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Abstract: Carrageenan (car-), used in the pharmaceutical as well as food industry, is marine sulfated 
polysaccharides. The carrageenan blends (CB) of kappa (κ-), iota (ι-), and lambda (λ-) of 50/50 weight by weight 
are multipurpose and biocompatible hydrophilic polymers. They were subjected to adsorption of copper (Cu2+) 
ions. The aim of the study was to conduct extensive rheological and mechanical studies rendering them suitable 
for biological purposes. The rheology was conducted at various temperatures using frequency curve, frequency 
sweep, loss modulus, and storage modulus analysis. Models of rheology like Ostwald, Bingham, and Modified 
Bingham models were utilized. The rheological results demonstrated non-Newtonian/pseudo-plastic behavior 
at various temperatures. The models of rheology demonstrated good flow properties and rheological 
performance of these materials. These materials could be exploited for their application in pharmaceuticals, 
food, and cosmetics. Thus, our study reflects that these CB can be safely exploited in the healthcare, 
pharmaceutical, and food industry. However, further studies should be conducted to evaluate their 
effectiveness in clinical studies. 

Keywords: carrageenan blends; adsorption; rheology; animal studies; hydrogels; isotherm; kinetics; 
cupric ions; copper; rheology; toxicity 

 

1. Introduction 

Carrageenan (car-), the hydrophilic sulfated-polysaccharides, have innumerable applications in 
the pharmaceutical and food industry [1] and are comprised of kappa (κ-), lambda (λ-), and iota (ι-) 
[2]. Car- are the polyanionic polymers with varying charge densities which possess highly selective 
cationic chelating activity that makes them perfect for metal uptake and drug delivery [3,4]. Several 
studies have reported controlled drug release behavior of self blends of κ- and ι- car- [4,5] or 
combination with other polymers such as xanthan gum/gelatin, chitosan, and hydroxypropyl 
methylcellulose [6,7]. Car- may have the potential to be utilized for the delivery of Cu2+ and Zn2+ for 
therapeutic purposes. Complexes of car- with chitosan and of κ- with hydroxyl propyl 
methylcellulose are used for controlling drug release profile [6] Chemical structure reveals that only 
ι- and κ- have 3-6 anhydro bridges while these bridges are not seen in λ-. The presence of these 
bridges gives rheological characteristics to λ- to have viscosity enhancing properties while κ- and ɩ- 
shows gel forming properties [8].  

Car- have a role in anticoagulant activity [9,10] but their metal loaded blends were never studied. 
We report the design of CB for multiple purposes such that i) metal ions uptake from aqueous-
solutions and ii) to exploit their carrier nature for the therapeutic delivery of Cu2+ and Zn2+. CB were 
studied for their ability to load the metal ions by adsorption and the factors controlling it. Finally, 
these metal-complexed blends were examined for their anticoagulant and anti-bacterial activities. 

Extraction and isolation of active ingredients from plant, algae, and fungi is a common practice. 
Majority of the products have shown remained unknown for many years [11,12]. It is evident that a 
real need for reliable and specific pharmacological agents should be isolated, developed, and 
evaluated [13]. Metal chelates are widely known to have a great potential to improve different 
diseases [14]. The biological evaluation of hydrophilic crystalline complexes, in general, are much 
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more efficient than that of the constituent mixtures as plants [15]. Herein, we report the rheological 
and mechanical behaviors of CB by varying the temperature conditions ranging from 10 – 40 oC.  
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2. Materials and Methods 

All three car-: κ-, λ-, and ι- were purchased from Sigma Aldrich (Martin Dow Marker Specialties, 
Karachi, Pakistan). For pH adjustment, HCl and NaOH (BDH Chemicals, Karachi, Pakistan) were 
used. Millipore-milli-Q deionized water (BDH Chemicals, Karachi, Pakistan) of conductivity of 18.2 
mW/cm2 was used to prepare samples. 

The potassium chloride (KCl), copper sulfate (CuSO4) were purchased from MERCK 
(Kenilworth, NJ, USA). All the glassware was soaked in 0.1% Alconox solution (Fluka-Honeywell 
Specialty Chemicals, Seelze, Germany) for de-ionized water for 24-hour (h). The brief method of 
preparation is reported elsewhere [16]. 

