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A B S T R A C T   

Novel sponge-like biochromic swab was developed via immobilization of natural anthocyanin (Cy) biomolecular 
probe into microporous cellulose aerogel. The current biosensor is characterized with simple preparation, 
environmentally-friendly, biocompatibility, biodegradability, flexibility, portability and reversibility. This bio
chromic sponge-like aerogel detector displayed a color change from pink to green-yellow in response to the 
biochemical changes occurs to sweat. This could be ascribed to intramolecular charge transfer occurs to the 
molecular system of Cy. Thus, the anthocyanin probe displayed colorimetric variations in UV–Vis absorption 
spectra via a blue shifting from 620 to 529 nm when raising the pH value of the prepared mimic sweat solution. 
Natural pH sensitive anthocyanin spectroscopic probe was extracted from red-cabbage plant, characterized by 
HPLC, and encapsulated into microporous cellulose. The microporous sponge-like cellulose swab was prepared 
by activating wood pulp utilizing phosphoric acid, and then subjected to freeze-drying. This anthocyanin probe is 
highly soluble in water. Thus, it was encapsulated as a direct dye into cellulose substrate during the freeze-drying 
process. To allow a better fixation of this water-soluble anthocyanin probe to the cellulose substrate, potash alum 
was added to the freeze-dried mixture to act as a fixing agent or mordant (M) generating Cy/M coordination 
complex. The produced Cy/M nanoparticles (NPs) were explored by transmission electron microscopy (TEM). 
The morphological features of the generated aerogels were investigated by scan electron microscope (SEM), 
energy-dispersive X-ray (EDX) spectra, and Fourier-transform infrared spectra (FT-IR). The cytotoxicity of the 
prepared aerogel-based biosensor was also evaluated. The naked-eye colorimetric changes were studied by 
exploring color strength, UV–Vis spectra and CIE Lab colorimetric coordinates.   

1. Introduction 

Cellulose with a considerably decreased level of crystallinity can be 
generated either by mechanical disintegration or by subjecting cellulose 
to a chemical reaction with a mineral acid [1–3]. In comparison to 
native and regenerated cellulose, cellulose with lower crystallinity has 
demonstrated an improved dispensability in aqueous solutions due to 
the increment in surface area. Additionally, the less crystalline cellulose 
exhibits a better compatibility with other materials, such as lipid, pro
tein and starch [4–6]. The less crystalline cellulose has been useful in the 

development of sponge-like products. There are different available 
techniques that have been used to activate cellulose fibers, such as 
dissolution in 4-methylmorpholine-4-oxide and ionic liquids [1]. Phos
phoric acid has been used as an effective recyclable solvent for regen
erating cellulose nanowhiskers. Numerous studies have been explored to 
demonstrate that cellulose has the ability to swell quickly in a concen
trated solution of phosphoric acid, and can be dissolved with increasing 
the temperature [7,8]. During the swelling process of cellulose, phos
phoric acid has demonstrated considerably higher hydrolysis rate 
compared to other strong acids. It can exchange different types of 
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cellulose into a highly fibrillated cellulose surface with a high thermal 
stability [7,8]. Microfibrillated cellulose is a biomaterial distinguished 
with highly porous scaffolds, low density, non-cytotoxicity, low cost, 
biocompatibility, large surface area, good swelling capacity, high ab
sorbency, and high strength to weight ratio. Moreover, a variety of 
active substances can be integrated into different cellulose-derived 
substrates. Therefore, more investigations were explored toward the 
development of porous materials, such as aerogels, from the well-known 
natural, biodegradable and renewable cellulose [9]. Microfibrillated 
cellulose has been used in various promising applications, such as 
foodstuffs, personal care, packaging and paper industries. It has been 
used in the production of filtration systems because of its fine network 
fibrillated architecture, which is ideal to trap dust particles. It has been 
also applied in the production of environmental remediation as an 
adsorbent material to assist in oil spill accidents [10–12]. The devel
opment of porous cellulose matrix necessitates an appropriate method to 
evaporate water to avoid the capillary pressure-stimulated stress, and 
therefore prevent collapsing the porous system. There have been two 
major methods that have been employed to remove solvents, including 
ice-sublimation and supercritical-drying. The ice-sublimation approach 
in combination with an ice-template is known as cryodesiccation, 
lyophilization, freeze-casting or freeze-drying [13,14]. It is a freezing 
process followed with sublimation of solvent, which is a common 
method to provide cellulose aerogel of low density. The rapid freezing of 
solvent results in segregating solvent and dispersed phases generating 
the ice-template. Sublimating the produced ice by the freeze-dry process 
stops the formation of a liquid-vapor interfaces. This in turn prevents the 
creation of a capillary pressure to avoid the collapse or deformation of 
the formed pores [15–17]. 

