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ABSTRACT
Phycocyanin, produced by Spirulina platensis, has been reported as an anti-inflammatory, anti- 
hyperalgesia, antioxidant, anti-tumor, and anti-cancer agent. However, the ingestion of phycocya
nin in the body is often hindered by its instability against gastric pH conditions. The nano-drug 
delivery system has developed as a promising platform for efficient drug delivery and improve
ment as well as drug efficacy. Bacterial cellulose nanocrystal (BCNC) has it superiority as DDS due 
to its inherent properties such as nanoscale dimension, large surface area, - biocompatibility, and 
non-toxic. To improve its mechanical properties, BCNC was crosslinked with glutaraldehyde and 
was analyzed as a potential candidate for DDS. The Fourier transform infrared analysis of the BCNC 
suggested that hydrolysis did not alter the chemical composition. The index of crystallinity of the 
BCNC was 18.31% higher than that of the original BC, suggesting that crystalline BC has been 
successfully isolated. The BCNC particle also showed a needle-like morphology which is 25 ± 10  
nm in diameter and a mean length of 626 ± 172 nm. Crosslinked BCNC also had larger pores than 
the original BCNC along with higher thermal stability. Optimum phycocyanin adsorption on 
crosslinked BCNC reached 65.3% in 3 h. The release study shows that the crosslinked BCNC can 
protect the phycocyanin retardation by gastric fluid until phycocyanin reaches the targeted sites. 
This study provides an alternative potential DDS derived from natural bioresources with less 
expenses and better properties to promote the application of BCNC as functional nanomaterials in 
biomedical science.
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1. Introduction

Cyano-phycocyanin (C-PC), a water-soluble blue 
pigment, is a group of phycobiliprotein which is 
abundantly available in Arthrospira platensis 
(A. platensis). The protein is attached to the pig
ment and consists of glutamic acid, alanine, leu
cine, aspartic acid, isoleucine, serine, arginine, 
glycine, and threonine. This pigment–protein 
complex has been reported in works contributing 
to the pharmaceutical effects of A. platensis [1]. 
Recent studies have shown that C-PC has an anti- 
inflammatory activity [2,3] and is antioxidant [4], 
anti-tumorigenic [5], and anti-cancer [5,6]. 

However, when C-PC is taken as a supplement 
or drug, its activity is often hindered by its sus
ceptibility to gastric fluid due to its instability at 
conditions below pH of 4 [7]. Therefore, the use of 
a drug delivery system (DDS) for delivering drugs 
into specific targeted tissue represents an option to 
overcome this problem [8,9].

DDS designates an advanced method for targeted 
or specific delivery of a pharmaceutical substance 
throughout or into the body to maintain its efficacy 
and prevent its retardation before reaching the 
desired targeted sites. Drug carrier performs its 
action by regulating the rate, time, dosage, duration, 
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and location of drug release in the body. This system 
can also overcome solubility problems, and can pro
tect the drug from external environment such as 
changes in pH while reducing the dosage disposal 
by controlling the drug release [10,11]. Among 
numerous routes, oral intake is one of the most 
attractive routes for drug administration into the 
gastrointestinal (GI) tract. Oral route can be used 
for both systemic drug delivery and local gastroin
testinal treatment. This route is most preferred for 
drug carriage due to its noninvasive properties, cost- 
effectiveness, relatively ease-of-use, and convenience 
for self-consumption. However, the GI tract physio
logical milieu can also affect the stability and solubi
lity of the drugs [12–14].

