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Abstract: Copper  (Cu)  is  a  micronutrient  that  plays  an  important  role  in  the  growth  of  plants.  A 
spectrophotometric  analysis  method  has  been  developed  to  determine  Cu2+ in  hydroponic  nutrient 
solutions. 4-(2-pyridylazo)-resorcinol (PAR), 1-(2 pyridylazo)-2-naphthol (PAN) and 1-(2-thiazolylazo)-2-
naphthol  (TAN)  ligands  were  studied  as  co-complexants  that  will  enable  determination  of  Cu2+.  Each 
microelement has an optimum pH value at which it forms a complex with the ligand. By studying the effect  
of pH on the metal-ligand complex, the optimum pH values at which maximum absorbances were obtained 
were determined. The interference effects of foreign ions in the nutrient solution were examined. 4-(2-
pyridylazo)-resorcinol (PAR) complexes were found to be more resistant to foreign ion interference. For this 
reason, validation studies of the method developed for 4-(2-pyridylazo)-resorcinol (PAR) complexes were 
carried out. Afterwards, the developed method was adapted to the flow injection analysis system. The 
procedure is  simple,  rapid  and reliable.  This  method was successfully  applied to  the determination of 
copper in hydroponic nutrient solutions.
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1. INTRODUCTION

Hydroponic  farming  is  a  type  of  soilless  farming 
system,  and  the  most  distinctive  feature  that 
distinguishes it from conventional farming is that it 
directly  uses  mineral-rich  solutions to  feed plants 
(1).  The  nutrient  supply  notably  influences  plant 
growth  in  many  ways.  The  growth  of  plants  is 
influenced both by macronutrients such as N, P, and 
K and by micronutrients (2). For this reason, it is 
important that the nutrient solution, which is one of 
the primary factors in the growth of plants, contains 
all  the  necessary  nutrients  that  plants  need  (2). 
Today,  using  nutrient  solutions  to  optimize  crop 
nutrition  (fertilization  or  liquid  fertilization)  is  a 
popular practice in soil-grown greenhouse crops as 
well  as  in  hydroponic  cultures  (3).  Agricultural 
research  in  the  world  is  focused  on  "in  situ  and 
specific  application".  The aim of  the studies is  to 
increase the agricultural quality, capacity, and yield, 
to make an accurate and optimum application (such 
as  fertilization,  pesticide,  irrigation,  harvest  time 
estimation),  and  thus  to  add  value  to  the 

agricultural  economy.  In  most  national  and 
international  greenhouse  enterprises,  the  ion 
control of the nutrient solution is done by automatic 
measurement of pH and electrical conductivity (EC), 
the solution content is followed according to the EC 
change (4). However, since EC is the total electrical 
conductivity value, it cannot give information about 
the  concentration  of  each  ion  in  the  system. 
Therefore, it is not possible to make individual and 
real-time  corrections  for  nutrients.  With  such  a 
determination method, more or less fertilization will 
be made than the ion needed by the plant, in this 
case, sufficient yield will not be obtained from the 
plant.

Copper is one of the vital trace elements needed for 
plant  development  (5).  It  serves  as  a  key 
component  of  various  proteins.  It  plays  several 
important roles, including in cell  wall  metabolism, 
photosynthetic  electron  transport,  responses  to 
oxidative  stress,  protein  synthesis,  hormone 
regulation,  and  mitochondrial  respiration  (6). 
Although  copper  is  essential  for  plants  in  small 
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amounts  to  support  cellular  functions  as  a 
micronutrient,  excessive  copper  can  be  harmful, 
leading  to  negative  impacts  on  plant  growth  and 
survival.  Plants  are  capable  of  surviving  and 
tolerating  conditions  with  a  deficiency  in  Cu²⁺. 
However, when the concentration of Cu²⁺ surpasses 
the  optimal  level,  it  interferes  with  the  plant's 
metabolism  and  becomes  harmful.  An  excess  of 
copper  significantly  hampers  photosynthesis  by 
stunting  plant  growth  and  development,  limiting 
nutrient uptake from the soil,  decreasing pigment 
levels, and inhibiting root growth and leaf expansion 
(7).  Furthermore,  excessive  copper  disturbs  the 
proper functioning of essential cellular components 
(8).

Various  techniques,  including  graphite  furnace 
atomic  absorption  spectrometry  (GF-AAS), 
inductively  coupled  plasma  optical  emission 
spectrometry (ICP-OES), and ion-selective electrode 
(ISE), have been established to measure copper (II) 
ions  in  solutions  based  on  their  concentration. 
However,  many  of  these  methods  involve 
procedures that are either time-intensive or require 
complex  equipment.  Additionally,  certain 
spectrophotometric approaches previously used for 
the determination of copper (II) present drawbacks, 
such as being time-consuming, labor-intensive, and 
relying on significant quantities of organic solvents, 
which can contribute to environmental pollution (9).

In recent years, flow injections have emerged as a 
popular analytical method, extensively utilized with 
spectrophotometric detection due to its widespread 
availability  in  laboratories  worldwide.  It  offers 
advantages  such  as  low  cost,  minimal  reagent 
consumption,  reduced  waste  generation,  cost 
efficiency, small sample volume requirements, and 
ease of automation. Additionally, flow injections are 
widely applied in quantitative analysis  and enable 
experiments  under  dynamically  non-equilibrated 
conditions,  thereby  reducing  analysis  time  and 
increasing sample throughput (10).

When  planning  a  procedure  (from  sampling, 
extraction,  purification  to  instrument  analysis)  in 
analytical  chemistry,  the  green  chemistry  factor 
must be taken into consideration. There are various 
tools  developed  to  assess  the  environmental 
impacts of analytical methods. These tools aim to 
increase the sustainability of analytical methods by 
assessing  the  toxicity  of  chemicals  used  in  the 
analysis  processes,  energy  consumption,  waste 
amount and overall environmental impact (11).

The environmental sustainability of the method was 
assessed using the AGREE, AGREEprep and MoGAPI 
tools (12).

Many  studies  have  developed  methods  for 
measuring  copper  in  various  samples  (13-20).  In 
this study, however, a spectrophotometric method 
was developed that will enable the measurement of 
copper  elements  in  hydroponic  nutrient  solutions. 
With the developed method, the amounts of copper 
in hydroponic nutrient solutions can be determined 
specifically. In this way, faulty analyses based on 

electrical conductivity measurements made with EC 
meters  in  greenhouses  will  be  prevented,  correct 
and  controlled  fertilization  will  be  made,  and 
productivity  and  quality  will  be  increased  in 
production.

2. EXPERIMENTAL SECTION

2.1. Instrumentation
Shimadzu-1800  model  UV-Vis  spectrophotometer 
(Kyoto, Japan) for absorbance measurements and 
wavelength scanning for  method optimization and 
analysis  of  metal  ligand  complexes  in  still 
environment  studies,  KERN-PFB  1200  2  model 
precision balance (Balingen, Germany) for chemical 
weighing, ALEX Machine ultrasonic bath (Istanbul, 
Turkey)  for  solution  mixing  and  dissolving 
processes,  MILLIPORE-  Direct  Q  UV  3  model 
deionized  pure  water  device  (Burlington, 
Massachusetts,  USA)  for  the  preparation  of 
ultrapure  water  used  in  solution  preparation  and 
cleaning  of  glassware,  WTW-7310  model  desktop 
pH  meter  (Weilheim,  Germany)  for  pH 
measurements  of  solutions,  IKA-VORTEX 3 model 
vortex  (Staufen,  Germany)  for  mixing  solutions, 
Eppendorf Research series 10 µL, 100 µL, 100-1000 
µL,  1000-5000  µL  automatic  pipettes  (Hamburg, 
Germany) were used for solution transfers. For flow 
injection  analysis;  Ismatec-REGLO  ICC  peristaltic 
pump (SA, Switzerland) to transfer the solutions to 
the flow system, Rheodyne sample injection valve 
(Northbrook, Illinois, USA) to allow the sample to 
enter  the  flow  system,  Ocean  Optics  flame 
spectrometer  (Massachusetts,  USA)  to  detect  the 
formed  species,  Ocean  Optics  beam  source 
(Massachusetts,  USA)  to  provide  the  beam to  be 
sent  to  the  flow  cell,  Biotech  Degassi  Classic 
degaser (Kungsbacka, Sweden) to remove air from 
the  mobile  phase,  Saint  Gobain  Tygon™  S3™ 
E-3603 tubes (Courbevoie, France) for the solutions 
to advance in the flow system, plexiglass flow cell 
(Istanbul, Turkey) to pass enough light through the 
path were used. AGILENT- 240 FS AA model Atomic 
Absorption Spectrophotometer (Santa Clara, United 
States) was used for method validation tests.

2.2. Materials and Reagents
4-(2-pyridylazo)-resorcinol  (PAR)  (≥97.5% purity) 
and  1-(2-pyridylazo)-2-naphthol  (PAN)  (99.0%) 
were  purchased  from  Sigma-Aldrich  (Munich, 
Germany).  1-(2-thiazolylazo)-2-naphthol  (TAN) 
(≥97.5%)  was  purchased  from  Alfa  Aesar 
(Massachusetts, USA). Potassium chloride (KCl) (≥ 
99.5%),  ammonium  chloride  (NH4Cl)  (≥  99.8%), 
sodium  acetate  (NaCH3COO) (≥  99.0%), 
ammonium  acetate  (NH4CHOO)  (≥ 98.0%), 
ammonium  sulfate  ((NH4)2SO4)  (≥ 99.5%),  boric 
acid  (H3BO3)  (99.5  -  100.5%),  glacial  acetic  acid 
(CH3COOH)  (≥  99.8%),  hydrochloric  acid  fuming 
37%  (HCl)  (36.5  -  38.0%),  sodium  hydroxide 
(NaOH)  (≥  97.0%),  ethanol  (≥99.9%),  nitrate 
standard  (1000  µg/mL)  in  water  (H2O),  calcium 
standard (1000 µg/mL) in 0.5 M nitric acid (HNO3), 
potassium standard (1000 µg/mL) in  0.5 M nitric 
acid  (HNO3),  Triton X 100 (90.0 -  110.0%) were 
purchased Merck (Rahway, NJ USA). Zinc standard 
(1000 µg/mL) in 0.5 M nitric acid (HNO3), cupper 
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standard (1000 µg/mL) in 0.5 M nitric acid (HNO3), 
iron  standard  (1000  µg/mL)  in  0.5  M  nitric  acid 
(HNO3), manganese standard (1000 µg/mL) in 0.5 
M nitric acid (HNO3), boron standard (1000 µg/mL) 
in  0.5  M  nitric  acid  (HNO3),  phosphate  standard 
(1000  µg/mL)  in  0.5  M  nitric  acid  (HNO3), 
magnesium standard (1000 µg/mL) in 0.5 M nitric 
acid (HNO3) were purchased from Reagecon (Clare, 
Ireland).  Ultrapure  water  (Milli-Q  RG,  Merck 
Millipore,  Burlington,  Massachusetts)  was  used 
throughout this study.

2.3. Preparation Stock and Standard Solutions
For the stock solution of 4-(2-pyridylazo)-resorcinol 
(PAR), 1-(2-pyridylazo)-2-naphthol (PAN) and 1-(2-
thiazolylazo)-2-naphthol  (TAN)  were  prepared  in 
ethanol  (≥99.9%)  and  were  further  diluted  in 
ethanol (≥99.9%) as required. These solutions were 
freshly prepared. All standard solutions were diluted 
with ultrapure water. 

2.4. Determination of pH Conditions
Complex  formations  Cu2+ ions  with  4-(2-
pyridylazo)-resorcinol  (PAR),  1-(2-pyridylazo)  2-
naphthol  (PAN)  and  1-(2-thiazolylazo)-2-naphthol 
(TAN) were studied at different pH values (pH 3-pH 
11). For pH 3 buffer solution, 0.657 g of solid KCl is 
dissolved in some ultrapure water and 11.9 mL of 
HCl is added. Final volume is made up to 100 mL 
with ultrapure water. Acetate buffers (16 mL of 0.1 
M sodium acetate and 84 mL of 0.1 M acetic acid, 
67.8 mL of 0.1 M sodium acetate and 32.2 mL of 
0.1 M acetic acid, respectively) were used for the 
pH 4 and pH 5. For pH 6 buffer solution 0.82 mL of 
glacial  CH3COOH  was  added  to  20  g  of  solid 
NH4CH3COO salt and dissolved in a little amount of 
ultrapure water  after  it  was made up to  100 mL 
with ultrapure water. For pH 7 41.3 mL of 1/15 M 
(9.073 g/L) KH2PO4 and 58.7 mL of 1/15 M (11.87 
g/L)  Na2HPO4 solution  were  mixed.  Solution  A: 
(0.05  M  Boric  acid);  1.237  g  solid  H3BO3  was 
dissolved with 1 M NaOH, and the final volume was 
made up to 100 mL with 1 M NaOH. Solution B: 
(0.1 M HCl); 0.2 mL of 37% HCl was made up to 25 
mL with ultrapure water. 55.4 mL of solution A and 
44.6 mL of solution B were mixed for pH 8. (0.25 
M) 1.55 g of solid H3BO3 was dissolved in some 0.05 
M KCl and made up to 100 mL with 0.05 M KCl for 
pH 9, for pH 10 2.64 g of solid H3BO3 was dissolved 
in 90 mL of ultrapure water. The pH was adjusted to 
10 with 10 M NaOH. The final volume was made up 
to  100  mL  with  ultrapure  water.  6.75  g  of  solid 
NH4Cl was dissolved in ammonia and made up to 
100 mL with ammonia for pH 11. When necessary, 
the pH of the buffers was adjusted to the required 
values with HCl and NaOH solutions.

2.5. Spectra and The Complex Formation
The reagent and standard solutions were prepared 
according to the descriptions below. Shortly, 1.2 mg 
4-(2-pyridylazo)-resorcinol  (PAR)  dissolved  in  a 
little  amount  of  ethanol  was  transferred  to  an 
amber volumetric flask and made up to 25 mL with 
ethanol.  The  solution  was  stored  at  4°C  until 
analysis and prepared freshly for daily investigation. 
In  the  same  way,  1  mg  of  1-(2  pyridylazo)-2-
naphthol (PAN) in 25 mL ethanol and 1 mg of 1-(2-
thiazolylazo)-2-naphthol (TAN) in 25 mL of ethanol 
solution were prepared. Prior to analysis, standard 
solutions of Cu2+ diluted from 1000 ppm to 10 ppm 
with  ultrapure  water.  To  prepare  the  calibration 
chart  of  Cu-PAR  complexes,  appropriate  volumes 
were taken from 10 ppm Cu2+ solution with  final 
concentrations 0.125; 0.25; 0.5; 0.75, and 1 ppm. 
2.23x10-4 M,  1.2  mL  4-(2-pyridylazo)-resorcinol 
(PAR),  25 µL of  10% Triton X-100,  and 1 mL of 
buffer solution were added in this order. The final 
volume  was  made  up  to  5  mL  with  ethanol. 
Afterward,  standard  solutions  were  mixed  for  10 
seconds  with  a  vortex.  Absorbance  values  were 
read against the blank solution at a wavelength of 
512  nm.  The  same  procedure  was  applied  to 
prepare  the  calibration  graphs  of  TAN  and  PAN 
complexes. For TAN complexes, 1.56x10-4 M 4.4 mL 
1-(2-thiazolylazo)-2-naphthol  (TAN) was used and 
absorbance  values  were  read  at  576  nm 
wavelength. For PAN complexes,  1.6x10-4  M 1-(2-
pyridylazo)-2  naphthol  (PAN)  was  used  and 
absorbance  values  were  read  at  553  nm 
wavelength.

