
INTRODUCTION
Natural polymers (hydrophilic and hydrophobic) have been 
extensively used to fabricate NDDS for the past several 
years, resulting in substantial growth in the applications of 
these polymers. There are several species of Albizia procera, 
and one of these is considered fast-growing, semi-deciduous, 
light-demanding, relatively drought-tolerant, and susceptible 
to roots sucking after damage. It is locally named safed 
siris, karanji, Dun-siris, and forest siris in India. Species in 
the Albizia genus belong to the Fabaceae family, subfamily 
Mimosoideae. A. procera is found in a variety of tropical types 
of forests, including tropical semi-evergreen forests, tropical 
moist deciduous forests, low alluvial Savannah woodlands, 
and northern subtropical broadleaved forests throughout its 
range.1 In Vietnam, it is found in tropical rainforests, dry 
open forests, and savannas.2 Many studies have found that 
A. procera gum contains β-(1→3)-D-galactopyranose units 
with some β-(1→6)-D-galactopyranose units3 and α-(1→3)-
L-arabinofuranose units.4-7According to certain studies, 
the two primary monosaccharides of the hydrolyzed A. 
procera gum are galactose and arabinose.3 The linkage and 
monosaccharide components in a gum’s structure can influence 
its rheological and functional properties.4-7 The customization 

of the D-galactopyranose units by chemical modification8 and 
cross-linking9 may result in changes in the rheological stability 
of Albizia gum that may lead to variation in diffusivity for 
drug delivery systems.10 Rheological characterization is a 
potential measure to determine the mechanical strength11 of 
a polymeric matrix that influences the drug release pattern 
from delivery systems.12 The study and measurement of 
variable rheological moduli can predict drug diffusion from 
the entangled polymeric matrix.13 The approach is aimed at 
investigating and studying the stability of polymers under the 
linear visco-elastic regime that greatly impacts drug release 
from the systems.

MATERIALS AND METHOD

Materials
Pulverised native A. procera (NAP) gum was procured 
from the University of Mizoram (Mizoram, India). Sodium 
hydroxide, hydrochloric acid, monochloroacetic acid (99.0%), 
trisodium phosphate dodecahydrate (mol.wt 380.119 g/mol), 
and trisodium citrate were obtained from Loba Chemie Pvt. 
Ltd (Mumbai, India). Methanol of the analytical reagent 
grade (99% v/v) was purchased from Merk Specialty Pvt. 
Ltd. (Mumbai, India). All other analytical-grade chemicals 
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and reagents were purchased from commercial sources. 
Metformin was provided as a drug sample by Stadmed Pvt. 
Ltd. Kolkata, India.
Carboxymethylation of A. procera
The base-catalyzed reaction was used for the carboxymethylation 
of NAP. The powdered NAP was sieved through 45 meshes 
and weighed. A creamy dispersion was prepared by slowly 
sprinkling powdered NAP (10 g) into an aqueous sodium 
hydroxide solution (45% w/v). The mixture was kept in a 
double-walled ice chamber (stainless steel) at a temperature 
of 0 to 8°C and stirred vigorously to achieve proper hydration. 
At a temperature between 15 to 18°C, a slow, steady addition 
of monochloroacetic acid (45% w/v) was made to the slurry. 
The mixture was stirred continuously and allowed to react 
for a while. In order to complete the reaction, the mixture 
was heated at 75°C in a water bath for one hour while being 
stirred regularly and kept at room temperature for 24 hours. 
Afterward, the resultant mass was precipitated with aqueous 
methanol (80% v/v) and filtered through 8 mm filters. After 
collecting the filtered cake, it was air-dried and washed several 
times with aqueous methanol (80% v/v). The pH of CMAP was 
adjusted to neutral using glacial acetic acid and then washed 
with pure methanol. The tiny semi-crystalline CMAP was 
air-dried and kept in a hot oven at 60ᵒC for 24 hours. 
Characterization of CMAP