Cellulose has several applications in biomedi
cine and pharmacology due to its distinctive prop
erties, such as high water retention capacity, high 
wet strength, low density, biocompatibility, non- 
toxicity, and biodegradability [15]. The improve
ment of technology has led to the finding of nan
ometer-sized cellulose or nanocellulose which 
provided new generation of cellulose for more 
advanced application. In pharmaceutical indus
tries, nanocellulose and its derivatives have been 
widely employed as pharmaceutical carrier 
(matrices) or excipients to condense the loaded 
drugs [16,17]. Nanocellulose can be obtained 
from native cellulose through various methods of 
extraction [18]. The crystallinity of cellulose can 
also be increased by hydrolysis, generally by acid 
hydrolysis, which results in cellulose nanocrystals 
(CNCs) [19]. Recently, researchers have been 
starting to focus on natural biopolymers that are 
sustainable, low cost, and environmental friendly 
[20]. Thus, bacterial cellulose (BC) began to arise 
as a replacement for plant cellulose. Bacteria 
produces BC from simple sugar to build up the 
nanofiber. Hence, the resulted cellulose product 
will be pure and free from contaminants. On the 
contrast, plant cellulose always contains hemicel
lulose and lignin and requires additional chemicals 
for purification which can pollute the environ
ment. Pineapple plantations in Indonesia cover 
an area of more than 28,000 hectares, where the 
total production of pineapple is about 20 tons per 
hectare per year with the percentage of pineapple 
peel waste is around 23% [21]. The accumulating 

waste of pineapple peel can be used as a potential 
source of glucose since a huge amount of these 
wastes is regularly disposed of, and by transform
ing it into useful materials, the concept of sustain
able development can also be achieved [22]. 
Pineapple peel waste contains sugar which is use
ful as a medium for BC biosynthesis by 
Gluconacetobacter xylinus [21].

The use of bacterial cellulose nanocrystal (BCNC) 
as a DDS agent has several advantages, such as good 
biocompatibility, non-toxicity, biodegradability 
[23,24], and negatively charged with high surface 
area. These advantages enable more effective cellu
lose nanocrystal (CNC) binding to the drug mole
cule to improve the loading efficiency [25]. To 
improve its mechanical properties, BCNC must be 
crosslinked with a crosslinker [26]. Glutaraldehyde 
(GTA) is one of the most widely used crosslinking 
agents, due to its high efficiency [27,28]. In addition, 
GTA has been frequently used as a crosslinking 
agent than any other crosslinker since it is low- 
priced, highly soluble in aqueous solution, and read
ily available [29]. Crosslinking with GTA is clinically 
accepted and has many benefits despite several 
reports of its cytotoxicity [29,30].

This present work focuses to develop the 
BCNC with cheaper and better features by cross
linking with GTA. The GTA will form links in an 
intermolecular and intramolecular through the 
formation of covalent bonds that mainly involve 
the amino groups of the polysaccharide. The pro
spect and effective application of BCNC as DDS 
was evaluated using C-PC extract. The BCNC was 
used in an attempt to increase and control the 
extract of C-PC delivery to intestinal tract. The 
C-PC was loaded to the BCNC to develop 
a carrier which is capable of preserving the 
C-PC stability in the GI tract and increase the 
drug release to improve its efficacy. The BCNC 
crosslinked with GTA was also developed to pre
vent the water-soluble C-PC protein to degrade 
by the strong acid and digestive enzyme normally 
present in the gastric environment and to 
improve its absorption in GI tract. The modifica
tion of GTA-BCNC provides an alternative 
potential local as well as temporal controlled 
release of the drug that has never been reported 
in the previous studies. This current work also 
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promotes specific features for the production of 
BCNC with cheaper and better properties and the 
applications of BCNC in the field of functional 
nanomaterials.

2. Materials and methods

2.1. Materials

Chemicals of technical grade and no prior treat
ment used for biosynthesis of BC and isolation 
of nanocrystal cellulose (NCC) were procured 
from local supplier, while the chemicals with 
pro analysis grade used for analysis were pur
chased from Sigma and Aldrich chemical com
pany. Gluconacetobacter xylinus bacteria was 
obtained from local suppliers. Waste pineapple 
peels was obtained from the pineapple planta
tion in Subang, West Java Indonesia. Spirulina 
platensis biomass were obtained from Biology 
Department of Padjadjaran University. The cel
lulose membrane was procured from the 
Chemistry Research Laboratory, Bandung, 
Indonesia.