2.1. Gel Formation 

The triple blends such as κ/(ɩ/λ) and their Cu2+ and Zn2+-complexes were mixed with potassium 
chloride (KCl) [with a potassium concentration (conc.) of 75 or 150 mM] by utilizing MQ-level water 
at 40 °C with constant stirring for 30 minutes (mins) and then at 90 °C for 120 mins respectively. For 
letting the air out, the stirring process was ceased for the last 15 mins of the heating procedure. The 
hot solution of gels was settled in cold water for 60 mins and then moved to the refrigerator at 5 °C 
for 16-20 hours (h). 

2.2. Rheology models 

A solution of each car- (10.5 % w/w) was subjected to viscosity shear rate, viscosity-angular 
frequency, complex shear stress-shear rate with the help of rotational Rheometer (Anton-Paar 
Physica MCR 301, Germany). For the maintenance of temperature range in between −150 to 1000 °C, 
and a high pressure, an internal controlling system is present.  A computer containing Rheoplus 
software was attached to Rheometer to obtain the results. For the analysis of CB gels having ratios of 
50/50 w/w, with a 3000 mm/min speed, 628 rad/s value of angular frequency, and a 200 mN.m of 
torque was used. 

The gel samples were checked for their microscopic properties. Shear stress & the viscosity 
measurements were conducted by increasing the shear rate by keeping constant experimental 
conditions. 

Models were employed having i) frequency sweep (complex viscosity, loss/storage modulus) 
and flow curve (shear rate vs. shear stress/viscosity) and a varying the temperature conditions from 
10-50 °C for CB. A specific study at 37 °C was conducted to simulate the rheological properties in the 
human body. Rheological models such as Ostwald Power rule, Bingham, and Modified Bingham 
models were used for the interpretation of the results [17]. Power rule, linear, and nonlinear 
regression analysis are employed. 𝜏 = 𝐾. 𝛾௡ (1) 𝜏 = 𝜏𝐵 + µ𝑃. 𝛾 (2) 𝜏 = 𝜏𝑀𝐵 + µ𝑀𝐵. 𝛾 + 𝐶. 𝛾ଶ (3) 

where 𝜏 the viscosity, shear rate is denoted by γ and K is material-based constant. The ‘n’ value 
defines the dilatant behavior. Eq. 1 demonstrates Power law. The trend of yield stress is analogous to 
Bingham Model (Eq. 2) as in Modified Bingham Model (Eq. 3). For investigation of flow curve 
modeling at 37 oC by applying the complete shear rate range (100 s-1), the Modified Bingham model 
is applicable to explain shear thinning, yield stress of hydrogels, and overall flow behavior. 
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3. Results and Discussion of CB 

On the other hand, car- has been approved by FDA for the food industry, and is biodegradable 
and biocompatible and it could be useful for the treatment of metal poisoning in biological fluids. 
Furthermore, the metal loaded car- topical films could be useful in wound healing applications due 
to the antimicrobial activities of both Cu2+ and Zn2+.  

3.1. Statistical Analysis 

Data of the samples were subjected to one-way ANOVA and subsequent Tukey test using 
GraphPad Prism and SPSS 20.0 in order to determine the statistical meaning behind the observations. 
P-values < 0.05 indicate significant difference. 

3.2. Results 

The characterization of the gel samples was according to their flowing behavior. Shear stress 
and the viscosity measurements were studied by increasing the shear rate by keeping constant 
experimental conditions. The rotational conditions were changed from 0.0075 to 77.5 rpm for all the 
experiments. Their rheology was taken at different temperatures i.e. (10, 20, 30, 37, 40 & 50 oC). The 
results of C2 hydrogels showed increase in shear stress and decrease in viscosity at 40 and 10 oC 
followed by C1 at 50 oC. (Figures 1 and 2) They also demonstrated an irregular pattern of increases 
as well as decrease in a see-saw manner. Whereas C3 at 40 oC and C4 hydrogels showed highest shear 
stress at 50 oC. By examining Figure 1, C3 hydrogels exhibited lowest shear rate which is due to the 
reason that it contains lowest sulfate concentration. [18–20] Hence, it can be concluded that the 
variation of shear-stress determines the concentration of sulfate content. The hydrogels of κ/ι/λ- are 
smooth, shiny and opalescent gels which were applied on the back of the hand to check the tactile 
characteristics and biocompatibility. It is significant to study the macroscopic properties to examine 
visual quality; odor & tangible properties indicating gel synthesis [21].  

CB were quickly converted to gel after the application on the skin [18,22] κ- and ι- exist in two 
arrangements: (a) an irregular coil that appears to form at high temperature, (b) a regular organized 
double-helical coil commonly appears at low temperatures or cooling [23]. An irregular coil shows 
double-helical structure when a hot solution is in the process of cooling at a particular temperature 
known as coil helical temperature [24]. Coil helical transition temperature of ɩ- and κ- is 450 and 38 
°C in water [20]. λ- does not exist in helical arrangement forming any gels [25]. 