Degree of substitution (DS)
Approximately 500 mg of CMAP was added to 5 mL of 
aqueous methanol (80% v/v) and stirred to form a dispersion. 
To this dispersion, concentrated HCl was added and stirred for 
3 hours. Afterward, the mixture was filtered and the residue 
was washed with aqueous methanol (80% v/v) until neutrality 
was achieved with litmus papers. After a final wash with 
pure methanol, the sample was dried. 200 mg of dried CMAP 
was weighed accurately and added to 1.5 mL of aqueous 
methanol (70% v/v). Within a few minutes, 20 mL of distilled 
water was added to the mixture, followed by the addition of 
5 mL of 0.5 N NaOH solution. A shaker was used to shake 
the mixture for 3 hours in order to dissolve the sample. The 
solution was titrated with 0.4 N HCl using phenolphthalein as 
an indicator.14 The following equation was used to determine 
the O-carboxymethyl group’s substitution degree.15

Where, A represents the milli-equivalents of NaOH required 
per gram of sample.
FTIR spectrum analysis
Finely powdered samples of NAP and CMAP were mixed 
individually with dried potassium bromide (1:100) in a mortar, 
followed by pelletization in a hydraulic press at a pressure of 
400 kg cm-2. The pellets were analyzed for FTIR spectra using 
FTIR spectrophotometer (Perkin Elmer, RX-1, UK), in the 
range from 4000–400 cm-1.

Differential scanning calorimetry study
DSC thermograms for NAP and CMAP were obtained using 
a DSC-4000, Perkin-Elmer, United States. An aluminum pan 
was used to seal the samples, and the samples were heated 
between 30 and 300°C at a rate of 10°C/minute.
Solid-state 13C-NMR spectroscopy
The solid state 13C-NMR study was conducted using each 
300 mg of powdered samples of NAP and CMAP on an NMR 
spectrometer (JEOL, Japan) at field strength of 400 MHz using 
a cross-polarization method. 
X-ray diffractometer
The XRD of powdered samples of NAP and CMAP were 
recorded using an X-ray diffractometer (ULTIMAIII, Rigaku, 
Japan). At a voltage of 40 kV and a current of 30 mA, an X-ray 
generator was operated, with the K-β filtered Cu radiation at 
1.54056 Å as the source of radiation. The powdered specimens 
were scanned at a 3°/min speed from 5 to 80° diffraction angle 
(2θ).
Zeta potential measurements
The zeta potential measurements were carried out in a Zeta-
sizer (Nano ZS90, Malvern Instruments Ltd., UK) using 1% 
(w/v) dispersion of NAP and CMAP at neutral pH. This study 
used deionized water as a dispersion medium and several 
disposable zeta cells (DTS 1070) for each sample at 25ºC. The 
experiments were repeated three times, with the mean values 
reported in this study.
Rheological studies
Rheological experiments were conducted in the present study 
using a Modular Compact Rheometer (MCR 102, Anton 
Parr, Austria). In the experimental setup, a standard 1° cone 
geometry (CP - 40) with a diameter of 40 mm was used. 

Rheological analyses were performed on the polymer 
solutions (5% w/v) of NAP and CMAP prepared in various 
media that slowly turned into matrix solutions. For each 
polymer, three types of matrices were prepared at different pH 
levels to investigate the effects of pH on viscosity. The matrices 
under the “Polymer-A” category (NAP-A, CMAP-A) were 
prepared by dissolving the required amount of polymer in an 
acidic solution with constant stirring at 60℃. The pH of the 
matrices was adjusted to 1.2 at room temperature using a 0.2 
(M) HCl solution. Similarly, “polymer-B” matrices (NAP-B, 
CMAP-B) were prepared for each polymer in buffer solution 
and the pH was adjusted to 6.8 with a 0.2 (M) NaOH solution. 
For “Polymer-W” category matrices (NAP-W, CMAP-W), 
deionized water was used to maintain neutral pH (pH 7). 

A dynamic rotation mode (flow curve) and an oscillatory 
mode were used to perform the tests. The dynamic rotational 
mode was used to study changes in viscosity caused by variable 
shear rates in the samples. 

The oscillatory mode was employed for the polymers to 
study the amplitude sweep and frequency sweep against loss 
and storage moduli (G’ and G”). The amplitude sweep was 
carried out at a fixed angular frequency (ω=6.2831853 rad/sec) 
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where the strain (γ=0.01–10%) was varied to produce structural 
deformation on the entangled polymer.

