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Advances in microtechnology have progressively improved cultivation 
methods, providing significant benefit through hydrogel immobilization, 
which enables more controlled nutrient delivery and a conducive 
environment.  In this work, Chlorella vulgaris, a microalgal species, was 
used to investigate the cell cultivation and optimal growth conditions within 
cellulose-based bioinks composed of cellulose nanofibrils (CNF) and 
carboxymethyl cellulose (CMC). C. vulgaris immobilization serves as a 
bioprinted living cell model focused on a plant-based system, enhancing 
the understanding of a modern and simplified cultivation techniques. The 
growth rates of C. vulgaris cells in CNF/CMC hydrogels were evaluated 
using colorimetric analysis with different cell cultivation techniques. The 
morphological structure was analyzed within the CNF/CMC hydrogel, C. 
vulgaris culture, and the immobilized C. vulgaris in the hydrogel. The 
optimal conditions at room temperature for C. vulgaris growth were 
established by preparing the hydrogels with varying CNF and CMC 
concentration ratios for subsequent 3D bioprinting processes. 
Remarkably, the 3D-bioprinted hydrogel with a concentration ratio of 5 
wt% CNF and 5 wt% CMC demonstrated superior structural integrity, with 
capability for 3D printing and exceptional C. vulgaris cell growth rates. A 
green and comprehensive method of nanocellulose-based bioinks showed 
great properties for the application of other cells’ culture with 3D 
bioprinting. 
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INTRODUCTION 
 

Three-dimensional (3D) bioprinting shares a similar concept with 3D printing, 

capable of producing a scaffold in a 3D shape, but it incorporates living cells during the 

process to produce viable tissue and living scaffolds using bioink (Vurat et al. 2022). Its 

present applications, extending various fields, are predominantly utilized in the field of 

tissue engineering and regenerative medicine (Ramadan et al. 2021). However, it extends 

beyond this through the involvement of other living cells in food technology, agriculture 

and aquaculture biotechnology, wastewater treatment, bioenergy, and carbon management.  
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Bioink, a crucial component of 3D bioprinting, comprises a biomaterial that encapsulates 

living cells in a gel-like form. The bioink employed should offer high resolution during the 

3D bioprinting process, exhibit high biocompatibility with the living cells, and maintain 

mechanical stability to preserve the structure of the scaffold post 3D bioprinting 

(Gopinathan and Noh 2018). 

Bioink can be synthesized using biopolymers, with cellulose being a popular choice 

due to its affordability, renewability, and widespread availability as a polysaccharide 

(Kargarzadeh et al. 2017; Shaghaleh et al. 2018). Furthermore, cellulose possesses a robust 

mechanical structure and biocompatibility, particularly at the nanoscale, because of its 

unique properties of high surface area and strength, non-toxic and applicable for the 

modification according to its application (Jorfi and Foster 2015). These characteristics 

enable cellulose to be utilized in diverse sectors, including pharmaceuticals, tissue 

engineering, and halal agricultural medium (Zainal et al. 2019). However, when used as a 

pure nanocellulosic material for bioink in hydrogel fabrication, cellulose nanofibrils (CNF) 

have certain limitations, such as high shear-thinning property, low mechanical strength of 

the hydrogel, and structural shrinkage upon drying (Badhe and Nipate 2020). These 

limitations needs to be addressed in order to take advantage of its ability to provide an 

extracellular matrix (ECM)-like environment and excellent biocompatibility. As suggested 

by Nan et al. (2019), these issues can be mitigated by using a composite of CNF and 

carboxymethyl cellulose (CMC) to enhance the mechanical strength of the hydrogel bioink. 

This is attributed to the high number of carboxyl functional groups (COO-) in CMC, which 

can yield a higher gel content when crosslinked with calcium chloride (CaCl2).  

The current research and development in the field of 3D bioprinting technology 

faces certain challenges such as poor bioink mechanical stability, cells survival and 

stability, cost, and scalability. The assurance of the viability of cells within the bioprinted 

hydrogel for applications in biomedical, biotechnology, or environmental remediation is 

still pending. Therefore, the initial research utilized model microorganisms, including 

microalgae, the plant cell, to study cell viability and optimal growth conditions in the 

cellulose-based bioink. Chlorella vulgaris, a green microalga from the Chlorophyta 

division, is an ideal candidate for this research due to its fast growth rate and adaptability 

to changing physico-chemical conditions (Wirth et al. 2020). Typically, microalgae 

cultivation falls into two categories: open culture systems and closed culture systems. Open 

culture systems refer to open raceway ponds (ORW), while closed culture systems involve 

the use of photobioreactors (PBR) (Show et al. 2020). Unlike traditional techniques that 

culture microalgae in suspensions, this method cultures microalgae in hydrogel. Through 

a process called immobilization, living cells are encapsulated within a polymeric matrix 

that allows a nutrient-rich suspension to circulate through it (Cohen 2001). 