2.6. Flow Injection Analysis
Figure 1 shows the absorbance schematic diagram 
of  the  flow  system.  The  four-channel  peristaltic 
pump  was  fitted  for  pumping  the  solutions.  The 
tubes with 0.76 mm i.d. were used for delivery of 
the  solutions.  The  ultrapure  water  was  used  as 
carrier.  Sample  and  standard  solutions  were 
injected  into  a  carrier  stream  with  a  sample 
injector. While the flame spectrometer was used to 
detect  the  species  formed,  the  beam source  was 
used  to  send  the  beam  to  the  flow  cell.  The 
degasser removed air  from the mobile phase and 
the plexiglass 2 mm flow cell to pass enough light 
through the path used. Three channels of the pump 
were used for the analysis of Cu2+ microelement in 
the flow injection analysis system. Sample/standard 
(2  mL/min),  carrier  (2  mL/min)  and  4-(2 
pyridylazo)-resorcinol  (PAR)  /  buffer  (1  mL/min) 
pass  through  these  channels,  respectively.  The 
liquids  that  move  along  the  line  and  mix  in  the 
reaction  coil  are  detected  (512  nm)  by  moving 
towards  the  flow  cell  after  turning  into  the 
detectable species here.
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Figure 1: Schematic diagram of the flow injection system used for spectrophotometric determination of 
copper (II). Sample solutions / standard solutions, carrier (deionized water), pH7-R; reagent solution (pH 7 

buffer solution - 4-(2-pyridylazo)-resorcinol (PAR) - deionized water), peristaltic pump, injection valve, 
waste, sample loop (200 µL), reaction coil (300 cm), degasser, flow cell (2 mm), source of light, detector 

(λ:512 nm).

3. RESULTS AND DISCUSSION

3.1. Effect of pH
Firstly,  the  effect  of  the  pH  on  4-(2-pyridylazo)-
resorcinol (PAR), 1-(2-pyridylazo)-2 naphthol (PAN) 
and 1-(2-thiazolylazo)-2-naftol (TAN) complexes of 
Cu2+ have  been  investigated  individually.  Metal 
ligand  complexes  were  formed  using  buffer 
solutions between pH 3 and pH 11 to determine the 
optimum pH range. The pH values and wavelengths 
at  which  Cu2+ gave  maximum  absorbance  were 
determined.  Table  1  shows  the  wavelengths  at 
which Cu2+ gives maximum absorbance and Figure 

2 shows absorbance values of the Cu2+ complexes 
between pH 3 and pH 11. Considering the spectrum 
results,  the  complex  formed  by  Cu2+ and  4-(2-
pyridylazo)-resorcinol  (PAR)  gave  maximum 
absorbance between pH 7 and pH 9. However, 1-(2-
pyridylazo)-2  naphthol  (PAN)  complexes  give 
maximum absorbance at pH 8 and 9, while 1-(2-
thiazolylazo)-2-naphthol  (TAN)  complexes  give 
maximum peak at pH 5. pH values at which Cu2+ 

gives  maximum  absorbance  with  the  4-(2-
pyridylazo)-resorcinol  (PAR),  1  (2-pyridylazo)-2-
naphthol  (PAN)  and  1-(2-thiazolylazo)-2-naphthol 
(TAN) were selected for further studies.

Figure 2: Between pH 3 - pH 11, absorbance values of the Cu2+ complexes. Cu-PAR complex, CCu = 1 
µg/mL, CPAR=   4.4 x10-5 M, Λ: 512 nm). Cu-PAN complex (CCu =  1 µg/mL, CPAN= 7.4 x10-5 M, Λ: 553 nm). Cu-

TAN complex (CCu =  1 µg/mL, CTAN=   3.9 x105 M, Λ:576 nm).

Table 1: Summarized data of absorption maxima of Cu2+ with PAR, PAN and TAN complexes.

Ligand pH 3 pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 pH 11
PAR 540 520 513 514 513 510 512 513 513
PAN 561 559 555 553 551 553 554 554 -
TAN 583 579 577 575 574 583 583 - -

3.2. Spectrophotometric Analysis of Cu2+ Ions
Absorption spectra of PAR, PAN, and TAN ranging 
from 300 to 800 nm were first scanned, and the 

absorption maxima were determined under all  pH 
conditions.  Then,  the  formation  of  complexes 
between the Cu2+ ions and PAR, PAN, and TAN were 
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tested.  Absorption  spectra  versus  the  blank  were 
recorded  over  the  same  wavelength  range.  The 
blank for the metal complex was composed of the 
buffer,  water,  ethanol,  and  chromogenic  reagent 
solution. 10 mm path length, 3500 µL quartz glass 
high  performance  macro  cells  (Hellma  Analytics, 
Müllheim, Germany) and A UV-1800 model UV–vis 
spectrophotometer  equipped  with  UV  Probe  2.43 
version  (Shimadzu,  Kyoto,  Japan)  were  used  for 
analysis. Full scan spectra were recorded from 800 

to  300  nm with  a  slit  width  of  1.0  nm and fast 
scanning  speed.  Spectral  properties  of  the 
complexes formed by Cu2+ with PAR, PAN, and TAN 
are given in Figure 3. The rapid reaction between 
the metal and the ligand allows the reaction circle 
to  be  shorter  in  flow  injection  analysis,  thus 
allowing more sample analysis in a shorter time. In 
this sense, all three ligand sources are suitable for 
use in flow injection analysis for Cu2+ analysis.

Figure 3: Calibration charts of Cu2+. A) PAR complex at pH 7, Λ: 512 nm B) PAN complex at pH 9, Λ: 553 
nm C) TAN complex at pH 5, Λ: 576 nm.

3.3. Interference Studies
The  interference  effects  of  K+,  NH4

+,  Zn2+,  Fe2+, 
Mn2+, Ca2+, Mg2+, BO3

3-, NO3
-, SO4

2- and PO4
3- ions 

for each metal ligand complex of other anions and 
cations  in  the  matrix  were  investigated.  While 
forming a fixed concentration metal-ligand solution, 
foreign ion solution at varying concentrations was 

added to  the  environment.  The absorbance value 
with the least interference effect was determined by 
measuring the absorbance against the blank. PAR 
complexes  were  found  to  be  more  resistant  to 
foreign ion interference. The % relative error values 
calculated  from the  determined  absorbance  value 
are given in Table 2.
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Table 2: The effects of matrix ions on the determination of PAR, PAN and TAN complexes
(n=3, 1 µg/mL Cu2+).

Interferent Supply of ion Ligand of complex
Add ion 
concentration, 
µg/mL

Recovery, 

% Cu2+

K+ Standard KNO3

PAR 210 -9.6
PAN 400 -10.4
TAN 50 -19.9

NH4
+ NH4CH3COO

PAR 50 -5.6
PAN 20 -2.5
TAN 50 -9.9

Ca2+ Standard Ca2+

PAR 200 -9.4
PAN 200 -7.2
TAN 25 -13.8

Mg2+ Standard Mg2+

PAR 25 -4.8
PAN 200 -1.4
TAN 25 -16.6

Fe2+ Standard Fe2+

PAR 3 +5.3
PAN 2.5 +54.1
TAN 5 -74

Mn2+ Standard Mn2+

PAR 0.5 +0.1
PAN 1 -1.0
TAN 4 -3.3

Zn2+ Standard Zn2+

PAR 5 +0.1
PAN 5 +0.3
TAN 5 +0.4

BO3
3- Standard BO3

3-

PAR 10 +4.4
PAN 10 +0.2
TAN 20 -5.4

NO3
- Standard NO3

-

PAR 100 +9.1
PAN 200 +10.5
TAN 200 -7.2

SO4
2- Standard SO4

2-

PAR 50 +4.2
PAN 50 +5.2
TAN 50 -6.3

PO4
3- Standard PO4

3-

PAR 50 +1.3
PAN 200 +6.7
TAN 50 -4.7

3.4.  Optimization  of  Spectrophotometric  FIA 
System
It was determined that PAR complexes were more 
resistant  to  foreign  ion  interference  compared  to 
PAN and  TAN complexes,  therefore  adaptation  of 
the method to flow injection analysis was performed 
only  for  4-(2-pyridylazo)-resorcinol  (PAR) 
complexes. The effect of PAR concentration, carrier 
and  reagent  flow  rates,  sample  injection  volume, 
and reaction cell  length on analytical  signals  was 
investigated and optimized one by one, to create 
optimum conditions for determination of Cu2+ by FIA 
method.

3.4.1. Influence of the PAR concentration
For  Cu-PAR  complexes,  PAR  in  amounts  ranging 
from 39 µM to 781 µM was added to 0.5 µg/mL Cu2+ 

at pH 7, and absorbance values were read at 512 
nm.  Previous  studies  on  determining  the  ligand 
concentration in  stagnant media were effective in 
determining  this  range.  In  Figure  4,  absorbance 
values  corresponding  to  PAR  concentration  are 
given for Cu2+ ions. It was decided to use 156 µM 
PAR in subsequent studies.
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Figure 4: Plot of absorbance versus ligand concentration in flow injection analysis.

3.4.2.  Determination  of  carrier  and  reagent  flow 
rates,  sample  injection  volume,  and  reaction  cell  
length
The  experiments  in  which  PAR  was  used  as  the 
reagent  for  Cu2+,  0.5  µg/mL  Cu2+ in  the  sample 
channel, 156 µM PAR, 10 % Triton X-100, and pH 7 
buffer solution in the reagent channel and deionized 
water in the carrier channel were passed through 
the  system  and  absorbance  measurements  were 
made  at  512  nm.  Working  ranges  and  selected 
values  for  each  parameter  are  given  in  Table  3. 

When determining the working ranges, the reaction 
time of the analytes and the ligand in the stationary 
environment studies were considered. In stationary 
environment  studies,  it  was  observed  that  the 
analyte  and  the  ligand  reacted  immediately  and 
changed color. We can list the advantages of this 
situation for flow injection analysis such as keeping 
the  reaction  circle  short,  keeping  the  flow  rates 
high, and allowing more samples to be read in a 
shorter time.

Table 3: Working ranges and selected values for FIA parameters.

Optimized parameters Worked range Max. value for pH 7

mixing coil length 100-500 cm 300 cm

carrier flow rate 1-3 mL/min 2 mL/min

reactant flow rate 0.5-1.5 mL/min 1 mL/min

injected sample volume 100-500 µL 200 µL

3.5. Method Validation
In order to determine the suitability of the method 
for  the  purpose,  precision,  linear  range,  limit  of 
detection  (LOD),  limit  of  quantification  (LOQ) 
parameters was examined. For the linear range, 10 
standard  solutions  were  prepared  at  increasing 
concentrations  and  the  absorbance  values  read 
against  these  solutions  were  transferred  to  the 
calibration chart. Calibration curve for Cu2+ at pH 7 
had a good linear relationship in the range 0.125-1 
μg/mL with a correlation coefficient R2 of 0.999. For 
Cu2+ the LOD (S/N = 3) and LOQ (S/N = 10) were 
0.04  μg/mL  and  0.1  μg/mL  respectively.  The 
proposed  method  has  been  applied  to  the 
determination  of  Cu  (II)  hydroponic  nutrient 
solutions. The results obtained compared favorably 
with  those  obtained  by  FAAS.  The  paired  T-test 
verified the accuracy. T-test value (1.89) less than 
the critical value at a confidence level of 95% (P 
value of 0.118). There is agreement between the 
results obtained with the proposed method and the 
FAAS method.  Five  repeated  measurements  were 
taken  with  Cu  working  solutions  of  known 

concentration  on  the  same  day,  and  the  same 
process was repeated on three different days. The 
calculated  intraday  and  interday  precision  values, 
relative standard deviations were ≤ 4.0%. Precision 
and  accuracy  evaluation  was  performed  to  verify 
the  accuracy  of  the  LOQ (Limit  of  Quantification) 
value of the method. The standard deviation (SD) 
and the relative  standard deviation (RSD,  %) for 
repeatability  of  LOQ  were  0.01  and  1.39 
respectively.  (RSD,  %)  is  12.4  for  intermediate 
precision.  To  test  the  accuracy  at  LOQ  level, 
recovery was calculated at  95%.  The absolute  t 
value (5.9) calculated according to the t test (95% 
confidence level) result is greater than the critical t 
value (2.26) for d.f=8.9≈9. There is a statistically 
significant  difference  between the  blank and LOQ 
values. 

3.6.  Determination  of  Copper  in  Hydroponic 
Nutrient Solutions 
The  recommended  method  was  applied  to 
hydroponic  nutrient  solutions.  The  results  are 
shown in Table 4.
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Table 4: Accuracy of the proposed method compared with FAAS method for determination of Cu2+ in 
hydroponic nutrient solutions samples.

Sample Spiked, µg/mL Found, µg/mL Recovery, % FAAS Recovery, %

S1 0.20 0.19±0.02 96.48 0.20±0.01 100.00
0.40 0.39±0.01 96.57 0.42±0.01 105.00

S2 0.20 0.20±0.02 100.35 0.21±0.00 105.00

0.40 0.38±0.00 95.36 0.42±0.00 105.00

S3 0.20 0.21±0.00 104.27 0.19±0.01 95.00

0.40 0.38±0.02 95.97 0.41±0.01 102.5

The  analytical  efficiency  reported  in  the  present 
study was  also  compared to  other  studies  in  the 
literature  that  investigated  copper  determination 
spectrophotometric  methods.  This  comparison  is 
shown in Table 5.

Akmese et al. (9) reported a flow injection analysis 
which was able to determine copper in river water 
and sea water. However, this work focused only on 
low metal  ion  concentrations.  Although the  linear 
working  range  values  reported  in  the  study  of 
Granado-Castro M.D. et al. (16) are similar to our 
research,  the  method  includes  sample 
preconcentration as an extra analysis step. Despite 
its simplicity, the spectrophotometric flow injection 
analysis  method  developed  by  Purachat  B.  et  al. 
(17) does not have the desired low LOD level and 
linear working range for our sample. The developed 
system by Youngvises N. et al. (18) was utilized for 

the  analysis  of  Cu  (II)  ions  in  natural  water. 
However,  in  hydroponic  nutrient  solutions,  the 
matrix environment is formed by more types of ions 
at  higher  concentration  levels.  For  example, 
macronutrients  (N,  P,  K,  Ca,  Mg)  are  at  much 
higher  concentrations  in  hydroponic  solutions 
because  they  are  the  main  growth  elements  of 
plants.  Ni  Y.  et  al.  (19),  who  used  PAR  as  a 
chromogenic  reagent  in  their  studies,  achieved  a 
similar  LOD  level  and  linear  working  range. 
However, in our study, the analytical performance 
of PAN and TAN reagents was evaluated together 
with PAR as a chromogenic  reagent.  Optimization 
studies of the flow injection analysis system were 
also carried out for the method developed with PAR 
reagent.  The  disadvantage  of  the  technique 
developed by Ghasemi et al. (20) is that it allows 
the detection of trace amounts of analyte.