2.2. Preparation of BCNC crosslinked with GTA

Production of BC was performed according to 
a previous study [21]. Isolation of BCNC 
includes the hydrolysis using 50% sulfuric acid 
with the acid–BC ratio of 50 ml/g and pro
ceeded at 45°C under constant stirring for 40  
min. The optimum conditions were taken from 
the optimized previous study [21]. The hydro
lysis process was stopped by quenching the 
samples into a tenfold volume of deionized 
water. The suspension of cellulose was centri
fuged at 4000 × g for 10 min to get the sedi
ment which was then dialyzed using CelluSep 
T4 Regenerated Cellulose Tubular Membrane 
MWCO 12.000–14.000 against deionized water 
until the dispersion reached pH ~ 6. Finally, the 
suspension was sonicated for 10 min using 
a Branson 2510 Ultrasonic Cleaner. The yields 
of suspension were then freeze-dried (OPERON 
Freeze Dryer Bench Top FDB-5003) to obtain 
BCNC powder.

Synthesis of crosslinked BCNC with GTA was 
performed using a previous method [31]. The 

BCNC suspension was placed into a beaker and 
GTA solution was added as a crosslinker, with 
several variations in the mass fractions of 1 m/ 
m% and 2 m/m%, which was stirred for 1 h. 
Then, the suspension was freeze-dried using 
OPERON Freeze Dryer Bench Top FDB-5003.

2.3. Characterization of BCNC

2.3.1. Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM)
The SEM and TEM analyses conditions were per
formed with reference to a previous method [32]. 
The morphology of BC was observed by SEM exam
ination. Dry samples were coated using an ion sput
ter with gold or palladium. The prepared samples 
were imaged using a JEOL JSM-6510 SEM set to 8– 
10 kV. The morphology and particle size distribu
tion of BCNC were determined using a JEOL JEM- 
1400 TEM by depositing the suspension of BCNC 
onto carbon-coated microscope grids and allowed to 
dry. By measuring at least 175 distinct particles, the 
size of the particle was calculated statistically from 
the SEM or TEM analysis findings.

2.3.2. Fourier Transform Infrared (FTIR)
FTIR spectroscopy was determined by referring to 
a previous method [32]. The spectra of BC and 
BCNC were measured using infrared spectrometer 
and subsequently recorded at room temperature. 
The spectra were generated from a Prestige 
Shimadzu FTIR spectrometer instrument. To find 
information on changes in the chemical composi
tion, the samples were formed into KBr pellets and 
evaluated over the region of 4500–450 cm−1 at 
a scanning resolution of 2 cm−1. The ratio of crys
tallinity of BCNC was also evaluated by recording 
the peaks at 1372 cm−1 (A1372) and 2900 cm−1 

(A2900) and calculated by using equation (1) [33]: 

where CrR represents the crystallinity ratio while 
A1372 and A2900 are the peaks at 1372 cm−1 and 
2900 cm−1, respectively.

2.3.3. X-ray Diffraction (XRD)
To demonstrate the crystallinity of cellulose, XRD 
measurement was utilized. XRD examination was 
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performed on BCNC using a Philips PW 1835 
diffractometer with CuK radiation (=1.54) in the 
two ranges of 5–90° to investigate its crystallinity. 
The measurement was conducted at a voltage and 
current of 40 kV and 30 mA, respectively. The 
index of crystallinity (CrI) was calculated using 
equation (2) [34]: 

I200 is the maximum intensity of the crystal lattice 
diffraction peak (around 2θ = 22.5° for cellulose I) 
and Iam is the diffraction intensity of the amor
phous part (around 2θ = 18° for cellulose I).

2.3.4. Thermogravimetric Analysis (TGA)
TGA was performed using TG/TGA Shimadzu 
DTG 60A to investigate the thermal stability 
of BC, BCNC, and BCNC-GTA. Each sample was 
heated from 27°C to 550°C at a rate of 5°C min−1 

under a nitrogen environment.

2.3.5. Swelling rate
The degree of swelling was measured using 
a previous method [35]. Each sample (0.01 g) was 
poured into 100 ml of distilled water. Data was 
recorded at a certain time interval and the water 
uptake of sample was calculated using equa
tion (3):

where Q represents the swelling rate or water 
absorbency while m1 and m2 are the dry weight 
of the sample before and after swelling, respec
tively. Swelling rate measurements of the BCNC 
were conducted three times.

