatures to 37°C
nd 65°C. The above potentially indicates higher total evaporation of
oisture trapped within the fibers at a higher temperature. 
A closer look at the morphology of CA-KCl fibers using SEM revealed
lusters of salt deposits randomly on the fiber mat, physically bridging
he intersecting fibers ( Fig. 4 ). The salt deposition increased with the
Cl concentration. Also, fewer clusters were observed at higher drying
emperatures, probably due to greater dispersion of the KCl solution.
t is to be noted that no fusion of CA due to melting can take place
ince the maximum temperatures used here of 65°C was much lower
han the glass transition temperature (T g ) of 198–205°C, and melting
emperature (T m ) of 224–230°C for CA [28] . 

.2. FTIR Spectral Study 

FTIR was conducted on pure CA and CA-KCl fiber mats to determine
he nature of the interactions between CA fibers and KCl. The absorption
ands were identified [38] and reported in Table 1 . 
Fig. 5 a shows four representative FTIR plots for each fiber mat type

ith offset %Transmittance value on the y-axis for better comparison.
ll the peaks had nearly similar corresponding wavenumber except peak
 attributed to C-O stretching of the acetyl group. Fig. 5 b shows a closer
iew of the overlap of all four types of fiber mats at peak 2. It revealed
 deviation of around 10 cm 

− 1 , which is consistent and notable enough
24] to indicate a potential chemical interaction between the C-O bond
n the acetyl group with the positively charged K + ions. 
Fig. 5 c provides additional information about this interaction for

eak 2. The lines show the average results of three samples at each
emperature. A shift in peak location was observed at all temperatures
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Fig. 4. Matrix of SEM images of CA-KCl fiber mats with the 
concentration of KCl increasing (2%, 4%, and 6%) from left to 
right, and drying temperature rising (RT, 37°C, and 65°C) from 

top to bottom. The scale length for these images is 50 𝜇m. The 
dotted yellow circles show salt deposits. The salt deposition 
was observed to increase with increasing KCl concentration. 

Fig. 5. a) The FTIR-spectra of all four types of fiber mats air-dried at room temperature; b) magnified view of the FTIR-spectra showing a 10 cm 
− 1 deviation of 

wavenumber at peak 2 attributed to C-O stretching of the acetyl group; c) a scatter plot showing shift in wavenumber at peak 2 depending on different drying 
temperatures for all types of fiber mats. 

Table 1 

Characteristic peaks of pure CA [38] . 

Peak No. Wavenumber (cm 
− 1 ) Corresponding peak 

1 1033 C-O-C of the cellulose backbone 

2 1217 C-O stretching of the acetyl group 

3 1367 C-H bending vibration of CH 3 in the 

acetyl group 

4 1646 H-O-H bending of absorbed water 

5 1738 C = O stretching of the acetyl group 
6 2900-2950 C-H stretching of CH 2 or CH 

7 3400-3500 -OH stretching of unacetylated cellulose 
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or CA-KCl fiber mats but not for pure CA. This observation further indi-
ates chemical reaction within CA-KCl fiber mat. For room temperature
nd at 35°C, the peak shift followed the trend of increasing value with
ncreasing KCl concentration, with the shift getting narrower at 37°C.
nterestingly, at 65°C, all other CA-KCl fiber mats behaved as before ex-
ept CA-4%KCl, which showed a considerable shift upward surpassing
he values for CA-6%KCl. The above indicates that 4% KCl concentration
s most sensitive to temperature fluctuations. Overall, these variations
bserved for KCl treated samples but not in pure CA is an additional
ndication of chemical interaction between C-O bond and K + ions. 