Table 5: Findings reported from studies that examined the analysis of Cu2+.

Analyte Sample Technique Reagent LOD Linear range Ref.

Cu(II) River water and 
Sea water

FIA Alizarin 
Red S

0.6 µg/L 2-110 µg/L 9

Cu(II) Saline water FIA PABH 1.8 μg/L 6.9-984.5 μg/L 16

Cu(II)
Waste water, 
copper ore 
samples

FIA Nitroso-R 0.68 μg/mL 1.0-7.0 μg/mL 17

Cu(II),
Mn(II), 
Fe(II), 
Fe(III)

River water FIA Zincon 12 μg/L 0.050–1.0 mg/L 18

Fe(II), 
Cu(II), 
Zn(II), 
Mn(II)

Pharmaceutical 
preparations, 
chicken feedstuff, 
water samples

UV-VisS PAR 0.015 
µg/mL

0.05–0.8 µg/mL 19

Cu(II),
Zn(II),
Hg(II)

Natural waters MCPE, UV-VisS PAR 9.8 μg/L 0.02-0.10 mg/L 20

Cu(II) Hydroponic 
nutrient solution

UV-VisS and FIA PAN, TAN, 
PAR

0.04 µg/mL 0.125-1 μg/mL This 
study

Abbreviations: FIA, flow injection analysis; Alizarin Red S, (3,4-dihydroxy-9,10-dioxo-2-anthracenesulfonic 
acid sodium salt); PABH, pyridine-2-acetaldehyde benzoylhydrazone; Nitroso-R, disodium 1-nitroso-2-

napthol-3,6-disulfonate; Zincon, 2-carboxy-2-hydroxy-5-sulfoformazylbenzene; MCPE, micro cloud point 
extraction; UV-VisS, UV-vis spectrophotometry.

3.7. Green Profile Assessment
The environmental sustainability of the method was 
assessed using the AGREE, AGREEprep and MoGAPI 
tools.

3.7.1  Modified  green  analytical  procedure  index  
(MoGAPI)
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MoGAPI visually assesses the environmental impact 
of a method, while also allowing direct comparison 
of different methods by assigning a total score. In 
the  MoGAPI  index,  the  different  stages  of  the 
chemical  analysis  process  are  shown  in  a 

pentagram,  with  each  section  marked  in  green, 
yellow or red (12).

The data obtained because of the evaluation of the 
method with the MoGAPI tool are shown in Table 6 
and Figure 5.

Table 6: Evaluation of the method with the MoGAPI tool.

Category Method Color (Point)
Collection (1) Online or at-line Yellow (2)
Preservation (2) None Green (3)
Transport (3) Required Yellow (2)
Storage (4) Under normal conditions Yellow (2)
Type of method: 
direct or indirect (5)

Simple procedures, e.g., filtration and 
decantation

Yellow (2)

Scale of extraction (6) Not applicable -
Solvents/reagents used (7) Non-green solvents/reagents used Red (1)
Additional treatments (8) None Green (3)
Reagents and solvents

Amount (9) <10 mL(<10 g) Green (3)
Health hazard (10) Moderately toxic; could cause temporary 

incapacitation; NFPA=2 or 3
Yellow (2)

Safety hazard (11) Highest NFPA flammability or instability score is 
2 or 3, or a special hazard is used.

Yellow (2)

Instrumentation

Energy (12) ≤0.1 kWh per sample Green (3)
Occupational hazard (13) Emission of vapors to the atmosphere Red (1)
Waste (14) 1–10 mL (1–10 g) Yellow (2)
Waste treatment (15) Degradation, passivation Yellow (2)

Figure 5: MoGAPI assessment scores for developed method.

3.7.2 Analytical GREEnness Metric approach 
(AGREE) and AGREEprep
The Agree model responds to the 12 principles of 
green  analytical  chemistry.  It  includes  many 
parameters that have not been considered before, 
and it is complete compared to other methods. The 
software  interface  has  12  windows  where  green 
analytical  chemistry  is  explained.  Thanks  to  an 

algorithm that evaluates all inputs, a pictogram of 
the procedure is obtained.

Similar to AGREE, AGREEprep is based on the 10 
principles of Green Sample Prepare. Therefore, the 
software is divided into 10 windows with different 
sizes related to the weighting of the sectors in the 
pictogram (11).
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Table  7  shows  the  principles  of  Green  Analytical 
Chemistry and Green Sample Preparation (11).

The total scores of AGREE and AGREE prep shown 
in Figure 6.

Table 7: Principles of green analytical chemistry and green sample preparation.

Green Analytical Chemistry (GAC) Green Sample Preparation (GSP)

1 Direct analytical techniques should be applied to 
avoid sample treatment

Favor in situ sample preparation

2 Integration of analytical processes and operations 
saves energy and reduces the use of reagents

Use safer solvents and reagents

3
Generation of a large volume of analytical waste 
should be avoided, and proper management of 
analytical waste should be provided

Target sustainable, reusable, and 
renewable materials

4 Minimal sample size and minimal number of 
samples are goals

Minimize waste

5 Automated and miniaturized methods should be 
selected

Minimize sample, chemical and material 
amounts

6 Reagents obtained from renewable sources 
should be preferred

Maximize sample throughput

7 The safety of the operator should be increased Integrate steps and promote automation
8 In situ measurements should be performed Minimize energy consumption

9 Derivatization should be avoided Choose the greenest possible post-sample 
preparation configuration for analysis

1
0

The use of energy should be minimized Ensure safe procedures for the operator

1
1

Multi-analyte or multi-parameter methods are 
preferred versus methods using one analyte or 
parameter at a time

1
2

Toxic reagents should be eliminated or replaced

Figure 6: AGREE(A) and AGREE prep (B) assesment scores for developed method.

4. CONCLUSION

The present work deals with the spectrophotometric 
determination  of  copper  using  a  UV 
spectrophotometer and flow injection analysis. This 
method uses PAR, PAN, and TAN, depending on the 
ambient  pH  based  on  complexities.  These  ligand 
types  were  studied  to  determine  the  complexing 
agent to copper microelement that gave maximum 
absorbance (Table 1).  Complexes formed by Cu²⁺ 
ions  with  PAR,  PAN  and  TAN  ligands  give 
characteristic absorption peaks in the UV-Vis region. 
The wavelength of the complexes generally shows a 
maximum absorption  in  the  region  between 500-
600  nm.  Parameters  important  for  complex 

formation studies (ligand type,  concentration,  pH, 
etc.) have been optimized. The effect of pH on the 
metal-ligand complex was studied and the optimum 
pH  at  which  maximum absorbance  was  obtained 
was  determined.  While  PAR  complexes  give 
maximum  absorbance  at  pH  7  and  8,  PAN 
complexes give maximum absorbance at pH 9 and 
TAN  complexes  at  pH  5.  At  the  view  of  these 
results, the interaction between PAR and Cu²⁺ ions 
is pH dependent. While PAR's hydroxyl groups can 
be protonated (H⁺ bonded) in acidic environments, 
they can be deprotonated at higher pHs and bind 
more strongly with the Cu²⁺ ion. Neutral or slightly 
basic pH ranges are generally preferred for complex 
formation. The complexation between PAN and Cu²⁺ 
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ions is pH sensitive. In acidic medium, the naphthol 
group  can  be  protonated  and  this  can  prevent 
complex formation. In slightly basic medium (pH 8 
and  9),  the  naphthol  group  is  deprotonated  and 
forms  a  stronger  bond  with  the  Cu²⁺ ion.  The 
interactions between TAN and Cu²⁺ ions are weaker 
than those between PAR and PAN ligands. According 
to  the  results  of  interference  analyses  for  metals 
(Table 2), the complexes formed with PAR are more 
resistant  to  foreign  ion  interference  compared  to 
PAN and TAN complexes. Detection limits of 0.04 
µg/mL were reached for copper. The method uses 
EtOH as the reagent solvent, significantly reducing 
contamination and health hazards associated with 
the use of concentrated acids. Another advantage of 
this method is that it is suitable for determining the 
concentrations  of  copper  ions  in  the  nutrient 
solution,  which  are  of  great  importance  in 
hydroponic nutrient solutions. However, it should be 
emphasized  that  there  are  very  few  studies 
examining  the  spectrophotometric  analysis  of 
copper  in  hydroponic  nutrient  solutions.  Although 
this study is simpler and faster compared to some 
of  the  existing  methods,  it  also  filled  a  gap  in 
literature.
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under Room and Cold Temperatures Using Computer Simulation 

Analysis
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Abstract: This study investigates the kinetic modeling of vitamin C degradation in lettuce under room 
and cold temperatures of 17.5 °C, 19.5 °C, 21 °C and 6.5 °C, 7.5 °C, and 9.5 °C respectively using 
computer  simulation  analysis. High-Performance  Liquid  Chromatography  is  employed  to  assess  the 
vitamin C concentrations in the lettuce samples, utilizing an isocratic elution procedure of flow rate of 
the mobile phase at 1.2cm3 min-1 and an injection volume of 20 µL. The temperature of the analytical 
column is kept constant at 25 °C coupled with ultraviolet-visible detection set at 245 nm. The lettuce 
kept  at  room and cold  temperatures  for  nine  days  show a  reduction  in  vitamin  C with  increasing 
temperature and time. The degradation of vitamin C followed a first-order kinetic model as the average 
coefficient of determination (R2-value) for room and cold temperatures tending to 1:  0.922843 and 
0.940793 respectively. The integrated law method of first order kinetics gave rate constants of 0.855, 
0.925, 0.991 and 0.497, 0.51, 0.546 k (min-1) for the room and cold temperatures with corresponding 
half-lives of 0.8107,  0.7493, 0.6994 and 1.3947, 1.3591, 1.2695 days respectively.  A mathematical 
model  is  created on the computer and the model's  behavior is  explored by running the simulation 
(forecast). The predicted kinetic models formulated gives the best prediction at ln(C) = ln(C0) - 0.497t. 
The activated energy (EA) yielded values  of  10.2220 and  30.4706  kcal/mol  for  both temperatures 
respectively. The experimental and computer simulation analysis indicates that lettuce at 6.5 °C retain 
higher vitamin C concentration.
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1. INTRODUCTION

Vegetables are rich in carbohydrates and fiber and 
low  in  fat  and  energy.  They  also  include 
considerable  amounts  of  micronutrients  (1). 
Cultivated Lettuce (Lactuca sativa L.) is a widely 
grown  and  popularly  consumed  leafy  vegetable 
because  it  contains  vitamin  C,  polyphenols,  and 
dietary fiber, which contribute to weight loss (due 
to  its  low  caloric  content),  lower  the  risk  of 

cardiovascular  diseases (via  reducing low-density 
lipoprotein (LDL) cholesterol and blood pressure), 
and  reduce  the  risk  of  diabetes  (by  improving 
glucose  metabolism)  and  colon  cancer  (due  to 
protective  role  of  dietary  fiber)  (2).The  major 
traditional use of lettuce is as a sleep inducer.  An 
investigation  into  lettuce  extracts  led  to  the 
discovery  of  a  depressive  compound.  Significant 
sedative  effects  were  observed  in  experimental 
animals when this drug was given to them (3).

65

mailto:okoroaforch@nspri.gov.ng
https://dergipark.org/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0003-4107-3751
https://orcid.org/0000-0001-7333-179X


Emenike A, Okoroafor C. JOTCSA. 2025; 12(2):65-76.  RESEARCH ARTICLE

Scheme 1: Reduced (left) and oxidized (right) forms of Vitamin C.

Natural  vitamin  C  is  mostly  found  in  fruits  and 
vegetables, where it can be found in both reduced 
(L-ascorbic  acid,  AA)  and  oxidized  (L-
dehydroascorbic  acid  monomer,  DHA)  forms. 
According to  Scheme 1,  both AA and DHA have 
vitamin  C  activity,  and  during  processing  and 
storage,  AA  may be  oxidized  both  enzymatically 
and  non-enzymatically  to  produce  DHA  (1,3). 
Ascorbic acid (AA), also known as vitamin C, is an 
essential  part  of  our  diet.  It  guards  against 
oxidative  stress,  which  can  cause  cancer, 
inflammation,  heart  disease,  asthma,  and 
arteriosclerosis,  and  it  also  keeps  scurvy  at  bay 
(4).  Plants can make it themselves as can some 
animals, but humans do not have the right enzyme 
(gulonolactone oxidase) to synthesize this vitamin, 
hence,  ascorbic  acid  has  to  be  supplemented 
mainly through fruits and vegetables. Ascorbic acid 
is  known  to  be  a  vitamin  sensitive  to  several 
factors,  including  pH,  moisture  content,  light, 
oxygen,  and  temperature  (5).  Its  degradation 
proceeds in both aerobic and anaerobic pathways 
and depends upon many factors, such as oxygen, 
light, heat, storage temperature and storage time 
(6,  7).  Anaerobic  breakdown  of  ascorbic  acid 
mostly  manifests  during  storage,  while  oxidation 
mostly takes place during juice processing (8). The 
nutrient  quality  of  food  during  processing  has 
become increasingly important.  Since the vitamin 
C content of fruits is destroyed during storage, the 
processing-induced  deterioration  of  certain 
elements,  including  vitamin  C,  may be  a  crucial 
component in the shelf life of products, like juice 
concentrate (9).

The  main  factors  that  cause  food  to  deteriorate 
and spoil have mechanical, physical, chemical, and 
microbiological  influences.  Foods  that  are 
mishandled  during  harvest,  processing,  and 
distribution might cause damage right away, which 
could ultimately shorten their shelf life. Fruits and 
vegetables are living organs of plants that undergo 
biological and biochemical activity even after they 
are separated from their  plants.  Respiration is  a 
sequence of  reactions whereby sugars and other 
substrates,  for  example,  organic  acids,  are 
oxidized to carbon dioxide and steam, and energy 
is  released  (10).  The  rate  of  deterioration  of 
harvested products is proportional to their rate of 

respiration.  Hence,  the  higher  the  rate  of 
respiration,  the  shorter  the  shelf  life  (10). 
Discoloration occurs at the cut surface of fruits and 
vegetables  as  a  result  of  the  disruption  of 
compartmentation  that  occurs  when  cells  are 
broken, allowing substrates and oxidase enzymes 
to  come  in  contact  with  each  other  (11). 
Pretreatments are common in most of the drying 
process  to  improve  product  quality,  storage 
stability, and processing efficiency. Temperature is 
the most important factor during drying and many 
researchers  explored  the  relationship  between 
vitamin  C  retention  and  temperatures  and  the 
degradation  kinetics.  Kuljarachanan  et  al. 
researched the loss of vitamin C in lime residues 
during drying at 60-120 degrees and observed that 
vitamin C decreased significantly with the drying 
time (12). On the other hand, lower temperatures 
have  been  reported  to  be  more  effective  in 
reducing the degradation of  vitamin C (13).  The 
effect of light on the degradation of vitamin C has 
been reported. However, the reports are equivocal. 
While  some  researchers  have  reported  the 
negative impact of light on vitamin C content (14, 
15) during processing, some have reported higher 
retention of ascorbic acid content upon exposure to 
light  treatment  during  storage  (16). Meanwhile, 
Martinez-Sanchez et al. (17) reported that light did 
not affect the vitamin C content of Romaine lettuce 
during storage. Oxygen has been linked to vitamin 
C  degradation  due  to  its  indispensability  in  the 
oxidative degradation pathway of vitamin C (18).

