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                                   Abstract 
 Bacterial cellulose (BC) is a suitable drug delivery carrier owing to the nanofi brous micro and mesoporous structure. One of 

the unique aspects is the tunability of BC microstructure by the addition of certain additives in the growth medium during 

the synthesis of cellulose by bacteria. In the present work, BC was in situ modifi ed by adding Polyethylene glycol 2000 (PEG 

2000). Eff ect of in situ modifi cation on crystallinity, chemical composition, microstructure and morphology and, porosity 

was studied by XRD, FTIR, SEM and BET, followed by the eff ect on drug (Diclofenac sodium) loading and release kinetics. 

As a non-incorporating in situ modifi er, PEG2000 increased the overall porosity, pore volume and decreased the specifi c 

surface area with no signifi cant eff ect on crystallinity. In vitro ,  drug release studies revealed that a huge burst release for 

PEG modifi ed BC as compared to pristine BC. The mechanism of release is further investigated by mathematical modelling. 

This work opens up avenues of exploring the wide possibility of tuning immediate and sustained drug release from bacterial 

cellulose for various release applications. 

   Keywords     Bacterial cellulose    ·  Polyethylene glycol 2000    ·  In situ modifi cation    ·  Diclofenac sodium    ·  Release kinetics  

      Introduction 

 Cellulosic nanofi brous materials are preferred for the deliv-

ery of drugs and other therapeutic agents owing to their bio-

compatibility, high surface area, porosity and abundance. 

Bacterial cellulose, produced by certain bacteria of genera 

Acetobacter, Azotobacter, Aerobacter, Agrobacterium, Sar-

cina and Rhizobium (Jozala et al.  2016 ) as a dilute hydrogel 

is a particularly well suited owing to not only high porosity 

and nanofi brous nature, but also 100% purity and high crys-

tallinity, micro and mesoporosity, high water holding capac-

ity (200 times of dry weight), high crystallinity (70–90%) 

and mechanical properties. It is biocompatible and has an 

additional advantage of in situ manipulability by which 

microstructure can be tuned as per the application (Khandel-

wal et al.  2016 ). Therefore, BC has been widely investigated 

in biomedical and pharmaceutical fi elds for tissue regenera-

tion scaff olds and drug delivery applications (Gatenholm 

and Klemm  2010 ; Pötzinger et al.  2017 ). 

 BC has been widely used as a carrier for the delivery 

of active agents such as therapeutic nanoparticles (silver 

nanoparticles) and various drugs which include anaesthetics 

(Lidocaine Hydrochloride) (Trovatti et al.  2012 ), antibiotics 

(Tetracycline and Amoxicillin and Levofl oxacin) (Pavaloiu 

et al.  2014 ; Shao et al.  2016 ), anti-cancer drugs (Doxoru-

bicin, methotrexate, and curcumin) (Cacicedo et al.  2016 ; 

de Lima Fontes et al .   2018 ; Subtaweesin et al.  2018 ), anal-

gesics (Ibuprofen and Diclofenac sodium) (Silva et al.  2014 ; 

Trovatti et al.  2012 ). 

 The addition of additives in the growth media, which 

are not specifi cally required for bacterial cell growth, can 

aff ect cellulose biosynthesis, either by binding directly to 

the cellulose in the course of production and interfering 

with the crystallization or co-crystallizing with the cellu-

lose (Uhlin et al.  1995 ). It is also possible that the inclu-

sion of additives may alter the cellulose production indi-

rectly by interfering with the bacterial cells. The presence 
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of an additive in the media modifi es the percentage yield, 

microstructure, morphology, and physical properties, 

eff ectively generating in situ modifi cations. 

 Inclusion of water-soluble polymers in the cellulose 

culture media has displayed varying results. Some reported 

that the inclusion of such additives just resulted in altered 

cellulose structure (Cheng et al.  2009 ; Tokoh et al.  2002 ), 

while others have reported that the additives are incorpo-

rated into the growing cellulose fi brils, resulting in the for-

mation of in situ composites (Klemm et al.  2006 ; Seifert 

et al.  2004 ). Inclusion of certain water-soluble polymers 

such as carboxymethyl cellulose (CMC) and methylcellu-

lose (MC) interferes the cellulose assembly, thus reducing 

the crystallinity and crystal size, as well as an increase in 

pore size and thermal stability (Cheng et al.  2009 ). 

