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ABSTRACT: Biodegradable starch (Str) polymer was derived from potato, a plant-based natural carbohydrate polymers source, by one-pot
synthesis. Hydroxyapatite (HA) was produced from goat bone by step sintering. The inexpensive starch/HA thin film composites were fab-
ricated by customized spin coating. This study revealed that the hydrogen bond energy and distance have significant effect on glass
transition temperature of the polymer. The 40 wt % HA contained starch (StrHA40) composite thin film showed excellent tensile
strength (3.03 + −0.03 MPa), elongation (21.5 + −5.5%) and modulus (15.5 + −0.2 MPa) closed to human skin. The in vitro swelling
and biodegradation kinetics of pristine starch and pure HA has been controlled and improved by using suitable composition. This
study postulated the probable water molecule-adsorption mechanisms of pristine starch and starch/HA composite films. The StrHA40
composite showed excellent biocompatibility to the human-blood derived lymphocyte cells. Therefore, the starch/HA thin film
composite-based biodegradable scaffolds developed in the present study can be an excellent potential candidate for soft tissue regen-
eration and/or replacement applications. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48913.
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INTRODUCTION

Biomedical applications of biodegradable and biocompatible
polymers generate an enormous research interest to the present
world.1,2 Uses of biodegradable polymers in biomedical fields
including, wound dressings, drug delivery applications, surgical
implants, and other medical devices have grown profoundly due
to their good biocompatibility, biodegradability and their degra-
dation products, which are nontoxic and have proper mechanical
as well as degradation kinetic properties.3 Several synthetic ther-
moplastic polymers, such as poly(lactic acid) (PLA), poly
(α-hydroxyl acids) (PHA), poly(glycolic acid), poly(L-lactic acid),
poly(lactic-co-glycolic acid), and so on have been developed as
biopolymers for biomedical uses.4 However, cost of these syn-
thetic biopolymers is very high and they are not abundant. One
of the major disadvantages of these conventional biopolymers is
that the local pH value decreases after their degradation. As a
result, these polyesters-like conventional biopolymers accelerate
degradation rate and help to induce an inflammatory reaction.

Further demerit of those highly porous scaffolds biopolymers, for
example, PHA, is weak in mechanical properties. In contrast, bio-
polymers of starch-based carbohydrate polymers showed some
fascinating properties. Starch can be hydrolyzed into glucose by
microorganism or enzymes, and then metabolized into carbon
dioxide and water. It has a greatest potentiality among polysac-
charides owing to its excellent ability to form a continuous
matrix in addition to its abundant, renewable, and low cost.5 It
exists in many forms depending on the origin of raw materials.6

Starch-based biodegradable polymers have several advantages in
biomedical applications due to their good biocompatibility, bio-
degradability, and nontoxic degradation products, and so on.3

However, the starch-based polymers have still unsatisfactory
mechanical properties and uncontrollable degradation. Interest-
ingly, the microsphere or hydrogel form of the starch-based poly-
mers is ideal for drug delivery.7 It can avoid the risk of surgical
removal of the device after drug depletion.8 Therefore, starch
would be used as promising biopolymer in coming days. The
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main reasons for the selection of starch-based material in the pre-
sent investigation are that: (1) it is inexpensive due to its abun-
dant sources and (2) the extremely low manufacturing cost since
it is extracted from various foods such as rice, wheat, maize,
potato, corn, and so on.9 Broadly, the starch is used as a biode-
gradable material in three methods: (1) high-amylose starch can
directly be converted into strong biodegradable plastic film;
(2) small-granule starch can be used as filler in other polymers,
for example, polyethylene (PE) film (6–15%) which is degraded via
cleaving of polymer chains by peroxides produced in presence of anti-
oxidants; and (3) high-starch-containing mixtures (40–60%) can be
used as a destructurized form of the polymer film. Synthesis of starch
processing also involves different procedures such as, heating,
pregelatinizing (develops cold-water-soluble starches without heating),
and chemical modification (develops crosslink formations between
starch and components via functional groups owing to the produced
hydrophobic starch derivatives or dialdehyde starch). However, starch
has not been used successfully because of its poor mechanical proper-
ties, uncontrollable biodegradation, low dimensional stability, and less
processability. In this context, ceramic materials might be useful for
tuning the mechanical properties of these polymers.1 Among the bio-
ceramics, hydroxyapatite [HA, Ca5(PO4)3(OH)], a form of calcium
phosphate, shows best biocompatibility in physiological conditions.
HA is a naturally occurring mineral similar to the morphology and
composition of human hard tissues.4 HA can be synthesized by vari-
ous techniques, such as hydrothermal,10 wet chemical,11 sol–gel,12 and
solid-state reaction13 from several sources such as, different synthetic
compounds, including calcium oxide,11 calcium nitrate,12 natural coral
rock,14 cockle shell,15 egg shell,16 as well as bones.17,18