There are various 3D bioprinting methods, including extrusion-based bioprinting 

(EBB), droplet-based bioprinting (DBB), and laser-assisted bioprinting (LAB). The EBB 

method extrudes a viscous bioink to form a continuous filament layer-by-layer through a 

nozzle, using pneumatic, piston, or screw forces (Landers et al. 2002). The liquid 

deposition modelling (LDM) technique employed in this study uses a motor to generate 

pressure during the extrusion of the liquid bioink solution. In the process of preparing 

hydrogel bioink, microalgae cells were directly cultivated in the hydrogel, which is a 

departure from traditional cultivation methods. The growth of microalgae within the 

hydrogel matrix is confirmed based on the green hue formation through the cultivation 

process, closely related to the chlorophyll, which is a green pigment. This green pigment 

allows for the application of the colorimetric method using RGB colour to measure cell 
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growth, together with a wider spectrum to capture colour variations within the cultivation 

period. 

In this study, C. vulgaris was cultured in the biobased hydrogel made up of CNF 

and CMC. The hydrogel composition, with the presence of crosslinker and cultivation 

conditions, was manipulated to study the growth rates of microalgae cells, C. vulgaris. The 

optimum growth condition of C. vulgaris in the CNF/CMC hydrogel will be used in 

analysing the potential of the cells in 3D bioprinting by varying the hydrogel composition 

ratio. The 3D-printed microalgae scaffold with good shape fidelity is expected from the 

LDM printing technique. 

 
 
EXPERIMENTAL 
 

Materials 
Oil palm empty fruit bunch fiber (OPEFB), was mechanically processed and passed 

through a mesh screen, ranging in size from 106 to 500 µm. It served as the primary raw 

material for the cellulose isolation and processing. The preparation of cellulose and 

cellulose ink required the use of 90% formic acid, 30% hydrogen peroxide (H2O2), iron (II) 

derived from iron (II) sulfate heptahydrate (Fe2SO4·7H2O), calcium chloride (CaCl2), and 

sodium carboxymethyl cellulose (NaCMC), all sourced from Merck, Darmstadt, Germany. 

Bold’s Basal Medium (BBM) is a composite of macronutrient, alkaline ethylenediamine-

tetraacetic acid (EDTA) solution, acidic iron solution, boron solution, and trace metal 

solution utilized following the previous study (Anderson 2005). 

 
Preparation of CNF/CMC Hydrogel 

Cellulose was isolated from OPEFB through a procedure that has been documented 

in previous research (Sajab et al. 2019; Mohan et al. 2021; Wan Jusoh et al. 2025). Briefly, 

the solution of 90% formic acid and OPEFB at ratio 30:1 was stirred at 90 °C for 2 h (IKA 

RCT Basic, IKA Staufen, Germany), effectively removing lignin from the biomass. The 

resulting supernatant and pulp were separated using vacuum filtration and washed with 

distilled water (IKA MVP10 Basic, IKA, Staufen, Germany). The extracted pulp 

underwent catalytic oxidation in hydrogen peroxide (1 to 6% w/v) and Fenton reagent and 

Fe(0) nanoparticles derived from iron (II) sulphate heptahydrate solution (2 to 14 mg/L) at 

90 °C for 24 h to purify the fibers. A total of 1 M hydrochloric acid (HCl) was added in 

~0.1 mL increments to make the solution a stable and low potential of sedimentation. The 

fibers were then filtered and washed until a neutral pH was achieved and chilled at ~ 4 ℃ 

for future use. To produce cellulose nanofibrils (CNF), the isolated cellulose fibers (0.7 

wt%) were fibrillated in deionized water using a high-speed homogenizer (IKA T25 

Digital, Staufen, IKA Germany) in a constant room temperature 25 °C and at 25,000 rpm 

rotation speed. The homogenizing process was conducted for 30 minutes in control cycle 

of 10 minutes to prevent hydrolysis by ensuring the temperature below 70 °C. The 

fibrillated cellulose was then stored at ~ 4 ℃ for further use. 

 

Hydrogel Cultivation Parameters 
C. vulgaris from Chlorella group was used as the microalgae species for the whole 

study. The BBM was utilized as the nutrient source for C. vulgaris cell cultivation, and is 

formulated in distilled water (Anderson 2005). The materials and tools used in this step 

were sterilized using an autoclave at 121 ℃. A 10 wt% of the C. vulgaris stock culture was 
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introduced to the sterilized BBM, and the cells in this inoculum were permitted to grow 

under light and aeration. The growth curve of C. vulgaris was determined daily using a UV 

spectrophotometer at wavelength of 750 nm and the color differences were observed 

(Yatirajula et al. 2019).  