2.4. Water absorbency

Measurement of water absorbency was performed 
using previous method [35]. The sample (0.01 g) 
was immersed in 100 ml of distilled water under 
room temperature for 4 h to achieve swelling equi
librium, then separated from the medium by sift
ing through a 200-mesh nylon sieve. Water 
absorption (Q) was calculated using equation (3). 
Water absorbency measurements of the BCNC 
were conducted in triplicates.

2.5. Extraction and purification of 
Cyano-Phycocyanin (C-PC)

C-PC extraction and purification were performed 
according to a previous study [36–38]. The C-PC 
was purified using ammonium sulfate ((NH4) 
2SO4) precipitation by referring to previous 
experiments [36]. The purification process was 
carried out in triplicates by subjecting the C-PC 
to 25% ammonium sulfate and 50% ammonium 
sulfate. A greenish residue and blue supernatant 
were obtained at 25% saturation. The yields of 
blue supernatant were then subjected to a 50% 
ammonium sulfate to obtain blue residue and 
colorless supernatant. The yields of residue from 
50% saturation were dissolved with phosphate 
buffer, then continued with dialysis using cellu
lose membrane to remove the remaining ammo
nium sulfate. Purification of the extracted 
dialyzed C-PC extract was conducted for 6 days 
by replacing the pH 7 phosphate buffer solvent 
once per day. After the dialysis, the C-PC content 
was freeze-dried.

2.6. Adsorption of C-PC extract

C-PC extract adsorption on BCNC was measured 
isothermally at 25°C under pH 7.5 condition [39]. 
The adsorption study was performed by referring 
to the previous study [40]. A known CNC amount 
of 20 mg was poured to a series of Erlenmeyer 
flasks each containing a mixture of 12 mL of 
a solution with 62 ppm C-PC extract. All flasks 
were placed in a thermostatic water bath shaker 
for 3 h.

The concentration of C-PC in the solution 
before (Co) and after reaching equilibrium concen
tration (Ce) was obtained using a Shimadzu UV 
Mini 1240 at range of wavelength of 200–800 nm. 
The amount of C-PC extract absorbed by CNC at 
equilibrium condition (qe) was calculated using 
equation (4):

Units of m and V represent the mass of the CNC 
and the volume of the solution. The adsorption 
study was carried out in three independent 
experiments.
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Adsorption isotherms are usually used to 
describe the interactions that occur between the 
adsorbent and the adsorbate. In this study, 
Langmuir and Freundlich isotherms were used; 
thereafter, a more suitable isotherm was chosen. 
Langmuir’s equation is presented in equation (5):

The qmax represents the adsorption capacity, while 
the KL characterizes adsorption affinity of the 
adsorbent [41,42].

The Freundlich equation represents the adsorp
tion of the liquid phase on heterogeneous surfaces. 
The formula of the Freundlich’s equation is pre
sented in equation (6):

where KF signifies the adsorption capacity and 
n denotes the heterogeneity of the system with 
a value ranging from 1 to 10. The higher the 
value of n, the more heterogeneous a system is. 
Freundlich’s isotherm model is used to predict 
a multilayer adsorption [43].

2.7. C-PC extract release studies

The drug release studies were measured at 37°C in 
phosphate buffer (PB) medium with pH values of 
7.2 and 2.1. A sample of BCNC loaded with C-PC 
extract (0.02 g) was subjected to a series of beaker 
glass containing 15 mL of phosphate buffer solu
tion. All flasks were put into a water bath 
(Memmert WB-14 thermostatic shaker) at 37°C. 
During the drug release process, the beaker glass 
was shaken at 170 RPM. Each beaker glass was 
removed from the system one by one at every 
certain interval. The concentration of C-PC extract 
release was recorded as a function of time (Ct) 
using Shimadzu UV Mini 1240 at a wavelength 
of 200–800 nm. The blank of phosphate buffer 
solution was used as a control solution for UV 
analysis. Drug release studies were carried out in 
triplicates.

3. Results and discussion

The characteristics of the isolated CNC from BC 
through the acid hydrolysis method to develop 

a potential drug carrier (DDS) from cellulose- 
based material were performed in this study. The 
developed DDS of BCNC was characterized to 
determine its features for establishing the method 
for the production of BCNC as well as to evaluate 
its potential as a drug carrier for phycocyanin.