 Likewise, inclusion of incorporating additives such 

as Poly(ethylene oxide) (PEO) (Brown and Laborie 

 2007 ), Poly(caprolactone) (PCL) (Figueiredo et  al. 

 2015 ), Poly(hydroxy butyrate) (PHB) (Ruka et al.  2013 ), 

Poly(hydroxy butyrate-co-valerate) (PH7BV) (Zhijiang 

et al.  2012 ), Poly(vinyl alcohol) (PVA) (Gea et al.  2010 ; 

Hong et al.  2006 ; Kai and Kobayashi,  1992 ), Tween 80 

(Huang et  al.  2010 ), Hydroxypropyl methyl cellulose 

(HPMC) (Huang et al.  2011 ) and starches (Grande et al. 

 2009 ; Yang et al.  2014 ) in the growth media have resulted 

in these additives being incorporated into the bacterial 

cellulose resulting in in situ composites, which display 

variation in pore size, degree of polymerization, crystal-

linity, fi bre diameter and mechanical strength (Huang et al. 

 2010 ,  2011 ; Seifert et al.  2004 ). 

 On the other hand, addition of certain low molecular 

weight water-soluble polymers PEG (Polyethylene glycol 

4000 and 400), β-cyclodextrin, dyes (Calcofl uor) and anti-

biotics (nalidixic acid) have been reported that they do not 

get incorporated into BC but causes certain changes in 

morphology, fi bre diameter and crystallinity (Heßler and 

Klemm  2009 ; Khandelwal et al.  2016 ). While as discussed 

a lot of work has been done to tune the properties but lim-

ited eff orts to use modifi ed BC as a carrier. 

 In the current study, the role of PEG2000 as an in situ 

modifi er on the crystallinity, microstructure, fi bre diam-

eter, porosity and swellability of BC has been studied. 

PEG2000 is a water-soluble polymer and exhibit OH-

groups and donor oxygen atoms as well as an expanded 

chain structure, as elements for the interaction with the 

emerging cellulose network. Furthermore, the eff ects of 

in situ modifi cation on loading effi  ciency and drug release 

kinetics have also been explored. Diclofenac sodium has 

been chosen as a model drug for the study. It is one of the 

most widely used analgesic drugs. It is a non-steroidal 

anti-infl ammatory agent and is water-soluble (Silva et al. 

 2014 ). The correlation between material properties and 

drug release is studied in this work. 

 Analgesics are advised for immediate relief in acute 

and transient pains. However, analgesics are advised for 

sustained release for deep-seated chronic pains. Tuning 

the release for immediate and sustained delivery is highly 

needed in the analgesic therapy. To formulate compos-

ites with dual mode of drug release (immediate and sus-

tained), in situ modifi cation is benefi cial although it aff ects 

the microstructure and porosity of BC. Hence PEG2000 

modifi ed BC is applicable for immediate release whereas 

BC could be used for sustained release. The DCF loaded 

BC could be further developed to make transdermal anal-

gesic patches and also as a mucoadhesive patch for oral 

ulcers. This work opens up avenues of exploring the wide 

possibility of tuning bacterial cellulose for various release 

applications. 

    Materials and methods 

   Materials 

 Hestrin Schramm (HS) media for the production of BC 

includes glucose, peptone, yeast extract, citric acid, and dis-

odium hydrogen phosphate of microbiological grade, which 

were purchased from Himedia, India. Sodium hydroxide, 

Polyethylene glycol 2000 of analytical grade was procured 

from SRL chemicals, India.  Komagataeibacter hansenii  
(ATCC 23769) was procured from LGC promochem, India. 