Composite materials show an excellent desired strength and
toughness. The natural bone is organic collagen polymer/inor-
ganic calcium phosphate-based composite. It is well established
that HA mimics the natural bone mineral19 and has been found
to possess good mechanical, biocompatible, and osteoconductive
properties in bone.20 In another study, it was found that PE gly-
col impregnated HA-based composite had shown excellent bio-
compatibility to the human skin derived fibroblast cells.17 The
skin cells also composed of collagen-based composites with dif-
ferent proteins and lipids. From this point of view, composite
materials are better choices as tissue engineering scaffolds. In this
context, long-term intake of raw potato starch may induce a
change in the colonic environment by reducing damage to colo-
nocytes, diminishing colonic and systemic immune reactivity,
and improving mucosal integrity.21 It turns benefit to health
where inflammatory conditions are associated. However, no lym-
phocyte cell proliferation test on potato starch-based biodegrad-
able materials has been investigated properly till date.

To evaluate the in vitro biocompatibility of the materials several
in vitro culture assays are available. Most of these systems are based
on the assessment of the cell death, adhesion, proliferation, mor-
phology, and biosynthetic activity.22–24 The biodegradable composite
scaffolds might be used for different biological applications, includ-
ing, repair or regeneration of bone, skin, and membranes.

Therefore, this present work first aimed to use the simple extrac-
tion methods of the starch from potato and the HA bioceramic
from goat bones. Since no thin film scaffold of biodegradable

starch-/HA-based composites has been reported so far, this pre-
sent study for the first time, aimed to fabricate the starch/HA
thin film composites-based biodegradable scaffolds derived from
natural sources in order to make them cheap compared to the
other synthetic biopolymer-based materials. This work mainly
focused to predict an optimal amount of starch–HA composites
that would be used as a potential candidate for biodegradable
scaffold in tissue engineering applications. The chemical structure
and bonding of starch polymer and its composites have been
analyzed precisely by X-ray diffraction (XRD), calorimetric, and
spectroscopic analyses. This study also exclusively determined the
water adsorption mechanisms of the composite in order to
explore the role of the hydrogen bonds in carbohydrate polymers
and the ceramics particles on mechanical properties, biodegrad-
ability, and hydrophilicity. Since the present material has several
biomedical engineering applications, the cell proliferation and
viability of the synthetic starch-based composites had, for the first
time, been evaluated on the human blood derived lymphocyte
cells.

EXPERIMENTAL

Materials and Methods
Extraction of Potato Starch. The main ingredients used for the
extraction of starch are potatoes (Solanum tuberosum) and dis-
tilled water. The starch content in the vegetables varies depending
upon the plant source. Since potato contents huge amount of
starch compared to the other plants or vegetables, it was selected
as best source of starch production. A measured amount of raw
potatoes were taken and cleaned several times under running
water.25 The outer skin of the potatoes was peeled out. The
peeled potatoes were ground in a blender and then, distilled
water was added at a ratio of 1.5:1 (w/v) to the slurry and stirred
vigorously. The slurry was then filtered followed by kept for 3 h
to obtain starch. The wet starch was dried at normal atmospheric
conditions to obtain a white in color starch powder.

Preparation of HA Bioceramic Powder. The HA used as a bio-
ceramic filler powder was produced from goat bone
(i.e., vertebrate animal as natural sources) by step sintering tech-
nique reported by other study.26 Here, raw ingredient used for
the synthesis of HA is goat bones. Goat bones of age around
2 years were purchased from local store. The muscles and liga-
ments were thoroughly cleaned out being boiled in distilled water
for 30–45 min. After boiling, the bones were dried for few days
at normal atmospheric conditions. The dried bones were then
sintered at 500 �C for 2 h followed by 900 �C for 4 h. The fur-
nace cooled sintered bones were then ground into white in color
fine ceramic powder, which would be used to prepare the com-
posite biomaterials.