The actual potential of a chemosensor for real-time sensing of bio
logical liquids, such as sweat, tears, blister, urine, breast milk, bile and 
blood, have not been efficiently recognized. This could be attributed to 
the difficulties correlated to collection of sample, calibration and 
portability of the sensor device, and real-time detection [18,19]. Sweat 
is a biological fluid excreted by the skin of human body. Thus, the po
tential detection of its constituents provides significantly valuable in
formation on the individual physiological case. The human body can 
excrete a total amount of sweat fluid in the range of 300–700 mL/day 
[20]. Sweat is essentially composed of water (~99%) in addition to 
small quantities of nitrogenous substances such as urea and amino acids, 
metallic and nonmetallic ions such as sodium and chlorides, and meta
bolic products such as pyruvate and lactate. The pH of perspiration fluid 
excreted from a normal individual is typically between 4.0 and 6.8, 
while the pH value of a sweat excreted from an abnormal individual is 
>6.8. The perspiration sample is less probable to cheating; hence, this 
sample can be maintained for a longer time period [21,22]. In the case of 
drug exam, the sweat fluid may contain a quantifiable percentage of 
opioids such as cocaine, gamma hydroxybutyrates, amphetamines, 
buprenorphine and cannabinoids. Those opioids typically affect on the 
pH of a sweat fluid to a higher pH values. Thus, sweat may exhibit 
significant impacts in forensic science toxicology [23]. There have been 
some factors that associate the sweat pH value to man health. Exami
nation of a perspiration solution has been used to monitor different 
health problems, such as cystic fibrosis. The onsite sensing of sweat 
provides a significant approach for collecting rich data on dehydration 
[24]. In additional, the real-time monitoring of sweat is highly valuable 
to recognize the health disorders correlated to the changes in the total 
contents of important biological ions and molecules, such as hypona
tremia due to the less total amount of sodium ions [25]. This collected 
data is useful for optimizing the required pathways of re-mineralization 
and re-hydration. Changes in the pH value of a sweat fluid played an 
important function in skin diseases, such as irritant contact dermatitis 
and acne. The alkalosis metabolism stimulated by ingesting sodium bi
carbonate results in a higher pH value of both sweat and blood [26]. 
Furthermore, it was described that pH of a perspiration fluid increases 
with raising the rate of perspiration excretion. In addition, the pH value 

of a perspiration fluid was monitored to increase with raising the total 
content of sodium cations. The dehydration case results in a higher total 
content of sodium cations, which can be detected employing a sensor 
device of high selectivity to sodium ions or indirectly by measuring the 
pH value of sweat [27]. 

There are a very limited number of detection techniques reported for 
sweat monitoring, such as electrochemical and chromatography sensors 
[28,29]. However, those techniques are non-portability, less specific, 
expensive, slow, requisite of complicated electric or electronic parts, or 
even necessitate trained employees. However, the diagnostic tools for 
sweat monitoring necessitate instant answer with specificity, cheapness 
and fast response to warranty an early warning of health disorders [20]. 
Lab-on-a-Chip is an important concept for the development of person
alized healthcare sensors, which can be applied toward the improve
ment of various commercial diagnostic tools already existing in the 
market. There are many technical advantages that are typically rising up 
when employing the Lab-on-Chip tools, such as simplicity, low cost, and 
reusability [30,31]. Colorimetric Lab-on-Chip sensors are distinguished 
by many advantages over other sensing methods, such as simple mini
aturization, low cost, as well as unneeded electric and electronic parts, 
sophisticated instruments or even trained employees [32–34]. However, 
a typical colorimetric sensor usually requires synthetic chromophores, 
which are usually toxic and expensive. Anthocyanin dyes are a class of 
water-soluble natural flavonoids that can be easily extracted from 
different renewable crops, such as raspberry, purple cauliflower and red- 
cabbage that can be harnessed without imposing harms to the envi
ronment [35]. Anthocyanins have no environmental impacts, which 
make them so appealing for customers. Additionally, anthocyanins are 
safe, biodegradability and nontoxic. Thus, they will not cause harms or 
health problems upon ingestion or use on man skin. They exhibit 
different colors at different pH values, including pink or red (pH <7), 
purple (pH = 7), green-yellow (pH > 7) and colorless (very alkaline 
solutions). They have been used as pH indicators, colorants in foodstuff, 
antioxidants and anticancer agents [36,37]. Due to their water- 
solubility, small molecular size, sensitivity and fast responsiveness, an
thocyanins can be considered as suitable active detection sites for 
encapsulation into fibrous cellulose to afford diagnostic assays for 
monitoring the biochemical changes in sweat. Collecting high quantities 
of a sweat sample for an onsite test has been usually a complicated 
procedure as the sensing assay must be accomplished using a highly 
sensitive, non-cytotoxic, real-time, and highly adsorptive assay to ach
ieve practical evaluation of its contents. 

Herein, we develop a simple, fast, real-time, cheap and reversible 
microfibrillated cellulose-based colorimetric diagnostic tool for visual 
pH monitoring of a sweat fluid. Microfibrillated cellulose of less crys
tallinity was prepared to offer a spongy aerogel immobilized with the 
anthocyanin extract. The biochromic properties of the aerogel biosensor 
depend mainly on the halochromic activity of anthocyanin. The antho
cyanin active detection sites immobilized into the biopolymer cellulose 
matrix can be considered as an environmentally friendly detection 
biosensor. The pH of a perspiration fluid can be measured by simple 
swab of man skin to designate a colorimetric shift from pink to greenish- 
yellow depending on the person physiological case. This colorimetric 
shift can be attributed to a reversible deprotonation/protonation pro
cess, which results in intramolecular charge delocalization. HPLC was 
utilized to investigate the contents of the red-cabbage extract, while 
TEM was applied to investigate the mordant-anthocyanin nanoparticles 
generated as active spectroscopic sites within the aerogel matrix. The 
colorimetric measurements were investigated by CIE Lab coordinates 
and UV–Vis absorption spectra. SEM, FT-IR and EDS were applied to 
investigate the morphologies of the produced solid state microfibrillated 
cellulose biosensor. The miniaturized microfibrillated cellulose aerogel 
immobilized with anthocyanin demonstrated highly porous structure, 
large surface area and good interconnectivity, which is significant and 
amenable for a variety of sensing applications with highly efficiency. 
The current green and sustainable colorimetric biosensor can be directly 
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utilized as a diagnostic wipe by direct contacting with the individual 
cuticle, which is valuable for different purposes, such as onsite drug 
examination, as well as healthcare monitoring. In addition, the current 
method presents onsite diagnosis which is very significant for driver drug 
test and other medical purposes. 