.3. XRD Study 

A wide-angle X-ray diffraction analysis was carried out to understand
he specific dispersion behavior of KCl into the CA fiber mats within its
rystalline region. The peaks of pure KCl and CA were used as the refer-
nce. Pure CA demonstrates two peaks at the diffraction angles 12.5° and
1.7° that are typical for cellulose originating from the (110) and (200)
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Fig. 6. XRD pattern of CA-KCl fiber mats. 
The patterns of KCl and CA were used as 
the reference. The pattern from 5 to 25° was 
smoothened using Savitzky-Golay filter (50- 
point first order) on Origin Plot. All the CA-KCL 
samples showed the four peaks corresponding 
to pure CA and KCl albeit with small shift, in- 
dicating presence of their native form post so- 
lution treatment. 
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lanes [24] . These two peaks have been reported to vary from 8.7° to
5.7° and 17.2° to 22°, respectively, depending on the cellulose source
24 , 30 , 31 , 39] . Pure KCl also demonstrates two sharp peaks, at 29.2°
nd 41.3° [40] . The CA-KCl fiber mats exhibited all these four peaks but
ith a subtle shift in peak angle and intensity ( Fig. 6 ), which could be
ttributed to the distribution of KCl in the CA matrix. Interestingly, no
ew diffraction peaks were noticed in the pattern suggesting the reten-
ion of CA structure within the crystalline region of CA-KCl mats along
ith the excess presence of KCl. However, the FTIR analysis indicated
he interaction of K + ions with the acetyl groups of cellulose, as dis-
ussed in Section 3.2 . Based on XRD results, such interactions could be
ostly in the amorphous region or have a smaller contribution to be able
o be picked up by XRD as a new peak. Further research is warranted to
ecipher the optimum amount of K + ions binding to the acetate groups.
verall, XRD data showed the maintenance of fiber morphology post
olution treatment in these samples. 

.4. Tensile Response of CA vs. CA-KCl fiber Mats 

Multiple tensile tests were performed for pure CA (control sample),
ure-CA post dipping, and each type of RT air-dried CA-KCl fiber mats
o understand the effect of KCl on mechanical properties. The number of
amples was 10, 3, 9, 4, and 4 for pure CA, dipped CA, CA-2%KCl, CA-
%KCl, and CA-6%KCl. Fig. 7 shows a stress-strain graph where each
lot is a representative data of each type of fiber mat having stiffness
losest to the average plot. 
For pure CA, the elastic modulus (up to 0.5 %strain) was

.41 ± 0.67 MPa and tensile strength was 0.14 ± 0.02 MPa. For
A dipped in water, the elastic modulus (up to 0.5 %strain) was
1.55 ± 4.15 MPa and tensile strength to 0.22 ± 0.05 MPa. For CA-
%KCl, the elastic modulus (up to 0.1 %strain) was 23.326 ± 8.72 MPa
nd tensile strength was 0.69 ± 0.20 MPa. For CA-4%KCl, the elas-
ic modulus (up to 0.2 %strain) was 127.92 ± 44.56 MPa, and ten-
ile strength was 1.10 ± 0.14 MPa. For CA-6%KCl, the elastic modulus
up to 0.2 %strain) was 176.14 ± 38.32 MPa, and tensile strength was
.19 ± 0.13 MPa. It is to be noted that the elastic moduli of each type
f fiber mats are calculated until the strain at which the stress-strain
ehavior is linear. Hence, strain for modulus calculation varies across
amples. 
Pure CA-dipped in water exhibited 3.39 times increase in the elas-

ic modulus and 1.62 times increase in tensile strength than pure CA.
his change is mainly attributed to pore closure post dipping. CA-2%KCl
xhibited a 6.8 times increase in the elastic modulus and a 5 times in-
rease in tensile strength. A significant difference (p-value < 0.05) in the
echanical property for pure CA was observed. These further increasing
tiffness and strength beyond CA-dipped values showed the strengthen-
ng effect of KCl on CA fiber mats beyond pore closure. Subsequently,
A-4%KCl had a drastic increase in elastic modulus by 37.5 times and
ensile strength by 8 times compared to pure CA. Lastly, CA-6%KCl fibers
how a comparatively smaller rise in mechanical properties relative to
A-4%KCl with 51.7 times rise in elastic modulus and 8.62 times rise in
ensile strength compared to pure CA. A very insignificant difference in
lastic modulus (p-value = 0.25) and tensile strength (p-value = 0.14)
ompared to CA-4%KCl was observed. 
The percentage deviation of properties relative to their respective
ean values was also calculated to understand the variation in results
etween types of samples. The mechanical strength variation was high-
st in CA-2%KCl at ± 30% from its mean. For all others, the variation
as between 10 to 17%. 