The frequency sweep was carried out to study the 
changes in G’ and G” against variable angular frequency 
(ω =0.1–10 rad/sec) using the pre-determined strain (%) under 
the linear viscoelastic (LVE) regime from amplitude sweep.
Drug-polymer DSC Compatibility Study
A differential scanning calorimeter (DSC-4000, Perkin-Elmer, 
USA) was used to record the DSC thermograms of the physical 
mixtures of MET with NAP and CMAP. The samples were 
impenetrably sealed inside an aluminum pan and heated from 
30 to 300°C under a nitrogen atmosphere (20 mL/min) at a 
scan rate of 10°C/min.
Preparation of Matrix Tablet
Metformin hydrochloride (MET) as the active ingredient, 
powdered NAP and lactose and microcrystalline cellulose 
(MCC) were separately passed through the sieve with mesh 
#40. In the weight ratio shown in Table 1, the drug was 
thoroughly mixed (dry mixing) with the polymer and other 
ingredients for 15 minutes. The powder mixture was then 
moistened with the appropriate amount of purified water to 
form a moist cohesive mass. The cohesive mass was screened 
through a sieve with mesh #16, and the resulting moist granules 
were dried in a tray dryer at 65°C until the moisture content 
reached 2% w/v. The dried granules were passed through the 
sieve with mesh size 20 of BS, lubricated with magnesium 
stearate (2% w/w). The lubricated granules were compressed 
into tablets on a tablet compression machine (RIMEK, 
Karanavati Engineering Ltd., Gujarat, India) using 19.5 mm 
of oval concave surface punch. The compression force was 
adjusted to obtain tablets with hardness in the range of 49.04 
to 63.74 Newton. MET contains CMAP tablets were prepared 
in a similar manner.
Physical Characterization of Tablet

Uniformity of weight
The test was carried out in accordance with the official 
procedure.16 The weight variation of 20 tablets of each 
formulation was studied using an electronic balance (Precisa, 
XB600 M-C, Switzerland). The tablets were selected at random 

and weighed individually. Individual weights (X1, X2, ..X20) 
were compared to the average weight of the tablets.

Crushing strength and friability 
The crushing strength and friability of 20 tablets for each 
formulation were determined using the Monsanto hardness 
tester (Cadmach, Ahmedabad, India) and the Roche friability 
(Campbell Electronics, Mumbai, India), respectively. To 
determine the percentage of weight loss, the friability was 
rotated at 25 ± 1 rpm for 4 minutes, and then the tablets were 
de-dusted and weighed again.
Content uniformity test 
A fine powder was prepared by weighing and grinding 20 
tablets. The powder containing about 0.1 g of metformin 
hydrochloride was precisely weighed and shaken for 15 
minutes with 70 mL of water then diluted with water to 100 
mL and filtered. From the filtrate, 10 mL was diluted to 100 mL 
with water, and then 10 mL from that dilution was diluted to 
100 mL with water. Using a double-beam spectrophotometer 
(Shimadzu, UV, 2450, Japan), the absorbance of the resulting 
solution (0.01 mg/mL) was determined at 232 nm. The content 
of C4H11N5, HCl was calculated by using 798 as the specific 
absorbance at 232 nm.17

Drug Release Study
Using a USP II tablet dissolution tester (Electrolab, TDP-06P, 
India), matrix tablets were tested for in-vitro drug release in 
acidic (pH 1.2) and phosphate buffer solutions (pH 6.8). In a 
cylindrical dissolution vessel (1000 mL) with a stirring speed 
of 100 rpm, 750 mL of 0.1M hydrochloric acid solution was 
kept at 37 ± 0.5ºC. Then a randomly selected tablet from each 
formulation was placed inside it. During the experiment, 
aliquots were drawn every hour and promptly replaced with 
the same volume of fresh medium maintained at 37 ± 0.5ºC. 
After 2 hours of dissolution in acidic medium, 250 mL of 
0.2M trisodium phosphate dodecahydrate solution (previously 
maintained at 37 ± 0.5ºC) was added. The medium was adjusted 
to a pH of 6.8 ± 0.05 with 2M sodium hydroxide solution. 