    Methodology 

   Bacterial cellulose production 

 HS media consisting of glucose 20 g  L −1 , peptone 5 g  L −1 , 

yeast extract 5 g  L −1 , citric acid 1.15 g  L −1 , Disodium 

hydrogen phosphate 3.4 g  L −1  was prepared in DI water and 

adjusted to pH 4.5. The media was autoclaved and poured 

in Petri plates which were inoculated with ATCC 23769 

strain of  Komagataeibacter hansenii  and incubated at 26 

°C for 14 days. After 14 days, BC pellicles were extracted 

and treated with 0.5 M NaOH and washed with DI water till 

neutral pH and freeze-dried at − 84 °C for 24 h. 

    Production of�in�situ modi“ ed bacterial cellulose 

 HS medium was prepared according to the procedure 

described above. As prepared HS medium was modifi ed by 

the addition of Polyethylene glycol 2000 in 2 and 4 weight 

percentages. Then the modifi ed HS medium was autoclaved 

and poured 100 mL in each Petri dish. 3 mL of Bacterial 

inoculum ( Komagataeibacter hansenii  ATCC23769) at log 

phase was added to the Petri dish and sealed with parafi lm. 

The Petri dishes were incubated at 26 °C for 14 days. The 
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pellicles were harvested after 14 days. As produced BC pel-

licles were treated with 0.5 N NaOH to kill the remnant 

bacteria and washed several times with DI water to remove 

cell debris. PEG 2000 is a water-soluble polymer and washes 

away during the cleaning process. The modifi ed pellicles 

were freeze-dried − 84 °C for 24 h. 

 Three types of samples were tested in the current study 

which includes Unmodified BC (BC), BC modified by 

PEG2000 2% (BC-PEG2000 2%) and BC modified by 

PEG2000 4% (BC-PEG2000 4%). 

    Drug loading 

 Drug loading was done by solvent evaporation technique and 

the amount of drug-loaded in each sample is tabulated in 

Table  2  of Results and discussion. Initially, 5 mg/mL Stock 

solution of Diclofenac sodium (DCF) was prepared in DI 

water. All the BC samples were taken in freeze-dried condi-

tion and were cut into 1.5 × 1.5 Sq cm pieces and soaked 

in 5 mL of DCF stock solution for 8 h. Then the samples 

were removed from the stock, excess liquid was patted with 

tissue paper and was dried. The amount of drug loaded in 

each sample was estimated by determining the drug concen-

tration in the left-over stock solution in which the samples 

were soaked earlier (C) and subtracting it from the initial 

concentration of stock  (C 0 ). The amount of drug is obtained 

from the UV absorbance of stock solution and calculating 

it from the calibration curve (Supplementary information 

section 1, Fig. S1). 

 The measurements are done using Perkin Elmer 

LAMBDA 365 spectrophotometer at a wavelength of 

275 nm. Mass of DCF loaded (M) in the composite fi lms 

were determined with the following Eq. ( 1 ):

     

where v is the volume of total DCF stock which is 5 mL 

in this calculation, V is the volume of BC-DCF composite 

fi lms (2.25  cm 3 ). 

     Characterization 

   Structural analysis by�XRD 

 Crystallinity and crystallite size of the samples were deter-

mined from X-ray Diff raction (XRD) patterns which were 

obtained in a Bruker X-ray diff ractometer using nickel-fi ltered 

Cu K α  radiation, step size of 0.02° and a dwell time of 3 s, 

from 10° to 50° (2 θ  angle). Peak separation was done by 

Gaussian deconvolution and peak fi tting was carried out using 

the algorithm in Origin9.0 pro software, till a satisfactory fi t-

ting was obtained. The crystallite size of the samples was 

 (1)M =

(
C0 − C

)
v

V

calculated from the XRD patterns by using Debye Scherrer’s 

equation   

(
Crystallite size =

K𝜆

𝛽 cos 𝜃

)
    . The degree of crystallin-

ity was calculated according to the Eq. ( 2 ) (Hermans and Wei-

dinger  1948 ; Illa et al.  2019 ; Park et al.  2010 )

     

where  A Cryst  is the sum of crystalline band areas; and  A Total  

is the total area under the diff ractogram. 