In the preparation of CNF/CMC hydrogel for microalgae cultivation, BBM was 

utilized as the solution replacing the distilled water. A 4.5 wt% CNF was incorporated and 

blended with the BBM solution at room temperature with the stirring rate of 1,200 rpm for 

a duration of 10 min. Concurrently, a 5 wt% CMC solution was formulated by dissolving 

NaCMC powder in the BBM solution at 60 ℃, maintaining a constant stirring speed of 

1,200 rpm for a duration of 30 min. The CNF/CMC hydrogel was then prepared by 

introducing the dissolved CMC into the CNF suspension and stirred for an additional 30 

min using an overhead stirrer at 2,500 rpm for another 30 minutes.  

Nanocellulose-based hydrogels were then prepared in accordance with their 

components and categories, as outlined in Table 1. C. vulgaris cells were then introduced 

into the hydrogel bioink at a concentration of 1.00 × 107 cells/mL for both with and without 

3D bioprinting. The prepared nanocellulose-based hydrogels were molded into a square 

shape (20 × 20 × 10 mm3), and the necessary crosslinking process for each category was 

achieved by immersing the hydrogels into a 5 wt% CaCl2 solution for 10 min (Krujatz et 

al. 2015). The hydrogel was left to cultivate for a period of 10 days based on their listed 

conditions in Table 1. A colorimetric analysis was employed to determine the growth rate 

of C. vulgaris using red, green, and blue intensity (RGB) values. RGB is a color model, 

often displayed on digital screens by forming different colors through an array of red, 

green, and blue colors. For this study, colorimetric analysis was used to detect the color in 

the hydrogel and form RGB values representing the detected colors. Throughout this 

period, daily analyses were conducted on the physical appearance, color changes, and RGB 

values. 

 
Table 1. Hydrogel Composition of Each Category 

Category Composition 
Crosslinking with 

CaCl2 
Cultivation Condition 

I CNF suspension, CMC solution, 
C. vulgaris cells, BBM 

No Hydrogel left at room 
temperature (25 °C) 

II CNF suspension, CMC solution, 
C. vulgaris cells, BBM 

Yes Hydrogel left at room 
temperature (25 °C) 

III CNF suspension, CMC solution, 
C. vulgaris cells, BBM 

Yes Hydrogel immersed in 
BBM 

IV CNF suspension, CMC solution, 
C. vulgaris cells, BBM 

Yes Hydrogel immersed in 
distilled water 

V CNF suspension, CMC solution, 
C. vulgaris cells 

Yes Hydrogel immersed in 
BBM 

 
3D Bioprinting Parameters 

The LDM method, which uses a paste extruder, was chosen for 3D bioprinting 

because it works well with the liquid ink extrusion of the CNF/CMC hydrogel (Mohan et 

al. 2020). The Discov3ry paste extruder (Structur3d Printing, Kitchener, Canada) was 

integrated with an Ultimaker 2+ 3D printer (Ultimaker, Netherlands). Prior to 3D 

bioprinting, the desired three-dimensional shape was designed using computer-aided 

design software. The design file was saved in .stl format and converted to G-Code format 

using Ultimaker Cura 4.5 software (Geldermalsen, Netherlands) in accordance with the 
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Discov3ry configuration. To facilitate a seamless 3D bioprinting process, parameters, such 

as nozzle movement direction, bioink flow rate, and printing speed, were adjusted during 

the format conversion. A nozzle of 0.84 mm diameter was employed for all printings across 

different CNF/CMC concentrations, with the printing speed of 20 mm/s and flow rate of 1 

mL/min.  

Leveraging the optimal cultivation technique identified in the previous step, five 

hydrogel samples with varying CNF and CMC concentration ratios were prepared as per 

Table 2. A square grid shape was chosen as the design structure for 3D bioprinting analysis. 

The hydrogel was allowed to grow at room temperature under the presence of air and light. 

Daily records were maintained for 7 days using colorimetric analysis to monitor changes 

in the physical appearance of the bioprinting and the growth of the microalgae. 

 

Table 2. Hydrogel Composition and Cultivation Conditions for Category I 

Sample Concentration Ratio of CNF (wt%) 
Concentration Ratio of CMC 

(wt%) 

CNF/CMC 4:5 4 5 

CNF/CMC 5:5 5 5 

CNF/CMC 6:5 6 5 

CNF/CMC 4:6 4 6 

CNF/CMC 5:6 5 6 

 

Characterization 
The rheological test was conducted using Physica MCR301 (Anton Paar, Austria) 

to study the shear stress and viscosity of the ink at varying shear rate. Shear rate was 

specified as between 0.01 and 100 s-1 at 25 ℃, and the shear stress and viscosity were 

recorded. The culture media’s optical density was measured using a DR1900 

spectrophotometer from HACH, Colorado, USA, at a wavelength of 750 nm. To quantify 

the cell concentration within the hydrogel system, a colorimetric analysis was executed by 

monitoring color variations to quantify the concentration of a sample. A digital camera was 

used to detect changes in RGB values, which were then converted into concentrations using 

a linear equation derived from a calibration curve. The camera lens was kept at a distance 

of 22 cm from the sample, and all images were captured in a light box with controlled 

brightness. The Colorimetric Titration application (Colorimetric Titration 2021) was used 

to obtain the RGB value of each sample based on their respective cell concentration and 

color. 