. Discussion 

The study revealed increased elastic modulus and tensile strength of
lectrospun CA fiber mat post KCl solution dipping. It is to be noted that
he increase in mechanical properties of CA-KCl fiber mat compared to
hat of pure CA fiber mat dipped in water and air-dried further indi-
ates the effect of KCl independent of pore removal due to solution dip-
ing. Moreover, we kept the total time and other manufacturing param-
ters consistent across all samples to remove manufacturing variability
n the electrospun mats. Other testing on the fibrous mat included SEM,
TIR, and XRD. SEM revealed some salt aggregation on the electrospun
at. FTIR study indicated chemical interaction between K + and acetyl
roups. XRD data revealed the maintenance of fiber morphology post
olution. Together, the study showed the potential strengthening effect
f electrospun CA fiber post KCl enrichment. 
The expected mechanism behind the increase in mechanical prop-

rties can be explained via a combination of two effects: salt deposi-
ion observed in SEM, and the chemical interaction of potassium ions
nd acetyl groups found via FTIR. For CA-2% KCl, the salt deposition
s small, reflected in a minimum change in its relative weight ( Fig. 3 )
nd SEM images ( Fig. 4 ). Moreover, the limited salt deposits were dis-
ributed randomly on the fiber mat ( Fig. 4 ), leading to a more distributed
ffect. Hence, the impact of salt deposition on mechanical properties is
xpected to be minimal compared to chemical interaction. The FTIR
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Fig. 7. Representative stress-strain plot of each type of fibers mats with its mechanical properties represented as box plots: a) Elastic modulus (in MPa) b) Tensile 
strength (in MPa) c) Percentage strain at fracture 
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Fig. 8. Magnified view of the fracture zone of a CA-KCl fiber mat. The black 
dots are due to black sprays for better visibility of outer vs. inner fold. 
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nalysis indicated the potential chemical interaction between the C-O
ond in the acetyl group and positively charged K + ions ( Fig. 5 ). The
ure CA fiber morphology did not change as a result of dipping as in-
icated by XRD ( Fig. 6 ). The drastic increase in stiffness and strength
bserved for CA-2%KCl compared to pure CA and dipped-CA ( Fig. 7 )
ould thus be attributed primarily to chemical interactions. 
For CA-4% KCl and CA-6%KCl, salt deposits were more prominent

nd uniformly distributed observed via an increase of relative weight
 Fig. 3 ) and SEM data ( Fig. 4 ). Notably, CA-4%KCl fiber mat had the
ighest increase in elastic modulus, indicating an increase in the num-
er of electrostatic interactions between CA chains and K + ions. For
A-6% KCl, there was no significant increase in the elastic modulus pre-
umably due to saturation in chemical interactions between CA chains
nd K + ions despite the rise of salt deposition. Together it indicates the
igher impact from chemical interaction compared to increasing salt de-
osits on these mechanical properties of fiber mats. Secondary failure
eaks were also observed for CA-KCl tensile response. The possibility
f slippage of grips was ruled out due to the resurgence of stress after
ailure and the consistency of the phenomenon across different samples.
 closer look at the failure locations ( Fig. 8 ) of the testing samples re-
ealed two failure locations: the first one is on the outer surface, and
he second one is on the inner surface. Thus, it is inferred that the me-
hanical behavior of the CA fibers in the inner folds is different from
he outer. The inside folds have lower salt penetration leading to lower
alt deposit and/or chemical interaction. Hence, the first failure peak is
ttributed to the failure of the stiffer outer zone, and the second failure
s attributed to the failure of inner folds. 
The mechanical property of pure CA fiber mats, especially its tensile