 

Figure 1. Storage modulus vs. angular frequency for CB chellated with Cu2+ at various temperatures. 
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Figure 2. Complex viscosity vs. angular frequency for CB chellated with Cu2+ at various temperatures. 

It is concluded that whether the shear rate is high or low a constant viscosity is observed. 
Initially, the increase in viscosity occurs for all temperatures and concentration of blends, but as shear 
rate was increased, the repulsion occurs in polar ends of similar charges and hence the viscosity 
curves demonstrated a steep. At lower shear rates, the sulfated groups present in the polymer chains 
become closer and leads to the inter- and intra-polymer H-bonding. While at higher shear rates, the 
H-bonds are collapsed which results in deformation of hydrogel chains confirming the pseudo-plastic 
behavior. The viscosity vs. shear rate, shear stress vs. shear rate and complex viscosity vs. angular 
frequency plots were obtained at a range of temperatures. The solubility and dilatants behavior of 
the different CB showed that ɩ- form thixotropic solutions when dissolved in hot water and are 
approximately 32 % substituted by ester sulfate groups while κ- are 25 % substituted with ester 
sulfate and are hot water-soluble. λ- is partially cold water soluble and completely hot water soluble 
and is 35 % substituted with ester sulfate groups acquiring the properties like Newtonian fluids. 

The elastic and viscous nature of these CB is studied through oscillatory rheology by a careful 
investigation of complex viscosity versus angular frequency. By the temperature elevation, the 
complex viscosity was increased due to the strong molecular attraction and hence the hydrogel is 
converted from viscous liquid to semi-solid. (Figure 3) By the temperature elevation, the molecules 
move apart from each other due to higher kinetic energies, and thus molecular spaces become more 
and with lesser complex viscosity. This leads to shear thinning behavior of these hydrogels and the 
molecular interactions among the molecules are undermined significantly. At various temperatures, 
all the curves converge at one point at higher angular frequencies and demonstrate temperature 
independent nature, and predominantly a solid material. (Figure 4) 

The selected temperatures, in our study, ranged from 10-50 and 37 °C to evaluate the rheological 
properties of CB. All results are plotted based on Ostwald Power law, Bingham Yield Stress (τB), and 
Modified Bingham Yield Stress (τMB) [17] relating viscosity vs. shear rate (Figure 2). In Table 5.1, ‘τ’ 
or ‘η’ is plotted against the shear rate (γ) at various temperatures (10, 20, 30, 37, 40 oC). The chemical 
structure reveals that only ι- and κ- have 3-6 anhydro-bridges while these bridges are not seen in λ-. 
The presence of these bridges gives rheological characteristics to λ- to have viscosity-enhancing 
properties while κ- and ι- shows gel-forming properties. The obtained results are in a promising 
correlation with power-law and τMB. From τB lower shear rates (γ = 0.02 to 20 s−1) demonstrated the 
relationship to be stable. By plotting this relationship vs. zero shear rate, τB becomes equal to the 
intercept. The overall τB values varied from 18.03 to 26.87 Pa, whereas τMB ranged from 28.21 to 
42.31 Pa and demonstrated promising fit for the CB (Table 1). At body temperature, the retention 
time of the gels was enhanced due to the concentration in the polymeric network which can also aid 
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the drug/ion release. For a specific shear rate, no change in gel viscosity is noticed with temperature 
variation. 

Table 1. Rheology models at different temperatures. 

Blend Temperature (°C) 