    Functional group analysis by�FTIR 

 Fourier Transform Infrared Spectroscopy (FTIR) (using 

(Model: Alpha-P, Bruker Corporation, USA) was performed 

from 400  cm −1  to 4000  cm −1  in transmittance mode to deter-

mine the incorporation of additives in BC. 

    Morphology and�microstructure determination by�SEM 

 The morphology of all samples was observed by using JIOL 

JSM-7800 Field Emission scanning electron microscope 

(FE-SEM) operating at an accelerating voltage of 5 kV. To 

minimize the charge accumulation, all the samples were gold 

coated with a sputter coater for 10 s to 30 s, which yields about 

50–200 nm thick deposition. Average fi bre diameter was calcu-

lated from SEM images by considering at least 100 nanofi bers 

in three diff erent images, using Image J software. 

    Surface area, porosity, and�pore size distribution by�BET 

 Specifi c surface area and pore size distribution of BC sam-

ples were estimated using  N 2  adsorption isotherms obtained 

from BET (Brunner–Emmett–Teller) instrument (Autosorb iQ, 

Quantachrome, USA). Prior to analysis, BC samples were sub-

jected to degassing at 80 °C for 10 h. Cumulative pore volume 

versus pore diameter was plotted from BET data, from which 

pore size distribution could be studied. 

 For determining the porosity, samples were cut in 1.5 Sq 

cm sizes and weighed. The thickness was measured for each 

sample by using digital micrometre (Mitutoyo, Japan). Appar-

ent volume (Va) was calculated using the area and the average 

thickness of the sample. The actual volume of the sample (Vg) 

was measured on the basis of cellulose density (1.5 g  cm −3 ) 

to weight ratio. Finally, the porosity of the sample was deter-

mined using the following equation Eq. ( 3 ) (Adepu et al. 

 2017 ).

      

 (2)Crystallinity =
Acryst

Atotal
× 100

 (3)Porosity =

[
1−

(
Vg

Va

)]
× 100
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     Swelling behaviour 

 Swelling behaviour determines the drug release behaviour of 

polymeric hydrogel such as BC. Hence, swelling studies were 

carried out by immersing dried BC samples of weight ( W   d  ) in 

PBS ~ 7.4 pH at room temperature. The swollen membranes 

were removed from the solution after every 15 min, and the 

wet weight of the swollen membranes ( Ws ) was measured after 

the removal of excess surface water by gently blotting with 

a fi lter paper. The swelling study was carried out until the 

sample shows no further weight change. The swelling ratio is 

defi ned as the fractional increase in the weight of the hydrogel 

due to water absorption. The swelling ratio (S) was calculated 

according to the Eq. ( 4 ) and the percentage swelling was cal-

culated from Eq. ( 5 ):

     

      

    In vitro drug release studies 

 In vitro ,  drug release studies were performed in phosphate-

buff ered saline (PBS) of pH 7.4 to mimic the blood pH. The 

detailed composition of PBS is tabulated in Table T2 of Sup-

plementary Information. 

 Test samples of equal thickness (1.5 mm) were cut into 

1.5sq.cm and are immersed in 25 mL of PBS 7.4 and are 

placed in incubator and shaker at 37° ± 1 °C with shaking at 

50 rpm. 3 mL of aliquots were collected at every 15 min inter-

val during the fi rst one h study and 30 min time interval during 

1 to 2-h study and, at every h from 2 to 6 h and at every two 

h from 6 to 12 h. The aliquots are collected at specifi ed time 

intervals of time and replaced with the fresh buff er to maintain 

sink conditions. Amount of drug released at each time point 

was estimated from UV absorbance of aliquot and calculated 

from the calibration curve. 

    Statistical analysis 

 All the experiments were conducted in triplicates and statisti-

cal analysis was done by A NOVA using Origin 9.0 software. 

P < 0.05 is considered statistically signifi cant. 