Table 1: Tablet formulations

Sl no. Ingredients
Quantity (mg) per tablet of each formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

1 MET 250 250 250 250 250 250 250 250 250 250

2 NAP 250 450 550 650 750 - - - - -

3 CMAP - - - - - 250 450 550 650 750

4 Lactose anhydrous 500 300 200 100 50 500 300 200 100 50

5 MCC 80 80 80 80 30 80 80 80 80 30

6 Purified water Qs* Qs Qs Qs Qs Qs Qs Qs Qs Qs

7 Magnesium stearate 20 20 20 20 20 20 20 20 20 20

*Qs denote sufficient quantity
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The dissolution was carried out for 12 hours. The aliquots 
obtained by filtration and appropriate dilution were analyzed 
spectrophotometrically. The amount of drug released was 
measured at the wavelength of maximum absorbance (λmax) in 
the relevant medium. MET exhibited maximum absorbances 
at 232 and 230 nm in acidic and buffer solutions, respectively.

RESULTS AND DISCUSSION

Extent of Carboxymethylation
The native A. procera gum is primarily composed of galactose 
and arabinose.3 Structurally, NAP consists of a linear chain of 
- (1→ 3)-β-D-galactopyranose units with some - (1→6)-β-D-
galactopyranose units and - (1→3)-L-arabinofuranose units.3 
The substitution of numerous OH groups with carboxymethyl 
groups occurred during the conversion of NAP to CMAP. In 
the reaction, the hydroxyl groups in NAP were deprotonated 
by sodium hydroxide, forming alkoxides. Afterward, 
carboxymethyl groups were formed by reacting NAP-alkoxides 
with monochloroacetic acid.18 The overall reaction is given by: 

At the bulk liquid phase, a side chain reaction occurred 
simultaneously with the formation of sodium-glycolate from 
monochloroacetic acid and sodium hydroxide.18 

A degree of substitution (DS) indicates the extent of 
carboxymethylation in a compound. DS indicates the 
average number of substituted carboxymethyl groups per 
anhydroglucose unit.19 The values of DS for different CMAP 
batches are shown in Table 2. The range of DS was determined 
to be 0.38-0.51.
FTIR Spectrum Analysis
The conversion of NAP to CMAP was substantiated from 
FTIR, DSC, Solid-state 13C-NMR, and XRD analysis. The 
FTIR spectra (4000–400 cm-1) of NAP and CMAP are 
shown in (Figure 1) which exhibited the absorption in bands 
at 3449, 3420, 2927, 2925, 1620, 1615, and 1070 cm-1, which 
are typical bands for carbohydrates.20 Near 3449 cm-1 a strong 
O−H stretching band of the hydroxyl group 21 was observed 
in NAP (Figure 1a) due to the involvement of hydrogen bonds 
of the hydroxyl groups. For CMAP, this O−H stretching 

band was shifted with reduced intensity of the absorption 
(Figure 1b) which might indicate the breakage of hydrogen 
bonds in the carboxymethylation reaction.22 Figure 1b depicts 
the characteristic bands of CMAP, which appear at 1610 to  
370 cm-1, indicating carboxymethylation. The broad peak at 
1420 cm-1 of CMAP was mainly attributed to C=O stretching of 
acid. The band at 2927 cm-1 is the indication of −CH2− groups. 
Although the bands at 1620, 1615 cm-1 are largely belong to 
C=O stretching. Many −C−−O−−C− groups have peaks in the 
950 to 1100 cm-1 range that may also indicate the presence of 
β- and α- linkages in the molecule, respectively.23

