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Agarose bioplastic-based drug delivery system
for surgical and wound dressings

We have developed an agarose-based biocompatible drug delivery vehicle. The vehicle
is in the form of thin, transparent, strong and flexible films. The biocompatibility
and haemocompatibility of the films is confirmed using direct and indirect contact
biological assay. Contact angle measurement exhibits hydrophilic nature of the films,
and protein adsorption test shows low protein adsorption on the film surface. Drugs,
antibiotics and antiseptics, retain their potency after their incorporation into the
films. Our bioplastic films can be a versatile medium for drug delivery applications,
especially as wound and surgical dressings where a fast drug release rate is desired.
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1 Introduction

A wound is an injury to a living tissue, and it is usually classi-
fied into acute and chronic wounds [1, 2]. Acute wounds are
caused by cuts, burns or impacts, whereas possible reasons
for chronic wounds are pressure ulcers, vascular ulcers or dis-
eases such as diabetes and cancer. Obesity and aging demog-
raphy are exacerbating the risk factors for chronic wounds [3].
At present, an estimated 2–3% of the total healthcare budget
of developed countries like Denmark is being used for treat-
ment of wounds [4]. Less developed nations lacking facili-
ties and resources, on the other hand, show higher mortality
figures [5].

Infection of wounds by microorganisms is one major reason
for delayed or even no healing [6]. A number of aerobic and
anaerobic microorganisms (viz. peptococci, enterococci, Staphy-
lococcus aureus, clostridia, Escherichia coli, etc.) have been iso-
lated from various non-healing wounds [7–14]. To counter the
situation, the standard modus operandi for wounds has been
to clean them of any debris and sanitise them with antisep-
tics. In addition, antibiotics and growth factors are prescribed
for serious wounds [15]. To facilitate drug administration lo-
cally, drug delivery patches and medicated dressings have been
developed recently [16–24]. Essentially, the drug delivery vehi-
cles should be cheap and easy to synthesise, have good biocom-
patibility in the absence of sensitisation, haemocompatibility
and no toxicity, and have compatible release characteristics and
encapsulation stability for the drug concerned. Agar/agarose-
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based biomaterial has shown potential in packaging material as
well in wound dressing application. However, agar/agarose has
never been used as a lone matrix in the previously reported
studies [25–27].

In this paper, we studied agarose bioplastic as a novel drug
delivery vehicle for wound dressings. Agarose is a polysaccharide
polymer of d-galactose and 3,6-anhydro-l-galactopyranose. It is
extracted from seaweed and is cheaply and abundantly available.
Apart from its use in electrophoresis and chromatography, it is
also used in mammalian cell cultures and highly biocompatible
[28–31]. It has been used for experimental drug release in the
form of coated beads [32, 33]. However, these applications have
involved low concentrations of drugs. Since agarose is derived
from agar, and agar plates for bacterial culture can have high
concentrations of drugs incorporated throughout the matrix
without loss of potency, we expected that bioplastics made from
agarose should also have similar properties. Our aim was to
fabricate and investigate agarose bioplastic film as a drug delivery
vehicle.

In this report, we synthesised agarose bioplastic films with
different concentrations of glycerol as plasticiser. FT infrared
(FTIR) spectra of the films confirmed that no new covalent bonds
were formed in our agarose films with glycerol. Tensile testing was
performed on agarose–glycerol films to optimise the concentra-
tion of glycerol for adequate strength and suppleness. Films with
20% glycerol with respect to weight of agarose were selected for
further experiments. Swelling behaviour of the films was tested at
three different temperatures. Surface properties of the films were
characterised through contact angle measurements, study of pro-
tein adsorption on the surface and cell culture assays. Direct and
indirect contact tests were used to establish biocompatibility of
the bioplastic films, along with tests for haemo compatibility.
Antibiotic and antiseptic molecules were incorporated into the
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bioplastic films and their potency was established by the zones
of inhibition generated by them when used on bacterial culture
plates.