To gain deeper understanding of the C. vulgaris immobilization and growth in 

CNF/CMC hydrogel, a morphology test was conducted to see the attachment of cells. The 

structure of microalgae and CNF/CMC hydrogel was examined using an optical 

microscope (B-380 series, OPTIKA microscope, Bergamo, Italy). The morphology of three 

samples, CNF/CMC hydrogel, C. vulgaris culture, and immobilized C. vulgaris in 

CNF/CMC hydrogel, were analyzed using Field Emission Scanning Electron Microscopy 

(FESEM) (Merlin Compact, Zeiss Pvt Ltd., Oberkochen, Germany). Sample preparation 

was required before the analysis in which the C. vulgaris cells underwent critical point 

drying, whereas the hydrogel was freeze dried and then the samples were sputter-coated 

with gold before being viewed under the microscope. 

ImageJ (Ver. 2.15.1) embedded in Fiji software (https://imagej.net/software/fiji/) 

was used as a scientific imaging analysis to analyze the real image using color analysis. 

This analysis simply requires the image and software for the quantification to be done 
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automatically (Dishon et al. 2022). The color channel needs to be chosen during the 

analysis and in this study, the green channel was the best choice due to the green color of 

microalgae cells. The results are presented as a black and white image, where the white 

color refers to the microalgae cells and black represents the biomaterial substrate. 

 

 
RESULTS AND DISCUSSION 
 

Optical Properties of C. vulgaris in CNF/CMC System 
In the initial phase of the study, the growth of C. vulgaris in CNF, CMC, and 

CNF/CMF solutions was examined to gain insights on the cell development potential. 

Observations were made from the alterations in the green colour’s intensity, which directly 

gave an indication of the cell’s pigment within 5 days of cultivation (refer to Fig. 1(a)). 

Remarkably, C. vulgaris demonstrated the ability to grow and thrive in all biomaterial 

solutions, which was confirmed by the color shift from yellowish to green during the 

growth period. This suggests that the biomaterial solution exhibited low toxicity, was safe, 

and fostered an environment conducive to microalgae cell growth. Based on Fig. 1(a), cell 

growth in CNF and CNF/CMC solutions tended to occur more on the surface of the solution 

compared to the bottom part. However, CMC biomaterial showed uniform growth 

throughout the solution. The white color of CNF, in contrast to the colorless and transparent 

nature of CMC, also affected the transmission of light, causing microalgae in CNF to move 

towards the surface. Nevertheless, all biomaterial formulations supported cell growth due 

to their low toxicity, safety, and ability to provide a conducive environment for cells.  

 

 
 

Fig. 1. Optical observation on (a-c) C. vulgaris within CNF, CMC, and CNF/CMC suspension for 5 
days cultivation and (d) colorimetric calibration curve of CNF/CMC hydrogel at cell concentration 
of 1 x 107 cell/mL to 8.7 x 107 cell/mL 
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To further enhance the analysis, the colorimetric method, which utilizes RGB 

intensity values, was found to be an effective technique for examining these color changes. 

The RGB data can represent these three colors with numbers ranging from 0 to 225 (Hlaing 

et al. 2020; Pazzi et al. 2022). This technique is particularly effective for analyzing 

concentrations in hydrogel, as using a spectrophotometer for optical density can be 

challenging. Five CNF/CMC hydrogel samples, each with different cell concentrations, 

were prepared for analysis. A standard calibration curve of CNF/CMC hydrogel at cell 

concentration of 1 x 107 cell/mL to 9 x 107 cell/mL cell concentration was tabulated within 

log C vs. ΔRGB values of each sample at different concentrations (see Fig. 1(d)). This 

standard curve was used to analyze subsequent data and determine cell concentration 

values at their individual ∆RGB value obtained through colorimetric analysis. The R2 value 

of 0.9891 was successfully recorded for the standard curve produced. Meanwhile, the 

detection limit was determined through the standard curve, which signifies the 

quantification limit for the CNF/CMC hydrogel during the cultivation of microalgae. 

 

Effects of Cultivation Technique in Hydrogel System 
The influence of the cultivation methodology within the hydrogel system was 

manifested in the physical changes of C. vulgaris growth in the hydrogel, as shown in Fig. 

2. The physical changes observed over a span of 10 days can be attributed into two 

components: the structural integrity of the hydrogel and the cellular proliferation. Category 

I and II were fabricated in a similar condition except for the presence of the crosslinker. 

Structurally, on the first day, hydrogel in Category II possessed higher structural stability 

compared to Category I. This situation aligned with the usage and functionality of the 

crosslinker to improve the mechanical strength and stabilize the structure (Nasution et al. 