In recent times, an increase in quality retention of 
dried  products  by  modifying  processing  method 
and  pretreatment  has  attracted  great  attention. 
Therefore, defining the shell life of fruit juice and 
comparable  products  requires  a  thorough 
understanding of vitamin C degradation, including 
the  kinetic  order  and  rate  constants  (19). 
Numerous  analytical  techniques  are  available  for 
the  determination  of  the  vitamin  C  content  in 
various fruits and vegetables, amongst them are 
HPLC,  iodometric  titration,  chromatographic 
methods, enzymatic methods, and electrochemical 
methods (20-23). Kinetics can be defined as the 
rate at which a reaction occurs. Changes occur at 
certain reaction rates. Kinetic modeling enables us 
to  describe  these  changes  and  their  rates 
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quantitatively.  Understanding  the  fundamental 
reaction mechanisms that are essential for quality 
modelling and control is another benefit of kinetic 
modelling. In food systems, the kinetics of ascorbic 
acid degradation are more complicated, although 
in model systems, they follow first-order kinetics 
(24).  Since  the  design  of  mechanistic  models  is 
hampered  by  the  complexity  of  the  degradation 
mechanisms,  pseudo-kinetic  models—such  as 
zero-,  first-,  or  second-order  kinetics—are 
frequently used to get an ideal coordinate with the 
experimental  data.  The  model  that  gives  the 
highest  coefficient  of  determination  value  (R2 

value) is regarded as the best fit for the analysis 
(25). 

The  simulation  technique is  the  process  of 
designing a model of a real system and conducting 
experiments  with  the  purpose  either  of 
understanding  the  behavior  of  the  system  or 
evaluating various strategies for the operation of 
the system. Simulation has also been defined as 
the broad collection of methods used to study and 
analyze the behavior and performance of actual or 
theoretical  systems.  In  simulation  analysis,  we 
build a mathematical model of a system, process, 
or other entity, usually on a computer, and then 
use a simulation to examine the model's behavior. 
A  time  series  is  a  chronological  sequence  of 
observations on a particular variable. Usually, the 
observations  are  taken  at  regular  intervals 
(minutes, days, months, years), but the sampling 
could be irregular. A time series analysis consists 
of two steps: (1) building a model that represents 
a time series, and (2) using the model to predict 
(forecast)  future  values.  The  objectives  of  this 
study were (i) to determine the rate of degradation 
of  vitamin  C  in  lettuce  under  pretreatment 
conditions  of  room  and  cold  temperatures,  to 
recommend the best; (ii) to develop kinetic models 
for predicting vitamin C degradation in the lettuce 
under  the  studied  conditions.  (iii)  to  predict  the 
future values (forecast) (26).

2. MATERIALS AND METHODS

2.1 Reagents and chemicals
L-ascorbic acid (AA), metaphosphoric acid (MPA), 
orthophosphoric  acid,  and  acetonitrile  (HPLC 
grade) were all purchased from Merck (Darmstadt, 
Germany).  For  chromatographic  analysis,  de-
ionized water of 18 MΩcm-1 resistivity purified with 
a  milli-Q  system  (Millipore,  Bedford,  USA)  was 
used.  The  ascorbic  acid  stock  standard  solution 
was  prepared  in  water  and  stored  in  a  glass-
stopper bottle at 4 °C in the dark (27).

2.2 Sample preparation
Fresh and matured lettuce was sourced from fruits 
and vegetable market located in Yankaba market, 

Nasarawa local Government of Kano state, Nigeria 
which lies between Longitude 70 54ˈ and 90 06ˈ 
East and Latitude 110 37ˈ and 120 21ˈ north. The 
fresh and matured lettuce vegetable of about 3 kg 
was washed under running tap water for about 2 
min; the stems were removed by cutting with a 
sharp and pre-washed stainless steel knife to avoid 
contamination. The leaves of about 100 g each for 
the six (6) sets of temperatures; 17.5 °C, 19.5 °C, 
and 21 °C for room temperatures and 6.5 °C, 7.5 
°C, and 9.5 °C for cold temperatures were made 
set for the experiment by draining them differently 
using muslin cloth for 5 min and the initial samples 
were blended in a Kenwood blender (Philips,  HR 
1702,  Borehamwood,  England,  UK)  and  filtered 
with  cheese-cloth.  At  two-day  intervals,  the 
samples were analyzed for vitamin C using high-
performance  liquid  chromatography  (HPLC).  On 
the first day, initial unaltered samples maintained 
at specified room and cold temperature served as 
control. The remaining lots were spread evenly on 
trays and dried under room mild temperatures and 
the other half kept under cold temperatures. The 
temperature and relative humidity were measured 
using  thermometer  and  hygrometer  respectively. 
The lettuce vegetable wastes are bio-degradable in 
nature; they were disposed by putting in the soil 
where microbes acted on them enriching the soil. 
The experiments were carried out in 3 replications 
and  the  average  of  measurement  was  reported 
(28).

2.3 Instrumentation
The  HPLC  system  consists  of  Waters  liquid 
chromatography (Milford, MA, USA) equipped with 
a  600E  multisolvent  delivery  system,  an  in-line 
degasser,  a  manual  injection  with  20  µL  loop 
(Rheodyne  7125),  and  Waters  2487ʎ dual 
absorbance detector. Empowers software was used 
for  controlling  the  analytical  system  and  data 
processing.

2.3.1 Extraction of ascorbic acid
2.3.2. Mild-temperature-drying procedure
This  procedure  is  a  modification  of  Rahman’s 
method  (29).  About  100  g  of  salad  vegetable 
samples  in  each  maturity  stage  were  separately 
weighed and dried under mild temperature (15–20 
°C)  and  ground  to  fine  powder  dust  before 
extraction.  The  obtained  powder  were  weighed 
(1.0 g for each sample and subsequently extracted 
with 25 mL of extractant solution, containing 5% 
MPA,  at  10  °C  and  in  the  dark.  The  extraction 
process was performed using a shaker for 4 hours. 
All  extractions  were  carried  out  in  triplicate  and 
obtained solutions were then filtered and stored at 
4 °C before analysis. The injection of the extracts 
into the HPLC system was performed twice.
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2.3.3. HPLC analysis
Ascorbic  acid  was  determined  using  a  liquid 
chromatographic  technique  that  included  an 
isocratic  elution process  and UV-visible  detection 
at 245 nm. Separations were carried out on a 5 µm 
RP C18 column of 250 mm × 4.6 mm (Spherical, 
Optimals ODS-H, Capital HPLC, UK) fitted with a 5 
µm RP C18 guard column of  20 mm × 4.6 mm 
(Spherical,  Optimals  ODS-H,  Capital  HPLC,  UK). 
The mobile phase employed was a mixture of 0.5% 
NaH2PO4 (pH 2.25 with H3PO4)–acetonitrile (93:7). 
The  Flow rate  of  the  mobile  phase  was  1.2  mL 
min-1 and an injection volume of 20 µL was used in 
quantitative analysis. The desired flow rate was set 
on  the  HPLC  pump,  then  a  known  volume 

container  was  used  to  collect  the  eluent  for  a 
specific time. The flow rate was now calculated by 
dividing the collected volume by the time elapsed. 
The temperature of the analytical column was kept 
constant  at  25  °C.  The  calibration  curve  and 
quantitative evaluations were accomplished at 245 
nm. Standard solutions and extracts were filtered 
through a prefilter and then a 0.45 µm Millipore 
membrane before their  injection.  To prevent the 
loss  of  AA,  standard  solutions  and  extracted 
samples  were  protected  from  light  using  amber 
flasks. Quantitation was performed by comparing 
the  chromatographic  peak  area  with  that  of  the 
external  standard.  The  calibration  curve  was 
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plotted in the concentration range of 0.5–200 mg 
L-1 and based on a 10-point calibration (28).

2.4    Kinetic modeling
Using the integrated rate law, the breakdown of 
vitamin  C  was  modeled.  Using  the  integral 
approach of analysis, various models were created. 
As shown in the following integral law equation:

dC
d t

=−K [C]n - (1)

was  utilized  to  create  three  concentration-based 
models  with  corresponding  half-lives  (t1/2)  for 
reaction orders n = 0, 1, and 2.
Zero order model (n = 0):

C=C0−k t - -    (2a)

t 1
2

=
CO
2k

- -    (2b)

First order model (n = 1):

ln (Ckt)=ln (C0)−kt –     (3a)

(t 1
2

) = ln (2)
k

-- - -    (3b)

Second order model (n = 2):

1
C

= 1
C0

+k t - - -   (4a)

t 1
2

= 1
kCO

- -   (4b)

where k = rate constant, Co = initial concentration 
of vitamin C in the sample, C = concentration of 
vitamin C in the sample at time t, and t1/2= half-
life of vitamin C in the sample.

2.4.1 Arrhenius equation

K=Aϼ

EA
RT

-- - (5a)

k = Rate Constant, A = Frequency Factor or Pre-
experimental  Factor,  e  =  Mathematical  quantity 
(e),  R  =  the  gas  Constant,  T  =  Kelvin 
Temperature, EA = Activation Energy

Arrhenius's  equation  shows  the  effect  of 
temperature on the rate constant and therefore on 
the rate of the reaction. The frequency factor, A, in 

the  equation  is  approximately  constant.  The 
validity of the Arrhenius equation can be tested by 
taking the (ln) of both sides of the equation.

ln K=ln A – Ea
R t

- -    (5b)

A  plot  of  lnK  Vs  1/T  at  3  different  points  was 
plotted to evaluate Ea and A

Computer simulation via Time-series Analysis
Regression Equation - - - (6)

i. Yt = St *It

ii. Deforming moving average {MAD [4]}
iii. Deforming central moving average {CMA}
iv. Deforming  seasonal  and  irregular 

components = {Yt /CMA* St It}
v. Deforming only seasonal component {St}

vi. Deseasonalized {Yt/ St}
vii. Deforming Tt =  {I + slope *t) - Regression 

analysis to determine I and slope
viii. Plot graph

3. RESULTS AND DISCUSSION

The variations  in  vitamin  C concentration  of  the 
lettuce vegetable at room and cold temperatures 
are  presented  in  Table  1.  At  room temperature 
range of 17.5 to 21 °C and cold temperature of 6.5 
to 9.5 °C, the lettuce degrades within two (2) day 
intervals from 898.41 mg/100 g to 0.80, 0.7085. 
0.4085  mg/100  g  and  895  mg/100  g  to  18.98, 
16.89,  and  12.76  mg/100  g  on  the  9th day 
respectively.  As  can  be  observed,  the 
concentration  of  vitamin  C  decrease  steadily  as 
storage time and temperature increase in all  the 
vegetable  samples.  Injury  to  the  plant  tissues 
affects both the rate and the extent of water loss, 
this  is  the  reason why leafy  vegetables  such as 
lettuce lose water at a higher rate than potatoes 
and  apples  (27).  This  confirms  the  fact  that 
vitamin C in fruits and vegetables degrade during 
processing and storage. Therefore, ascorbic acid is 
usually selected as the most frequently measured 
nutrient to evaluate nutrient loss during storage. 
With  so  many  important  roles,  the  retention  of 
vitamin C in products is regarded as a reliable and 
representative  index  during  processing  (28).  A 
visual inspection of the kinetic plots of models (Fig. 
1)  from  integral  law  equation  (1)  and  order  of 
reaction n = 0, 1 and 2 ;(2a), (3a) (4a) at both 
temperature  ranges  shows  that  the  first  order 
model  fitted  the  kinetic  data  best  in  all  the 
temperatures concerned. This shows that the first-
order  model  fits  the  kinetic  data  best  in  all  the 
vegetable  samples  stored  at  room  and  cold 
temperatures.
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Table 1:  Vitamin C (mg) in lettuce at various room and cold temperatures.

Time 
(day)

17.5 °C 19.5 °C 21 °C 6.5 °C 7.5 °C 9.5 °C

1 898.41 898.41 898.41 895.75 895.75 895.75
3 578.22 541.22 490.45 578.47 470.25 440.68
5 65.28 57.81 47.94 331.30 297.89 256.93
7 26.84 7.95 5.75 61.78 48.87 38.78
9 0.80 0.7085 0.4085 18.98 16.89 12.76

This is confirmed by the goodness of fit data (Table 
2),  where  the  first  order  kinetics  exhibited   R2 

values; 0.922843, R2  adjusted 0.897124, P-value; 
0.009316,  R2 value;  0.966717,  R2  adjusted 
0.955623 P-value; 0.002603, R2 value; 0.967654, 
R2  adjusted  0.956872,  P-value;  0.002493  for 
lettuce stored at room temperatures of  17.5 °C, 
19.5 °C and 21 °C, respectively. From Table 3, R2 

values; 0.940793, R2  adjusted 0.921057, P-value; 
0.006227,  R2 value;  0.948852,  R2  adjusted 
0.931802, P-value; 0.004987, R2 value; 0.955274, 
R2  adjusted  0.940365,  P-value;  0.00407,  for 
lettuce stored at cold temperatures of 6.5 °C, 7.5 
°C and 9.5 °C respectively. The R2 values are the 
highest and P - values the lowest.

Thus, the vitamin C degradation kinetics in lettuce 
under  various  temperature  ranges  is  best 
described by first-order kinetics. This implies that 
the rate of degradation at any time is dependent 
on  the  initial  concentration  of  vitamin  C  in  the 
salad vegetables. The model with maximum R2 and 
minimum  P-value  is  adjudged  the  best  (28). 
However,  according  to  Barbara  et  al.  (30),  it  is 
possible  to  have  a  low  R2  for  both  linear  and 
logistic  regression and still  have a model  that is 
correctly specified in every respect. And vice versa, 
you can have a very high R2 and yet have a model 
that is grossly inconsistent with the data.

At room temperature (Table 4), lettuce at 17.5 °C 
has the lowest rate constant of 0.855 day-1 and 
the highest half-life of 0.8107 day compared with 

at 19.5 °C and 21 °C with a rate constant of 0.925 
day-1, half-life of 0.7493 day and 0.991 day-1, half-
life of 0.6994 day respectively. On the other hand, 
a  cold  temperature  at  6.5  °C  has  least  rate 
constant of 0.497 day-1 and the highest half-life of 
1.3947 day compared with at 7.5 °C and 9.5 °C 
has rate constant of 0.51 day-1, half-life of 1.3591 
day and rate constant of  0.546 day-1, half-life of 
1.2695  day  respectively.  Again,  comparing  the 
least rate constants and highest half-lives (Table 
4), it was deduced that at temperature of 6.5°C, 
the rate constant was 0.497 day-1 and half-life of 
1.3947day while at temperature 17.5 °C, the rate 
constant was 0.855 day-1 and half-life of 0.8107 
day. Invariably, the degradation of vitamin C at a 
temperature  of  6.5  °C  gave  the  lowest  rate 
constant  and  highest  half-life,  which  made  it 
preferred over other temperatures.  