Preparation of Thin Film Using Potato Starch and its Compos-
ite. Biodegradable starch (Str) polymer was synthesized by one-
pot synthesis technique. The starch extracted from potato, which
is a cheapest plant-based natural source. The synthesized potato
starch powder was first dissolved in distilled water at around 0.28
(w/v) ratio.27 The glycerol (Technical grade, M/s Srihari Scien-
tific) was then added to the starch solution at a ratio of 1.4 (w/v)
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glycerol:starch while acetic acid (Commercial grade, M/s Srihari
Scientific) was used at a ratio of 0.7 (w/v) acetic acid:starch. The
mixture was then stirred vigorously at 120 �C for 15–20 min
using a magnetic hot plate to get a thick paste. The produced
dense gum-like paste was then transferred onto a moving glass
Petri dish and held for spinning at around 1300 rpm to get a
thin film using customized spin-coating technique. The entire
synthesis reaction of starch polymer from potato starch powder
(polysaccharide) is depicted in Scheme 1. Here, glycerol was
used as a plasticizer and also it would make the bioplastic more
flexible while acetic acid would enhance the ionization of the
polymerization reaction resulting to get more homogenous
biopolymer film.

In case of composite, the synthesized HA powder was mixed with
the starch polymer being heated with various compositions of
apatite, such as 10, 40, 60, and 90 wt %. Then, the composite thin
film of thickness 200–300 μm scaffolds were produced similar to
the process of pristine starch film formation. The freshly pro-
duced composite films were analyzed by different suitable charac-
terization techniques. The whole synthesis method is depicted
schematically in Scheme 1. The sample codes and their descrip-
tion used for this study are illustrated in Table I.

Characterizations
Microstructure. Microstructure of the composite specimens was
viewed by light optical metallurgical microscope (BX-KMA-LED,

Olympus, Japan). Field emission scanning electron microscope
(QUANTA 200; FEI) was also used to explore additional sup-
portive information on the microstructure of all the specimens.

Density. Bulk density (ρ in g cc−1) of the composites samples
was conducted by modified Archimedes’ principle using eq. (1)
employing a weighing balance of resolution �0.0005 g as
reported elsewhere.18,28 The measurement was conducted using
in-house weighing method to take the weight of the immerged
samples at suspended condition using the simple weighing bal-
ance only. At least three identical specimens were used to calcu-
late the mean density of both the samples.

Scheme 1. Schematic representation of synthesis and fabrication of starch, HA, and their composite films. [Color figure can be viewed at
wileyonlinelibrary.com]

Table I. Sample Code and Description Used in this Study

Sample code Description

HA Bone was sintered at first 500 �C for 2 h and
then 900 �C for 4 h and then was ground
into powder as pure HA

Str Pristine starch

StrHA10 Composite of Starch and 10 wt % HA

StrHA40 Composite of Starch and 40 wt % HA

StrHA60 Composite of Starch and 60 wt % HA

StrHA90 Composite of Starch and 90 wt % HA
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ρ=
Mair

Mimmeresed
× ρwater ð1Þ

where Mair is the mass (g) in air, Mimmersed is the mass (g) in
water during fully immersed specially suspended condition which
is equivalent to the bulk volume of sample, and ρwater is the spe-
cific gravity of water at room temperature (25 �C).

Tensile. Mechanical properties of the composite specimens were
determined by tensile strength and elongation using universal
tensile machine [TUE-CN-400, FSA (P) Ltd., India] at a cross-
head speed of 1 mm min−1. The rectangular triplicate specimens
of cross section of 3–6 mm2 and length of 12–18 mm were used
for the tensile test.

X-ray Diffraction. XRD study of the composite films as well as
pristine starch film and pure HA powder was conducted in the range
of diffraction angle, 2θ = 10–50� of Cu Kα radiation using X-ray dif-
fractometer (X’Pert Pro; PANalytical, UK) at normal scanning.

Fourier Transform Infrared Spectroscopy. Fourier transform
infrared (FTIR) spectroscopy of the selected composite film as
well as pristine starch film and pure HA powder was conducted
in the range of wavenumber 4000–500 cm−1 using infrared spec-
trometer [IRTracer-100AH(EN230V), Shimadzu Corporation,
Japan] at a resolution of 4 cm−1 of quad scan.

Differential Scanning Calorimetry. Differential scanning calo-
rimetry (DSC) of pristine starch and StrHA40 composite of nearly
10 mg each sample sealed in an aluminum pan was performed
using a DSC (214 Polyma; NETZSCH DSC, Germany) with an
internal coolant, nitrogen purge gas of flow rate 10 mL min−1, and
scanned from −15 to 150 �C at a rate of 10 �C min−1. It was done
to analyze the endothermic melting (Tm) as well as glass transition
(Tg) behaviors of the pristine starch and StrHA40 composite films.
Since the main focus of this study was to determine the starch prop-
erties and the most important composite, the technique DSC was
eliminated for other composite materials. At low temperature range,
HA ceramic also does not show any significant change in DSC.