3.1. Characteristics of BCNC

The comparative analysis of the BC and BCNC 
FTIR spectra identified the appearance of peak 
near 3440–3400 cm−1, which resembles the – 
OH groups. The peak around 1640 cm−1 in the 
FTIR spectra of BC and BCNC corresponds to 
the absorption of water. Both the peak absorbances 
are ascribed to the stretching of hydrogen bonds 
and bending of hydroxyl (OH) groups bound to 
the cellulose structure [32,44]. The FTIR spectrum 
in Figure 1a shows that the spectrum of BCNC is 
similar to that of BC, suggesting that the hydro
lysis of BCNC using acid did not significantly 
affect the chemical composition. There was 
a slight shift found at the peaks around 2900  
cm−1 and 1430 cm−1, which indicates that the two 
substances have different crystallinities [32]. Using 
equation (1), it was obtained that the ratio of 
crystallinity (CrR) of BC and BCNC are 1.0239 
and 1.0492, respectively, indicating that BCNC 
has higher crystallinity compared to the 
original BC.

Some absorption peaks under the wavelength 
range of 1700–850 cm−1 in the FTIR spectra 
of BC and BCNC demonstrated the polymorph 
structure of the cellulose. The absorbance at 
about 1420 and 1155 cm−1 in the spectra of BC 
and BCNC suggested the existence of the cellulose 
I [33]. According to Carrillo et al. [45], if the 
content of cellulose I had been dominant, the 
peaks at 1420 and 1155 cm−1 would have been 
shifted at 1430 and 1162 cm−1, respectively. In 
this work, the absorption peaks are detected at 
1427 and 1161 cm−1 for the original BC and 1429 
and 1163 cm−1 for BCNC. The detection of peak at 
1280, 1317, and 1336 cm−1 in both original spectra 
of BC and BCNC also supported the major occur
rence of cellulose I. The polymorph structure 
of BC and BCNC were also observed in the XRD 
diffractograms. GTA was used as a crosslinking 
agent for chemical crosslinking of cellulose chains 
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since it is less expensive, readily available, highly 
soluble [29], highly efficient [27,28], and clinically 
accepted [29,30]. The FTIR spectra of BCNC-GTA 
are shown in Figure 2a. The BCNC-GTA 
shows two significant differences in the FTIR 

spectra, compared to that of BCNC. The first one 
is a decrease of the O–H band intensity at 3350  
cm−1 as the GTA concentration increases, and the 
other is the presence of the aldehyde peak (CHO) 
at 1710–1712 cm−1 [46]. These differences 

Figure 1. Characteristics of bacteria cellulose and the synthesized BCNCs. (a) The infrared spectra of BC and BCNC; (b) SEM image 
of BC; (c) SEM image of BCNC; (d) TEM image of BCNC; (e) particle size distribution of BCNC (length); (f) particle size distribution of 
BCNC (diameter); and (g) XRD of BC and BCNC.
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indicated that the cellulose chains have been suc
cessfully crosslinked with GTA. Moreover, the 
spectrum of BCNC-GTA has a higher peak inten
sity at 1060–1163 cm−1, which is ascribed to C–O 
stretching. This also proves that GTA is linked to 
cellulose chains and the double bonds (C=O) are 
open. The linkages occurred between the reactive 
C-6 hydroxyl groups of cellulose and the hydrated 
regions of GTA [47]. This peak overlapped with 
the water absorption peak of the cellulose; there
fore, the overall intensity of these peaks was 
increased after crosslinking [32,48].

Figure 1d shows the needle-like shape morphol
ogy of BCNC using TEM analysis. Needle-like 
morphology is a typical morphology for CNC 
[49]. The length and average diameter of BCNC 
particles obtained from TEM images were 626 ±  
172 and 25 ± 10 nm as shown in Figure 1(e,f). 
These results suggested that acid hydrolysis with 
a concentration of 50% was necessary for optimum 

isolation of BCNCs from BC. Upon hydrolysis, 
the BC was converted to BCNC which resulted in 
typical needlelike morphology. This is expected for 
crystalline BC due to higher crystalline region that 
can survive acid attacks better than the amorphous 
region. Higher degree of amorphous region and 
prolonged hydrolysis rate would result in 
a spherical morphology. BC has higher purity 
than plant cellulose, and delignification process is 
not required in the processing that leads to con
servation of the crystalline structure, resulting in 
the typical rod/needlelike morphology upon the 
acid hydrolysis.