2. Experimental 

2.1. Materials 

Phosphoric acid (H3PO4), starch and carboxymethyl cellulose (CMC; 
DS 0.7) were supplied from Sigma-Aldrich. Fresh harvest of red-cabbage 
plant was collected from the local market, Egypt. It is distinguished with 
high growth yield, availability and low cost. Anthocyanin (Cy) was 
isolated from red-cabbage using previous method [38]. Spectroscopic 
grade of organic solvents were supplied from Sigma-Aldrich. The 
bleached wood pulp was monitored to contain alpha cellulose (85%), 
ash (0.089%) and lignin (0.37%). Potassium alum [KAl(SO4)2] was 
supplied from Aldrich. Sodium biphosphate (NaH2PO4), sodium chlo
ride (NaCl), and L-Histidine monohydrate monohydrochloride were 
purchased from Sigma-Aldrich. 

2.2. Extraction of anthocyanin 

Red-cabbage plant (1200 g) was cut into smaller pieces, scrubbed 
with NaCl (120 g) for 60 min, and then crushing and macerating in de- 
ionized water (3.6 L) for 12 h. After filtration, the produced solution was 
centrifuged at 2200 rpm for 15 min, and finally decanted to afford a 
purplish extract with a pH of 6.6. To standardize the generated solution, 
the maximum intensity of UV–Vis absorbance wavelength was 
measured. The solution was then diluted with distilled water to reach a 
maximum absorbance intensity of unity. The extracted solution was 
maintained in a fridge at 4 ◦C for more studies. The anthocyanin extract 
was analyzed by Agilent 1100 HPLC (Waldborn, Germany). UV–Vis 
absorbance spectrum of the produced extract was studied by HP 8453. 
Shinoda's analysis was utilized to examine the flavonoids character by 
adding 1 mL of hydrochloric acid, methyl alcohol (2–3 mL) and a bit of 
Mg strip to the anthocyanin solution (10 mL) to display a reddish color 
[39]. 

2.3. Preparation of aerogel biosensor 

Cellulose was firstly activated by immersing cellulose wood pulp in 
distilled water for 24 h. The pulp was then subjected to filtration fol
lowed by adding phosphoric acid (50% w/v) with stirring for 24 h. The 
generated pulp was rinsed 5 folds utilizing distilled water to wash out 
the phosphoric acid residue, and then stored in the wet form at 10 ◦C. 
The complete removal of the phosphoric acid residue was achieved by 
monitoring the pH of distilled water used in the rinsing process to reach 
a neutral pH value at 7. This phosphorylated active cellulose (5 g) was 
subjected to disintegration in distilled water (100 mL), and then 
gelatinized starch (1.25 g) and carboxymethyl cellulose (1.25 g) were 
added. After stirring for 1 h, the generated mixture was then blended 
with the anthocyanin extract at a number of proportions, including 
0:100, 5:95, 10:90, 15:85, 20:80, 25:75, 30:70 and 35:65 (v/v) of Cy to 
activated cellulose solution; which are represented by Cy-0, Cy-5, Cy-10, 
Cy-15, Cy-20, Cy-25, Cy-30 and Cy-35, respectively. Potassium alum 
(5% w/v) was then added to each solution. The produced suspensions 
were poured into Petri dishes, placed in a deep-freezer at − 80 ◦C for 12 
h, and then freeze-dried at − 40 ◦C for 24 h using 1–2/LD ALPHA PLUS 
(Martin Christ, Germany) to provide the corresponding spongy micro
fibrillated cellulose aerogels. 

2.4. Characterization 

2.4.1. Morphological properties 
Scan electron microscopic (SEM) analysis was employed to gather 

the morphologies of the prepared microfibrillated cellulose aerogels 
utilizing Quanta FEG-250 at 20 kV. The chemical contents were inves
tigated with energy-dispersive X-ray spectroscopy (EDS-TEAM) con
nected to SEM. Fourier-transform infrared (FT-IR) spectra were utilized 
to investigate the functional substituents of the prepared micro
fibrillated cellulose aerogels in the range between 400 and 4000 cm− 1 

employing Shimadzu 8400S FT-IR Spectrophotometer. Both morpho
logical properties and size of the generated Cy/M NPs were studied by 
transmission electron microscopy (TEM). TEM micrographs of Cy/M 
NPs were studied by JEOL 1230 (Japan) at 100 kV. To prepare a sample 
of Cy/mordant nanoparticles for TEM analysis, the aerogel (Cy-25) was 
rinsed by stirred in distilled water for 30 min, and then centrifuged at 
2200 rpm for 15 min. The aerogel was taken out the generated solution, 
which was homogenized for an hour. The thermal properties of the 
prepared sponge-like aerogels was evaluated under air atmosphere in 
the range of ~25–900 ◦C by thermal gravimetric analyses (TGA) using 
STA 6000 Perkin Elmer under a heating rate of 10 ◦C/min and a flowing 
rate of 50 mL/min. The crystallinity indices (C.I.) were determined using 
X-ray diffractometer Bruker D-8 Advance (Germany) employing copper 
(Kα) with a secondary monochromator at 40 mA and 40 kV according to 
previous procedure [20] using Segal's equation: 

C.I. = [I002 − Iam]/I002  

where Iam is baseline intensity of cellulose amorphous fraction at 2θ =
~18◦, and I002 is maximum intensity of cellulose crystalline lattice at 2θ 
= ~22◦. 