2 Materials and methods

2.1 Materials

Agarose (DNase, RNase free), was purchased from Merck Spe-
cialities Private Limited, Mumbai, and used without further
modifications. Glycerol (99%) was purchased from Qualigens
Fine Chemicals, Mumbai, Dettol from Reckitt Benckiser and
Savlon from Johnson and Johnson. Kanamycin sulphate, Luria
Bertani broth and agar powder were purchased from HiMedia
Laboratories Pvt. Ltd, Mumbai. Ampicillin sodium salt, Triton-
X 100, sodium dodecyl sulphate, BSA powder, DMEM, Corning
10 cm tissue culture treated culture dishes, Corning 24-well cell
culture plates and Corning ultralow attachment 24-well cell cul-
ture plates were procured from Sigma-Aldrich (USA) and FBS
was procured from Life Technologies (USA). Tetracycline hy-
drochloride samples (from Duchefa Biochemie) were received
as a kind gift from Dr. K. Subramaniam at IIT Kanpur, and
DH5α E. coli and DF-1 chicken fibroblast cells were received as
a kind gift from Dr. A. Bandyopadhyay of IIT Kanpur.

2.2 Fabrication of bioplastic

In 250-mL Erlenmeyer flasks, 2 g of agarose powder was added
to 30 mL deionised water. Different amounts of glycerol were
added to give a final glycerol concentration varying from 0 to
50% (v/w) with respect to agarose. Deionised water was further
added to make the final volume up to 50 mL [34, 35]. Thus, the
final concentration of agarose was 4% w/v in final volume of
50 mL solution. The mixture was boiled in a microwave oven set
at 800 W for 4 min, which turned agarose into a viscous solution.
The solution was allowed to cool at approximately 60°C and then
manually swirled before casting into films. To make bioplastic
films, 20 mL of the solution was poured into 90 mm Petri plates,
cooled and dried at 25°C for 72 h at 50% relative humidity.

To incorporate drugs (antibiotics and antiseptics) into the
bioplastic films, the drugs were added into the agarose–glycerol
solution just before casting. The drugs were not added until
immediately prior to casting to prevent any degradation due
to the step involving high temperature. The addition of drugs
was accompanied by continuous swirling to facilitate thorough
mixing of the drug with the bioplastic.

2.3 FTIR spectroscopy

Samples of the films were dried for 5 days in a vacuum desicca-
tor lined with anhydrous silica gel, before being ground into a
powder. FTIR spectra of the powders were taken using a Perkin
Elmer Spectrum Two spectrometer in the wave number ranging
from 400 to 4000 cm−1.

2.4 Testing for mechanical properties

The thicknesses of the films were measured using Digimatic
micrometre (Mitutoyo Corporation, Japan) and found to lie
between 130 and 170 μm. ASTM D 1708–59 T standard was
followed to measure the tensile properties of the samples. Briefly,
the samples were cut into dog-bone shaped specimens using
EpilogLaser CO2 laser engraving and cutting machine. They were
incubated at 25°C and 50% relative humidity for 72 h, and then
tested on Instron 1195 tensile testing machine with an initial grip
separation of 0.9 inches and cross-head speed of 1 mm/min as
per the above ASTM standard. Multiple specimens were tested
for each sample, and the average ultimate tensile strength was
recorded.

2.5 Study of swelling behaviour

Swelling behaviour of bioplastic films at three temperatures, 4,
25 and 37°C, was studied as follows. Water baths containing
deionised water for each of the above temperatures were set.
Small strips of bioplastic films (size 1 cm × 3 cm) were cut and
weighed. A strip of the bioplastic film was immersed in each
water bath. After every 15 min, the strips were taken out, wiped
with filter paper, weighed and then put back into their respective
water baths. The measurements were continued for a little over 2
h, by which time the successive readings had equalised. The test
was performed in triplicates.

2.6 Contact angle measurements

Contact angle measurements were performed using an OCA 35
video-based automatic contact angle measuring device obtained
from Data Physics Instruments GmbH (Filderstadt, Germany).
Briefly, 20 μL drop of deionised water was put on the surface of
the bioplastic film (stored hydrated in PBS, pH 7.4 and blotted
dry before use), allowed to equilibrate for around 1 min, and then
imaged. A horizontal line was defined in the software module,
which then measured the angle made by the water drop with the
horizontal line. The software calculated two readings for each
sample, left and right. The average of multiple readings obtained
by repeating these steps on several surfaces of the bioplastic was
recorded as the water contact angle.