Differential Scanning Calorimetry (DSC) study
DSC thermograms of NAP and CMAP have been depicted in 
Figure 2. The NAP exhibited an exothermic event at 73.99°C 
with a heat flow of 22.38 mW (Figure 2a) that was shifted 
for CMAP (55.31°C, 20.50 mW) (Figure 2b). In the NAP 
thermogram (Figure 2a), at around 239°C with a heat flow of 
14.15968 mW a melting peak was seen to be intense, while 
CMAP occurred at 261.5°C with a heat flux of 9.899 mW 
(Figure 2b). It is likely that the substitution of hydroxyl 
group protons due to carboxymethylation triggered these 
variations in endothermic and exothermic behavior, along 
with heat flow alterations. The extent of carboxymethylation 
of polysaccharides results in the breaking of intermolecular 
and intra-molecular hydrogen bonds, as well as the vibrancy of 
chain segments leads to alteration in the thermal degradation 
of polymers.24 However the DSC thermograms of NAP and 
CMAP indicated good thermal stability.
Solid State 13C-NMR Spectroscopy
13C-NMR spectra of NAP and CMAP are shown in Figure 3. 
The distinct signals appeared in the NMR spectrum of NAP 
(Figure 3a) at the respective chemical shifts (δ) 62.229, 72.740, 
and 103.760 ppm. The peak at 62.229 ppm is attributed to the 
galactose moiety’s (sp3 hybridization) C-6 carbon, which also 
indicates the presence of sugar ring carbon with hydroxyl 
group function. On the other side, the peak at δ = 72.740 ppm 
inflated at 82 ppm due to signals of C-2, C-3, and C-4 β-carbon 
atoms.25 In addition, the peak at δ=76.671 ppm indicates the 
presence of β-carbon at pyranose ring closure. The signal 
for the C-3 carbon atom of galactose has appeared as a small 
bulge at 82.738 ppm.26 However, that peak at 82.738 ppm was 
also attributed to the presence of carbon at the furanose ring 
closure of α-anomers. A peak at δ = 99.316 ppm was detected 

Table 2: Different batches of CMAP

Batch no. Volume of 0.5N sodium
Hydroxide (mL)

Volume of 0.4N hydrochloric
acid (mL) consumed A* DS** SEM*** (statistical significance 

of 5%) (n = 3)
P1 5 6.2 3.5 0.41 ± 0.0492
P2 5 6.1 3.5 0.51 ± 0.0491
P3 5 6.3 3.22 0.38 ± 0.0484
P4 5 6.2 3.225 0.41 ± 0.0469
P5 5 6.2 3.225 0.41 ± 0.0298
P6 5 6.3 3.22 0.38 ± 0.0343

* Milliequivalents of NaOH required per gram of sample; ** Degree of substitution; *** Standard error of mean.
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due to the signal from β-anomeric carbon (C-1). Another 
intense peak observed at δ = 103.760 ppm is due to arabinose’s 
carbon (C-1).27 In the case of CMAP, the spectra showed 
the appearance of an additional sharp peak at 177.252 ppm 
compared to NAP, explicitly the presence of carbonyl carbon 
of carboxymethyl group at 3-O- position (Figure 3b). Due to 
both sp2 hybridizations for carbonyl carbon, the 13C-NMR 
signal appears the utmost downfield (170–220 ppm).28 The 
peak of absorption at 177.252 ppm also indicates the presence 
of exocyclic carboxyl groups. From the NMR data, the success 
of carboxymethylation on NAP could be assured. However, 
the spectral comparison (Figures 3 a and b) revealed the 
differentiation between NAP and CMAP
X-ray Diffractrometry 
An XRD of NAP is in Figure 4a, illustrating its amorphous 
nature. CMAP exhibits characteristic patterns in XRD at 2θ 
of 15.250−56.500° (Figure 4b). Moreover, the major sharp 
and intense patterns at about 2θ of 31.700° (369 cps) and 
45.450° (134 cps) indicate the possible crystallinity of NAP 
on carboxymethylation.29

Zeta Potential Measurements
The zeta potential is the electro-kinetic potential in the 
interfacial bilayer at the slip plane that separates the mobile 
fluid from the surface-clinging fluid.30, 31 The zeta potential 
of NAP and CMAP were -0.944 and -15.40 mV, respectively 
(Figure 5a and b). Because of the presence of anions on the 
carboxymethyl groups (- OCH2-COO-), CMAP had a lower 
zeta potential. (Figure 5b). The zeta potential decreased as the 