In Vitro Biodegradation Kinetics. In vitro biodegradation study
on the composite thin film scaffolds was conducted at 25 �C in
saline water up to 17 days by continuing checking of their change in
weight at different intervals. Each result of the materials Str, StrHA40
and HA showed first swelling or increase in weight then a degrada-
tion or decrease in weight. The normalized weight percentage (W)
was calculated using eq. (2). Using the degree of swelling,29 the first-
order swelling (KSwell) and degradation (KDegrade) rate constants
(min−1) were calculated separately by eqs. (3) and (4), respectively.30

W =
Mt

Mi
× 100% ð2Þ

KSwell =
1
t

Wf −Wi

Wf −Wt

� �
ð3Þ

KDegrade =
1
t

Wi−Wf

Wi−Wt

� �
ð4Þ

where Mi is the initial weight (g) of each scaffold, Mt is the
weight (g) of the scaffold at time t (min), Wi is the initial normal-
ized weight fraction of each scaffold, and Wt is the normalized
weight fraction of the scaffold at time t; and Wf is the normalized
weight fraction of the scaffold at the end of swelling or degrada-
tion reaction after complete the swelling or degradation study,
respectively.

In Vitro Cell Culture Assay. For the first time, in vitro biocom-
patibility study of the starch–HA composites was carried out on
human blood cell derived lymphocytes. To achieve the aim of this
study, the blood cell derived lymphocytes response of the most
important and optimized composite, that is, StrHA40 was only
selected to compare with pristine starch and pure HA. The other
composites were eliminated due to the lack of particular applica-
tions in biomedical engineering applications. In this in vitro assay
first, the lymphocytes were isolated from peripheral blood mono-
nuclear cells of human blood.31 Lymphocytes were grown as
monolayer cultures in HyClone RPMI 1640 media (GE Healthcare
Life Sciences) supplemented with 10 vol % fetal bovine serum,
2 vol % penicillin streptomycin. Lymphocytes were seeded at a
density of 106 cells/well in 24-well plates (n = 5) on the three dif-
ferent type samples such as fully transparent pristine starch film,
partially transparent StrHA40 composite film, and opaque HA
scaffolds of 6 mm diameter × 1 mm thick. The negative control
was prepared with supplemented media solution containing cells
but without addition of any scaffold in the 24-well plate of stan-
dard poly(methyl methacrylate)-based plastic. The whole cell cul-
ture study was carried out up to 3 days.

In parallel, lymphocytic proliferation was checked by tetrazolium
salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described earlier.32 Lymphocytes were seeded in
96-well plates (n = 5), at a density of 2 × 105 cells/well. The cell cul-
ture was done as mentioned above for 3 days on the three different
type samples such as fully transparent pure starch film, partially
transparent StrHA40 composite film, and opaque HA scaffolds. In
brief, 20 μL of MTT solution (5 mg m−1) was added in above men-
tioned each of cell culture well and incubated for 4 h at 37 �C. The
medium was removed by aspiration and the purple colored
formazan precipitate was dissolved in 100 μL dimethyl sulfoxide
and optical density (OD) or absorbance was measured at 565 nm
using a microplate reader (Tecan Spectra, Grodig, Austria).33

RESULTS AND DISCUSSION

Microstructure
Figure 1(a–e) depicts the micrographs of the starch/HA-based
composites, including pristine starch, StrHA10, StrHA40,
StrHA60, and StrHA90. The intact structure of pristine starch
closely resembled with other studies.34 It also reveals that the
homogeneous distribution of HA particles in the starch matrix
can be done up to 40 wt % of HA particles. In addition, some
interconnecting pores also appeared in the microstructure of
StrHA40 composite scaffold. The presence of less than 90 μm size
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particles was confirmed in the high-resolution optical micro-
graphic images in Figure 1(b,c). Above 40 wt % HA, the HA par-
ticles was found to form agglomerates. It was observed in the
StrHA60 and StrHA90 composites [see Figure 1(d,e)]. Agglomer-
ation might be occurred due to particle size of HA in nanoscale
as predicted by other report.33,35 Also at higher HA content com-
posites (StrHA60 and StrHA90), the interconnected type pores
disappeared and even many large agglomerated particles
appeared. Similar particles and pore behaviors were observed in
the FESEM images from Figure 1(f–j). In FESEM study, the
nanosized HA particles (up to 400 nm) were also found in the
composites, particularly up to 40 wt % HA contents in Figure 1
(g,h) but after that the HA particle had agglomerated and in
some cases, they came out of the starch matrix as revealed in
Figure 1(i,j). Therefore, in this starch and HA system, maximum
40 wt % of HA particles in the starch matrix would be the best
optimized composition compared to the other compositions.