As shown in Figure 1b, the BC film has mor
phology of a ribbon-like microfibrils with length 
about several micrometers and an average dia
meter of 51 ± 25 nm. Figure 1d shows the TEM 
image of BCNC where it has needle-like structure 
morphology. This structure is a typical morphol
ogy for CNC40. As shown in Figure 1(e,f), the 

Figure 2. Characteristics of the synthesized BCNCs crosslinked with GTA at different weight percent. (a) FTIR spectra of BCNC, 
BCNC-GTA 1%, BCNC-GTA 2%, and BCNC-GTA 3%; (b) TGA curve of BC, BCNC, and BCNC-GTA 2%; (c) SEM image of BCNC-GTA 1%; 
and (d) SEM image of BCNC-GTA 2%.
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length and average diameter of BCNC particles 
obtained from TEM analysis were 626 ± 172 and 
25 ± 10 nm, respectively. Figures 1c and 2(c,d) 
show the freeze-dried BCNC, BCNC-GTA 2%, 
and BCNC-GTA 3%, respectively. All of these 
showed a porous structure; however, there was 
a gradual increase in the pore size which allows 
more water to enter the pores during the swelling 
process.

On the other hand, the addition of GTA as 
a crosslinker made the band wider which could 
have an impact on the mechanical properties of 
BCNC. The mechanical properties of BCNC-GTA 
are predicted to be higher due to the width of 
these band, although the pore size also increase. 
This is shown in the results of swelling ratio 
(Figure 3a) where the rate of expansion and 
water absorption (Figure 3b) in BC were very 
low, whereas the highest rate of 2% was shown in 
BCNC-GTA. Swelling and water absorption rate 
were increased to 81.87% and 66.40%, respectively, 
mainly due to the fact that the surface of BCNC 
contains plenty of hydrophilic groups (–OH) 
which causes high hydrophilicity. Consequently, 
the effect of crosslinking GTA caused an improve
ment of the mechanical properties of BCNC-GTA 
into the highest rate of 2%; therefore, the swelling 
of BCNC was preferred to be conducted in the 
water. Crosslinking between nanocellulose and 
GTA provides more intermolecular associations, 
thus affect the pore structure and size, which 
then affect the application performance as a DDS.

Structurally, cellulose fibers contain amorphous 
and crystalline parts. The amorphous part has an 

irregular structure, whereas the crystalline part has 
a regular structure. During acid hydrolysis, the 
amorphous part of the cellulose fiber will be 
hydrolyzed into glucose, while the crystalline part 
remains intact due to its excellent stability under 
acidic condition [49,50]. The XRD patterns of BC 
and BCNC are shown in Figure 1g, which showed 
four characteristic peaks at the diffraction peak 
around 2θ = 14.5°, 17°, and 22.5°. These peaks 
were in the same position as the cellulose 
I crystal peaks at around 2θ = 15.9° 16.4°, 22.6°, 
and 34.6°. Additionally, the diffractogram of XRD 
of BC and BCNC at around 2θ = 22.6° showed 
sharper peaks for BCNC than that of BC. The 
higher degree of crystallinity of BCNC compared 
to BC was indicated by the sharper diffraction 
peak of BCNC than BC [49]. The crystallinity 
indexes of BC and BCNC were 69.49% and 
87.8%, respectively. The index of crystallinity of 
the BCNC was 1.26 times higher than that of BC 
due to the removal of amorphous fraction by sul
furic acid hydrolysis [51].

The thermal stability of polymeric materials 
depends on the characteristics of the sample and 
the interactions of different macromolecules. 
Chain breaking or macromolecular bond dissocia
tion occurs when the heat energy applied exceeds 
the bond dissociation energy of the individual 
chemical bond [52].