2.7 Quantification of protein adsorption

The amount of protein adsorbed on the bioplastic surface vis-à-
vis a control surface of tissue culture polystyrene was measured
through a method of differences using BSA as a model pro-
tein. Briefly, 2 mL sample from a stock solution of 50 μg/mL
BSA in normal saline was added to each of three 10 cm tissue
culture polystyrene Petri dishes (control group, triplicate) and
similar three 10 cm Petri dishes overlaid with a layer of bioplas-
tic (experimental group, triplicate). The solution was swirled in
all the six Petri dishes to coat the surface, and the Petri dishes
were kept on a rocker for 20 min at 35°C. The amount of pro-
tein in the supernatant solution in both sets of Petri dishes was
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estimated through Bradford assay [36]. Subtracting these values
from 100 μg gave the amount of protein adsorbed on the respec-
tive surfaces. The amount of protein adsorbed per unit area was
calculated by dividing the previous value by the surface area of
the Petri dishes.

2.8 Cell culture assays

For direct contact assay, 300 μL molten bioplastic was added to
cover the bottom surface of six wells of a 24-well tissue culture
polystyrene (TCPS) plate. These wells were then cultured with
chicken fibroblasts (DF-1) in DMEM supplemented with 10%
serum medium at 37°C for 36 hours in a humidified incubator
with 5% carbon-dioxide environment. As a negative control,
chicken fibroblasts were cultured under similar conditions in
the wells of ultra-low attachment 24-well culture plates.

For indirect control assay, 50 μL of molten bioplastic was
added to the sides of six wells of a 24-well tissue-culture
polystyrene (TCPS) plate in such a way that more than half
of the bottom surface of these wells remained uncoated. These
wells were then cultured with chicken fibroblasts in DMEM sup-
plemented with 10% serum medium at 37°C for 36 h in a hu-
midified incubator with 5% carbon dioxide environment. As a
negative control, chicken fibroblasts were cultured under similar
conditions in other wells of the same plate that were coated with
gelatin to mimic adherent surface. These wells did not have any
molten bioplastic added to their sides.

For positive control of both assays, fibroblast cells were cul-
tured under similar conditions in the wells of a 24-well TCPS
plate, with the exception that 0.1% Triton-X 100, a known non-
biocompatible chemical, was added to the wells to induce cell
death [37].

At the end of culture period, the cells were observed and im-
aged in an inverted microscope (model: Leica DMIL LED) under
differential interference contrast settings to investigate their mor-
phology. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay for investigation of metabolic activity
of the cells was also performed. The test was performed in
triplicates.

2.9 Study of haemolytic behaviour

The test was performed using goat blood as described earlier [38].
For the test, 50 mL blood was collected with 1 mL of 0.5 M EDTA
as anticoagulant and centrifuged at 3100 rpm (700 × g) for
10 min. The red blood cells pellet was washed thrice with cold
PBS pH 7.4 by centrifugation at the same rpm. The pellet was re-
suspended in cold PBS and stored at 4°C for later use. The RBC
suspension was used within 24 h and was always freshly pre-
pared for the test. The polymer samples were incubated with 200
μL cold PBS for few minutes in Eppendorf tubes before adding
800 μL RBC suspension to overcome the change in osmotic
pressure, which can lead to haemolysis. The samples were then
incubated at 37°C for 90 min. For positive control, 2 μL Triton
X-100 was added to the RBC suspension for complete haemol-
ysis and RBC suspension was used as negative control. After
incubation, samples were centrifuged at 700 g for 10 min, and

absorbance of supernatant was measured at 540 nm. The test was
performed in triplicate and was repeated twice. The percentage
of haemolysis was calculated as

Haemolysis (%) = Absorbance of sample

Absorbance of positive control
× 100

2.10 Study of potency of released drugs

The preparation of films for studying the drug release rate is
explained in Section 2.2. Circular samples of 10 mm diameter
were cut from drug-loaded films. The concentration of antibi-
otics in agarose solution was 100 μg/mL, while dettol and savlon
were diluted to 1 in 20 and 1 in 15 concentrations, respectively,
as suggested by the respective manufacturers. Samples cut from
control films did not contain any drug. Three hundred million
colony forming units of E. coli (strain: DH5α) were spread on
LB agar plates. The cut samples of the drug-loaded films were
placed on top of these plates, and the plates were incubated at
37°C for 12 h. The maximum diameter of the zone of inhibition
was measured for each film, and images were recorded.