Figure 1: FTIR spectra (a) NAP, (b) CMAP

Figure 2: DSC thermogram (a) NAP (b) CMAP

Figure 3: Solid state 13C NMR spectrum of (a) NAP, (b) CMAP

Figure 4: XRD patterns of (a) NAP and (b) CMAP
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DS increased, showing that CMAP had more carboxymethyl 
groups and a stronger coulombic repulsion (Table 3). The 
zeta potential in the NAP samples did not exhibit any notable 
differences.
Rheological Characteristics
Rheology could be used as a method to evaluate parameters 
that aid in determining a material’s mechanical strength, 
deformation, and flow properties.32, 33 The comparative study of 
the rheological parameters like flow curves, amplitude sweep, 
frequency sweep, and damping factor of NAP and CMAP 
(5% w/v) samples reflect the changes in structural integrity, 
flow behavior due to carboxymethylation.
Dynamic rotational study
The flow curves at variable shear rates are shown in Figure 6 
(a-c). There is also a depiction of the viscosity profile of 
polymers at various pH levels in the Figures. 6d and e. In 
response to increases in shear rate, the viscosity of the NAP 
matrix was observed to decline. In addition, it was also found 
that the NAP matrices exhibited non-Newtonian behavior 
with the pseudo-plastic flow. In this case, the disentanglement 
of polymeric chains occurs at a faster rate than the new 
entanglement formation.34 There was an observation in 
Figure 6(a) that, the NAP matrices exhibited higher viscosity 
(1420 Pa.s for NAP-W, 559 Pa.s for NAP-A, and 115 Pa.s for 
NAP-B) at a low shear rate (0.01290 S-1). Additionally, the 

rheogram demonstrated that NAP at neutral pH (NAP-W) 
displayed greater viscosity than NAP at pH 1.2 (NAP-A); 
however, the viscosity of NAP-A was higher than the NAP at 
pH 6.8 (NAP-B).
 Flow curves of CMAP matrices also indicated shear-
thinning behaviour however; they exhibited much lower 
viscosities than NAP matrices (Figure 6). There has been 
an explanation for the increased degree of molecular chain 
entanglement with concentration attributed to an increase 
in the viscosity of polymers.35 Since carboxymethyl groups 
(-OCH2-COO-) in CMAP contain anions, the chain segments 
are electrostatically repellent, preventing entanglements. Due 
to lack of entanglement, the viscosity of CMAP became lower 
than NAP matrices. The viscosity of CMAP-A (at pH 1.2) 
matrix was found to be higher than CMAP-W (at pH 7) and 
significantly higher than CMAP-B (Figure 6e). The functional 
groups get ionized at pH 6.8, and the repulsive force becomes 
strong, which leads to disentanglement and a decrease in 
viscosity.36, 37A shift in the molecular arrangements of the 
polysaccharide chains in buffer solution has been connected 
to the decreased viscosity of some ionic polymers with rising 
solution pH.38, 39

According to the flow curve model analysis, the Carreau-
Yasuda model best fitted to NAP-W as it displayed a short 
Newtonian plateau for low shear rates (0.022–0.045 S-1). 
However, the cross model provided the best fit with NAP-A, 
and the Ellis model with NAP-B represented pseudo-plastic 
flow. As for CMAP, the Ellis model effectively fitted samples 
at all pH values, where the shear stress roughly coincides with 
half of the final asymptotic viscosity.40

Dynamic Oscillatory Studies

Amplitude sweep
The linear viscoelastic region (LVE) is the region in which 
stress varies linearly with strain for the sample under study.41 
The storage modulus (G’) (Pa) is an elastic response of a 
viscoelastic material that stored the deformation energy 
subjected to measure during shear.42 While the loss modulus 
(G”) (Pa) evaluates the deformation energy used by a 
viscoelastic material during shear, it is the viscous part of the 
material.

During the amplitude sweep, the amplitude of the 
deformation is varied with strain (%) at a constant frequency 
(Rad/sec).43

Figure 5: Zeta potential of (a) NAP, and (b) CMAP

Table 3: Zeta potential of different batches of CMAP

Batch no. 
of CMAP

DS* Zeta potential of 
CMAP (mV)

Zeta potential of 
NAP (mV)