Vitamin C belongs to the heat-sensitive substance. 
It  is  believed  that  the  higher  the  storage 
temperature, the higher losses of vitamin C in the 
products  (8,32,33).  It  is  reported  that  drying 
temperature was the major factor controlling the 
degradation of vitamin C in lime residues and the 
higher drying temperature results in lower vitamin 
C content.  The rate  of  deterioration  is  generally 
proportional to their respiration rate, which is often 
a good index to the storage potential  of  a crop. 
The  higher  the  respiration  rate,  the  shorter  the 
shelf life and vice versa. Respiration rate can be 
used as a criterion to compare the perishability of 
fruits and vegetables (33).
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Figure 2: Plot of first-order kinetics for the lettuce at room and cold temperatures. FO: First-order, LN C: 
natural logarithm of the concentration of lettuce.
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Table 2: Zero, first and second-order kinetic models at different room temperatures for lettuce.

KM ORDER  17.5 °C 19.5 °C 21 °C

R2 R2Adj P- Value R2 R2Adj P- Value R2 R2Adj P- Value
ZO 0.842281 0.789708 0.02796 0.834523 0.779364 0.030128 0.820977 0.761303 0.034062

FO 0.922843 0.897124 0.009316 0.966717 0.955623 0.002603 0.967654 0.956872 0.002493

SO 0.524614 0.366152 0.1664 0.569261 0.425682 0.140523 0.555043 0.406725 0.148512

Table 3: Zero, first and second-order kinetic models at different cold temperatures.

KM ORDER  6.5 °C 7.5 °C 9.5 °C

R2 R2Adj P- Value R2 R2Adj P- Value R2 R2Adj P- Value

ZO 0.955634 0.940846 0.00402 0.919219 0.892292 0.009991 0.89842 0.86456 0.014184

FO 0.940793 0.921057 0.006227 0.948852 0.931802 0.004987 0.955274 0.940365 0.00407

SO 0.71502 0.620027 0.071126 0.737742 0.650323 0.062248 0.729436 0.639248 0.065435

ZO – zero order, FO – first order, SO – second order, RT – Room Temperature, RT – room temperature, CT- Cold Temperature, KM – kinetic model.

Table 4: Rate constants, kinetic energies, and proposed models at RT and CT.

PT T °C k (day-1) Half-life Proposed  Model T (1/F)°C EA kcal/mol
RT 17.5 0.855 0.8107 ln(C) = ln( C0) - 0. 855t 0.015748031 10.2220
RT 19.5 0.925 0.7493 ln(C) = ln( C0) - 0.925t 0.01490313
RT 21 0.991 0.6994 ln(C) = ln( C0) - 0.991t 0.014326648
CT 6.5 0.497 1.3947 ln(C) = ln( C0) - 0.497t 0.022883295 30.4706
CT 7.5 0.51 1.3591 ln(C) = ln( C0) - 0.51t 0.021978022
CT 9.5 0.546 1.2695 ln(C) = ln( C0) - 0.546t 0.020366599
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Table 5: First-order kinetics trendline equation and R squared value for lettuce at room and cold 
temperatures.

Lettuce  at  room  and  cold 
temperatures (ºC)

     Y intercept R 
square

17.5    -0.8559x + 8.3606 0.9228
19.5    -0.9256x + 8.4038 0.9667
21    -0.9919x + 8.5034 0.9677
6.5    -0.4973x + 7.6919 0.9408
7.5    -0.5103x + 7.6242 0.9489
9.5    -0.5467x + 7.6611 0.9553

The degradation rate of vitamin C is less for all the 
samples  at  cold  temperatures;  in  particular,  the 
degradation rate is the lowest in lettuce with a rate 
constant of 0.497 day-1 and a half-life of 1.3947 
day. As shown in Table 4, storage is best done at a 
cold  temperature  of  6.5  °C,  according  to  the 
established  model.  Lowering  temperature  during 
handling, transportation, and storage is the most 
effective  means  of  extending  the  shelf  life  and 
reducing  the  loss  of  quality  by  lowering  the 
metabolic  processes  such  as  respiration, 
transpiration,  and  ethylene  production.  However, 
vitamin C can be easily degraded because of  its 
sensitive  to  various  external  factors,  especially 
high temperature, oxygen, and light.

This  indicates  that  the  magnitude  of  the  rate 
constant reflects the rate of reaction; the inference 
is that degradation of vitamin C occurred lower in 
lettuce vegetables stored at 6.5 °C under the same 
conditions. The half-life is longer for all analytical 
salad  vegetable  samples  at  cold  temperatures 
implying that the rate of degradation of vitamin C 
is  less  as  compared  to  storing  at  room 
temperature. Furthermore the kinetic models were 
developed based on the predicted initial contents, 
measured contents and storage time, from Table 
4, the proposed models at 17.5 °C, 19.5 °C and 21 
°C were: In(C) = ln (C0) -0.855t, ln(C) = ln (C0) - 

0.925t, ln(C) = ln(C0) - 0.991t and at 6.5 °C, 7.5 
°C and 9.5 °C were; ln(C) = ln (C0) - 0.497t, ln(C) 
= ln(C0) - 0.51t, ln(C) = ln(C0) - 0.546t. The first 
order  model  kinetics  forecasted  on  the  21st day 
show:-9.61288,  -11.0329,  -12.3264  for  room 
temperatures  and  -2.75068,  -3.09208,  -3.81868 
for  cold  temperatures  respectively  indicating 
forecast at 6.5°C the best, through  mathematical 
model  created on the computer  and behavior  of 
the  model  explored  by  running  the  simulation 
(forecast). The keeping quality of lettuce at a cold 
temperature of 6.5 °C is better than the rest. From 
Table  4  and  Fig.4  and  5,  lettuce  room 
temperatures of 17.5 °C, 19.5 °C and 21 °C had 
activation energy of 10.2220 kcal/mol while lettuce 
cold temperatures of 6.5 °C, 7.5 °C and 9.5 °C had 
activation  energy  of  30.4706  kcal/mol.  The 
activation energy for ascorbic acid degradation in 
lettuce concurs with the range reported by Mauri et 
al.  (32).  The  activation  energy  represents  the 
minimum energy required for a chemical reaction 
to occur. For vitamin C degradation in lettuce, the 
reaction involved the conversion of  ascorbic  acid 
(vitamin  C)  to  dehydroascorbic  acid  (an  inactive 
form).  This  process  required  a  certain  energy 
threshold  to  overcome  the  energy  barrier, 
represented  by  the  activation  energy  (Ea). 
Elevated temperatures  reduce Ea,  increasing the 
degradation rate (33).
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Figure 3: Computer simulation analysis (forecast) for lettuce at room and cold temperatures.
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Table 6: First-order kinetics forecast Trendline equation and R Squared value for lettuce at room and 
cold temperatures.

Lettuce  at  room 
and  cold 
temperatures 
(ºC)

     Y intercept R square

17.5    -0.8559x + 8.3606 1.0
19.5    -0.9256x + 8.4038 1.0
21    -0.9919x + 8.5034 1.0
6.5    -0.4973x + 7.6919 1.0
7.5    -0.5103x + 7.6242 1.0
9.5    -0.5467x + 7.6611 1.0

0,0142 0,0144 0,0146 0,0148 0,015 0,0152 0,0154 0,0156 0,0158 0,016
-0,2

-0,15

-0,1

-0,05

0

AE RT

AE RT
Linear (AE RT)

Figure 4: Arrhenius plot for lettuce at room temperature.

Table 7: Arrhenius trendline equation and R squared value for lettuce at room and cold temperatures.

Lettuce at room and 
cold  temperatures 
(ºC)

     Y intercept R 
square

RT    -103.06x + 1.4639 0.9951
CT    -37.942x + 0.1657 0.9912

RT: room temperature; CT: cold temperature

0,02 0,0205 0,021 0,0215 0,022 0,0225 0,023 0,0235
-0,75

-0,7

-0,65

-0,6

-0,55

AE CT

AE CT
Linear (AE CT)

Figure 5: Arrhenius plot for the lettuce vegetable at cold temperature.

Among  the  temperatures  and  storage  conditions 
studied,  lettuce  at  cold  temperatures  has  the 
highest  activation  energy,  implying  a  lower 
degradation rate.
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4. CONCLUSION

The rate of  vitamin C degradation in the lettuce 
under  room,  cold  temperatures  and  defined 
storage methods investigated in this study followed 
the first-order reaction kinetics. This indicated that 
the  rate  of  degradation  is  dependent  on  the 
vitamin  C  concentration  in  the  vegetable.  There 
was a lower rate of vitamin C degradation at cold 
temperature storage of 6.5 °C compared to other 
temperatures.  This implied that temperature is the 
major factor controlling the degradation of vitamin 
C.  This  is  reflected  in  its  lower  rate  constant, 
longer  half-life,  higher  forecast,  and  activation 
energy  values.  This  impresses  the  fact  that  the 
storage  of  lettuce  at  cold  temperatures  is 
preferable in terms of vitamin C retention.
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Abstract: This article provides an overview of the pharmacological activity and phytochemical constituents 
found in Cassia fistula flower extract. Some phytonutrients and antioxidants of plant extract may be 

compromised due to the relatively high concentration of organic solvents. The main goal of this study was to 

find out how well an aqueous extract from Cassia fistula flowers fights diabetes and germs in a lab setting. 
The maceration extract yielded the best results among others. The antimicrobial activity of the extract was 

evaluated using bacterial and fungal strains, while the anti-diabetic activity was assessed at different 
concentrations, ranging from 10 to 50 μg/mL. The maximum inhibition of 54.07% was observed at a 

concentration of 50 μg/mL, compared to the standard acarbose, which showed an inhibition of approximately 
62.23%. The IC50 value of the flower extract was 49.3494 μg/mL, while that of the standard acarbose was 

42.1726 μg/mL. The presence of phytochemicals in the extract was determined using UV and FTIR spectral 

studies, which are effective methods for extracting a broad range of chemical constituents. The results show 
that Cassia fistula flower extract has promising anti-diabetic and antimicrobial activity. It can be concluded 

that Cassia fistula has high alpha-amylase inhibitory activity, and these extracts have the potential to be 

effective antimicrobial agents against pathogenic microorganisms. 
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1. INTRODUCTION 
 

The present study aims to evaluate the antidiabetic 

effect of flowers of Cassia fistula. Cassia fistula is a 
small tree or shrub found in many western countries 

like Indonesia, Vietnam, Thailand, and India. 
Traditional folk medicine has a long history of 

utilizing all parts of the Cassia fistula plant. Studies 

have quantitatively evaluated the plant’s antioxidant 
content, which has a direct impact on regulating 

blood sugar levels. Diabetes, a chronic and serious 
disease that affects people worldwide, poses a 

significant risk to the function of major organs such 
as the heart and kidneys. As a result, it is considered 

a dangerous illness (2,3). Currently, over 500 million 

people worldwide are affected by type 1 and type 2 
diabetes mellitus. Medications, including insulin, are 

critical for people with diabetes to survive. The high 
cost of treatment and the serious nature of the 

disease have led to a growing awareness of the need 

for efficient, economical, and safe substitute 
medications (4). 

 
Researchers have investigated the use of herbs and 

isolated compounds, such as glucosides, alkaloids, 

and steroids, to treat different stages of diabetes. 
Due to its greater accessibility, the focus of research 

has been on plant-based alternative medicines (5). 
In vitro and animal tests have been conducted to 

evaluate the effectiveness of plants and their 
extracts in regulating blood sugar levels. Given the 

rising number of people affected by diabetes in 

recent years, it is essential to explore alternative 
remedies. Investigating the effectiveness of 
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medicinal plants known to be useful in many 

traditional systems of medicine is a promising 
approach to discovering new antidiabetic drugs 

(6,7). 
 

To address the critical issue of growing bacteria 

resistance against conventional antibiotics, it is 
essential to find novel antimicrobial chemicals or 

extracts. Biodiversity in plant chemicals is a rich 
potential resource. The flowers were studied with 

polar and non-polar solvents like hexane, 

chloroform, methanol, and ethanol, which exhibit 
good antibacterial activity, especially for gram-

positive bacteria. Hence, the floral part of the Cassia 
fistula can be used for good antimicrobial drug 

formation (8). The pod of Cassia fistula was 
evaluated for its antidiabetic activity in rats with 

various concentrations of ethanolic extract, which 

exhibited a significant lowering of the blood sugar 
level. It is well recognized that the plant components 

of Cassia fistula constitute a significant source of 
secondary metabolites, particularly phenolic 

compounds (9,10). The current investigation 

examines the various techniques for extracting 
Cassia fistula flowers and assesses the antimicrobial 

and antidiabetic properties of the resulting active 
extract. 

 
2. EXPERIMENTAL SECTION 

 

2.1. Materials 
Ferric chloride, glacial acetic acid, ammonia, 

Dragendroff’s reagent, ethanol, hydrochloric acid, 
sulfuric acid, sodium hydroxide, and double distilled 

water were purchased from SRL chemicals and 

Merck. All chemicals utilized in the research were of 
superior quality and high purity, with a minimum 

purity level of ≥99.0%. The flowers of Cassia fistula 
were collected from Trichy district, India, in May. 

 

2.2. Preparation of Flower Extracts 

The fresh flowers of Cassia fistula were collected and 
dried at room temperature. To prepare the extract, 

the dried flower samples were ground into a fine 
powder. Each of the four portions of the 200g flower 

sample was extracted using maceration, digestion, 

infusion, and decoction methods with 1000 mL of 
double-distilled water. The methods chosen have 

been devised to achieve effectiveness in removing a 
wide range of chemical constituents. These 

techniques facilitate both heating and heatless 

extraction that enable the isolation of compounds 
with varying solubility. The maceration extraction 

method involved soaking the flower sample (200g) 
in 1000 mL of double distilled water for 72 hours, 

with periodic shaking and subsequent filtration for 
further use. For the digestion method, 200g of the 

flower sample was mixed with 1000 mL of double 

distilled water and heated in a water bath at 50C for 
30 minutes, followed by filtration of the extract for 

further studies. The infusion method involved the 
same solvent-to-sample ratio as the maceration 

process, with a shorter soaking time of up to 4 hours, 

followed by filtration. Finally, the decoction method 
entailed heating 200 g of the flower sample with 

1000 mL of double distilled water continuously for 30 
minutes, with the concentrated extract then filtered 

for further analysis. (5,11). 
 

2.3. Phytochemical Screening of Plant Extracts 

The qualitative evaluation of phytoconstituents in the 
four different extracts was carried out using some 

standard procedures. The most crucial chemical 
analyses are those that examine the specific 

physiological advantages of the phytochemicals. Four 

extracts were examined qualitatively for the 
presence of such significant phytochemicals as 

flavonoids, alkaloids, phenolic compounds, tannin, 
terpenoids, saponin, carbohydrates, and steroids; 

outcomes were compared (7,12). 
 