Density
Density of the starch, HA, and their composites measured by
modified Archimedes’ principle is illustrated in Table II. The
result indicates that their density increases with increasing of HA
content linearly. The density of starch film is slightly higher than

the potato starch powder (i.e., 0.763 g cc−1)36 because of the
polymerization.

Tensile
The tensile stress–strain behavior of all the starch/HA-based
composites is depicted in Figure 2. The tensile mechanical prop-
erties of the starch/HA-based composite films are illustrated in
Table II. This result reveals that tensile properties increased with
HA content do not increase linearly. Initially, the ultimate tensile
strength (UTS) increased up to 40 wt % of HA in starch content
(i.e., StrHA40 composites) but above that strength decreased
while tensile elastic modulus increased up to 10 wt % HA in
starch (i.e., StrHA10 composite). The thin film scaffolds up to
40 wt % HA in StrHA40 composite film showed best tensile
mechanical properties in terms of high UTS (>3 MPa), low mod-
ulus and optimum elongation (E > 21%) or toughness in our pre-
sent investigation. The highest elongation was observed for
pristine starch (Str) film might be due to its high cohesive energy.
However, the elongation of pure apatite bioceramic was reported
as less than 15%.13 Therefore, present result might be attributed
to the agglomeration formation during processing of composite
above 40 wt % HA in starch which could be confirmed by micro-
scopic analysis in Figure 1. The uniform distribution of second

Figure 1. Optical micrographs of (a) pristine starch (Str), (b) StrHA10, (c) StrHA40, (d) StrHA60, and (e) StrHA90 films; and SEMs of (f) pristine starch
(Str), (g) StrHA10, (h) StrHA40, (i) StrHA60, and (j) StrHA90 films. [Color figure can be viewed at wileyonlinelibrary.com]

Table II. Density and Tensile Properties of the Composite Films

Sample code
Density � standard
deviation (SD) (g cc−1) UTS � SD (MPa) Young’s modulus � SD (MPa)

Elongation � SD
at UTS (%)

Str 0.82 � 0.02 0.28 � 0.06 5.024 � 0.024 76.18 � 5.5

StrHA10 1.26 � 0.06 0.3 � 0.035 15.078 � 0.375 19.03 � 8.0

StrHA40 1.31 � 0.03 3.03 � 0.030 15.692 � 0.174 21.5 � 5.5

StrHA60 1.46 � 0.06 1.74 � 0.055 5.977 � 0.573 38.09 � 9.0

StrHA90 1.71 � 0.03 1.06 � 0.085 5.306 � 0.774 42.31 � 9.5

HA 2.89 � 0.23 — — —
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phase HA particles was found up to 40 wt % in the starch matrix.
Since the StrHA40 composite thin film had shown best tensile
strength, elongation as well as modulus, this composite was selected
for further structural and biological studies. It is to be informed that
all the mechanical properties of all the measured samples are signifi-
cantly higher compared to starch polymer reported by other stud-
ies.37 Furthermore, the UTS (0.28 � 0.06–3.03 � 0.03 MPa) and
moduli (5.024 � 0.024–15.69 � 0.17 MPa) of the present composite
films were very close to the human skin (UTS ≈ 1.2–1.9 MPa in
transverse direction and E ≈ 14.96 MPa).38

X-ray Diffraction
XRD patterns of pure HA sintered at 900 �C/4 h, Starch-HA10
(StrHA10), and StrHA40 composites are depicted in Figure 3.
The main identification XRD crystalline peaks of the sintered
bone powder resembled with the XRD file of JCPDS
No. 00-009-0432 of standard HA as found at 2θ of between
31 and 35�. The broad amorphous peak appeared in the range of
2θ = 12–26� attributed to starch polymer. Both amorphous as
well as crystalline peaks were found in the StrHA40 composite
film. It indicates that the homogeneity of the HA particles in the
starch matrix is good.

Fourier Transform Infrared
The functional bonds present in the pristine starch, StrHA40
composites and pure HA have been confirmed by the FTIR spec-
troscopy depicted in Figure 4. The broad band represented by
1 at 3278 cm−1 in starch attributed to the stretching mode of
O─H groups. The absorption band marked by 3 at 1647 cm−1

attributed to an intermolecular H-bond involving the carboxyl
group.39 The peak at 2929 cm−1 marked as 2 attributed to C─H
stretching, the bands at 1159 cm−1 marked as 5 assigned to
C─O, 1002 cm−1 marked as 6 assigned to primary O─H as well
as ─O─ group and the 855 cm−1 marked as 7 is indication of for
β-configuration.40–42 The presence of a band marked as 4 at
1416 cm−1, attributed to the C═H stretching vibration of CH2.