The weight loss of cellulose nanoparticles with 
increasing temperature and its degradation rate 
are shown in Figure 2b. The thermal stability 
indicates the BCNC potential utilization in various 
applications. Although this feature is not crucial in 

Figure 3. The properties of the varying BCs and enhanced BCNCs crosslinked with GTA. (a) Swelling test and (b) water absorbency.
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the drug delivery application due to lower applica
tion temperature, this may be important in the 
processing and storage of the material. The ther
mal decomposition of water of the samples was 
observed in the range of 50–200°C. In addition, 
the decomposition of cellulose into small molecu
lar weight compounds was observed in the range 
of 250–350°C [49]. We observed that the main 
degradation temperature was shifted to the higher 
temperature range in 2% BCNC-GTA, which was 
then followed by BCNC and BC, respectively. GTA 
is an effective short-chain molecule and crosslin
ker with high crosslink density; hence, short GTA 
crosslinks limit the freedom of movement of nano
cellulose molecules, resulting in a high transition 
temperature and higher thermal stability [27].

3.2. Characteristics of C-PC extract

To demonstrate the characteristics of C-PC 
extract, UV–vis spectroscopic method was utilized. 
The crude extract of C-PC obtained from the 
biomass extraction of Spirulina platensis has 
a bluish green color. The results of the UV-Vis 
spectroscopic analysis of the crude extract of C-PC 
are shown in Figure 4. The maximum absorption 
occurs at a wavelength of 620 nm (C-PC), and two 
other smaller peaks at a wavelength of 415 nm 
(chlorophyll) and 345 nm (billin, carotenoid), 
respectively.

Furthermore, the success of the purification 
protocol was also revealed by the UV–vis overlay 
spectrum which is shown in Figure 4. A sharp 
increase in the single peak at 620 nm indicates 

the maximum absorbance of C-PC, while 
a decrease in absorbance at 280 nm suggests the 
removal of proteins other than C-PC [36]. The 
purity of the C-PC extract preparation was evalu
ated based on the ratio of absorbance of phyco
cyanobilin at 620 nm, A620 and aromatic amino 
acids to all proteins in the sample preparation at 
280 nm, A280. C-PC extract preparations with 
A620/A280 greater than 0.7 are considered suitable 
as food grade and A620/A280 greater than 4.0 are 
considered as analytical grade due to its high pur
ity [53]. Based on the results of the purification 
stage of up to 4 (dialysis), C-PC extract was con
cluded to be successfully purified into a food grade 
ratio of 2.105.

3.3. Adsorption of C-PC extract

The effect of contact time on C-PC extract adsorp
tion in BCNC was conducted by varying the con
tact time as shown in Figure 5a. The chemical 
structure characterization indicated that the 
adsorption of C-PC extract is largely 
a consequence of hydrogen bonding interactions, 
electrostatic interactions, and van der Waals forces 
between the C-PC and the cellulose [54–56].

The percentage of C-PC extract adsorption was 
increased along with the increasing contact time, 
while the adsorbate concentration was decreased. 
Additionally, the optimum value indicated that 
a higher adsorption efficiency was detected. C-PC 
extract adsorption increased along with increasing 
time until it reached the optimum contact time of 
40 min with the percentage of 58.4%, due to the 

Figure 4. UV–vis spectrum of extraction and purification stages of C-PC compound.
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presence of highly reactive sites of hydroxyl groups 
on the surface of BCNC. As shown in Figure 5a, 
the highest adsorption occurred at BCNC-GTA of 
2%, which suggested that the crosslink was suc
cessfully enhanced by the mechanical properties of 
BCNC. Moreover, after 40 min, the adsorption 
process became slow since the adsorbent has an 
active side which is then filled, thus slowing down 
the adsorption process.

The application of the isotherm model can be 
observed from the value of r2 (coefficient of deter
mination) of each model. The r2 value in the 
Langmuir’s model is preferable compared to the 
Freundlich’s model (Figure 6) with an r2 value of 
0.99 which confirms that the experimental data 
can be accurately described by the Langmuir 
model isotherm. We hypothesize that the adsorp
tion mechanisms occurred with a monolayer. 