          
 

Figure 1: Schematic diagram of antimicrobial and antidiabetic activity of Cassia fistula. 
 

2.4. Characterization of Flower Extract 

The best outcomes of the phytochemical constituents 
were selected from the screening, and the extract 

obtained by the maceration technique was further 

analyzed. The macerated extract of Cassia fistula 

was subjected to spectral analysis, like UV-Vis and 
Fourier transform infrared spectroscopy. The 

aqueous extract of Cassia fistula was studied by a 
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UV-Vis spectrometer (Perkin Elmer, Lambda 35 

model) with a wavelength range of 200–800 nm 
(13,14). The flower extract was subjected to the FTIR 

spectrometer (Perkin Elmer, range 4000-400 cm -1) 
for the functional groups (15). 

 

2.5. Antimicrobial Activity of Flower Extract 
The agar well diffusion method was used to assess 

the flower extract's antibacterial and antifungal 
properties. The microbial test employed bacterial and 

fungal strains of Bacillus subtilis, Staphylococcus 

aureus, Escherichia coli, Pseudomonas aeruginosa, 
Candida albicans, and Aspergillus niger. Gentamicin 

was used as a control for these antimicrobial tests. 
The strains were subcultured in the nutrient broth, 

which was prepared just before the test. The 
nutritional agar medium was prepared, and the petri 

plates were prepared with wells (16,17). Each well 

was treated with the flower extract at a different 
concentration. The inhibition rate was calculated 

using the diameter of the zone of inhibition formed 
by the flower extract (18). 

 

2.6. Antidiabetic Activity of Flower Extract 
200μL of alpha-amylase solution was mixed with 

various concentrations of aqueous flower extract (10, 
20, 30, 40, and 50 μL) and incubated for 10 mins 

(19). 200 mL dinitrosalicylic acid reagent was 
prepared using 12 g of sodium potassium tartrate 

tetrahydrate in 8.0 mL of 2 M NaOH and 20 mL of 96 

mM of 3,5-dinitrosalicyclic acid solution, and the 
mixture was boiled, cooled and diluted for the 

absorbance of 540 nm. Acarbose was used as the 
standard reference. The inhibition rate and IC50 

values were calculated (20). 

 
3. RESULTS AND DISCUSSION 

 
The occurrence of phytochemicals in the four 

different extracts was studied. The maceration 

method of extraction was found to be the most 
effective, as it is a low-tech technique that requires 

minimal equipment. This method does not involve 
heat, which may contribute to the preservation of 

bioactive compounds. In contrast, the decoction 
method, which involves continuous heating, is 

commonly used for extracting compounds from 

tough plant materials. This method is particularly 
useful for extracting less soluble compounds. The 

majority of the phytochemicals were present in all of 
the extracts since polar solvents were used. In 

comparison to other extracts, the maceration 

extraction process produced significantly better 
results. Some phytochemicals were absent or 

showed mild occurrence in the digestion and infusion 
processes, which may be due to the heating process 

of the plant extract. 

 

Table 1: Phytochemical screening of aqueous flower extract of Cassia fistula. 

S.No. Phytochemicals Extraction method 

Maceration Infusion Digestion Decoction 

1 Flavonoid +++ ++ ++ ++ 

2 Alkaloid +++ + + ++ 
3 Phenols ++ - + + 

4 Tannin ++ - + + 
5 Terpenoid ++ + + + 

6 Saponin - + - + 

7 Carbohydrates +++ ++ ++ ++ 
8 Steroid ++ ++ + + 

(+ : slightly present,  ++ : moderately present,  +++ : strongly present,  - : absent) 

 

 
Figure 2: Flower of Cassia fistula. 



Arunprakash N et al. JOTCSA. 2025; 12(2): 77-84 RESEARCH ARTICLE 

80 

 
Figure 3: UV-Vis spectrum of flower extract of Cassia fistula. 

 

 
Figure 4: FTIR spectrum of flower extract of Cassia fistula. 

 
The extract made using the maceration and 

decoction methods included significant amounts of 
flavonoids and phenolic substances. These 

phytochemicals have antioxidant properties, 
supporting several therapeutic qualities (7,39). 

Flavonoids are one of the major antioxidant agents 

present in most plant species. It is significantly 
present in maceration and decoction extracts. This 

plays a vital role in antimicrobial and antidiabetic 
activity. This secondary metabolite is widely studied 

for anticancer and anti-inflammatory activity 

(21,22). Many flavonoids were successfully isolated, 
and their structures were identified. The polyphenolic 

compounds and functional groups are responsible for 
the chelation of metals by scavenging free radicals 

and acting as the best antioxidant agents (12,36). 
 

All different kinds of extracts contain substantial 

amounts of tannin. Typically, tannin is found in the 
tree's bark, protecting it from microbes. As a result, 

tannins have built-in antibacterial properties. These 
specific tannins, which were extracted from plant 

samples, have antiviral and antibacterial properties 

(7,21,35). Previous studies back up the claim that it 
slows tumor growth, which has a positive impact on 

numerous cancer types, like breast and lung cancer. 
Steroid content in Cassia fistula flower extracts is 

noticeable. These phytosterols are very beneficial for 

lowering cholesterol and blood sugar. Important 

phytosterols like stigmasterol and sitosterol have 
reduced the absorption of cholesterol (23,27,34). 

The maceration technique-adapted extract had the 
highest concentration of phytoconstituents of all the 

extracts. Hence, this extract was used for further 

antimicrobial and antidiabetic studies. The process of 
digestion necessitates high temperatures, which may 

cause the degradation of heat-sensitive compounds, 
resulting in the loss of biological activity. 

Furthermore, this extraction method exhibits 

reduced efficiency in extracting non-polar 
compounds. The infusion method displays limited 

extraction efficiency and possesses a brief shelf-life 
with aqueous extracts, allowing for microbial growth 

and oxidation. The decoction technique may cause 
the evaporation of volatile compounds in the extract, 

which are responsible for numerous medicinal 

properties. Each of these methods has its unique 
advantages and disadvantages, and the study assists 

in selecting the most appropriate extraction 
procedure for further research based on the specific 

requirements of biological studies. 

 
The Cassia fistula flower extract was subjected to UV-

Vis spectroscopy. The spectrum gives the details of σ 
and π bonds, chromophores, and other lone pairs of 

electrons (13,28). Hence, this information can help 
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identify the phytocompounds present in the plant 

extract. The aqueous extract shows absorption at a 
wavelength range of 438 nm, which indicates the 

presence of unsaturated groups (35,40). The peaks 
formed may be due to the presence of tannin, 

flavonoids, and carotenoids. This absorption range 

indicates the π – π* transition in the aromatic ring 
(24,29). 

 
The FTIR spectrum of the flower extract of Cassia 

fistula is shown in figure 4. The well-defined 

absorbance peaks indicate the presence of many 
alkyl and alkane groups, as well as some hydroxyl 

groups. The absorption peaks at 3424 cm -1 and 2920 
cm -1 indicated stretching of the hydroxyl group and 

symmetric stretching of saturated compounds in the 
extract. The peak that appears at 2209 cm -1 indicates 

the alkyne group. The peaks at 1541 and 1292 cm-1 

may be due to the C=C stretching and C=O 
stretching (15,30). Hence, this FTIR spectrum 

proved the presence of phenolic compounds, 
aromatic compounds, amines, and alkanes in the 

aqueous extract of Cassia fistula flowers. 

 
The aqueous extract of Cassia fistula flower was 

tested at various concentrations (25, 50, 75, and 100 
μL) in gram-positive, gram-negative, and fungal 

strains. The microorganisms chosen for this study 
were selected based on their clinical relevance, 

specifically Staphylococcus aureus and Escherichia 

coli, which are the most common causes of skin 
infections and pneumonia, respectively, and are 

known to exhibit heavy antibiotic-resistant strains. 
Furthermore, these microorganisms represent a 

diverse range of organisms, including both gram-

negative and gram-positive bacteria, as well as 
fungal strains, which allows for a broader 

understanding of the antimicrobial activity of Cassia 
fistula flowers. These microorganisms are ideal for 

studying antimicrobial resistance mechanisms and 

can be easily cultivated with well-defined growth 
requirements. Collectively, the pathogens 

responsible for a wide range of human diseases are 
these microorganisms and studying them can 

provide valuable insights into treatment strategies 

for various types of infections. The growth of 
Staphylococcus aureus bacteria and Aspergillus niger 

fungi was inhibited better than that of other 
microorganisms. On increasing the concentration of 

the flower extract, the zone of inhibition increased. 
The Bacillus subtilis and Pseudomonas aeruginosa 

have less inhibition at 100μl of the extract when 

compared to other microorganisms. Urinary tract 
infections caused by Escherichia coli can be treated 

with the Cassia fistula flower extract (25,31,33). 
Hence, the extract can be used as an alternative 

antimicrobial medicine and for further drug discovery 

studies. This kind of plant-based alternative medicine 
has been well appreciated in recent years for its less 

toxic and more effective antimicrobial behavior. 
Lethal diseases like pneumonia were caused by 

Bacillus subtilis, which can be treated by the Cassia 
fistula flower extract (17,32,41). Natural antioxidant 

agents like flavonoids and phenolic compounds may 

be responsible for the good antimicrobial activity of 
the Cassia fistula extract, which could be a suitable 

alternative to synthetic medicine. 

 

Table 2: Antimicrobial activity of aqueous extract of Cassia fistula flower. 

Microorganisms 
Concentration of extract and zone of inhibition (mm/mL) 

25 𝝁L 50 𝝁L 75 𝝁L 100 𝝁L Control 

Bacillus subtilis 14 16 19 22 20 

Staphylococcus aureus 16 18 21 25 20 

E. coli 15 18 20 23 20 

Pseudomonas aeruginosa 15 18 20 22 25 

Candida albicans 15 18 21 24 23 

A. Niger 16 19 22 26 23 

 

        

 
Figure 5: Antimicrobial activity of flower extract of Cassia fistula. 
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Table 3: Antidiabetic activity of aqueous extract of Cassia fistula flower. 

Volume of the 

extract (µg/mL) 

Absorbance at 540 nm Percentage inhibition (%) 

Standard Extract Standard Extract 

10 0.215 0.222 7.7253 4.7210 

20 0.188 0.208 19.3133 10.7296 

30 0.153 0.182 34.3347 21.8884 

40 0.129 0.146 44.6351 37.3390 

50 0.088 0.107 62.2317 54.0772 

 

 
Figure 6: Graph of concentration of flower extract/standard and percentage of inhibition. 

 
Various concentrations of Cassia fistula flower 

extract were evaluated for their antidiabetic activity 
using the α-amylase enzyme inhibition method. An in 

vitro α-amylase assay was carried out using 10, 20, 

30, 40, and 50 μg/mL of Cassia fistula flowers and 
acarbose as a standard drug. The aqueous extract of 

Cassia fistula flower exhibits an inhibitory activity of 
α-amylase as IC50 49.3494 μg/mL, whereas acarbose 

exhibits an IC50 42.1726 μg/mL. Maximum inhibition 

of 54.07% was found at a concentration of 50 μg/mL 
of extract, which is compared with standard 

acarbose, which shows 62.23%. The IC50 value 
serves as a crucial parameter for assessing the 

efficacy of substances in biological functions. The 
IC50 value obtained for Cassia fistula extract is 

considered decent, indicating a high potency to 

inhibit 50% achievement at a lower concentration. 
While IC50 is a valuable metric, it is only one aspect 

of an extract's profile. It should be evaluated in 
conjunction with other factors to assess its 

therapeutic potential for antidiabetic treatment fully. 

Therefore, the obtained IC50 value for Cassia fistula 
flower is essential for understanding the extract's 

potency, effectiveness, and potential for 
development into therapeutic agents. Diabetes can 

be treated by reducing the production and absorption 

of glucose in the body. This can be done through the 
inhibition of enzymes like α-amylase, which helps 

digest carbohydrates. The results show that a 
significant amount of flower extract inhibits the a-

amylase enzymes; hence, it can be used for the 
therapeutic approach to diabetes mellitus (37,38). 

The flowers of Cassia fistula could be used as an 

alternative natural antidiabetic agent as the disease 
is genetic, and a high number of cases have been 

recorded in recent years. Future research could focus 
on isolating and characterizing bioactive compounds 

from Cassia fistula extract and elucidating their 

mechanism of action. Additionally, optimizing the 

extraction method and formulating Cassia fistula for 

pharmacological uses could be explored. 
 

4. CONCLUSION 

 
Cassia fistula flower contains a significant source of 

bioactive compounds. The traditional medicinal 
system is becoming increasingly apparent as a global 

concern. Because of its low toxicity and widespread 

usage of its therapeutic properties, Cassia fistula 
could be one of them. UV and IR characterization of 

the aqueous extract of Cassia fistula flowers was 
used to predict the absorbance pattern and 

functional present groups. The antimicrobial activity 
of the Cassia fistula flower extract shows a maximum 

zone of inhibition against tested microbes, especially 

against fungi. The findings show that the anti-
diabetic activity of the aqueous extract reveals high 

alpha-amylase inhibitory activity. It can be used as a 
green medicine for diabetes mellitus. It can be 

concluded that the aqueous extract of Cassia fistula 

flower can be used as a better alternative for treating 
diabetes mellitus and is also effective for pathogenic 

disorders. 
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Abstract: The primary purpose of this study was to investigate the effect of active pharmaceutical ingredients 
(APIs) with varying particle sizes and properties on drug release and to develop matrix-type tablets based 

on poly(acrylic acid sodium salt) (PAANa) with different gelatin ratios for enhanced paracetamol release. 
Micronized, superfine, and purified paracetamol APIs were selected as model drugs to assess the impact of 

these APIs on drug release. Paracetamol is a frequently used medication in healthcare, so it  is crucial to 

select the API with the optimal release rate and an economical, environmentally friendly production method. 
The direct compression method was employed in the preparation of the tablets due to its simplicity and ease 

of integration on an industrial scale. The release studies, release kinetics, scanning electron microscope 
(SEM), Fourier transform infrared spectroscopy (FT-IR), physical properties, and microbial analyses 

(Escherichia coli, total mold, yeast) were investigated. The release studies at pH 1.2 and pH 7.4 revealed 
that the type of active pharmaceutical ingredient, especially micronized paracetamol API and superfine API, 

affects the paracetamol release ratio. Microbial analyses showed that produced tablets were convenient for 

health. In addition, prepared tablets with added gelatine can be used to deliver paracetamol with the desired 

release profile. 
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1. INTRODUCTION  

 
A controlled drug delivery system involves a wide 

variety of scientific approaches, which are an 
important part of science and contribute to 

healthcare. These scientific approaches enhance 

efficiency, improve patient compliance, and minimize 
side effects (1-4). Furthermore, designed drug 

delivery has been progressing for overwhelming 
problems, including targeting specific sites and 

controlling drug release rates (5-7). Some drug 

release systems have major limitations, including 
poor in vitro release and bioavailability, high doses, 

and adverse side effects (8,9). However, controlled 
drug delivery systems have been developed to 

release APIs in a predictable, desired time, release 
rate, and quantity (10-15). 