40

The three identification peaks at 3307, 1044, and 621 cm−1,

marked as 8, 9, and 10, respectively, were found for pure HA.17

The broad band at 3307 cm−1 is due to the OH stretch vibration
of HA. The peaks at 1034 and 621 cm−1 assigned to phosphate
group of HA. In the StrHA40 composite, both the peaks of pris-
tine starch as well as pure HA were observed. It clearly indicates
that there was no formation of extra chemical bonding between
the starch polymer chains and HA ceramic particles. However,
since the O─H (see Peak 1) and C─H (see Peak 2) stretching
peaks of starch part reduced significantly in the composite
(StrHA40), there might be a chance of steric hindrance between
the molecular ─OH of HA and ─CH2─OH of starch. It would
have further profound effect on swelling as well as biodegradation
rate. Thus, HA molecules change the intramolecular hydrogen
bond vibration in the starch which is made of similar monomer
group of cellulose.

Figure 2. Tensile stress–strain relation of (a) Str, (b) StrHA10, (c) StrHA40,
(d) StrHA60, and (e) StrHA90 film samples. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 3. XRD patterns of (a) Pure HA, (b) StrHA10, and (c) StrHA40
composites. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. FTIR spectra of (a) pristine Str, (b) pure HA, and (c) StrHA40.
[Color figure can be viewed at wileyonlinelibrary.com]
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The intramolecular hydrogen bond of pristine starch
(3307 cm−1) has shifted to 3278 cm−1 in the StrHA40 composite
and it indicates that the formation of monoclinic Iβ allomorphs
of starch-repeating unit. The hydrogen bond energy (EH) and
hydrogen bond distance (RH) of the OH stretching vibration
mode of the materials were computed as 26.684 kJ and
0.2756 nm for pristine starch film and 24.629 kJ and 0.2763 nm
for StrHA40 composite film, using eqs. (5) and (6).43,44

EH =
1
k

Δν
νstd

� �
ð5Þ

RH = c−
Δν
b

ð6Þ

where Δν = νstd–ν, νstd is the standard frequency corresponding
to free OH groups (3650 cm−1), ν is the frequency of the bonded
OH groups of the specimens, and the constants k−1 = 2.625 × 102 kJ,
b = 4430, and c = 2.84. The lesser EH and longer RH of StrHA com-
posite might be one of the reasons for slipping down its glass transi-
tion temperature (Tg) value.

Differential Scanning Calorimetry
The DSC thermograms of pristine starch and StrHA40 are shown
in Figure 5. The Tg is an important parameter in evaluating the
performance of a polymer material. Although it is hard to detect
for starch-based materials using DSC,34,45 the Tg of starch-based
materials has been determined precisely by DSC in this study
and the results are depicted in Figure 5. It has been found that a
small amount of change in EH and RH values has greater effect
on Tg value, beside the effect of inherent properties of HA bio-
ceramic. Here, the Tg of the pristine starch polymer film samples
obtained at nearly 27.1 �C from DSC during heating, allows the
amorphous chains to acquire less mobility.5 Whereas the Tg of
StrHA40 composite film sample was found at −1.9 �C, which is
significantly lower than that of pristine starch.46 It indicates that
the amorphous chains might be free to acquire mobility due to
the presence of moisture or adsorbed water molecules as shown

Figure 5. DSC thermograms of (a) Str (firm line) and (b) StrHA40 (dash
line) composite, and Inset image represents the glass transition temperature
(Tg). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. Schematic illustration of the hydrophilic mechanisms or water adsorption mechanisms of the pristine starch (Str) and Str–HA composite (right
image); here, “…” is hydrogen bond and “—“ is covalent bond. [Color figure can be viewed at wileyonlinelibrary.com]
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by endothermic peak at 99.99 �C. This could be because of addi-
tion of porous HA microparticle and/or nanoparticle in the com-
posite. The less moisture content in pristine starch was obvious
by showing of a small endothermic melting peak of starch at
around 61.23 �C, which is very close to the result of pristine
starch reported elsewhere.47 It clearly indicates that the moisture
content (i.e., used during synthesis) in the starch-based material
also played a vital role in the structural, chemical as well as
mechanical properties.