P1 0.41 -14.53

-0.944

P2 0.51 -15.40
P3 0.38 -13.76
P4 0.41 -14.91
P5 0.41 -15.03
P6 0.38 -12.17

* Degree of substitution
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An illustration of the strain sweep results for each matrix (NAP 
and CMAP) is presented in Figure 7 (a-c). G’ and G” in the 
amplitude curves were dependent on strain amplitude, and the 
LVE range was derived from these curves. Upon reaching a 
critical strain of 10%, LVE had been achieved, and G’ values 
were found to be linear up to that point. Beyond the LVE 
the declination of G’ indicated the occurrence of structural 
deformation. The critical strain refers to the mechanical 
strength of polymer and the amount of stress at which NAP 
and CMAP withstand before structural breakdown. IN ALL 
CASES, the LVE range and G’ values of NAP were greater 
than CMAP (Figure 7 a-c). The overall critical strain of NAP 
(1–1.5%) was also found to be higher than CMAP (0.01–0.03%). 
The electrostatic repulsion between the chains of CMAP 
disrupted entanglements results in low mechanical strength 
and shorter LVE. 
Frequency sweep
During the frequency sweep, the amplitude of the deformation 
is retained within the LVE, while the angular frequency (ω) 
is varied.44 Variable oscillation frequencies make it possible 
to determine with greater precision the structural integrity, 
deformity, and rheological stability of a material. The higher 
values of G’ over the G” (G’>G”) indicate an elastic structure 
of material could be said to have a solid viscoelastic nature, 
while G”>G’ impart the viscous behavior of the material could 
be said to have a viscoelastic.42 The crossover point refers to 
the transition point at which the value of G’ and G” remains the 
same. For material, if G’ is higher than G” before the crossover, 

the crossover point could be considered a deformation point. 
On the other hand, G”>G’ remains before the crossover then 
it corresponds to a gel point.45 The higher differences between 
G’ and G” without crossing each other indicate the more 
rheological stability of a material.

The frequency sweep analysis was conducted on NAP 
and CMAP solutions as shown in Figure 8 a-c. Based on the 
frequency sweep curve, it was observed that G’ for NAP is 
much higher than G” (G’>G”) in water and is also rheologically 
stable (Figure 8a). The values of G’ for CMAP in water were 
also higher than G” but in comparison to NAP, it was much 
less. At pH 1.2, NAP and CMAP were found to be stable and 
remain gel-like consistency, although G’ values of NAP-A were 
lower than NAP-W (Figure 8b). In case of CMAP at pH 1.2, 
the G’ values were drastically higher than CMAP in water. 
However, both polymers were structurally deformed at pH 6.8 
(Figure 8c), as they have shown crossover points (NAP at 
15.8 Rad/sec, CMAP at 25 Rad/sec). The appearance of 

Figure 6: Flow curves (a) in water, (b) at pH 1.2 (c) at pH 6.8; viscosity 
profile of (d) NAP in water (△), at pH 1.2 (□), at pH 6.8 (○), (e) CMAP 

in water (▲), at pH 1.2 (■), at pH 6.8(●)

Figure 7: Amplitude sweep (a) in water, (b) at pH 1.2 (c) at pH 6.8
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any crossover region indicated the transformation of gel to 
sol. Moreover, the frequency sweep results indicated that 
NAP in water formed high entanglements and behaved as a 
strong viscoelastic gel than acidic pH. While at pH 6.8, the 
entanglements became weak. In contrast, CMAP at acidic 
pH has shown gel-like behavior, and ultimately, at pH 6.8, 
it lost its elastic energy and exhibited a weak gel with a 
disentangled structure. As the pH of the solution increased, 
there is a possibility that the functional groups (-COOH-) of 
CMAP would be ionized, leading to electrostatic repulsion 
and, thus an increase in molecular dimension and a decrease 
in entanglements.46, 47 However, there is also the possibility 
that the polymer chains would be de-polymerized as the pH 
rose.48 Moreover, throughout the frequency sweep study, it 
has also been noted that in all cases, G’ values of NAP were 
always higher than CMAP. 
Damping factor
The inclusion of a damping function in the modeling of 
polymer melts is crucial to gaining an understanding of 