Another hypothesis for the Langmuir’s model is 
that the reaction was reversible and the interaction 
between the adsorbed species did not occur [41]. 
The adsorption on the surface was localized, sug
gesting that atoms or molecules were adsorbed at 
a certain position and did not migrate [57].

3.4. C-PC extract release study

In vitro release study of C-PC extract on matrix 
(BC, BCNC, BCNC-GTA 2%) was studied under 
phosphate buffer conditions at pH = 2.1 and pH  
= 7.2. The experimental results showed that the 
release of the C-PC extract from the matrix at 
pH 2.1 did not show the release rate in acidic 
media before the 7-h release study. After 24 h, 
the amount of C-PC extract released from 
the BC, BCNC, and BCNC-GTA was 40.79%, 

Figure 5. Adsorption kinetics of C-PC at different parameters. (a) The effect of contact time on the percentage of C-PC adsorption, 
and (b) release study of C-PC extract under pH 7.2 condition.

Figure 6. Langmuir and Freundlich isotherm adsorption.
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12.91%, and 10.23%, respectively. This may be 
due to the stability of nanocellulose under acidic 
conditions. The size of the CNC aggregate 
increased significantly with the addition of 
HCl. The CNC has higher ratio of surface area 
to volume than BC, enabling high loading and 
binding capacity [58]. Additionally, nanocellu
lose has stability in a negative charge, but 
under acidic conditions, the zeta potential of 
nanocellulose had increased. This is due to the 
interferences with the crystallinity of nanocellu
lose, resulting in the loss of crystallinity of 
nanocellulose, and, therefore, it becomes less 
sensitive to ions [59,60].

However, the release profile of C-PC extract 
drastically changed when the matrix was incu
bated under phosphate buffer conditions (pH =  
7.2) (Figure 2), due to the drug diffusion into 
the external medium. The release of the drug 
was faster for BC as there was poor swelling of 
the BC. As seen in Figure 3d, BCNC-GTA 2% 
has the best swelling ratio. After 24 h, the 
amount of C-PC extract released from the BC, 
BCNC, and BCNC-GTA was 69.46%, 47.39%, 
and 43.21%, respectively. The introduction of 
GTA reduced the hydrophilicity of the BCNC 
and improved the long-time stability, resulting 
in slower drug release [46]. These results suggest 
that the GTA modulated the denser structure of 
BCNC and led to a slow sustained release state 
[61]. Without the GTA, the C-PC molecules 
inside will be driven closely to each other, and, 
therefore, they readily come in contact with the 
dissolution medium, leading to a fast release 
than that of BCNC-GTA [62]. In contrast, the 
modified BCNC with GTA promoted stronger 
bond of C-PC with BCNC-GTA and sustained 
the drug release [62]. Those results demon
strated that the BCNC and BCNC-GTA may be 
suitable alternatives for drug delivery that can 
withstand the gastric fluid to ensure C-PC 
extract is released on the targeted organ.

4. Conclusion

The present work has explored the potential of 
crosslinked BCNC as a candidate for DDS. The 
morphology of BCNC extracted from BC has 
a needle-like structure, with an average diameter 

and length of 25 ± 10 nm and 626 ± 172 nm, respec
tively, and an average aspect ratio (L/D) of 25 ± 1. 
The acid hydrolysis using sulfuric acids produced 
BCNC with higher crystallinity index than the 
original BC. The optimum adsorption of phycocya
nin reached the crosslinked BCNC at 65.3% in 3 h. 
The release study shows that the crosslinked BCNC 
as drug delivery of phycocyanin can prevent its 
degradation from gastric fluid that can cause the 
release of phycocyanin on the target. The current 
work establishes the development of BCNC as an 
alternative promising DDS originating from less- 
expensive materials with a cost-effective method. 
This study also considers the potential green pro
duction of nanomaterials that require less involve
ment of hazardous chemicals. Further exploration 
and modification of BCNC as drug carrier for inso
luble bioactive compounds and toxicity assessment 
of the developed DDS will be needed to provide 
safer, cheaper, and better properties of drug carrier.
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