3 Results and discussion

3.1 Initial observations of bioplastic films

The cast films of agarose and glycerol were transparent
(Fig. 1A). Their thickness increased from 130 to 170 μm, as
the amount of glycerol was increased from 0 to 50% (v/w), rela-
tive to the weight to agarose. Films with lower concentrations of
the plasticiser (glycerol) were relatively inflexible; however, with
increasing concentrations of glycerol, the films became softer
and appeared succulent. Inflexible films are good for applica-
tions that require structural rigidity including packaging boxes.
These films, however, are not ideal for wound drug delivery ap-
plications, as these are relatively hard and may scratch or cut
the skin. In addition, since many body parts are not flat, the
dressings should be flexible enough to wrap around body parts.
Soft, succulent films (with higher concentrations of plasticiser)
were found to be better for such applications, since they were
quite flexible and could be bent or wrapped (Fig. 1B and C). In
addition to being soft and flexible, the films for drug delivery
applications must also be strong enough to resist wear and tear
during application and bodily movements, and thus we studied
the mechanical properties of the films.

3.2 FT infrared

Although agarose and glycerol are well-known biomaterials, it
is important to ensure that during the fabrication of bioplastic
films, no new covalent bonds were formed. This is because new
chemical moieties formed during the processing stages may make
our material non-biocompatible. We performed a preliminary
analysis through FTIR spectroscopy. The FTIR spectrum of pure
agarose film (Fig. 2) is similar to that described in the literature
[39]. The large trough seen at 3500–3200 cm−1 is indicative of the
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Figure 1. Representative im-
ages of agarose bioplastic films.
The films are visually transpar-
ent (A), strong and flexible (B,
C). In (A), the film was put over
a logo of IIT Kanpur.

Figure 2. Representative IR spectra of (a) agarose bioplastic films
without glycerol (continuous line; lower curve) and (b) with 20%
glycerol. Similarity in the curves shows that no new covalent bonds
are formed in the film with glycerol, and that the constituents exist
as a physical mixture, without reacting chemically.

large number of hydroxyl groups present both in agarose as well
as in glycerol. Other troughs indicative of 3,6-anhydrogalactose
(930 and 1070 cm−1), C–H stretching (3000–2850 cm−1) and
other functional groups are also present. It is observed that
the spectra of agarose films without glycerol and those with
20% glycerol are similar with no obvious difference in troughs
(Fig. 2). While this was expected since the bonds present in glyc-
erol (–C–H, –C–O, –O–H, –C–C) are also present in agarose, the
emergence of no new troughs also indicates that no new covalent
bonds are formed by the presence of glycerol.

Thus, the FTIR results revealed that the film constituents re-
mained in the form of a mixture. Since agarose and glycerol
are both well-known biomaterials, and no new chemical bonds
were formed during fabrication of the films, we believed that
the bioplastic would show good biocompatibility. More com-
prehensive biocompatibility assays were also performed, which
are discussed in the following sections.

3.3 Mechanical properties of bioplastic films

The curve obtained was a typical graph obtained in case of poly-
mer material. The non-linear region indicates the plastic nature
of the polymer [40]. The ultimate tensile strength of films re-
duced from around 66 MPa to a little over 10 MPa, with increas-
ing concentration of glycerol from 0 to 50% (v/w, relative to
the amount of agarose) (Fig. 3). With higher plasticiser content,
glycerol fills the spaces between agarose chains, thus increasing
their distances and reducing their entanglement. Besides, glyc-
erol is hygroscopic and introduces water into the matrix that in
addition to increasing the distances between agarose chains also
reduces their hydrophilic interactions. Both these factors result
in a reduction in rigidity and strength of the films.