2.4.2. Colorimetric measurements 
The coloration measurements of the prepared microfibrillated cel

lulose aerogels were explored by color strength (K/S), UV–Vis absorp
tion spectra, and CIE Lab (L*, a* and b*) colorimetric coordinates using 
Hunter-Lab Ultra-Scan-Pro spectrophotometer (USA). CIE Lab colori
metric system represents colors as three axes numerical magnitudes; 
where L* is the color axis representing the sample lightness from white 
(100) to black (0), a* is the colorimetric axis representing the colori
metric ratio from red (+) to green (− ), and b* is the color axis repre
senting the colorimetric ratio from yellow (+) to blue (− ). 

2.4.3. Sensor evaluation 
Sweat mimic solution was developed using standard ISO 105 E04 

(1989) procedure. A mixture of NaCl (10 g L− 1), sodium biphosphate (1 
g L− 1), L-Histidine monohydrate monohydrochloride (0.25 g L− 1) were 
subjected to dissolution in de-ionized water (1 L). The pH of the formed 
solution was attuned at several numerical magnitudes, including 4.5, 
5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0, employing aqueous solutions of so
dium hydroxide (0.1 N) and ethanoic acid (0.1 N) in distilled water. The 
prepared sweat mimic fluids were sprayed on the surface of the micro
fibrillated cellulose aerogel to show an instant color change from pink to 
greenish-yellow relying on the pH numerical magnitude of the above 
developed perspiration mimic fluids. The pH numerical value was 
controlled with ADWA pH meter AD-11. Photos of the microfibrillated 
cellulose aerogel biosensor were recorded by Canon A710IS camera. 

2.4.4. Reversibility test 
The prepared sweat mimic fluid (pH = 8.0) was sprayed on the 

surface of the microfibrillated cellulose aerogel (Cy-25) to display a 
color shift from pink to green-yellow. The aerogel was then sprayed with 
the sweat mimic fluid (pH = 4.5) to show a colorimetric shift back to its 
origin pink colorimetric shade. This process was performed several cy
cles, while measuring UV–Vis absorption wavelength before and after 
every cycle using Ultra-Scan-Pro Hunter-Lab spectrophotometer (USA). 
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2.4.5. In vitro cytotoxicity study 
The cytotoxicity of the microfibrillated cellulose aerogels was stud

ied using normal human epithelial cell line under MTT proliferation 
bioassay [40]. The cytotoxicity % was determined using the equation 
bellow: 

Cytotoxicity% =

(
Reading of the sample

Reading of negative control
− 1

)

× 100  

3. Results and discussion 

3.1. Preparation of biochromic aerogel 

The current approach depends mainly on the development of a 
readout colorimetric signal that can be detected upon exposure to sweat 
mimic fluid (pH >7) using the anthocyanin extract as spectroscopic 
active guest sites and cellulose aerogel as a host sponge-like swab. An
thocyanins have been used as a halochromic class of natural dyes with 
the capability to generate a variety of colors, including red in extremely 
acidic media, pink in slightly acidic media, purple at neutral pH value, 
greenish-yellow in slightly alkaline solutions, and colorless in extremely 
high alkaline solutions. Fig. 1 displays different colors arising from 
anthocyanin extract with changing the pH value from 4.5 to 8.0. The 
anthocyanin chromophore was extracted from plant by cutting the 
leaves of red-cabbage into smaller parts, scrubbing with table salt, 
crushing and macerating in de-ionized water to afford the extract as a 
purple solution. To inspect the anthocyanin extract, a red color was 
produced upon using Shinoda's analysis method to examine the flavo
noid property [39]. UV–Vis absorbance spectrum of the extract 
demonstrated three absorption bands monitored at 281 and 331 nm as 
well as 536 nm, which were assigned to flavonoid and phenolic con
stituents of anthocyanin, respectively [41]. HPLC was employed to 
investigate the prepared extract to indicate the presence of diverse 
phenol compounds at different concentrations as shown in Table 1. The 
extraction of anthocyanin from red-cabbage has been very simple. 
However, anthocyanins are a class of naturally occurring direct dyes 
with high water-solubility, which impart them a very low colorfastness 
to washing. Therefore, potassium alum has been used as mordant to fix 
anthocyanin onto the cellulose-based aerogel by forming Cy/mordant 

coordination complex, which agglomerates to generate nanoparticles. In 
order to generate activated cellulose, cellulose wood pulp was firstly 
immersed in distilled water, filtered off under vacuum, mixed with 
phosphoric acid, and finally washed using distilled water. The activated 
cellulose was disintegrated in distilled water, and then mixed with 
gelatinized starch, carboxymethyl cellulose, the anthocyanin extract and 
potassium alum. The generated suspension was drop-casted in Petri 
dishes, frozen at − 80 ◦C, and finally freeze-dried to provide a sponge- 
like microfibrillated cellulose aerogel. The current diagnostic 
biosensor demonstrated a naked-eye color shift from pink to green- 
yellow after exposing to a sweat mimic solution (pH >7) as displayed 
in Fig. 2. 