 (4)Swelling ratio(S) =
Ws − Wd

Wd

 (5)%Swelling =

(
Ws − Wd

Wd

)
× 100

     Results and discussion 

   Structural analysis by XRD 

 The XRD patterns of pure bacterial cellulose (BC) and modi-

fi ed bacterial celluloses (BC-PEG2000 2%, BC-PEG2000 4%) 

are represented in Fig.  1  which show three crystalline peaks 

around 14.5°, 16.8°, and 22.6°, and a less intense amorphous 

peak at around 21.5° (Fig.  1 a, aʹ and a″). These crystalline 

peaks correspond to the planes of (100), (010), (110) in Iα, and 

(1-10), (110), (200) in Iβ respectively. Minor peak shift with 

slight variation in peak intensity was observed for the PEG 

modifi ed cellulose with respect to the unmodifi ed BC. The 

crystallinity and crystallite size was calculated from the XRD 

data and represented in Table 1 of Supplementary Information.         

 The crystallinity was found to be similar: 79% for unmodi-

fi ed, 75% for BC-PEG2000 2% and 78% for BC-PEG2000 4%. 

In previous reports, no signifi cant decrease in crystallinity was 

reported for PEG modifi ed BC as PEG2000 does not interfere 

with polymerization and crystallization of cellulose (Cousins 

and Brown  1995 ; Nishiyama  2009 ; Nishiyama et al.  2003a ,  b ). 

    Chemical composition determination by FTIR 

 The FTIR spectra of BC and PEG modifi ed BC are illustrated 

in Fig.  2 . The FTIR spectrum of PEG2000 is represented in 

supplementary information Fig. S2. The spectrum for BC 

shows all characteristic bands of cellulose around 3300  cm −1  

corresponding to –OH stretching, at around 2900  cm −1  for 

–CH stretching and about 1635  cm −1  for absorbed water. 

The peaks observed at wavenumbers 1430, 1370, 1330, and 

1060   cm −1  correspond to –CH 2  bending vibrations, –CH 

bending vibration, OH in-plane bending, and C–O stretch-

ing, respectively. In-plane asymmetric and symmetric stretch-

ing of glycosidic bond (C–O–C) is present at 1165  cm −1  and 

895  cm −1 , respectively. The less intense 669  cm −1  corresponds 

to the C–OH out-of-plane bending moment. FTIR spectra thus 

confi rm that as-produced bacterial cellulose is pure and devoid 

of any impurities (Adepu and Khandelwal  2018 ).         

 All the peaks present in FTIR spectrum of BC are found in 

spectra of BC-PEG2000 2% and 4% with a slight diff erence 

in intensities. No new peaks are formed in PEG modifi ed BC 

when compared to native BC, which suggests that PEG2000 

was not incorporated in BC. 

    Morphology and microstructure determination 
by SEM 

 The SEM images of BC, BC-PEG2000 2% and BC-

PEG2000 4% are furnished in Fig.  3 a–c, respectively. The 

uniform long microfi brils are seen in all samples with 

variable diameter distribution due to varying degree of 
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aggregation of microfi brils. The average fi bre diameters of 

BC, BC-PEG2000 2% and BC-PEG2000 4% were found to 

be 59 ± 8, 56 ± 10 and 54 ± 11 nm, respectively.         

 Round coiled structures were seen in both types of 

PEG modifi ed cellulose. The pore size has signifi cantly 

increased in PEG modifi ed BC which is further investi-

gated by BET analysis in subsequent section of this paper. 

 It is known that PEG 4000 doesn’t interfere with the 

crystallisation and the assembly process (Khandelwal et al. 

 2016 ). However, it aff ects pore size by aff ecting the later 

assembly of microfi brils into ribbons. PEG2000 doesn’t 

interfere with the bacterial cell metabolism, self-assembly 

or crystallization process; however, PEG2000 increases 

the viscosity of the medium which may hinder the extrud-

ing polyglucan chains and hence coiling occurs. 