Models 

Flow index value  

Frequency 

dependence Oswald Bingham Modified Bingham 

R2 R2 yS R2 yS n tan δ 

κ/λ/ι-Cu 

10 0.925 0.895 36.11 0.921 21.56 0.528 1.172 

20 0.935 0.887 37.25 0.991 23.25 0.569 1.834 

30 0.996 0.876 39.29 0.988 25.61 0.539 2.582 

37 0.999 0.863 42.65 0.997 28.65 0.576 3.278 

50 0.976 0.892 45.14 0.921 31.38 0.588 4.658 

κ/λ/ι 10 0.993 0.838 28.21 0.969 18.03 0.561 1.230 

 20 0.954 0.870 29.78 0.911 18.89 0.543 1.358 

 30 0.992 0.823 31.45 0.921 20.21 0.522 1.466 

 37 0.988 0.845 34.56 0.932 22.32 0.521 1.674 

 50 0.976 0.818 37.83 0.945 24.52 0.508 2.345 

3.3. Discussion 

Rheological study was performed by Anton Paar Rheometer and the probe used as a measuring 
system had a diameter of approx 1 mm. Different rheological parameters were altered by varying the 
temperature conditions. The rheological tests mainly depend upon the selected temperature. In this 
study, we have selected different temperatures ranging from 10 - 50 oC for hydrogels storage. A 
specific study at 37 oC was conducted to evaluate the rheological properties at human body 
temperature. For hydrogels, the Arrhenius model can well define the temperature dependency. [1,20] 
Several rheological tests explain that by applying greater amount of shear stress vs. the yield stress 
of the hydrogels, they start to flow [19]. To estimate the validity, comparison of the flow curves with 
the simple well-known constitutive models was performed. The chemical structure reveals that only 
ι- and κ- have 3-6 anhydro-bridges while these bridges are not seen in λ-. The presence of these 
bridges gives rheological characteristics to λ- to have viscosity-enhancing properties while κ- and ι- 
shows gel-forming properties [19]. By applying constitutive models & comparing the results of flow 
curve models, their validity is estimated. The evaluation of different rheological properties i.e. shear 
thickening, shear thinning, reasonable yield stress, pseudo-plasticity, temperature dependency & 
other characteristics shows that by applying high shear rates, the viscosity of these materials decrease 
& hence they flow readily. On the other hand, by decreasing shear rates, the viscosity of the system 
increases like spreaded hydrogels. It is significant to study the macroscopic properties to examine 
visual quality; odor & tangible properties which indicate the gel synthesis. Visually, these gels were 
transparent smooth & gleaming semisolid materials. No extra macroscopic particles & air bubbles 
were found. The overall texture of these hydrogels was glossy & smooth. To investigate the tactile 
properties, these were applied on the skin and after a while the semi-solid hydrogels becomes a solid 
gel. The biocompatibility was indicated as the gels were applied to the back of the hand skin and 
gave a smooth and cozy feeling. The flow curves show promising results for CB hydrogels having 
different sulfate content. Their rheology was taken at different temperatures i.e. (10, 20, 30, 37, 40 & 
50 oC). The results of C2hydrogels showed highest shear stress at 40 oC and 10 oC followed by C1 at 
50 oC. They also demonstrated an irregular pattern of increases as well as decrease in a see-saw 
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manner. Whereas C3 at 40 oC and C4 hydrogels showed highest shear stress at 55 oC. By examining 
figure, C3 hydrogels exhibited lowest shear rate which is due to the reason that it contains lowest 
sulfate concentration. [18–20] Hence, it can be concluded that the concentration of sulfate content is 
directly dependent on variation of shear stress. 

There is a certain threshold polymeric concentration for all the gels, also known as overlap 
concentration. Beyond this concentration the polymeric networks started to form which lead to 
gellation. In this case, C2 having an anomalous behavior may be best described in the way that it has 
the threshold concentration of sulfate content along with other monomers. Whereas, the 
concentration of co-monomer i.e. blends of κ- and λ- go over the overlap concentration and no 
polymeric chains formed in hydrogel system. [33,34] These un-polymerized chains coalesce together 
to form macro-particles which leads to an irregular arrangement of various polymeric chains which 
definitely define shear stress values and enhance the viscosity which is obvious from viscosity-shear 
rate graphs. Fig. Shows viscosity profile of four hydrogel-blends. All results are plotted on the basis 
of Power law relating viscosity (η) vs. shear rate (γ). It is concluded, from these results, that whether 
the shear rate is high or low a constant viscosity scheme is observed. Initially, the increase in viscosity 
occurs for all temperatures & concentration of co-monomers as the shear rate is low. [20] But as shear 
rate is increased, the repulsion occurs in polar ends of similar charges and hence the viscosity curves 
show a greater steep. At lower shear rates, the sulfate groups present in the polymer chains becomes 
closer and leads to the inter- and intra-polymer hydrogen bonding. While at higher shear rates, the 
hydrogen bonds are collapsed which results in deformation of hydrogels chains. These chains 
arrange themselves in flow direction which confirms the pseudo-plastic behavior of these gels. At 
body temperature, the retention time of the gels was enhanced due to the concentration in the 
polymeric network which can also aid the drug/ion release. For a specific shear rate, no change in gel 
viscosity is noticed with temperature variation. Yield stress is the minimum stress that should be 
applied prior to the material really starts to flow [20]. For the characterization of semi-solid, it is 
believed as a good indicator, influencing their retention and spreadibility. The closely packed 
particles in cross linked hydrogels construct yield stress with their neighbor particles. In this study, 
the rheology of CB was analyzed without any cross-linker. The fact that these have inter and intra-
molecular and other valance forces is the reason why the yield stress is revealed by such gels. To 
calculate the Bingham Yield Stress (τB), Bingham shear stress equation was used. At lower shear rates 
(γ = 0.01 to 15 s−1), the relationship (τ-γ) was found to be stable. By plotting this relationship vs. zero 
shear rate, τB becomes equal to the intercept. The third model is modification of Bingham model 
which is also called Modified Bingham Model. The Yield Stress (τB) values can be calculated by 
taking at least two different temperatures (10 °C and 37 °C), and their values shows a gradual increase 
up to the overlap concentration of co-monomer content. At the body temperature, the retention time 
of the gels enhanced due to the sulfate concentration in the polymeric network which also aid the 
specific drug release [20]. 