2022). On the third day, the hydrogels of Categories I and II started to desiccate, potentially 

due to water evaporation. Conversely, the hydrogels of Categories III and IV began to 

disintegrate in their respective solutions on the fourth day.  

 

 
 

Fig. 2. Changes in the physical appearance of C. vulgaris growth in hydrogel at different 
composition and cultivation conditions 
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The CNF utilized did not undergo a chemical dissolution and crosslinking process, 

resulting in a less cohesive inner structure of the nanocellulose (Sood et al. 2011; Ergun et 

al. 2016; Stanbury et al. 2017). This less cohesive structure makes the hydrogel more prone 

to dissolution in the solutions. The hydrogel did not undergo a chemical dissolution and 

crosslinking process, as it often involves chemicals harmful to microalgae. The structure 

of the Category V hydrogel was not rigid from day 0, appearing to collapse and dissolve in 

the BBM solution. This could be attributed to non-uniform mixing during the preparation 

of the CMC solution, leading to a less viscous hydrogel that dissolves readily. 

The proliferation of C. vulgaris cells can be deduced from the color shifts in the 

hydrogel, where an escalating green hue signifies cell growth due to chlorophyll pigments, 

while a transition to a whitish or yellowish hue indicates cell disruption and mortality. 

Hydrogels of Categories I, III, and V exhibited a progressive shift from an initial whitish 

hue to a greener one, indicating that the growth of C. vulgaris was enhanced with the 

addition of BBM during hydrogel preparation and cultivation. Notably, the hydrogels of 

Categories I and III displayed a more pronounced increase in green intensity, suggesting 

superior C. vulgaris growth in these categories. 

The hydrogel of Category II did not demonstrate any discernible color change 

throughout the experiment, implying a lack of cell growth. This could be due to a nutrient 

deficiency from BBM, as the CaCl2 crosslinking process could have diminished the BBM 

content in the hydrogel without any subsequent BBM addition. The hydrogel of Category 

IV showed an increasing green trend from day 2 to day 5, but it turned yellowish 

afterwards. This could be because the BBM initially present in the hydrogel was able to 

support C. vulgaris cell growth until day 5, after which it was depleted, leading to a nutrient 

shortage among the cells. 

The ΔRGB values for each sample were determined, and the cell concentrations of 

the samples were calculated using the ΔRGB values tabulated in Fig. 1(d). The growth 

curve of C. vulgaris in each category of hydrogel over a 10-day cultivation period was 

plotted, as shown in Fig. 3(a). Categories I and II are also plotted despite having 

inconsistent data due to drying of the hydrogel during the cultivation period. The growth 

curve revealed a gradual increase in ΔRGB intensity in Category III compared to other 

categories. The lag phase lasted for 3 days, after which the cell concentration began to 

increase from day 4 to day 8, marking the exponential phase. On day 8, the growth of C. 

vulgaris transitioned into the stationary phase. For Category I, despite the hydrogel 

dehydration that occurred, cell cultivation still proceeded well within three days. Based on 

Fig. 2, cell growth was faster compared to Category III, and the growth curve entered the 

exponential phase starting from the first day of cultivation. In contrast, the other categories, 

namely II, IV and V, showed lower ΔRGB values, corresponding to less noticeable color 

changes. 

The growth curve of C. vulgaris cultivated conventionally was compared with that 

of Category III cultivated in the hydrogel system, as depicted in Fig. 3(b). Category III was 

selected for this comparison due to its superior growth curves relative to other categories. 

The exponential phase of C. vulgaris in hydrogel was compared between the conventional 

and hydrogel growth curve, taking into account the growth trend of C. vulgaris. Given the 

more stable growth curve of C. vulgaris in the Category III hydrogel, its exponential phase 

lasted until the 8th day. This suggests that the peak growth rate of C. vulgaris cultivated in 

this hydrogel can be reached within 8 days. This duration is notably shorter compared to 

the 11-day exponential phase seen in the growth curve of C. vulgaris cultivated using 

conventional methods, as shown in Fig. 3(b). A prolonged exponential phase can be 
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beneficial as it allows cells more time for nutrient absorption and cell division, leading to 

a higher biomass yield (Iwamoto et al. 2014). 

 

 
 
Fig. 3. (a) Growth curve of C. vulgaris cultivated in hydrogel of different categories based on 
ΔRGB values from colorimetric analysis and (b) comparison of growth curve of C. vulgaris 
cultivated through conventional and Category III hydrogel cultivation methods 

 

Conversely, a shorter exponential phase enhances resource efficiency by 

demanding less nutrients, energy, and shorter cultivation duration. Additionally, a shorter 

exponential phase indicates that the cell is healthy and can aid in inhibiting the proliferation 

of contaminants, thus minimizing contamination risk (Zhang et al. 2020). As such, the 

cultivation of cells in the hydrogel continues to be a subject of ongoing research and 

investigation. Its distinctive properties and potential benefits over conventional methods 

make it a compelling area of study. For further studies related to 3D bioprinting, hydrogels 

from Categories I and III provide a more conducive environment for the growth of C. 

vulgaris cells. Therefore, the hydrogel preparation technique and cultivation conditions 

used in Category I were applied in the subsequent 3D bioprinting process with the control 

environment. 