3.2. Morphological characteristics 

Solid-state colorimetric biosensors are distinguished with simple 
operation, rapid response, cheapness, practicability, portability and 
reversibility. Solid-state biosensors can be employed in household as a 
commercial indicator and in laboratory assays as a portable device. 
Therefore, it has been a challenge to develop solid chromogenic sensors 
for onsite sweat monitoring. Moreover, the drilling for environmentally- 
benign biosensors is highly significant. Cellulose materials, such as 
aerogels, are distinguished with light weight, abundance, large surface 
area and fibrous porous scaffold. The morphology of the generated Cy/ 
mordant nanoparticles was investigated by TEM, while both morphol
ogies and chemical compositions of the prepared sponge-like micro
fibrillated cellulose aerogels dyed with anthocyanin at different ratios 
were studied by FT-IR, SEM and EDX. The majority of naturally occur
ring colorants exhibits weak affinity to cellulose fibers. The utility of 
mordant is essential to enhance their affinity by generating a water- 
insoluble Al(III)/Cy coordinated complex (Scheme 1) [42–45]. Thus, 
the water-soluble anthocyanins can be easily applied as a direct dyestuff 
for dyeing the sponge-like microfibrillated cellulose aerogels in the 
presence of potassium alum to in situ create Cy/Al(III) nanoparticles. 

Fig. 1. Colors arising from anthocyanin extract at different pH values in the 
range of 4.5–8.0. 

Table 1 
Phenol compounds monitored in anthocyanin extract as recorded 
by HPLC.  

Compound Quantity % 

P-coumaric acid  2.14 
Quercetin-7,3′-dimethylether  3.46 
Quercetin  4.15 
Kaempferol  44.82 
Vanillin  1.25 
Rutin  21.37 
Chlorogenic acid  1.79 
Caffeic acid  0.64 
Cinnamic acid  2.03 
Chrysin  0.81 
Acacetin  0.92 
Catechin  1.36 
Gallic acid  0.78 
Ferulic acid  13.61 
Quercetin-7-methylether  0.87  

Fig. 2. Colorimetric shift of biochromic aerogel biosensor from pink to 
greenish-yellow upon exposure to sweat mimic solution (pH >7). (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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SEM images of Cy-0 and biochromic aerogels integrated with Cy/ 
mordant nanoparticles are shown in Figs. 3 and 4. The particle size of 
Cy/mordant was determined with Image J software to display diameters 
of 220–250 nm (Fig. 4). The biochromic Cy/mordant nanoparticles 
deposited as a film onto the microfibrillated cellulose aerogel can result 
in a biosensor of high sensitivity. The integration of Cy/mordant 
nanoparticles into the microfibrillated cellulose aerogel was monitored 
to influence their porous scaffold to confirm a complete incorporation of 
Cy/M NPs through the microfibrillated structure. The freeze-drying 
procedure can offer a tunable porous material with the ability to func
tion as a solid-state sponge-like biosensor swab. Due to increasing 
porosity and surface area by the freeze-dry process, the generated 
fibrillated cellulose displayed a higher sensitivity once sprayed with the 
perspiration mimic solution. Both large surface area and porous char
acter leads to accumulating adsorption onto the aerogel surface and fast 
diffusion through the mesh. The immobilization of anthocyanin into this 
three-dimensional microfibrillated cellulose scaffolds results in a po
tential application toward the development of ultrasensitive biosensors. 
SEM images displayed morphologies of a sponge-like aerogel as indi
cated by the open-structured pores. Cellulose fibers were found to 
aggregate as fibrous bundles owing to the adhesive function induced by 
starch. The diameters of pores were measured by Image J program 
connected to SEM. Microfibrillated cellulose fibrous alignment was 
monitored with a fibrous width of 15–25 μm and a porous diameter of 
20–75 μm. The presence of vertical small-width fibrous bundles could be 
ascribed to the freeze-drying mechanism, which results in the creation of 
a porous wall with less deformation in the fibrous system. The immo
bilization of anthocyanin was found to influence the morphologies of the 
produced aerogels as their surfaces appeared as a coated-like shape 
owing to the deposited Cy/mordant nanoparticles onto the aerogel 
surface. 

The density of Cy/mordant nanoparticles increased with increasing 
the ratio of anthocyanin from Cy-5 to Cy-25, which is attributed to 
increasing the density of the deposited Cy/mordant nanoparticles on the 

surface of the aerogel. However, the density of Cy/mordant nano
particles was monitored to decrease again on the surface of the aerogel 
with increasing the ratio of anthocyanin from Cy-25 to Cy-35, which is 
attributed to the higher adsorption and diffusion of Cy/mordant nano
particles inside the bulk of the aerogel [20]. The diffusion of anthocy
anin active sites trapped within the aerogel matrix at higher 
concentrations results in shrinking the porous wall; and therefore, the 
porous diameter decreases upon raising the total content of anthocy
anin. In other words, the distance between cellulose fibers is reduced, 
which could be attributed to hydrogen bonding between the phenolic 
anthocyanin and the hydroxyl groups of the microfibrillated cellulose 
[20]. Therefore, a large density of Cy/M NPs is embedded inside the 
microfibrillated cellulose bulk. The current biochromic sensor displayed 
a high sensitivity to the aqueous sweat mimic solution, which can be 
attributed to the large surface area and highly spongy microfibrillated 
scaffolds. Thus, better adsorption and diffusion of sweat fluid through 
this porous microfibrillated matrix to Cy/mordant nanoparticles was 
monitored. Both EDX diagrams and elemental mapping images of both 
Cy-0 and biochromic aerogels at three different positions are shown in 
Fig. 5 and Table 2. The chemical compositions were approximately 
identical at the three studied spots to confirm a uniform distribution of 
Cy/M NPs. 