The films with low concentrations of glycerol were found to be
very strong, substantiating their potential as structural materials.
The films with very high concentrations of glycerol were found
to be very weak, though they were soft and could provide good
comfort. For further studies, films with 20% glycerol were chosen
following Goldilocks principle, for these films had acceptable
values with three desirable properties – strength, flexibility and
suppleness for drug delivery and some packaging applications.
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Figure 3. Tensile properties of
bioplastic films are a function
of the concentration of plas-
ticiser. Representative stress–
strain curves for films with 0%
(A), 20% (B) and 50% (C) glyc-
erol show that with increasing
amounts of plasticiser, the ulti-
mate tensile strength (UTS) de-
creases, while the strain at break
increases. (D) UTS of bioplas-
tic films as a function of con-
centration of glycerol. With in-
creasing amounts of the plasti-
ciser, the UTS of the films de-
creased. Further tests were per-
formed on agarose –20% glyc-
erol films for which they had
appreciable strength while also
having flexibility and suppleness.
Multiple samples for each set
were tested where number of
samples (n = 5). Error bar repre-
sents standard error of mean.

Figure 4. Swelling curves of agarose –20% glycerol bioplastic
films at 4, 25 and 37°C as a function of time. The amount of
water absorbed increases with time and temperature till a plateau
is reached.

3.4 Swelling characteristics

Many materials when exposed to water absorb it and gain mass;
this phenomenon is called swelling. If a material is meant for drug
delivery, then swelling is desirable, since it facilitates the release
of drug. When a matrix absorbs water and swells, the average
pore sizes increases, facilitating the release of the incorporated
drugs.

In case of drug delivery devices, the rate of swelling could be
manipulated to orchestrate the rate of release of drugs. Keeping
these in mind, swelling studies of our agarose–glycerol films in

water were performed for up to 135 min at three different temper-
atures, 4, 25 and 37°C, to mimic the conditions of cold weather,
normal weather and body temperature, respectively. The per-
centage of swelling (SW) is defined by the following equation:

Sw = Weight after swelling − Initial weight

Initial weight
× 100

It was observed that the rate of absorption of water was high-
est in the beginning for all temperatures, and then gradually
decreased with time, as the films became saturated (Fig. 4). The
saturation was completed in 120 min. The amount of water ab-
sorbed by the films increased with temperature. At 37°C, the
amount of water absorbed was more than 700% of the weight
of the film. On the other hand, absorption of water at 4°C was
around 500% of the original weight of the film. The reason is
that at higher temperatures, the agarose chains within the ma-
trix have more energy, and thus higher mobility. They are able
to move apart with ease, generating more space that is taken up
by water molecules. It is also worth mentioning that significant
swelling occurred within 15 min. The large amount and fast rate
of swelling indicated that the chains are relatively unhindered in
their movement. The fast rate of swelling suggested the suitabil-
ity of our agarose–glycerol films for applications that demand a
quick release of drugs, such as drug delivery to wounds.

3.5 Contact angle measurements

We used sessile drop technique to estimate the contact angle
made by water on the agarose bioplastic surface. It was found
that the average contact angle made by water on the bioplastic
surface was 11.4° (Fig. 5), thus indicating the highly hydrophilic
nature of the agarose bioplastic surface.
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Figure 5. Water contact angle measurement of
agarose bioplastic surface. When a drop of water
was placed over the bioplastic surface, it spread.
The contact angle made by the interaction of wa-
ter with the bioplastic surface was measured us-
ing software. The low value of contact angle indi-
cated that the material is hydrophilic. This surface
property regulates adsorption of proteins over the
surface of the biomaterial. Thus, we can expect
that little amounts of proteins will be adsorbed
over the bioplastic, when it comes in contact with
bodily fluids.

A hydrophilic surface is warranted when we do not want cells
to adhere to the surface [41], as in the present application where
the drug delivery film must be removed with ease after its use.
Most hydrophilic surfaces interact strongly with water molecules,
effectively shielding themselves from proteins and hence are non-
fouling surfaces. Moreover, since hydrophobic interactions are
the dominant way through which proteins adhere to surfaces,
hydrophilicity ensures that any binding that does occur is weak
[42]. Since cells can attach to surfaces only through mediation of
proteins, weakly adsorbed proteins guarantee that cell binding
is absent or decrepit [43]. It is, however, important to note that
very highly hydrophobic materials can also resist cell adhesion
due to alleviation of Vroman effect and denaturation of adsorbed
proteins.