 

Structure Stability of 3D Bioprinted CNF/CMC with C. vulgaris 
The structure created by 3D printing of each distinct CNF and CMC concentration 

ratio is analyzed from both top and side views based on the physical structure and the 

dimension, as depicted in Fig. 4 and Table 3. Observations conducted immediately after 

the printing process reveal that the printing of CNF, CMC, and CNF/CMC can be 

performed successfully without complications, maintaining the rigidity of both the 

biomaterial ink and the final 3D printed material. The printed constructs exhibited excellent 

structural fidelity without any signs of collapse. This successful shape retention aligns with 

the rheological behavior established in our previous report (Sajab et al. 2024), which 

demonstrated that these composites exhibit a higher storage modulus (G′) compared to their 

loss modulus (G″). This dominant solid-like characteristic ensures that the printing solution 

can rapidly recover and maintain its shape post-extrusion during the DIW 3D printing 

process. 

The observation was conducted immediately after the printing process. The results 

reveal that the printing process of CNF, CMC, and CNF/CMC can be performed 

successfully without complications, maintaining the rigidity of the biomaterial ink, as well 

as 3D-printed material.  
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The 3D printed constructs composed of hydrogel with a higher concentration ratio 

of CMC (CNF/CMC 4:5, CNF/CMC 4:6, and CNF/CMC 5:6) exhibited a less rigid 

structure. Among the three ratios, the hydrogel structure with CNF/CMC 4:6 was the most 

unstable and prone to collapse due to the high solubility and hygroscopicity of CMC (Chen 

et al. 2020). Consequently, the increased volume of CMC dispersed in the BBM solution, 

also leading to the formation of a less viscous and unstable hydrogel. Although the 

hydrogel with CNF/CMC 5:6 appeared rigid from the side view, its structure gradually 

collapses over time. Meanwhile the increase in CNF concentration (CNF/CMC 4:5, 

CNF/CMC 5:5, and CNF/CMC 6:5) showed a better 3D-printed structure.  

The dimensional details of the 3D-printed structure are tabulated in Table 3, 

presenting the differences in width, length, outer grid width, inner grid width, and thickness 

for different concentration ratios of CNF and CMC. Inner grid width is the crucial 

dimension parameter in explaining the printability and shape fidelity. The study concludes 

that the larger the size of inner grid leads to the collapse of printed structure, which can be 

clearly seen through CNF/CMC 4:6 in Fig. 5, with 6.598±0.052 cm.  

Meanwhile, CNF/CMC 5:5 and CNF/CMC 6:5 showed the best inner grid width 

and good printing with the lowest value of 3.763±0.026 cm and 3.829±0.075 cm, 

respectively. For the hydrogel CNF/CMC 6:5, the structure of the 3D-printed hydrogel was 

rigid and showed the highest thickness of 3.920±0.025 cm, followed by CNF/CMC 5:6. 

However, the shape slightly deviated from the original design and progressively underwent 

structural failure, which could be due to the higher concentration ratio of CNF in the 

hydrogel. It was observed that over time, CNF/CMC 5:5 exhibited the best shape fidelity 

without causing any structural degradation, although the thickness within the medium 

ranges. 

An increased composition of CNF could result in a larger intrinsic viscosity of the 

hydrogel, causing poor fluidity of the hydrogel through the nozzle, thereby impacting the 

bioprinting process and the final shape (Orelma et al. 2017; Leppänen et al. 2020). Too 

high concentration would cause a defect in the printed structure. Among the five different 

concentration ratios, the construct of CNF/CMC 5:5 hydrogel exhibited the most rigid and 

best printed structure. The gap between the designed wall and the ability to maintain the 

structure without collapsing can be clearly seen from Fig. 4. Thus, it can be concluded that 

a hydrogel with this concentration ratio is suitable for obtaining a rigid and stable 3D-

bioprinted hydrogel. 

 

 
 

Fig. 4. Structure stability and rigidity of 3D-bioprinted C. vulgaris in CNF/CMC hydrogel system at 
different composition ratios 
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Table 3. Dimension of 3D Printed Hydrogel Based on Different Concentration 
Ratio of CNF/CMC 

Dimension CNF/CMC 4:5 CNF/CMC 5:5 CNF/CMC 6:5 CNF/CMC 4:6 CNF/CMC 5:6 

Width 4.802 4.901 4.838 5.189 5.036 

Length 5.047 5.009 5.000 4.920 5.153 

Outer grid 
width 

5.456±0.053 5.672±0.045 6.673±0.049 9.863±0.141 6.428±0.079 

Inner grid 
width 

4.226±0.043 3.763±0.026 3.829±0.075 6.598±0.052 4.277±0.033 

Thickness 1.743±0.062 2.993±0.038 3.920±0.025 2.714±0.027 3.356±0.043 

 

3D Bioprinting on the Microalgae Cultivation 
A rheology test on the 3D printing ink was conducted to understand its rheological 

properties of the biomaterial using the CNF (6 wt%), CMC (5 wt%), and CNF/CMC (6 : 5 

wt%). The shear rate of CNF, CMC, and CNF/CMC at 0.1 s-1 was at the minimum value 

35, 140, and 111 Pa and increased as the shear rate increased (Fig. 5(a)). However, the 

shear stress of CNF was maintained at its initial state and only elevated slightly to 141 Pa. 