trength, seems to be on the lower end from values reported in other
tudies of electrospun CA fibers, as summarized in Table 2 . It should
e noted that the mechanical properties of the fiber mat are very much
ependent on the fiber diameter, the density of the network, and the de-
ree of alignment. A model predicted 3.5 and 8.5 times increase in the
odulus with the change in fiber alignment from isotropic to moder-
tely aligned and highly aligned, respectively [41] . Overall, the strength
eported will be a function of testing parameters such as strain rate and
ber mat morphology. Fiber mat morphology in turn will depend on
anufacturing parameters. 
To investigate some of these aspects and compare them with reported

alues, fiber diameter, and pore-size analysis were carried out on pure
A SEM image ( Fig. 2 a) using DiameterJ, an extension to ImageJ/FIJI
42 , 43] . The result of the analysis is shown in Fig. 9 . The average cumu-
ative diameter was found to be 0.827 ± 0.4057 𝜇m. The median value
f the pore size was found out to be 1.04 𝜇m. In comparison, the fiber
iameter reported in Table 2 varied from 200 nm to 13.3 𝜇m, with a
ower tensile strength value of 1.2 MPa reported for diameters in the
ange of 0.2 to 1 𝜇m. The fiber diameter and results reported here fall
loser to the lower values reported for larger diameter fibers. However,
 one-to-one comparison is not possible due to the variation of strain
ate of testing. 
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Table 2 

Different parameters used in electrospinning and tensile test samples of various modifications of CA fibers and the corresponding mechanical properties. 

No Electrospinning parameters Strain 
Rate 

Fiber 
Diameter 

Mechanical Property (pure CA) Ref 

M W Wt% Voltage Distance Flow Rate Solvent 𝜎T E 𝜀 f 

1000 (kV) (cm) (mL/h) (mm/min) (nm) MPa MPa (%) 

1 29 ∗∗ 25 15 4 Acetone:DMF:TFE (3:1:1) 10 200–1000 1.2 ∗ 1 ∗ 15 ∗ [28] 

2 50 ∗∗ 26–28 15 0.07–0.14 Acetone:DMF (3:2) - ∗∗ 515 ± 45 45 ∗ 100 44 ∗ [30] 

3 30 19 12 15 ∗∗ Acetone:DMF (3:2) 5 580 ± 200 ∗∗ 247 ∗∗ [24] 

4 50 15 27 15 0.13 Acetone:DMF (3:2) 2 300 ± 25 49 400 27 ∗ [31] 

5 30 ∗∗ 20 10 6–18 TFA:acetic acid (7:3) 10 331 ± 118 2.16 ∗ 9 ∗ 4.5 ∗ [29] 

6 50 ∗∗ 25 25 90 Ethyl Acetate 25 5 × 10 3 3.8 34.7 27 [32] 

7 29 15 15 15 6 Acetone 0.2 (13.3 ± 3.5) x 10 3 ∗∗ 7.3 ± 1.8 13 [41] 

8 50 12 20 20 0.2 Acetone:DMF (2:1) 5 ∗∗ 2-3 ∗∗ ∗∗ [44] 

9 30 15 15 18 12 Acetone 2 827 ± 405.7 0.14 ± 0.4 3.41 ± 0.7 18.9 ± 1.3 This work 