Both morphological assembly and particle diameter of Cy/mordant 
nanoparticles incorporated into the microfibrillated cellulose aerogel 
were also studied using TEM micrographs to indicate diameters in the 
range of 220–250 nm as shown in Fig. 6. To generate an aqueous sus
pension of Cy/M NPs, the biochromic aerogel (Cy-25) was stirred in de- 
ionized water, homogenized, and finally filter off under vacuum to 
afford the corresponding aqueous suspension for TEM analysis. 

FT-IR spectroscopy was utilized to inspect the functional substituents 
of the prepared aerogels as shown in Fig. 7. The major absorption peaks 
of Cy-0 and aerogels-immobilized with anthocyanin are the vibration 
peaks of hydroxyl and aliphatic CH. The hydroxyl vibration peak of 
chromogenic aerogels was detected at 3328 cm− 1. The stretch peak of 

Cy/M complex

Al

O

O

O O

O O

Cy

CyCy

Cy

Cy

Cy

+ -HCy OH Al(III)

Scheme 1. Generation of Cy/Al(III) coordinating complex.  

Fig. 3. SEM micrographs of Cy-0.  
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CH was observed at 2906 cm− 1. No major shifting was detected in either 
hydroxyl or aliphatic absorption peaks. The hydroxyl peak intensity at 
3328 cm− 1 was found to decrease in the case of inactive cellulose owing 
to functionalizing cellulose by phosphorylation at the sixth carbon atom 
of the glucose unit. The band at 982 cm− 1 is attributed to l, 4-β ether 
bonding between glucose units was also monitored to decrease upon 
activating cellulose. This could be attributed to the degradation impact 
of orthophosphoric acid upon activation. The band observed at 1640 
cm− 1 due to the hydroxyl bend vibrations from moisture molecules. This 
hydroxyl bending peak intensity decreased with increasing the amount 
of anthocyanin ratio. Considerable decrease was observed in the in
tensity of the hydroxyl absorption peak with raising the total content of 
anthocyanin. This can be attributed to the increased density of the 
deposited dye onto the surface of the microfibrillated cellulose aerogel, 
which result in increasing the coordination binding of potassium alum 
with the hydroxyl substitutes from both of phenol anthocyanin and 
cellulose. Therefore, a large density of Cy/M NPs is embedded inside the 
microfibrillated cellulose bulk. No key changes were detected in FT-IR 
spectra previous and following to exposure to sweat mimic solution. 

3.3. Crystallinity index 

Cellulose is not soluble in aqueous media and common solvents. 
Hence, it was a requirement to dissolute cellulose using safe and 
nontoxic solvents, such as orthophosphoric acid. Dissolving cellulose in 
orthophosphoric acid resulted in breaking the intra and intermolecular 
H-bonds of polymer chains converting cellulose to simple glucose units. 
Table 3 displays the crystallinity index (C.I.) values of inactivate and 
phosphorylated cellulose, and cellulose sponges, including Cy-0 and 
anthocyanin-immobilized aerogels at the least (Cy-5) and highest (Cy- 
35) total contents of anthocyanin. Due to activating cellulose with 
phosphoric acid, the crystallinity index was found to decrease. Thus, 
more external fibrous surface was accessible leading to an internal 
cohesion during lyophilization to generate a sponge-like aerogel. The 
crystallinity index of Cy-0 was found to increase slightly as a result of 
bringing the fibers nearer to each other throughout the freeze-drying 
process. Considerable increase in the crystallinity index was moni
tored upon immobilizing the anthocyanin extract, which was integrated 
within the fibers surface and matrix. The internal porous wall, within the 
sponge bulk, was brought nearer to each other leading to further fibrous 
alignment; and consequently increase C.I. of cellulose fibers. Increasing 

Fig. 4. SEM micrographs of biochromic aerogels integrated with Cy/M NPs; Cy-5 (a-b), Cy-25 (c-d), and Cy-35 (e-f).  
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the ratio of anthocyanin resulted in bringing the fibers further closely to 
each other; and consequently increases C.I. of cellulose fibers. 

3.4. Thermal stability 

Fig. 8 displays the thermal gravimetric analysis (TGA) of inactivate 

and phosphorylated cellulose, and cellulose sponges, including the 
aerogel (Cy-0) and anthocyanin-immobilized aerogels at the lowest (Cy- 
5) and highest (Cy-35) total contents of anthocyanin. The weight loss of 
inactivated cellulose fibers was monitored by two major phases. The 
initial phase was correlated to evaporating the absorbed moisture at 
100 ◦C. The second phase was correlated to degradation of the cellulosic 
bulk at 345 ◦C to smaller segments with a residual of about ~18% as a 
result of carbonization. The bulky step of weight loss from activated 
cellulose was explained as two sub-steps at 175 and 500 ◦C. The weight 
loss of the phosphorylated substrate (weight loss of 24%) was monitored 
at higher rate compared to inactivated cellulose at the early heating 
range. The second sub-stage was distinguished with a weight of 66% at 
500 ◦C. The phosphorylated substrate demonstrated less thermal sta
bility than the inactivated one at the initial heating ranges. Nonetheless, 
the existence of a phosphate functional substituent improved the ther
mal stability of the phosphorylated substrate at elevated temperatures 
with a residual of about ~28%, which is more than the residue of 

Fig. 5. Elements maps (a, b) and EDS diagram (c) of biochromic aerogel immobilized with Cy/mordant; Cy-25.  