Mechanisms of Water Molecules Adsorption in Pristine Starch
and StrHA Composite
From the FTIR as well as DSC studies, a schematic illustration of
the hydrophilic mechanisms or water adsorption mechanisms of
the pristine starch (Str) and Str–HA composite is depicted in
Figure 6. Here, both the samples might have chemisorption but
StrHA composite would have an additional layer of physisorption

due to the porous HA nanoparticles.48 The additional ability of
hydrophilic adsorption through physisorption of the StrHA com-
posite would significantly help to store more water molecules in
order to further transfer it to the cells for some more time. Here,
O─H particles of porous HA microparticle and/or nanoparticle
played a significant role in the physisorption of water molecules
by forming hydrogen bonds. Therefore, biodegradability of the
starch-based plastics can also be tuned by using porous HA
microparticle and/or nanoparticle.

In Vitro Swelling and Biodegradability
A comparison in in vitro swelling and biodegradability behaviors
of the pristine starch (Str) film, composite (StrHA40) film, and
pure HA thin film scaffolds is depicted in Figure 7. All the mate-
rials had shown first swelling in saline water while weight
increased gradually, that is, hydrophilic in nature, and then deg-
radation while weight decreased. Similar observation had also
been noticed in other biopolymeric composites by other study.33

It has been noticed that the saline water absorption saturated at
different times for different materials, for example, 120 min for
starch film, 75 min for StrHA40, and 300 min for HA; however,
all the materials started to degrade after 3 days (4320 min). Fur-
ther, more than 75 wt % of the StrHA40 composite still remained
up to 3 days. Maximum degradation was found in the composite
(StrHA40) compared to the pure HA and pristine starch. It
occurred through two steps, first debonding of second phase HA
particles from the starch matrix via physisorbed water molecules
and then degradation of starch matrix, which acted as binder in
the composites, via chemisorbed water molecules as illustrated in
Figure 6. This result indicates that starch/HA-based composites
can be used as a biodegradable scaffold which would need to
degrade at least 3 days and maximum 15 days (where 15 wt %
was remained) in tissue engineering applications, including skin
implants.17,49 This could be due to the result of steric hindrance
effect of molecular ─OH of HA on ─CH2─OH of starch. This
steric hindrance helped to decelerate the unwanted side reactions.
It could be more beneficial for external implants because after
degradation, the HA particles would be rejected by scaffold grad-
ually and thus, easy to remove from the skins.

Figure 8 represents the swelling and degradation kinetics in term
of first-order rate constant values of the samples. In Figure 7, the
green color arrows indicate the maximum swelling point of con-
sideration. As per Figure 7 up to the maximum swelling point,
the swelling rate constant (KSwell) and after the maximum point
up to the end of the test degradation rate constant (KDegrade) were
considered and also mentioned in Figure 8. This result revealed
that both swelling (KSwell) and degradation (KDegrade) rate con-
stants were highest for StrHA40 composite compared to pristine
starch as well as pure HA. It happened for two main reasons.
First, it is due to the more interconnecting pores formation at the
polymer/ceramic (Str/HA) boundaries in the composites. Those
interconnected pores played a crucial role in absorption (during
swelling) and desorption (during degradation) of water.33 Second,
it could be owing to the steric hindrance of molecular ─OH of
HA on ─CH2─OH of starch to reduce the unwanted side reac-
tions. Therefore, it evidently implies that the swelling and degra-
dation rates of the starch or HA can be controlled by the making
them into composites.

Figure 7. Swelling and degradation nature of pristine Str film, StrHA40
composite film, and pure HA scaffolds. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 8. First-order swelling (KSwell) and degradation (KDegrade) rate con-
stants of pristine Str film, StrHA40 composite film, and pure HA scaffolds.
[Color figure can be viewed at wileyonlinelibrary.com]
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In Vitro Cell Culture Result
The optical micrographs were taken after Days 1, 2, and 3 to
investigate the cell proliferation on to the surfaces of all the cul-
tured samples. Figure 9 represents the optical micrographs of
lymphocyte blood cell proliferation of starch film, composite
(StrHA40) film, pure HA scaffolds and a control (without any
scaffold, only cells) after 1, 2, and 3 days on lymphocyte cells.
This result shows that the cell proliferation has increased with
the cell culture time from Day 1 to Day 3. It can be noticed that
the cells on pristine starch film were more visible compared to
the other samples (StrHA40 composite film and pure HA). It is
because of the fully transparent nature of pristine starch film

compared to the other samples. The opacity was highest for pure
HA. Interestingly, it was observed that the many cells grown
homogeneously and distributed on the pristine starch surface
whereas the cells were found to form flower-like colony on the
surface of composite materials particularly at the HA particle-
starch interfacial areas. This result evidently indicates that the
HA particles enhanced the cell adherence properties of the starch.
It was further confirmed by the MTT assay.