It is noticeable that CMC achieved the highest shear rate due to the high thickness of the 

ink. This is supported by the viscosity of the biomaterial ink in Fig. 5(b), where the CMC 

showed the highest reading. The viscosity of the ink was at the maximum at low shear rate 

and it noticeably decreased as the shear rate increased. Based on the plotted flow curves 

and viscosity in Fig. 5(a) and (b), the biomaterial ink exhibited a non-Newtonian fluid 

characteristic and shear thinning behaviour (Jyoti et al. 2013; Lee et al. 2017). This 

rheological study was limited to observing the shear thinning behaviour of the hydrogel, 

and future work is recommended to include a yield stress test and the recovery behaviour 

to further enhance the understanding of the ink properties. 

 

 
 

Fig. 5. The rheological properties of the biomaterial ink: (a) Flow curves shear stress (Pa) as the 
function of shear rate (1/s); (b) The viscosity (mPa.s) as the function of shear rate (1/s) 

 

In addition to examining the impact of CNF and CMC ratios on 3D bioprinting, the 

growth of C. vulgaris was also studied using the same 3D-printed hydrogel. The growth 

patterns of C. vulgaris in hydrogels with varying concentration ratios under Category I 

condition over a period of 7 days are depicted in Fig. 6(a). An earlier experiment with a 

CNF/CMC 4:5 hydrogel revealed that the hydrogel dried out quickly within a day. Further 

exploration indicated that this was due to the heat from the nearby light source, which 

accelerated the evaporation from the uncovered petri dish containing the bioprinted 
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hydrogel. As a result, in subsequent experiments with different CNF and CMC 

compositions, the petri dish was covered to reduce evaporation and slow the hydrogel’s 

drying rate, ensuring more reliable and consistent results. 

 

 
Fig. 6. Observation of C. vulgaris cell growth (Category I): (a) The growth of 3D-bioprinted 
CNF/CMC hydrogel; (b) ImageJ software analysis on CNF/CMC hydrogel at different ratio 

 

In Category I, there was a gradual intensification of the green color over time in the 

3D-bioprinted hydrogel, except for the one composed of 4 wt% CNF and 5 wt% CMC. 

This particular hydrogel showed only a minor shift to green, indicating minimal C. vulgaris 

growth, possibly due to the evaporation of BBM after the hydrogel dried. However, for 

CNF/CMC 6:5, CNF/CMC 4:6, and CNF/CMC 5:6 hydrogels, the green color increased 

until day 5 before turning slightly yellowish green, suggesting unfavorable C. vulgaris 

growth from 5th day and onwards. Of all the concentration ratios, only the 3D-printed 

hydrogel with CNF/CMC 5:5 demonstrated a continuous green color increase until day 7, 

in addition to maintaining a good 3D-printed shape.  

The change in color of hydrogel cultures from green to yellowish green after 3D 

bioprinting is likely due to several factors. The first factor may be contamination, as 

hydrogels for 3D bioprinting require multiple and tedious processes. The exposure of the 

culture media to contaminants is higher during the preparation and printing process. The 

second factor is excessive light exposure, which causes the acclimation process. Excessive 

light exposure causes C. vulgaris to start producing pigments such as xanthophyll and 
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zeaxanthin (Grudzinski et al. 2016). Xanthophyll is an active ingredient that acts as an 

antioxidant, while zeaxanthin is a pigment that can protect the eyes from macular 

degeneration. 
 

 
 

Fig. 7. Growth curves of C. vulgaris cells in 3D-bioprinted hydrogels with varying CNF/CMC 
concentration ratios under Category I cultivation conditions 

 

Table 4. Comparison of Cell Growth for Various Biopolymer Composition in 
Cultivating Microalgae Cells 

Polymer Living Cells Printability Cell Growth Reference 

Alginate/ 
methylcellulose 

scaffold 

Chlamydomonas 
reinhardtii 

Yes Rapid increase in oxygen 
production: 0.05 to 0.25 
mg/Lh in 2 days. 