 

Controlled-release drug delivery offers a cost-
effective solution for formulations, such as swelling 

matrix-type tablets, which have been widely used in 
the pharmaceutical industry (16,17). Matrix-type 

tablets are useful materials for releasing dosage 

forms and provide the lowest-cost solution for 

various applications. 
 

Direct compression is one of the selected tablet 
preparation methods when mixed powders (active 

pharmaceutical ingredients, or APIs, and excipients) 

are compressible and stable under high-pressure 
conditions (18, 19). Additionally, direct compression 

is favored due to its simplicity, environmental 
friendliness, time, and cost-effectiveness, which is 

the most straightforward route for manufacturing 

matrix-type tablets, offering advantages such as 
large-scale and continuous production (20-24). 

 
The addition of the drug to the polymer ingredient is 

a common method used in drug release (25-28). 
Hydrophilic polymers and polymer combinations are 

attractive for controlled-release studies, and these 

combinations have been used to formulate dosage 
forms for many years due to their unique features for 

efficient and specific drug delivery. Different types of 
polymers are used in release dosage forms. 

Mucoadhesive polymers are extensively selected in 

https://doi.org/10.18596/jotcsa.1605601
mailto:sebnemsenol_@hotmail.com
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
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tablet formulations due to their ability to adhere to 

the required sites for a prolonged period of time in 
the prepared formulation. Carbomers, commonly 

referred to as Carbopols, are weakly cross-linked 
polymers of acrylic acid with effective mucoadhesive 

properties, making them attractive for use in release 

systems. Additionally, Carbopol is a hydrophilic, 
cross-linked polyacrylic acid polymer with a high 

molecular weight. Additionally, drug dissolution and 
diffusion through the polymer are significant 

phenomena that influence the controlled release 

properties of the drug formulation. PAA and PAANa 
are among the materials preferred in many industries 

due to their properties, including hydrophilicity, non-
toxicity, dispersion, and binding capacity (29-31). 

 
Gelatin is a type of natural hydrophilic polymer and 

non-toxic material derived from the acid or alkaline 

hydrolysis of collagen, which has a variety of 
effective advantages, including good 

biocompatibility, solubility, easy acquisition, and 
biodegradability (32). 

 

Paracetamol (acetaminophen) is probably the most 
common, widely available, and important analgesic 

and antipyretic active pharmaceutical ingredient, 
commonly used to relieve pain such as headaches, 

toothaches, and sprains. Furthermore, paracetamol 
is available in various dosage forms, including 

tablets, intravenous solutions, suspensions, 

capsules, and suppositories (29). The direct 

compression method for the oral solid form of 
paracetamol is mostly selected (24). 

 
The current work aims at creating a release system 

through the preparation and characterization of 

prepared tablets. The effects of gelatine and 
paracetamol types on in vitro release of drugs have 

also been studied. As a result, different particle sizes, 
types of APIs, and kinetic models were significant 

determiners for drug delivery studies. 

Characterization and microbial analyses were 
evaluated, and all results were promising for the 

effective delivery of paracetamol. 
 

2. EXPERIMENTAL SECTION 
 

2.1. Materials 

J.T. Baker provided sodium hydroxide (99.0%) and 
monobasic potassium phosphate. Sodium chloride 

(≥99.5%) and hydrochloric acid (37.0%) were 
supplied by Merck. Atabay Pharmaceutical Company 

kindly provided paracetamol APIs (assay: 100.5-

100.7%). Gelatine (microbial grade) was purchased 
from Carlo Erba. Poly (acrylic acid sodium salt) with 

an average Molecular Weight of ~2,100 (for R&D 
usage) was supplied by Sigma Aldrich. Sabouraud 

4% Dextrose Digest Agar (SDA) and Tryptic Soy Agar 
were provided by Merck. All chemical materials used 

were of analytical grade. 

 

Table 1: API’s sieve properties. 

 Specification Results Method 

Micronized API 325 Mesh (45 µm) =0 0 

Air jet sieving 
Superfine API 

80 Mesh (180 µm) = Max. 2 1 

140 Mesh (106 µm) = Max. 5 3 

Purified API 
80 Mesh (180 µm) = Max 2 1 

140 Mesh (106 µm) = Max. 5 4 

 
2.2. Preparation of Matrix Types of Tablets 

Gelatine and poly(acrylic acid sodium salt) were 
prepared using a clean and dry mortar. All the 

ingredients were weighed accurately, as shown in 

Table 1, and then mixed thoroughly. API and 
excipient were completely blended in a mortar. A 

total of nine formulations were prepared using 
gelatin and various paracetamol APIs. A direct 

compression method was employed to prepare 

paracetamol-loaded tablets. The method used is 

simple and lacks critical manufacturing and 
formulation levels, making it easy to standardize for 

industrial-scale production. A 0.5±0.02 g mixture 

was manually added to the pellet (tablet) pressing 
device. A pressure of 160 kPa was applied for 5 

minutes to produce tablets. A desiccator was used for 
storing the prepared tablets until further studies. 
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Figure 1: Experimental setup. 
 

2.3. Characterization of The Tablets 
A digital caliper was used to measure the diameter 

and thickness of the tablets (Carbon Fiber 

Composites Digital Caliper). Fourier Transform 
Infrared Spectroscopy (FT-IR, PerkinElmer Spectrum 

100) was used for the characterization of chemical 
groups present in the tablets. A spectrum is obtained 

using the ATR technique with a diamond internal 

reflection element mounted on a holder, at a 
resolution of 4 cm-1, in the range of 4000-650 cm-

1, with a total of 16 scans for each tablet. SEM 
photographs were taken with a JEOL JSM 6335F. 

 
2.4. In vitro Drug Release of The Tablets 

pH 1.2 and pH 6.8 buffer solutions were prepared for 

in vitro drug release tests at 37 ± 0.5 °C and 50 rpm. 
50 mL of dissolution medium was used, and 2 mL of 

the same medium was taken for analysis. The 
quantity of paracetamol released over time was 

obtained by withdrawing samples at predetermined 

time intervals for 4-6 hours. The withdrawn volume 
was replaced with the same amount of additional 

buffer. The measurements were performed three 
times at 270 nm by using a UV-Vis 

spectrophotometer (Analytik Jena Specord 
200/Plus). The reproducibility of this approach is 1 to 

3%. A pH 1.2 buffer is prepared according to USP 29. 

The drug concentrations in the sample were validated 
using a standard calibration curve. The complete 

experimental procedures, including details of the 
buffer solution, were reported previously (3). 

 

2.5. Kinetic Evaluation 
First-order, Zero-order, Hixson-Crowell, and 

Korsmeyer-Peppas kinetic models were studied to 

examine the kinetic mechanism. The data from the 
in vitro studies were analysed using Korsmeyer-

Peppas models to determine the release profile. 

Korsmeyer and Peppas’s empirical equation was used 
to understand the dissolution mechanisms from the 

matrix-type tablets (31,33,34). 
 

The equation represents the release of the drug,  

 
Korsmeyer – Peppas model: M / Mt = KKPt (1) 

 
In the equation, M/Mt is the fraction of the drug 

released at time t, KKP is the drug release rate 
constant, and n is the diffusional exponent (31,32). 

 

2.6. Stability Studies 
Tablets were subjected to stability studies by storing 

them at 25 ± 2 °C and 65 ± 5% relative humidity for 
a period of 3 months. At the end of the analysis, the 

formulation was evaluated for in vitro release profile. 

It was determined from the stability analyses that 
there were no significant differences in the drug 

quantity of the tablets. The physical appearance also 
showed no difference in tablet formulation. 

 
3. RESULTS AND DISCUSSION 

 

3.1. Characterization of the tablets 
The produced tablets were characterized with the 

digital microscope, Fourier Transform Infrared 
spectroscopy (FT-IR), and Scanning Electron 

Microscopy (SEM). Figure 2 shows the images of 

tablets taken with the digital microscope. The 
diameter and thickness were 2.40 ± 0.05 and 0.20 

± 0.03 cm, respectively. 
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Table 2: Type of the prepared tablets. 

 

Content, w/w % 

 

Poly(acrylic 

acid sodium 

salt) 

Micronized 

Paracetamol 

API 

Superfine 

Paracetamol 

API 

Purified 

Paracetamol 

API 

Gelatine 

Tablet 1 (T1) 90 10 - - - 
Tablet 2 (T2) 90 - 10 - - 

Tablet 3 (T3) 90 - - 10 - 

Tablet 4 (T4) 85 10 - - 5 
Tablet 5 (T5) 80 10 - - 10 

Tablet 6 (T6) 85 - 10 - 5 
Tablet 7 (T7) 80 - 10 - 10 

Tablet 8 (T8) 85 - - 10 5 

Tablet 9 (T9) 80 - - 10 10 

 
 

 
 

Figure 2: Image of tablets. 
 

FT-IR was applied to determine the intact functional 
groups of samples. The position of the band in the 

FT-IR spectra of paracetamol APIs was compared 
with that in the FT-IR spectra of different types of 

paracetamol APIs with gelatin. The characteristic 

peaks of paracetamol were intact in the FT-IR 
spectrum of different kinds of paracetamol APIs with 

gelatin used in the formulations. The data showed no 
changes in the characteristic peaks of the tablet 

formulations compared to the APIs. When the FT-IR 
spectrum of PAANa is examined, the peaks related to 

the asymmetric and symmetric stretching vibrations 

of the carboxylate group occur at wavenumbers of 
1543 cm−1 and 1400 cm−1 (35). The characteristic 
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bands around 2940 cm−1 and 1107 cm−1 can be 

assigned to the -CH2 stretching and C-H bending of 
PaaNa (36). Vibrational peaks for O-H and -CH3 

stretching appeared at 3318 cm -1 and 3161 cm -1, 
respectively. Vibrational peaks at 1649 and 1609 cm-

1 were assigned to C=O and C=C stretching, 

respectively, for the paracetamol spectrum (37). The 
amide II peak was observed at 1547 cm -1 in the 

spectrum of gelatin (38). The N-H amide II bonding, 
asymmetrical C-H band, and C-C stretching peak 

appeared at 1562 cm -1, 1503 cm-1, and 1416 cm-1 in 

the spectrum of Paracetamol, respectively (37). The 

absorption peaks at 1369-1321 cm-1 and 1258-1223 
cm -1 were examined for symmetrical banding C-H 

and C-N (aryl) stretching. Additionally, absorption 
peaks at 1171 cm -1 and 966 cm -1 were assigned to 

C-O stretching and C-N (amide) stretching, 

respectively. Vibrational peaks for the para-
disubstituted aromatic ring and out-of-plane ring 

deformation of the phenyl ring were observed at 835 
and 671 cm -1, respectively (37). 

 

 

 
 

Figure 3: FT-IR analyses of matrix types of tablets and Paracetamol’s APIs. 
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Figure 4: FT-IR analyses of gelatine and PAANa. 
 

3.2. SEM Analysis 

A Scanning Electron Microscope (SEM) was used to 
determine the morphology of the samples. SEM pho-

tographs of tablets are given in Fig. 4. T1 (a) and T5 
(c) SEM images are powder forms of the tablet before 

pressing the tablet. T1 (b) and T5 (d) are tablet 

forms after pressing. T1 tablet has a large, channel-

like, and open structure. The presence of gelatine in 
the T5 tablet exhibits a less porous structure. SEM 

images demonstrated that the tablet surface became 
nearer with the addition of gelatine (T5). 
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Figure 5: SEM images of tablets (a) T1 powder form before pressing, (b) T1 tablet form, (c) T5 powder 
form before pressing, (d) T5 tablet form. 

 
3.3. In vitro Drug Release Studies 

3.3.1. In pH 1.2 media (simulated gastric fluid) 

Figure 6 shows the percent cumulative release of 
paracetamol at a pH 1.2 medium. Micronized API 

exhibited a significant effect on release 
enhancement. Additionally, the T2 tablet with 

superfine API exhibited high paracetamol release, 

reaching 94.02%. The in vitro drug release data for 

formulations T1 and T5, containing micronized API, 

showed a maximum percent cumulative release of 

paracetamol of 96.72% and 93.39% after 4 hours, 
respectively (39-41). The addition of gelatine in 

tablet formulation resulted in a decrease in the 
amount of drug released. The percentage of 

paracetamol release of T8 reached 58.78% within 4 

h at pH 1.2. 
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Figure 6: Paracetamol release profiles of matrix tablets at pH 1.2. 
 

3.3.2. In pH 6.8 media (simulated intestinal fluid) 
The release of paracetamol from matrix-type tablets 

was studied for 6 hours in simulated intestinal fluid. 

The T1 tablet (micronized API) showed 97.03% 
paracetamol release at the end of 6 hours. T5 and T4 

tablets with micronized API showed good 
performance with 96.40% and 91.54% paracetamol 

release, respectively. Additionally, the T2 tablet with 

superfine API showed a percent cumulative release 
of paracetamol of 91.58%. 

 
T8 exhibited the minimum percent cumulative 

release of paracetamol with 81.19% in 6 h. The 
release rate of tablets with gelatine was slower at 

both pH 1.2 and pH 6.8. Also, as shown in Figs. 

Results 7 and 8 indicate that the presence of gelatin 

in tablets causes a lower drug release ability. In 
general, matrix-type tablets exhibit higher 

cumulative paracetamol release in a pH 6.8 medium 

(39,42). 
 

T1 is a tablet containing micronized API, and T4 and 
T5 are versions of this tablet with added gelatin. T2 

is a tablet containing superfine API, while T6 and T7 

are tablets with added gelatin. T3 is a tablet 
containing purified API, and T8 and T9 are tablets 

with added gelatin. Figure 8 shows the highest 
release rates of the tablets at pH 1.2 and pH 6.8. In 

Figure 8, it is observed that tablets with added 
gelatin have a lower release rate than those without 

gelatin. 

 

0

10

20

30

40

50

60

70

80

90

100

0 60 120 180 240C
u

m
u

la
ti

v
e

 P
a

ra
c
e

ta
m

o
l 

R
e

le
a

s
e

  
%

Time (min)

pH 1.2

T1

T2

T3

T4

T5

T6

T7

T8

T9



Senol S. JOTCSA. 2025; 12(2): 85-98  RESEARCH ARTICLE 

93 

 
 

Figure 7: Paracetamol release profiles of matrix tablets at pH 6.8. 
 

 
 

Figure 8: Paracetamol maximum release profiles at pH 1.2 and pH 6.8. 

 

3.4. Microbial Analyses 
In this section, microbial analyses were conducted to 

assess the compatibility of the produced tablets with 
their health properties. The pour-plate method was 

used according to the European Pharmacopoeia (EP) 

2.6.12 and the United States Pharmacopoeia (USP) 
61-62 (43, 44). Microbial analysis procedures 

consisted of the following steps: 10.0 g of product 
was weighed, and 100 mL (1/10) of N/Peptone was 

added. 10 mL of this dilution was taken, and 100 mL 
(1/100) was completed. 1 mL was poured into two 

pieces of Tryptic Soy Agar-Sabouraud 4% Dextrose 

Agar (TSA-SDA) medium. They were incubated at 30 
– 35°C for 3-5 days for total aerobic bacteria and 

incubated at 20-25°C for 5-7 days for molds and 
yeasts. 