  Fig. 1       XRD patterns of  a  BC, BC-PEG2000 2% and BC-PEG2000 4%, and Gaussian deconvolution of the peaks for  a ′ BC,  a ″ BC-PEG2000 2% 

and  a  BC-PEG2000 4%  

  Fig. 2       FTIR Spectra of BC, BC-PEG2000 2% and BC-PEG 4%  
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    Surface area, porosity, and pore size distribution 

 The specifi c surface area and pore volume of BC, PEG 

modifi ed BC are measured using BET and BJH methods, 

and the respective isotherms and plots of cumulative pore 

volume vs pore diameter are represented in Fig.  4 a, b. All 

samples have shown type II isotherms with hysteresis loop 

which represents unrestricted and reversible monolayer and 

multilayer adsorption obtained with macroporous substrates 

(Illa et al.  2019 ). The measured surface area, pore volume 

and calculated porosity are summarized in Table  1 .          

 In situ modifi cation of BC with PEG 2000 resulted in a 

decrease in the specifi c surface area with respect to pristine 

BC (81  m 2   g −1 ). The specifi c surface area of BC-PEG2000 

2% and BC-PEG2000 4% was found to be 52 and 48  m 2   g −1 , 

respectively. Overall fi bre density is comparatively lesser 

in case of BC modifi ed with PEG2000; hence the resultant 

surface area is less. A higher porosity was observed for PEG 

modifi ed BC when compared to pure BC. The porosity of 

BC, BC-PEG2000 2% and BC-PEG2000 4% was found to be 

92%, 94% and 96%, respectively. In cumulative pore volume 

vs pore diameter plots (Fig.  4 b), it has been found that PEG 

modifi ed BC has more number of macropores (> 100 nm) 

when compared to pure BC. With an increase in PEG weight 

per cent from 2 to 4%, a decrease in micro and mesopores, 

and an increase in macropores was observed. The presence 

of macropores occupies more volume and hence the pore 

volume and porosity were found to increase with an increase 

in PEG concentration. The pore volume of BC, BC-PEG 

2000 2% and BC-PEG 2000 4% were found to be 0.25, 0.30 

and 0.45 g/cc, respectively. This suggests that PEG2000 

could be used as a modifi er to vary porosity and surface area. 

    Swelling study 

 The swelling kinetics of BC, BC-PEG2000 2% and BC-

PEG2000 4% were tested in PBS 7.4 at 37 °C and is shown 

in Fig.  5 . In fi rst 15 min, 58% swelling was observed for 

BC-PEG2000 4%, 31% for BC-PEG2000 2% and 22% 

for BC. The % swelling of BC-PEG2000 4% was highest 

amongst all samples within the fi rst 2 h of study. About 

125% of swelling was observed in the fi rst h and 150% 

swelling after 2 h for BC-PEG 2000 4% with no further 

swelling. Whereas BC-PEG2000 2% has shown 79% 

swelling in fi rst 1 h, 130% swelling in 2 h and 148% swell-

ing was observed by the end of 4 h and no further swelling 

  Fig. 3       SEM micrographs of  a  BC;  b  BC-PEG2000 2%;  c  BC-PEG2000 4% (Arrow mark shows coiled ribbon like structures)  
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was observed after 4 h. BC has displayed 72% swelling in 

the fi rst 1 h followed by 113% in 2 h, 150% in 4 h and has 

reached 170% swelling after 5 h and only 2% swelling was 

observed after 5 h till 12 h.         

 Swelling kinetics in the fi rst few hours plays a signifi -

cant role in drug release, as the drug release from swellable 

hydrogel matrix like BC depends on swelling kinetics. Two 

things have to be considered in understanding the overall 

swelling kinetics: (a) Rate of swelling (b) extent of swelling.