Table 2 
Chemical compositions (weight %) of Cy-0 and chromogenic aerogels immobi
lized with Cy/mordant complex (Cy-25) at three different position (A, B and C) 
on the aerogel surface.  

Aerogel C O Al 

Cy-0  42.63  57.37  0 
Cy-25 A  40.69  58.08  1.23 

B  40.93  57.80  1.27 
C  40.42  58.20  1.38  

Fig. 6. TEM images of Cy/mordant nanoparticles extracted from Cy-25.  
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inactivated substrate (18%). The blank aerogel (Cy-0) was distinguished 
with bulky weight loss exchange of 61% at 395 ◦C because the bulk 
constitution is phosphorylated substrate. The immobilization of antho
cyanin (Cy-5) influenced the bulk weight loss as a slight shift was 
monitored to lower temperature at 375 ◦C. The highest total content of 
anthocyanin (Cy-35) displayed an increased bulky weight loss at 355 ◦C. 
Hence, the existence of an organic entity immobilized into cellulose fi
bers accelerates the rate of pyrolysis. 

3.5. Cytotoxicity assessment 

Because the developed biosensor is wiped directly by man cuticle, 
the cytotoxic activity of the sponge-like cellulose was evaluated in vitro 
under MTT bioassay. The results demonstrated no cytotoxic effect of the 
prepared biosensor at the highest ratio of anthocyanin (Table 4). 

3.6. Colorimetric measurements 

The preparation of fibrillated cellulose biopolymer immobilized with 
a chemical probe biomolecule to provide a biosensor sponge-like swab 
to examine the biochemical variations that occur in a perspiration fluid 
is of high significance. This tool can be applied for private healthcare 
examination. Nonetheless, it has been a difficult practice to gather a 
sweat sample for real-time analysis to accomplish a practical testing. 
Herein, we introduce an easy, rapid, portable and sensitive spongy 
biosensor for sensing perspiration. The biosensor was fabricated from 
the naturally occurring anthocyanin pH indicator immobilized into 
microfibrillated cellulose aerogel. To inspect the biosensor, we produce 
a sweat fluid to act as an imitated perspiration solution, which can be 
sprayed onto the biochromic aerogel to display an immediate colori
metric change from pink to greenish-yellow relying on the pH numerical 
magnitude of the perspiration fluid as demonstrated in Fig. 9. The 
perspiration solution with a pH of 7.0 was investigated in detail. The 
immediate colorimetric shift of the sponge-like biosensor from pink to 
greenish-yellow can be easily observed by UV–Vis absorbance spectra 
(Fig. 10) and naked-eye (Fig. 11). 

The quantity of anthocyanins in the chromogenic aerogel demon
strated a major factor in the biochromic properties of this aerogel. No 
major differences were detected in the color coordinates of the white Cy- 
0 aerogel due to exposing to the aqueous sweat mimic solutions. On the 
other side, the exposure of an aerogel immobilized with anthocyanin to 
an aqueous sweat mimic solution led to a hypsochromic shifting in the 
absorbance wavelength from 620 to 529 nm (Fig. 10) in association with 
considerable changes in K/S and CIE Lab coordinates. The coloration 
properties of the biochromic aerogels upon employing various quantities 
of Cy are summarized in Table 5. The K/S was found to increase with 
increasing the added amount of anthocyanin, which indicates an 
improved hue between Cy-5 and Cy-25. However, a little increment in 
K/S was detected with raising the quantity of Cy solution between Cy-25 
and Cy-35. Thus, the optimum coloration results were monitored for Cy- 
25. Furthermore, K/S was found to increase after exposure to sweat 
mimic solutions at a pH value higher than 7. The CIE Lab values of the 
biochromic aerogels displayed significant differences compared to Cy-0. 
L* considerably decreased to designate darker shade with raising the 
ratio of the anthocyanin solution between Cy-5 and Cy-25, which could 
be attributed to increasing the added ratio of Cy. However, little dif
ferences in L* were detected with raising the ratio of Cy solution be
tween Cy-25 and Cy-35, This can be attributed to decreasing the added 
ratio of Cy. Considerable change in L* was detected toward smaller 
numerical values following to spraying with sweat mimic solution with a 
pH >7. Previous to exposing to the perspiration mimic solution, 
decreased negative b* and increased positive a* were detected with the 
higher ratios of Cy solution to indicate a pink shade. Following to 
exposure to sweat mimic solution, increased negative a* and increased 
positive b* numerical magnitudes were detected with the higher ratios 
of Cy solution to indicate a green-yellow color. Following to spraying 
with sweat mimic solution, the positive a* was changed to negative 
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Fig. 7. FT-IR spectral analysis of cellulose (Cell1), phosphorylated cellulose 
(Cell2), and sponges immobilized with anthocyanin Cy-5 (Cell3), and Cy- 
35 (Cell4). 