nonlinear viscoelasticity.49 The damping factor is the loss 
tangent (tanδ = G”/G’) that measures the internal frictions 
of materials. The value of loss tangent (tanδ) for different 
viscoelasticity functions50 is as follows:
tanδ=0: The material is ideally elastic
tanδ=100: The material is ideally viscous
tanδ>1: material is more viscous than elastic
tanδ<1: material is more elastic than viscous
tanδ=1: material is viscoelastic
An investigation of the physical interpretation of the damping 
function based on experimental results for NAP and CMAP 
at different pH levels was conducted. From Figure 9, the loss 
tangents (tanδ) for NAP -W and CMAP-W were less than 1, 
but the mean tanδ value for CMAP-W (0.56) was higher than 
NAP -W (0.16). Thus, NAP was more elastic in water than 
CMAP. Similarly, both polymers showed elastic deformation at 
pH 1.2. CMAP (tanδ=0.45) at this pH was a little more elastic 
than CMAP-W, while NAP at pH 1.2 (tanδ=0.59) remained less 
elastic than NAP-W. Moreover, both polymers were viscous at 
pH 6.8 as the loss tangents (tanδ) were more than 1. 
Drug-polymer DSC compatibility study 
DSC studies are useful tools for assessing the interaction 
between a drug and an excipient. The melting points of MET 
and the physical mixture with NAP and CMAP are presented 
in Table 4. It has been found that the melting point of MET in 
each of the polymer mixtures is similar to its reported values, 51, 
despite some minor reductions in endothermic peak intensity. 
According to the results, there is no interaction between the 
excipients and the polymers.
Characterizations of matrix tablets
The average weight of randomly selected matrix tablets 
containing MET from each formulation of NAP was 1121.5 mg 
± 0.04. In contrast, the average weight of the matrix tablets from 
CMAP formulations containing MET was 1118.7 mg ± 0.05.

The average hardness of all the tablets were about 53.94 
Newton ± 0.02 and friability was less than 1%. 

A random sample of matrix tablets from each formulation 
of NAP containing MET was found to be uniform and ranged 
from 96.89% ± 0.04 to 101.53% ± 0.03. Similarly, the drug 
content of CMAP tablets was found to be 95.63% ± 0.12 to 
107.37% ± 0.06.

Figure 8: Frequency sweep (a) in water, (b) at pH 1.2, (c) at pH 6.8 Figure 9: Damping factor of NAP and CMAP
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Comparison of drug release 
The linearity of the standard calibration curve of MET was 
determined with a correlation coefficient (R2) over 0.998 and 
then used to calculate the amount of drug dissolved in each 
sample. A comparison of the in vitro drug release from NAP 
and CMAP matrix tablets is presented in Figure. 10. 

The highest amount of MET release in 12 hours from 
NAP formulation (F5) was 98.81%, while all CMAP tablets 
showed maximal release before 12 hours. From the entire 
release profiles of MET (Figure. 10 a and b), it was noted that 
NAP formulations showed prolonged release and became 
more sustained as the polymer concentration increased, 
while CMAP formulations, the release profile showed faster 
drug release. A “t”-test was used to analyze the data on drug 
releases from the two matrices. Thus, a statistically significant 
difference in drug release from NAP and CMAP matrices was 
observed (p=0.05).

Calculation of AUC was carried out using a linear 
trapezoidal rule. The calculated values of AUC of drug release 
(% mg hrs.) from formulations are shown in Table 5.

In CMAP tablets, predominantly drug was released from 
the gel-like structure owing to a lower viscosity and dis-
entanglement than in NAP tablets. The weak gel networks in 
CMAP matrices are attributed to their low viscosity and loose 
entanglement structure. While, the strong gel-like structure 
of NAP and the high viscosity of the compound resulted 
in a higher degree of entanglement, which resulted in the 
prolonged release of the drug from tablets containing NAP. 
The carboxymethylation had changed the structural integrity 
of CMAP, making it more rheologically unstable than NAP and 
the rheological behaviors impacted on drug release.52

CONCLUSION
An outgrowth of entanglements of the chains in NAP resulted 
in elastic nature, which imparted structural integrity and higher 
mechanical strength. Carboxymethylation of NAP significantly 

altered its rheological properties. A coulombic repulsion 
between CMAP chains occurs due to the presence of anions 
within carboxymethyl groups. Therefore, the individual chains 
of CMAP were unrestricted in their movement, allowing the 
CMAP structure to disentangle rapidly. NAP and CMAP also 
exhibit significant differences in their rheological properties at 
variable pH. While NAP formed a highly entangled structure 
with higher viscosity at neutral pH, CMAP showed high 
viscosity at pH 1.2. Thus, such changes also had an impact 
on the significant change in drug release from matrix tablets. 
The lack of entanglements and weak gel structures in CMAP 
made it more prone to erosion.
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