   (a)       Rate of swelling  The speed of BC swelling depends on 

pore size/volume and porosity. If the pore size is more, 

diff usion of the medium is faster into the BC matrix 

and it swells faster. It also depends on the rigidity of 

fi bres which in turn depend on crystallinity. PEG modi-

fi ed samples have shown faster swelling within the fi rst 

2 h owing to the highest pore size and porosity   

  (b)       Extent of swelling  The swellability of bacterial cel-

lulose depends on porosity, surface area and the abil-

ity of the fi bres to change confi guration in order to let 

water enter the matrix. This depends on the density 

of fi bres, as well as crystallinity. For a given enough 

time for swelling, the sample with higher fi bre density 

displays maximum swelling as compared the samples 

with lesser number of fi bres. Fibre density was highest 

for unmodifi ed BC; hence it has displayed the highest 

swelling.     

 The specifi c surface area calculated was that of the fi bers 

and not the pores. An increase in porosity and pore size 

of bacterial cellulose aff ects the swelling behavior. Rate of 

swelling is more when the porosity and pore size of bacterial 

  Fig. 4        a  BET adsorption isotherms and  b  Cumulative pore volume vs pore size distribution of BC, BC-PEG2000 2%, BC-PEG2000 4%  

  Table 1       Type of isotherm 

obtained from BET, Surface 

area, pore-volume, and porosity 

of BC samples  

  Sample name    Type of iso-

therm  

  Specifi c surface area 

 (m 2 /g)  

  Pore volume (cc/g)    Porosity 

(%) As per 

Eq. ( 3 )  

  BC    II    81 ± 5.3    0.25 ± 0.04    92 ± 2.5  

  BC-PEG2000 2%    II    53 ± 4.1    0.30 ± 0.05    94 ± 3.6  

  BC-PEG2000 4%    II    48 ± 3.7    0.40 ± 0.08    96 ± 4.5  

  Fig. 5       Swelling study of BC, BC-PEG2000 2% and BC-PEG2000 4%  
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respectively. Korsmeyer–Peppas model was plotted for 

the initial 60% of release (Mt/ M∞ ≤ 0.6) in which Mt is 

the amount of drug released at time t, and M∞ is the total 

amount of drug-loaded. The n and k values were calculated 

from the slope and intercept of the plot of ln(Mt/M∞ ≤ 0.6) 

against ln t, respectively. Accordingly, the diff usion expo-

nent (n) is used to indicate various release mechanisms or 

to examine whether the release mechanisms followed the 

Fickian diff usion or not. If the diff usion exponent (n) value 

is less than or equal to 0.45, drug release corresponds to 

fi ckian diff usion mechanism, 0.45 < n < 0.89 to non-fi ckian 

transport, n = 0.89 to Case II transport, and n > 0.89 to super 

case II transport (Ritger and Peppas  1987 ). 

 From the fi tting results, as summarised in Table  3 , it was 

observed that all the three release profi les fi t well with the 

fi rst-order model with a correlation coeffi  cient  R 2  higher 

than 0.9. It indicates that the release of the drug is dependent 

on the diff erential concentration. The concentration gradient 

between the bacterial cellulose matrix and the surrounding 

media quickly reduces after the burst release phase, and the 

release becomes slow and sustained. As more than 60% of 

the drug was released within 30 minutes for BC-PEG2000 

2% and BC-PEG2000 4%, the drug release after that was 

very slow.  

 In addition, the n value obtained from Korsmeyer Peppas 

model was found to be below 0.45 for all the three samples, 

which indicated that the release mechanism is Fickian dif-

fusion from swellable matrices. 

 The release kinetics of BC and PEG modifi ed BC follows 

fi rst-order diff usion, which is a concentration-dependent 

release. The percentage of drug remaining to release after 

the fi rst 1 h is found to be 35% for BC, 16% for BC-PEG2000 

2% and 9% for BC-PEG2000 4%. Ideally, as per the fi rst-

order kinetics, drug release should be highest where there is 

the highest concentration gradient; whereas BC shows lesser 

drug release amongst three which has the highest concentra-

tion gradient. This indicates that, apart from concentration 

gradient, swelling aff ects the diff usion of drug to a greater 

extent. Amongst the three samples, the rate of swelling is 

highest for BC-PEG2000 4%, hence drug release is faster. 