The cause of hydrophilic behaviour of the bioplastic lies in
its chemical structure. The structure of agarose is comprised
of a plethora of hydroxyl groups, with three hydroxyl groups
per agarobiose unit. Owing to the large difference in electro
negativities of hydrogen (electronegativity = 2.1) and oxygen
(electronegativity = 3.5), the covalent bond between these atoms
in the –OH group becomes highly polar. This polarity allows it
to interact, via hydrogen bonding, with polar water molecules,
thus giving the compound a strongly hydrophilic nature.

3.6 Quantification of protein adsorption

The quantification of protein in solution was done using Brad-
ford assay, which is extremely sensitive towards BSA, the model
protein used for the investigation. The use of BSA has other ad-
vantages too. It is one of the most abundant proteins found in
blood, and is the first to adhere to surfaces. While it does not
directly contribute to cell binding, it plays an important role
by allowing easy replacement by fibronectin, the most promi-
nent protein facilitating cell binding, and by changing molecular
packing of fibronectin on the surface, allowing expression of its
biologically active conformation for binding of cells [44].

We used the method of differences to calculate the amount
of protein adsorbed on the agarose bioplastic surface. In this
method, a known quantity of protein in solution was allowed
to incubate with the sample under fixed conditions of time and
temperature, after which the amount of protein remaining in the
supernatant was calculated. The difference between these values
of protein in the supernatant (initial amount – final amount)
gave a measure of the amount of protein adsorbed on the surface.

Figure 6. Adsorption of BSA on agarose bioplastic and tissue-
culture polystyrene (TCPS, control) surfaces. The amount of pro-
tein adsorbed over the bioplastic was roughly half of that over the
TCPS. Since protein adsorption guides host reaction to biomate-
rial, it can be hypothesised that the bioplastic shall initiate abated
host responses when used as a drug delivery vehicle. Experiment
was performed in triplicates and error bar represents standard
error of mean.

It was found that half as much protein bound per unit surface
of the bioplastic as did on TCPS (Fig. 6), the most common
substrate used for adherent cell cultures. Ratner and colleagues
have argued that “surfaces that strongly adsorb proteins will
generally bind cells, and surfaces that resist protein adsorption
will also resist cell adhesion” [42, 45]. Thus, we expected the
agarose bioplastic surface to have less cell adhesion than TCPS
surface. This fact was substantiated in the next study using direct
contact assay.

3.7 Cell culture assays

Contact assays are in vitro methods to assess cytotoxicity of ma-
terials using cell cultures. As the name suggests, in direct contact
assay, the cells come in direct contact with the test material. On
the other hand, in indirect contact assay, either an elution from
the material is added to cell cultures, or the material is separated
from the cells by way of a barrier, while ensuring that any eluates
leaching out from the material reach the cells. In both the assays,
direct and indirect, the effect of the material on the morphology
and physiology of the cells is evaluated.
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Figure 7. Direct and indirect con-
tact cell culture assays for assess-
ment of the cytocompatibility of
agarose bioplastic. The morphol-
ogy of cells in indirect contact with
the bioplastic (A) closely resem-
bled that of cells cultured directly
on adherent surface (B). These
cells were well spread over the
surface and revealed the classic
morphology of fibroblasts. Simi-
larly, the morphology of cells in
direct contact with the bioplas-
tic (C) mirrored that of cells cul-
tured directly on a non-adherent
surface (D). These cells were ei-
ther unattached to the surface
or revealed spherical morphology
without any spreading. All these
were starkly different from the
morphology of dead cells while
dead cells did not show any
metabolic activity in MTT assay,
the metabolic indices of cells cul-
tured in direct and indirect con-
tact with the bioplastic resem-
bled those of their respective pos-
itive controls (E). These assays
showed that the bioplastic did
not produce any morphological or
metabolic changes in the cells un-
der our experimental conditions.
Experiment was performed in trip-
licates and error bar represents
standard error of mean.