In the MTT assay (see Figure 10), the cell viability of pristine
starch (Str) film, composite (StrHA40) film, pure HA scaffolds and
a control (without any scaffold, only cells) after 1, 2, and 3 days on
lymphocyte cells is depicted. The OD obtained was directly pro-
portional to the number of viable cells.33 This result depicts that
the live cell viability has increased with the cell culture time from
Day 1 to Day 3. However, the OD obtained in MTT assay on Day
3 was lesser than Day 1 due to a common phenomenon of over-
whelming cell population, and also it was confirmed by the micro-
scopic study in Figure 9 as similar as to the reported studies on
other cells.7,17,50 For the lymphocytes, it was found that after Day
1, the cells had grown very quickly and assembled a layer-like
structure on top of the other cell layers on the scaffolds. This may
cause cell death due to the overwhelming cell population and
finally, reduce the OD of live cells on Day 3. It was also noticed
that the OD of StrHA40 composite film was higher than that of
pristine starch as well as pure HA. The additional ability of hydro-
philic adsorption through porous micro- and/or nano-HA particles
could be the main reason for improving cell quantity for long
periods in MTT study. Therefore, our lymphocyte cells culture
assay proved that the hematocytotoxicity of the starch/HA-based
composite is very poor and thus, bioactivity of starch/HA compos-
ite to the blood cell would be excellent. Hence, this StrHA40 com-
posite scaffold can be an excellent potential candidate for soft
tissue or wound healing tissue engineering applications.

Figure 9. Optical micrographs of lymphocyte blood cell proliferation of pristine Str film, StrHA40 composite film, pure HA scaffolds, and a control (without
any scaffold, only cells) after 1, 2, and 3 days on lymphocyte cells. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 10. MTT absorption of pristine Str film, StrHA40 composite film,
pure HA scaffolds, and a control (without any scaffold, only cells) after 1, 2,
and 3 days on lymphocyte cells.
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CONCLUSIONS

Starch polymer film has successfully been synthesized and fabricated
from potato, which is a source of natural carbohydrate polymers, by a
simple inexpensive one-pot synthesis technique. HA also has been
produced from another natural source such as, goat bone. Therefore,
starch/HA thin film composites-based biodegradable scaffolds synthe-
sized by green technology would be cost-effective compared to the
other synthetic biopolymer-based materials. The StrHA40 composite
thin film had shown the best tensile strength (3.03 � 0.03 MPa), elon-
gation (21.5 � 5.5%) as well as modulus (15.69 � 0.17 MPa) which
are very close to the human skin. In in vitro degradation study, it has
been found thatmore than 76 wt % of the StrHA40 composite was still
present up to 3 days. Controlled degradation found in the StrHA40
composite scaffolds was with two steps: first, debonding of second
phase HA particles from the starch matrix and then, degradation of
starch matrix. This result showed that the starch/HA composite-based
biodegradable scaffolds can be used in those biomedical applications
wherein the implants need to degrade between 3 and 15 days. The
chemical structural characterizations had precisely been carried by
FTIR and DSC study and it inferred a crucial information that the EH
and RH values have a significant effect on Tg value. This study also pos-
tulated the probable adsorption mechanisms of water molecules by
pristine starch as well as starch/HA composite films. The swelling as
well as biodegradability of the StrHA40 composite film was very good
compared to the pristine starch and pure HA. This study concluded
that the biodegradability of the starch-based plastics can also be tuned
by using porous HAmicroparticle and/or nanoparticle. Therefore, the
variation in different biocompatibilities, degradation rates, and physi-
cal and chemical properties would be considered as effective strategies
to develop starch-based completely biodegradable polymers for ideal
biodegradable scaffolds in various applications. In StrHA composite
film scaffold, physisorption of water molecules in addition to chemi-
sorption played a crucial role to store extra water molecules in order to
further transfer it to the cells for a longer period. For the first time, the
lymphocytes compatibility of starch–HA composites study had been
carried out in the present study. The StrHA40 scaffold had also shown
excellent biocompatibility to the human blood cell derived lympho-
cytes. Therefore, the starch/HA composites thin film-based biodegrad-
able scaffolds developed in the present study would be an excellent
promising candidate for soft tissue regeneration and/or replacement
applications.
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