∗ data approximated from stress-strain plots, 
∗∗ values not reported 

Fig. 9. Calculation of morphology of pure CA ( Fig. 2 a) electrospun fiber mat using ImageJ a) Fiber radius distribution b) Pore Size distribution calculated from the 
minor pore axis length. 
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Additionally, significant variations in electrospinning parame-
ers also exist among studies. We used CA with molecular weight
0,000 g/mol, while studies reported values from 29,000 to 50,000.
he concentration and type of solution is another factor influencing
he outcome. The tensile modulus was reported to increase from 3.5
o 12.4 MPa as the CA concentration in acetone rose from 10 to 17.5
 [41] . Finally, the different or unreported strain rate of the tensile
ests also makes comparisons difficult, as stated earlier. Taken together,
hese mismatches in fiber diameter, distribution, molecular weight, and
olvent concentration are expected to be the underlying reasons for ob-
erved significant property variation among sources. Moving forward, a
ay of validation and reporting fiber mat strength could be calculating
he mechanical property of a single CA fiber, to compare against theo-
etical values. This approach will be taken in future studies such as the
onication-induced scission for fiber strength calculation [44] . 

.1. Future Work for Bone Tissue Engineering Applications 

In this work, the elastic modulus of CA-KCl fiber mats has been sig-
ificantly enhanced to 23, 128, and 176 MPa, and a modest increase
n tensile strength to 0.7, 1.1, 1.2 MPa by treating with 2, 4, and 6 %
Cl, respectively. Hence, the stiffness of the fiber mat can be tuned ac-
ording to the mechanical property of the tissue required. For compari-
on, the elastic modulus of trabecular bone has been reported within a
ange of 10 to 20,000 MPa depending on porosity and density [45–49] .
onetheless, the two-dimensional shape of electrospun fiber mat can
e a hindrance to its potential substitute for large bone defects. Studies
ave shown a significant deviation of results in cell activities from 2D
o 3D matrix in terms of cell proliferation, differentiation, and mechan-
transduction [50] . The pore size of a minimum of 100 𝜇m is another
equirement for osteogenesis, with and pores sizes larger than 350 𝜇m
or vascularization [51] . Here, a much finer pore of 1.04 𝜇m median size
as reported. Lyophilization of cellulose acetate gel has been proven to
ontrol the porous structure to obtain the desired 3D morphology with
icro and macro pores. 
The compressive properties of the scaffold generated are equally cru-

ial for efficient cell proliferation and should be able to withstand a
hysiological strain of 2500 𝜇𝜀 [52] . Hence, tuning the mechanical prop-
rties of the CA fibrous scaffold by lyophilization and K + treatment, and
 suitable choice of the matrix for compressive strength is one promis-
ng approach to achieve the desired 3D bone tissue microenvironment.
inally, cell viability studies are needed to prove the biocompatibility
nd tissue regeneration properties of the scaffold. These aspects are the
ocus of our continued work. 

. Conclusions 

Electrospun CA fibers have been used widely in tissue engineer-
ng applications due to their optimum morphology and resorbability.
owever, pure CA fibers have inadequate mechanical properties, espe-
ially for bone tissue engineering. The proposed methodology of treat-
ng potassium chloride to cellulose acetate seems to be effective in
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nhancing the tensile mechanical properties along with its added bene-
ts in bone cell proliferation, making it a promising biomaterial for bone
issue engineering. The mechanical properties such as tensile strength
nd elastic modulus can be increased 7 times from 0.2 MPa to 1.4 MPa
nd around 50 times from 4 MPa to 200 MPa respectively by increasing
he KCl concentration. The interaction between K + and acetyl group of
A fiber mat was identified to be the mechanism behind increased be-
avior in addition to the salt deposition on the fiber mat and removal
f pores while dipping in the solution. The presence of potassium ions
ields added benefits desirable for bone tissue engineering. 
The study thus shows the implications of enhanced CA fiber mat in

he presence of KCl. These results can have a profound influence on bone
issue engineering applications. Thus, the proposed research paves the
ay for future studies of enhanced CA-KCl 3D structures via lyophiliza-
ion as cell-growth and bone-tissue microenvironment. 
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