It was observed that in both the contact assays, direct and
indirect, the morphology of DF-1 chicken fibroblast cells resem-
bled that of their respective controls. The cells placed in indirect
contact with the bioplastic (Fig. 7A) and those cultured with
adherent surface positive controls (Fig. 7B) divulged the classic
morphology of fibroblasts. On the other hand, the cells placed
in direct contact with the bioplastic (Fig. 7C) and those cultured
with ultralow attachment surface positive controls (Fig. 7D) re-
vealed rounded morphology without any spreading. A number
of cells remained in the cell culture suspension in these cases.
For positive control, cells were cultured with non-biocompatible
Triton-X 100 (0.1%). This detergent induces cell death.

For an investigation into the physiology of the cells in cul-
ture, the MTT assay [46] was chosen as a proxy. The MTT assay
is a colorimetric assay, in which NAD(P)H-dependent cellular
oxidoreductase enzymes reduce the MTT dye, giving a purple
precipitate. This precipitate is solubilised and quantified to pro-
vide an indication of the amount of cellular oxidoreductase en-
zymes. The amount of enzymes is dependent on the number of
cells present in the culture and their metabolic states, with active
cells having larger amounts of the enzyme than resting cells. The

OD of the negative control is considered to be 100%, and read-
ing from experimental sample is reported as percent of negative
control.

Percent of negative control

= MTT reading of sample

MTT reading of negative control
× 100

The positive and negative controls were in accordance with
ISO 10993-5 cytotoxicity standard. For direct assay, wells in
which cell death is induced by the addition of Triton X-100
served as positive control. Cell seeded on other wells of same
24-well plate served as negative control.

For indirect assays, controls were similar to direct assay with
exception that wells were coated with gelatin in order to mimic
adherent surface. As observed on conversion of MTT reading to
percent of its negative control (Fig. 7E) in direct contact assay, the
number of alive cells was comparable to that in negative control.
However, in indirect assay, when MTT readings are converted to
percent of its respective negative control, we observe a decrease
in cell viability (OD becomes 60% of the respective negative
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Figure 8. Haemocompatibility assay of agarose
bioplastic sample vis-à-vis PBS pH 7.4 (nega-
tive control) and 2% Triton- X 100 (positive con-
trol). The percent haemolysis seen in the bioplas-
tic sample was negligible, similar to that seen
in the negative control. In the positive control,
large amount of haemolysis occurred. The re-
sults showed that the agarose bioplastic is highly
haemocompatible. Experiment was performed in
triplicates and error bar represents standard error
of mean.

control). DF-1 chicken fibroblast cells are adherent cell type and
require attachment to substrate for proliferation. Negative con-
trol in indirect assay was coated with gelatin and hence provided
optimum conditions for cell proliferation. On the other hand,
the bioplastic is non-adherent and does not support cell attach-
ment. Therefore, a decrease in OD was observed because of cell
proliferated more in control as compared to sample and not
due to cell death in the presence of bioplastic. The results from
both direct and indirect contact assay suggest that the glycerol-
incorporated agarose bioplastics do not exhibit cytotoxicity, even
when cells are not attached to the surface. The cells in direct con-
tact with bioplastic remain in cell suspension form. The decrease
in OD in indirect assay was because the adherent cells require
attachment for proliferation and hence cells proliferated more
on gelatin-coated TCPS [47]; this can also be seen in the form of
lesser confluency in the DIC images (Fig. 7A and B vs. C and D).

Thus, the direct and indirect contact assays exhibited that
there was no change in cellular morphology or physiology under
the described experimental conditions in the presence of agarose
bioplastic. This proved that the agarose bioplastic is highly
cytocompatible.

3.8 Study of haemolytic behaviour

If a material is used for surgical dressing applications, blood and
blood components would be amongst the first bodily materials
to come into its contact. Therefore, it is necessary that the effect
of the material or its exudates be investigated on blood cells to
ascertain that there are no negative effects on blood.