 Diff usion through porous materials depends upon three 

parameters, porosity, constrictivity and tortuosity. Diff usion 

is faster in case of materials with high porosity and low 

constrictivity and, high tortuosity. Constrictivity is directly 

related to the pore volume and it is a ratio of the overall 

size of drug molecules to the overall size of available pores. 

Tortuosity is the property of a curve being twisted. It refers 

to the ratio of diff usivity in free space to the diff usivity in 

a porous medium. The rate of mass transfer per unit area 

is also related to the shape of polymeric chains within the 

dosage form. Higher tortuosity or curviness retards mass 

transfer as it acts obstructively on the drug particles within 

the formulation (Van Brakel and Heertjes  1974 ). Smaller the 

pore size, higher the tortuosity and higher is the retardation 

for drug diff usion. Amongst three samples, BC has more 

number of micro and mesopores and lesser macropores as 

compared to PEG modifi ed BCs. Hence BC shows higher 

retardation towards drug diff usion as compared to PEG mod-

ifi ed BC, due to which there is a higher drug release rate in 

case of modifi ed BCs. 

 Therefore, it can be concluded that swelling kinetics, 

tortuosity, constrictivity and concentration gradient gov-

erns the overall drug release behaviour of bacterial cellulose. 

However, swelling kinetics, constrictivity and tortuosity are 

in turn depends upon the porosity and pore volume of the 

samples. Hence, porosity, pore volume and pore size distri-

bution are also the most important factors of a nanofi brous 

hydrogel material in controlling the drug release. Overall 

loading effi  ciency depends upon the swelling, porosity and 

density of fi bres. 

      Conclusion 

 BC was demonstrated successfully as a carrier for water-

soluble drug, Diclofenac sodium and in situ modifi cation 

of BC is presented as a tool to tune drug release kinetics. 

PEG2000 was not incorporated in BC (confi rmed by FTIR) 

and there is no substantial diff erence in crystallinity and 

crystallite size was observed for modifi ed BC which con-

fi rms that PEG2000 does not interfere with the self-assembly 

of poly-glucan chains and crystallization of cellulose. How-

ever, porosity, pore size and pore volume was increased by 

PEG modifi cation. The drug release behaviour of Diclofenac 

sodium in PBS was studied from BC and PEG-modifi ed 

BC. The drug loading effi  ciency was governed by poros-

ity, fi bre density and extent of swelling. Highest drug load-

ing was observed for BC, owing to the highest fi bre density 

and least drug loading was observed for BC-PEG2000 4%. 

The extent of swelling governs the drug loading capacity, 

and the increased porosity and decreased fi bre density with 

  Table 3       Regression coeffi  cients  (R 2 ) obtained by fi tting of drug 

release from BC and modifi ed BC in kinetic models  

  Models    R 2  values  

  BC    BC-PEG2000 2%    BC-PEG20004%  

  Zero-order    0.461    0.291    0.195  

  First-order    0.930    0.967    0.935  

  Higuchi    0.725    0.554    0.428  

  Korsmeyer peppas  

    R 2     0.426    0.440    0.201  

  (Mt/M∞ ≤ 0.6)  

   n    0.37    0.32    0.28  
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PEG modifi cation reduced the swelling capacity (172% for 

BC and 150% for BC-PEG2000 4%) as well as the rate of 

swelling substantially. In drug release studies, burst release 

within the fi rst 1 h was higher for PEG-modifi ed BC (90%) 

with respect to unmodifi ed BC (70%). Drug release is matrix 

swelling controlled which in turn is governed by the poros-

ity, pore size, fi bre density and crystallinity. From the math-

ematical modelling, it was observed that the drug release 

is concentration-dependent and follows Fickian diff usion. 

Therefore, the drug loading and release kinetics of BC was 

tuned by in situ modifi cation by adding PEG2000 to the 

culture medium by aff ecting the porosity, surface area, fi bre 

density, crystallinity and thus, swellability. PEG modifi ed 

BC could be used for immediate release of analgesic drugs 

for acute pain relieving formulations and delivery of angina 

drugs. 
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