(Lode et al. 
2015) 

Calcium-
alginate 
hydrogel 

Synechococcus 
elongatus PCC 

7942 

No Optimum harvest period in 2 
to 3 days. 
Peak productivity: 1.0 
gDW/m2d 

(Pierobon 
et al. 2017) 

Alginate beads Scenedesmus 
obliquus and 

Chlorella vulgaris 

No Cells have high growth near 
the bead's surfaces. 

(Ruiz-Marin 
et al. 2010) 

Alginate beads Chlorella vulgaris 
and Chlorella sp. 

No Significant increase in 
intracellular density within 10 
days. 
Granule turns deep green 
with no physical changes. 

(Wu et al. 
2020) 

Gelatin 
hydrogel 

Marinichlorella 
kaistiae KAS603 

and bacteria, 
Erythrobacter sp 

No Obtained 2.85 × 107 cells/mL 
in 3 days. 
Obvious green color changes 
for co-culture. 

(Martin et 
al. 2021) 

Alginate/silica 
hydrogel 

Chlorella vulgaris Yes Cells can remain viable and 
proliferate for several weeks. 

(Pannier et 
al. 2014) 

 

Furthermore, the distribution and density of microalgae cells across different 

hydrogel formulations were compared using ImageJ analysis, specifically by evaluating 

the white-colored areas generated from the green color channel (Fig. 6(b)). The CNF/CMC 

4:5 formulation exhibited considerably fewer white spots compared to the other 
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combinations, indicating a lower concentration of detectable green cells. This lower cell 

density corresponds directly to the lighter green hue observed in the original physical 

images of the CNF/CMC 4:5 sample. The other formulations have more white spots 

referring to the microalgae cells, especially CNF/CMC 5:5 where the generated result 

completely following the original image. This situation explained the uniform growth of 

microalgae cells on the entire 3D-bioprinted material surfaces. This is also supported by 

the increases of ΔRGB value on day 5 and 6 as shown in Fig. 7. The CNF/CMC 5:5 

concentration ratio has the highest ∆RGB value among the others concentration. Moreover, 

a comparison of microalgae and human cell growth in different biopolymer composition is 

tabulated in Table 4. 

 

Micrograph of 3D-bioprinted Hydrogel 
The morphological analysis of C. vulgaris culture, CNF/CMC hydrogel, and 

CNF/CMC hydrogel with C. vulgaris cells was conducted using optical microscope and 

FESEM to gain a deeper understanding of the hydrogel and C. vulgaris structures. In Fig. 

8(a) and (b), the C. vulgaris cells are seen to have an elongated cylindrical shape with small 

particles visibly attached to their surface. C. vulgaris typically has irregular shapes with 

cavities attached to the cell surfaces and folded cell walls (Elumalai et al. 2011; Maliutina 

et al. 2018). The image of raw C. vulgaris obtained aligns with the cell shape and structure 

found in previous studies. As shown in Fig. 8(c), the CNF/CMC hydrogel exhibited a 

structure with large pores and walls. This is attributed to the freeze-drying process used 

during sample preparation, which can create up to 99% pores as it removes unbound water 

from the hydrogel (Mirtaghavi et al. 2020). The increased porosity post freeze-drying 

provides ample space for the growth of C. vulgaris cells within the hydrogel.  

 
Fig. 8. Optical microscope image of (a) C. vulgaris culture and FESEM micrograph images of  
(b) C. vulgaris culture, (c) CNF/CMC hydrogel, and (d) CNF/CMC hydrogel containing C. vulgaris 
cells 
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Figure 8(d) shows C. vulgaris cells attached to the hydrogel structure during 

growth, illustrating immobilized C. vulgaris during the cultivation process. The cell 

structure is not clearly visible, as it is covered by the CNF/CMC hydrogel. A similar 

morphological view of cell attachment in collagen hydrogel from another study confirms 

the presence of C. vulgaris cells in Fig. 8(c) (Mahmoodi et al. 2021). Despite the 

morphology indicating complete entrapment of C. vulgaris cells in the hydrogel, the cells 

were able to grow, demonstrating the suitability and compatibility of the biomaterial used. 

 
 

CONCLUSIONS 
 

Natural resources derived from oil palm empty fruit bunch (OPEFB) hold great 

potential as bioink for 3D bioprinting, particularly with the incorporation of living cells. 

The study findings suggest a high compatibility of microalgae printed in cellulose-based 

hydrogel. 

1. The cellulose nanofiber/carboxymethyl cellulose (CNF/CMC) 5:5 hydrogel exhibited 

superior structural rigidity in 3D bioprinting application and is most conducive to the 

growth of C. vulgaris based on the green hue observed after 5 days of cultivation.  

2. Colorimetric analysis is an effective method for understanding microalgae growth 

within the hydrogel cultivation system by the detection of color changes through the 

red-green-blue (RGB) values. 

3. Microalgae cultivation in hydrogel system exhibited a faster growth rate by achieving 

the exponential phase within 8 days compared to the suspension system in 11 days, 

supported by the immobilized of cell within the hydrogel matrix surrounded with 

nutrient for easy food access. 
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