Blood is a fluid connective tissue that is composed of sev-
eral components, including red blood cells, white blood cells,
platelets and plasma. Among these, the red blood cells are the
most numerous, occurring at around 5 million cells per mi-
crolitre in human blood. They are especially fragile and upon
lysis release the stored haemoglobin that can easily be quanti-
fied using UV–Vis spectrophotometry. Thus, they serve as good
models to study haemolytic behaviour of substances. For posi-
tive control, we needed a procedure that lysed cells. A common
method is to use detergents such as Tween 20 or Triton-X 100,
which disrupt cellular membrane and cause cell lysis.

The haemolysis assay results (Fig. 8) demonstrated that the
amount of haemolysis occurring in the presence of bioplastic was

equivalent to that occurring in negative control conditions (PBS
pH 7.4). The values for haemolysis in the presence of bioplastic
and negative control were 6.505 and 3.11%, respectively. Thus,
the bioplastic is haemocompatible and safe to use in applica-
tions where it comes in contact with blood. Next, we wanted to
check if the material can be used as a drug delivery vehicle, for
which we studied the rate of drug release and the potency of the
incorporated drug.

3.9 Study of potency of released drugs

Since the drugs were added at a temperature of around 60˚C,
there was a possibility, albeit slight, that they got denatured. To
ascertain this, the potencies of several drugs released from the
film were tested through standard agar diffusion tests. It was
found that while the control discs without any antibacterial drug
did not inhibit the growth of bacteria (Fig. 9A), those with drugs
had a distinct zone of inhibition around them in which there was
no perceptible bacterial growth (Fig. 9B–F). This showed that the
drugs, even after their incorporation in the agarose bioplastic,
retained their potencies.

4 Concluding remarks

In the present work, a bioplastic made up of agarose with glycerol
as plasticiser was synthesised and tested for drug delivery appli-
cation. The bioplastic film was shown to be transparent, strong,
flexible and with swelling properties that aid drug delivery. The
FTIR curves displayed that the constituents of the film, glycerol
and agarose, did not form any chemical bonds and remained in
the form of a mixture. Hence, they did not lose their biocom-
patibility. The bioplastic films prepared in this report exhibited
desired properties for use as drug delivery vehicles in applications
where fast release of drugs is required. The films were hydrophilic
and showed low adsorption of proteins on their surface. Direct
and indirect contact assays revealed that the films were non-
cytotoxic and non-adherent, and haemolysis assay showed that
the films were haemocompatible. Many drugs were incorporated
in the bioplastic, and they were found to be unaffected by the
processing steps. They exhibited their potencies by displaying
their characteristic bacteriostatic and bactericidal properties. All
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Figure 9. Study of potencies of drugs
incorporated in agarose bioplastic, as
determined through agar diffusion as-
say. Agar diffusion assays were per-
formed on control films without any
antibacterial drugs (A), and on films
loaded with ampicillin (B), kanamycin
(C), tetracycline (D), dettol (E) and
savlon (F). The films loaded with drugs
had a distinct zone of inhibition around
them where bacterial growth was im-
peded, whereas the control films did
not hamper the growth of bacteria. The
sizes of the zones of inhibition for the
drugs are also depicted (G). The ex-
periment was just indicative to show
potency of drug hence done only once.
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these properties strongly posit the agarose bioplastic as a suitable
drug delivery vehicle for surgical dressings.

In addition to possible applications in surgical dressings
where incorporation of drugs are required, in future, agarose
bioplastic can also be modified for use in sustained drug release
applications, such as transdermal patches.

Practical application

A wide variety of drug delivery systems have been in vogue,
since antiquity, for surgical dressings and wound dress-
ings: from simple cotton wool and cotton-based gauzes to
extensively designed, engineered and evaluated poly(lactic-
co-glycolic acid) films. This variety is imperative, principally
because the multifariousness of wounds requisites the
concoction of an assorted arsenal of dressing materials,
with distinct properties with regard to their conformation,
configuration, ease of drug incorporation, economics and
facileness of their preparation and obtainability. This paper
demonstrates a novel drug delivery system in the form of
agarose bioplastic films that is thin, transparent, flexible
and biocompatible, and maintains drug potency and low
temperature processing, permitting substantial incorpora-
tion of even heat-labile antibiotics. We are of the opinion
that such a vehicle will generate its own niche in the arsenal
of surgical and wound dressing materials.
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