Table 3 
Crystallinity index of inactivate and phosphorylated cellulose fibers, and Cy-0, 
Cy-5 and Cy-35 aerogels.  

Sample Inactivated cellulose Activated cellulose Cy-0 Cy-5 Cy-35 

C.I.  0.51  0.45  0.47  0.89  0.93  
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Fig. 8. TGA of inactivated cellulose (a), activated cellulose (b), Cy-0 (c), Cy-5 
(c), and Cy-35 (c). 

Table 4 
Cytotoxicity of Cy-35 at 100 μg mL− 1 under MTT assay.  

Aerogel IC90 (μg mL− 1) IC50 (μg mL− 1) Notes 

Cy-35 – – 0 at 100 ppm 
DMSO – – 0 at 100 ppm 
Negative control – – 0%  
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numerical magnitudes indicating a colorimetric shift from pink to green- 
yellow. Similarly, the negative b* was changed to positive numerical 
magnitudes after spraying with the sweat mimic fluid. 

3.7. Mechanism of detection 

The colorimetric evaluation depends on pH responsiveness of 
anthocyanin demonstrating a color shift from pink to greenish-yellow on 

the biochromic aerogel (colorless for an aqueous solution of anhtho
cyanin) upon exposure to aqueous sweat mimic solution at a pH value 
higher than 7. Increasing the pH numerical value of the sweat mimic 
solution to alkaline was translated to a readout naked-eye colorimetric 
signal due to deprotonation of anthocyanin as depicted in Scheme 2. 
There are a number of techniques that have been described for sweat 
monitoring, such as hydrazone-cellulose composite [20], radio- 
frequency identification sensor [46], laser-ablated microfluidics [47], 
chromatography [48], and electrochemical methods [49]. However, 
those methods are expensive, slow, non-portable, hard to operate, non- 
biodegradable, or even difficult to use. The colorimetric biosensors have 
been an effective, real-time, inexpensive and simple practice for sweat 
monitoring. Herein, the natural microporous sponge-like cellulose swab 
together with the anthocyanin biological molecule verified to be an 
effective, inexpensive, biodegradable, highly sensitive and non-toxic 
biosensor for sweat monitoring. 

The reversibility of the biosensor (Cy-25) was examined by reversing 
the maximum absorbance wavelength back and forth between pink at 
620 nm (before exposure to perspiration solution) and greenish-yellow 
at 529 nm (after exposure to perspiration solution). The sponge-like 
aerogel swab was then left to air-dry for 15 min. The process was car
ried out numerous times, while recording UV–Vis absorbance wave
length before and after each cycle as shown in Fig. 12. It was obvious 
that this procedure was highly reversible. 

4. Conclusions 

Colorimetric sponge-like microfibrillated cellulose biosensor was 
successfully prepared, characterized and assessed for sweat monitoring. 
The current biochromic device represents a simple and practical method 
for practical monitoring of perspiration solutions. Anthocyanin-based 
natural pH indicator extracted from red-cabbage exhibits an ability to 
increase the intramolecular charge delocalization upon deprotonation in 
an alkaline medium. Exposure to sweat mimic solutions led to changing 
the observed color from pink at 620 nm to greenish-yellow at 529 nm 
relying on the pH numerical magnitude of the perspiration solution. The 
aerogel biosensor showed a high sensitivity. Morphologies, elemental 
contents and colorimetric properties were investigated by SEM, FT-IR, 
EDX, TGA, TEM, HPLC, DSC and CIE Lab colorimetric screening. The 
particle size of the Cy/mordant coordinative complex deposited into the 
aerogel was in the range of 220–250 nm. The aerogel matrix displayed 
porous scaffolds resulting from microfibrillated fibrous alignments 
demonstrated by a cross-section width of about 15–25 μm and micro
sporous architectures with a pore size in the range of 20–75 μm. Acti
vating cellulose with phosphoric acid improved the dissolution of 
compact fibrous architectures to result in stable suspension of micro
fibrillated cellulose fibers, which was freeze-dried leading to the for
mation of a sponge-like matrix. Unlike cellulose fibers, the produced 
aerogels displayed an improved thermal stability owing to phosphorous 
content. The nitrogen-containing organic content immobilized onto 
cellulose fiber was able to accelerate pyrolysis to result in higher bulky 
weight loss at 355 ◦C. The prepared sponge with the high ratio of 
anthocyanin displayed no cytotoxic activity to man cuticle. The current 
biosensor is an easy, green and reversible chromic pattern for realistic 
detection of a perspiration condition using a sponge-like material 

Fig. 9. Changes in UV–Vis absorption intensities of Cy-25 at 529 nm upon 
exposure to different perspiration fluids with different pH values. 
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Fig. 10. UV–Vis spectral shifts of Cy-0 (A), and Cy-25 (B) with increasing the 
pH value of the sweat mimic solution to result in a blue shifting from 620 to 
529 nm. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 11. Color change of biochromic aerogel (Cy-25) from pink to greenish-yellow after spraying with sweat mimic solution at different pH values from 4.5 to 8.0. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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derived from natural cellulose biopolymer to function as a host holding 
natural anthocyanin biomolecule for potential drug test. In comparison 
to formerly described perspiration sensing techniques which typically 
require complicated electronic constituents, the current colorimetric 
biosensor is an easy-to-use device for real-time sweat sensing. 
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