The steady state viscosity measurements were taken at temperature between 10-50 oC for the 
hydrogel samples. The metallo-chelated gels containing Cu2+ and Zn2+ shows significant stability with 
temperature. For a specific shear rate, no change in gel viscosity is noticed with temperature 
variation. Temperature dependency of these gels is very weak. By applying Ostwald’s model on flow 
curves at different temperature i.e. τ=Kγn, whereas “n” is fluidity of power law which represents 
pseudo plasticity also known as shear thinning of fluidic materials as they show deviation from 
Newtonian fluids. The value of ‘n’ is also used to interpret the modification of gel structures with 
shear rate. For weaker hydrogels, the forces of attraction are weak. So, the value of ‘n’ will be higher 
which decrease the life span of transitory entanglement linkages and vice versa in case of stronger 
hydrogels. We can safely say that at elevated temperatures hydrogels becomes stronger which helps 
in drug delivery system to jellify with normal body temperature (37 oC) on the skin. [20] 

The flow curve modeling of the hydrogels can be determined by well-known Ostwald’s law to 
check their validation. The Ostwald’s model has two forms i.e. τ=Koγn and η=Koγ, where n-1 is used 
to calculate the flow behavior & Ko is consistency coefficient which represent viscosity range for the 
flow curves. In above equation, the exponent ‘n’ is also named as Fluidity index or the power law 
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index or the rate index. [1,20] As the product is shear thinning the n value ranges between 0< n< l, 
and n ≈ 0 for more shear thinning samples.  From here the extent of ‘n’ can be calculated. According 
to the Ostwald’s law, our samples behaved as shear thinning materials. All the samples have been 
modeled by modified Bingham Model at different temperatures for low shear rates of about 32 s-1 
and shows promising fit in this model.  

4. Conclusions 

It can be concluded that the concentration of sulfate content is directly dependent on variation 
of shear stress. CB were quickly converted to gel after the application on the skin. Whether the shear 
rate is high or low a constant viscosity is observed. Initially, the increase in viscosity occurs for all 
temperatures and concentration of CB, but as shear rate was increased, the repulsion occurs in polar 
ends of similar charges and hence the viscosity curves demonstrated a steep. At lower shear rates, 
the sulfated groups present in the polymer chains become closer and leads to the inter- and intra-
polymer H-bonding. While at higher shear rates, the H-bonds are collapsed which results in 
deformation of hydrogel chains confirming the pseudo-plastic behavior. By the temperature 
elevation, the complex viscosity was increased due to the strong molecular attraction and hence the 
hydrogel is converted from viscous liquid to semi-solid. The chemical structure reveals that only ι- 
and κ- have 3-6 anhydro-bridges while these bridges are not seen in λ-. The presence of these bridges 
gives rheological characteristics to λ- to have viscosity-enhancing properties while κ- and ι- shows 
gel-forming properties. Due to the disturbance of weak chemical and physical forces, there is a 
decrease in viscosity that leads to a pseudo-plastic behavior of the material. At a particular shear rate, 
CB demonstrates significant temperature dependency. The obtained results are in a promising 
correlation with power-law and τMB. From τB lower shear rates (γ = 0.02 to 20 s−1) demonstrated the 
relationship to be stable. The overall τB values varied from 18.03 to 26.87 Pa, whereas τMB ranged 
from 28.21 to 42.31 Pa and demonstrated promising fit for the CB. At body temperature, the retention 
time of the gels was enhanced due to the concentration in the polymeric network which can also aid 
the drug/ion release. 
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