 
For specific microorganism analysis, 10 mL of a 1:10 

dilution was added to 90 mL of Tryptic Soy Broth 

(TSB) medium in a beaker. They were incubated for 
18-24 hours at 30-35 °C. 

 
Microbiological contamination limits follow as: 

Total aerobic microbial count: Not more than 1,000 
colony-forming units (CFU) per gram. 

-Total molds and yeast counts: Not more than 100 

CFU per gram. 
-Pathogens: No Escherichia coli (E. coli) per gram. 
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Table 3 represents the acceptance criteria for the 
microbiological quality of tablets. The total aerobic 

microbial count, total mold, and yeast count were 
found to be less than 100 colony-forming units 

(CFU). E. coli must be absent in oral drugs, and E. 

coli was not found in the tablets. According to the 

specifications presented in Table 3, the formulations 
comply with the required microbiological standards 

for pharmaceutical preparations. These findings 
provide strong evidence supporting the quality and 

safety of the T1–T9 formulations. 

 

 

   
 

Figure 9: Images of microbial analyses. 
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Table 3: Microbial limit test results. 

 

 T1-T9 

Method Pour Plate Method 

Media Sabouraud Casein Digest Agar Medium 

Incubator temperature and time 32.5 ± 2.5 °C, 5 days 

Number of samples 3 

Total Aerobic Microbial Count <1000 CFU / g 

 T1-T9 

Method Pour Plate Method 

Media Sabouraud Dextrose Digest Agar Medium 

Incubator temperature and time 22.5 ± 2.5 °C, 7 days 

Number of samples 3 

Total Aerobic  

Microbial Count 
<100 CFU / g 

Escherichia coli  

(E. coli) 
0 CFU / g 

 

3.5. Paracetamol Release Kinetic Tests 
The release data were fitted into the Korsmeyer-

Peppas kinetic model to understand the release 
mechanism. The model with the higher R-squared 

value is considered optimal for the release data. The 

kinetic values obtained for different formulations are 
indicated in Table 4. The release data were 

investigated using the Korsmeyer-Peppas equation; 
the n values for the prepared tablet formulations 

ranged from 0.9470 to 0.9901 in pH 1.2 and pH 6.8 

media. It was observed that the drug release data for 
all formulations fit well to the Korsmeyer-Peppas 

kinetic model (R² values ranged from 0.9470 to 

0.9901). Most tablet formulations exhibit a non-
Fickian mechanism, as indicated by their n-release 

exponent values within the range of 0.45 < n <, as 
shown in Table 4. These values support the notion 

that the drug release mechanism may be related to 

polymer relaxation and drug diffusion. Drug release, 
erosion, and swelling processes can affect the non-

Fickian release mechanism. Moreover, non-Fickian 
release kinetics can facilitate the development of 

controlled-release formulations that modulate the 

drug release rate over an extended period. The 
development of the formulation can also increase 

patient compliance and treatment efficacy (45-47). 
 

Table 4: Release kinetic studies of tablets. 

 

 pH 

Zero order First order Hixson-Crowell Peppas 

Best Fit 

Model R2 
K0 

[mg / h] 

*10-4 

R2 
K1 

[h-1] 
R2 Ks R2 n 

T1 
1.2 0.8061 7.720 0.6583 1.4583 0.7222 0.0138 0.9667 0.6228 

Korsmeyer-

Peppas 

6.8 0.9219 7.345 0.7098 1.5815 0.7978 0.0137 0.9669 0.6073 

T2 
1.2 0.6950 7.995 0.6241 1.6187 0.6615 0.0151 0.9652 0.7683 

6.8 0.9110 7.695 0.7644 1.8652 0.8383 0.0152 0.9698 0.6768 

T3 
1.2 0.9232 8.270 0.7891 2.3233 0.8589 0.018 0.9901 0.8523 

6.8 0.9007 7.540 0.2914 1.7789 0.8135 0.015 0.9851 0.6882 

T4 
1.2 0.8376 9.135 0.7463 2.4958 0.7939 0.0201 0.9753 0.9886 

6.8 0.9071 7.370 0.7360 1.7268 0.8144 0.0143 0.9685 0.6374 

T5 
1.2 0.7974 9.275 0.7024 2.5732 0.7511 0.0207 0.9629 1.0642 

6.8 0.8787 8.160 0.7230 2.075 0.7884 0.0170 0.9798 0.8140 

T6 
1.2 0.9045 7.114 0.8388 2.6196 0.8982 0.0173 0.9632 0.8331 

6.8 0.8765 8.49 0.753 2.3011 0.8096 0.0184 0.9779 0.8846 

T7 
1.2 0.9283 8.635 0.8118 2.3638 0.8771 0.0185 0.9789 0.8618 

6.8 0.9768 7.955 0.8491 2.6292 0.9195 0.0187 0.9789 0.8864 

T8 
1.2 0.8554 5.690 0.7476 2.8178 0.7965 0.0166 0.9663 0.9268 

6.8 0.8994 7.580 0.2782 2.3366 0.8219 0.0178 0.9880 0.8974 

T9 
1.2 0.9047 8.790 0.8173 2.7221 0.8608 0.0204 0.9470 0.9692 

6.8 0.8382 6.320 0.6476 1.4076 0.7211 0.0118 0.9513 0.5411 

 
4. CONCLUSION 

 
A direct compression method was successfully 

applied to prepare the matrix-type tablet. According 

to experimental data, a greater quantity of the drug 

was released from the tablet as the environmental 
pH increased. The results of the in vitro drug release 

study revealed that the type of gelatin and APIs, 
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especially micronized active pharmaceutical 

ingredients, played a crucial role in enhancing drug 
release. Gelatine decreased the release ratio of 

paracetamol in both media. It was indicated that the 
release of paracetamol was slower in formulation T8, 

which contained gelatin with purified paracetamol. 

Additionally, the T1 tablet exhibited the maximum 
percent cumulative release of paracetamol in both pH 

1.2 and pH 6.8 media. The present study 
demonstrated that matrix-type tablets with added 

gelatin can be formulated for the controlled delivery 

of paracetamol, achieving the desired release profile 
in vitro. Microbial analyses showed that produced 

tablets were suitable for health. From this 
perspective, the current study and its results were 

promising for paracetamol drug delivery. However, it 
should be taken into consideration that in vivo 

studies are required to determine whether the 

prepared and chosen formulation(s) will be accurate. 
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Abstract: The present study evaluated Citrus aurantifolia essential oil (CaEO) from lime peel grown in Long 
An province, Vietnam. Gas chromatography–mass spectrometry analysis identified six bioactive 
compounds, of which D-limonene (69.99%), β-Pinene (10.28%), and α-Pinene (13.08%) were the most 
abundant. Physicochemical properties, including relative density (0.9295), absolute density (0.9267 g/mL), 
acid value (0.5481 mg KOH/g), ester value (0.3123 mg KOH/g), and saponification value (0.8604 mg 
KOH/g), were determined. The antioxidant activity was evaluated using DPPH and ABTS assays, with IC50 

values of 13.99  1.84 and 1.52  0.09 mg/mL, respectively, indicating significant free radical scavenging 
potential. The antibacterial effect against Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis), 
Escherichia coli (E. coli), and Salmonella enteritidis (S. enteritidis) was confirmed using the disk diffusion 
method. The inhibition zones were minimal (approximately 8 mm). In addition, CaEO exhibited a long-

lasting aroma, making it suitable for industrial applications. These findings highlight the potential 
application of CaEO in food preservation, pharmaceuticals, and cosmetics, providing a sustainable approach 
to utilizing lime peel waste. 
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1. INTRODUCTION 
 
Lime (Citrus aurantifolia) is one of the most widely 

grown citrus fruits in Vietnam, thriving in the 
tropical and subtropical climates of the region. The 
major lime-growing areas include Dong Thap, Tien 
Giang, and Ben Tre, which are known for their 

fertile soil and favorable climatic conditions (1). 
 
Lime essential oil (CaEO), primarily extracted from 

the peel, is a valuable by-product rich in bioactive 
compounds such as D-limonene, β-pinene, and 
citral, which exhibit antibacterial, antioxidant, and 
antifungal properties (2). However, these properties 
depend on many factors, especially the extraction 
method. The extraction method significantly 

influences the yield and composition of essential 
oils. Jiang et al. (2011) reported that steam 
distillation, reflux extraction, and ultrasound-
assisted extraction yielded at 0.16%, 2.18%, and 
2.34%, respectively (3). Among these, D-limonene 
was the predominant component, accounting for 
25.5% of the total composition, which plays a 

crucial role in the oil’s bioactivity. Mohammed et al. 
(2014) also demonstrated that CaEO exhibits 
antibacterial activity against P. aeruginosa, S. 

aureus, B. subtilis, and E. coli with inhibition zones 
ranging from 12 to 16 mm (4). Furthermore, CaEO 
exhibits strong antioxidant potential, with IC50-

DPPH=3.03 ± 0.019 mg/mL and IC50-ABTS=4.27 ± 

0.023 mg/mL, reinforcing its potential applications 
in various industries (5). 
 

Due to these bioactive properties, CaEO is highly 
suitable for applications in food preservation, 
cosmetics, and pharmaceuticals (6). Despite being a 
popular refreshing beverage, particularly in 
Vietnam's hot climate, lime peels are frequently 
thrown away, raising environmental concerns. 

Utilizing these peels for essential oil extraction not 
only minimizes waste but also contributes to local 
development by creating value-added products from 
agricultural by-products (7). 
 
Recent studies have further highlighted the 
antimicrobial and preservative properties of CaEO. 

https://doi.org/10.18596/jotcsa.1623631
mailto:lephamtanquoc@iuh.edu.vn
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https://orcid.org/0000-0002-2309-5423
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For example, Freche et al. (2022) demonstrated 
that CaEO effectively inhibits microbial growth, 
thereby extending the shelf life of food products 

(8). These findings underscore the need to 
characterize CaEO from different regions to 
optimize its applications. However, no studies have 
specifically investigated the physicochemical 

properties, chemical composition, and bioactive 
properties of CaEO derived from Long An. Given the 
unique soil and climate conditions of this region, an 
in-depth study on the biological properties of CaEO 
from Long An is essential for fully exploiting its 
potential in the food, pharmaceutical, and cosmetic 

industries. 
 
To address this gap, the present study aims to 
analyze the chemical composition and biological 
properties of CaEO extracted from limes grown in 
Long An. This research not only provides new 

insights into the value of CaEO but also promotes 

the utilization of lime by-products, contributing to 
sustainable development in the citrus industry. 
 
2. MATERIALS AND METHODS 
 
2.1. Plant Extraction 
CaEO was extracted from the peel of Citrus 

aurantifolia, a lime variety grown and harvested in 
Long An province, Vietnam (Coordinates: 
10°25′21″N, 106°28′45″E). The essential oil 
extraction was according to the procedure described 
by Long et al. (2023) (9). After being processed 
into powder and juice, the peel essential oil (EO) 

was obtained by steam distillation at 100 °C for 3 h. 
The extraction efficiency of EO in this process was 

about 0.5% (w/w). The EO obtained after extraction 
was stored in dark glass bottles at room 
temperature to maintain its quality and long-term 
effectiveness. 
 

2.2. Bacterials Strains 
In this study, four bacterial strains were used: two 
Gram-positive bacteria, S. aureus (ATCC 33591) 
and B. cereus (ATCC 11778); and two Gram-
negative bacteria, E. coli (ATCC 25922) and S. 
enteritidis (ATCC 13072). These bacterial strains 
were provided by the Institute of Biotechnology and 

Food Technology, Industrial University of Ho Chi 
Minh City. 
 
2.3. Chemicals 

The chemicals used in the study included 2,2-
diphenyl-1-picrylhydrazyl (DPPH, ≥97%, Sigma, 

USA), 2,2'-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS, ≥98%, Sigma, USA), and 
dimethyl sulfoxide (DMSO, ≥99.5%, China). Also, 
the media used for growing cultures and testing 
antibacterial properties, like Mueller–Hinton agar 
and nutrient broth from HiMedia in India, along with 
other chemicals, were of analytical grade. 

 
2.4. Evaluation of The Physicochemical 
Properties of CaEO 
According to ISO 279 (1998) (10), the relative 
density (RD) was determined by the proportion of 
the mass of a given volume of the EO to the mass 
of an equal volume of distilled water at 20 °C, while 

the absolute density (AD) was determined by the 
proportion of the mass of a given volume of the EO 
to the same volume. In addition, the freezing point 

(FP) was determined following ISO 1041 (1973) 
(11), 5 mL of the obtained CaEO was added to the 
test tube, which was then placed into a freezing 
container. The temperature of the freezing 

container was gradually lowered until the EO 
appeared to crystallize. The FP was recorded at that 
moment. 
 
The acid value (AV) was determined according to 
the procedure of ISO 1242 (2023) (12). The 

obtained CaEO (1 g) was dissolved in 5 mL of 96% 
ethanol, and a few drops of 1% phenolphthalein 
were added to the mixture. The KOH solution (0.1 
M) was used to titrate this mixture until it turned 
pink. The AV was calculated using the equation 
below: 

 

AV =
VKOH×0.1×56.1

Mass of essential oil
   (12) 

 
For the determination of the saponification value 
(SV), 2 g of EO and 25 mL of the ethanol solution of 
KOH (0.5 M) were mixed in a glass flask (250 mL). 
The mixture was then heated for 60 min in the 

condenser system. Subsequently, 25 mL of distilled 
water and a few drops of 1% phenolphthalein were 
added to the mixture. The HCl solution (0.5 M) was 
used to titrate this mixture until it turned colorless 
(13). The SV was calculated using the following 
formula: 
 

SV =
(VBlank−VSample)×0.5×56.1

Mass of essential oil
   (13) 

 
The difference between SV and AV represents the 
ester value (EV): 
 

EV = SV – AV   (14) 
 
2.5. Fragrance Retention (FR) of CaEO 
The fragrance retention (FR) of the EO was 
determined based on the concentration and FR 
duration following the methods described by 
Mahajan (2022) with minor modifications (14). The 

EO was diluted in 96% ethanol to 20%, 40%, 60%, 
80%, and 100% (v/v). The three drops of solution 
were applied to a scent test paper and left to 
distribute evenly. The time until the scent fully 
disappeared under normal conditions was recorded 

to evaluate fragrance retention. 

 
2.6. Gas Chromatography–Mass Spectrometry 
(GC-MS) Analysis 
The chemical composition of CaEO was analyzed 
using gas chromatography–mass spectrometry (GC-
MS). An aliquot of 1 µL CaEO was injected into the 
instrument (Agilent Technology 5977E MSD) using 

an autosampler and an Agilent 7890A GC system. 
Analysis was performed using a Carbowax 20MTM 
column (30 m × 0.25 mm × 0.25 μm) and helium 
carrier gas at a constant flow rate of 10 mL/min, 
with a split ratio of 10:1. The injection rate was set 
to 250°C. The individual heating program was as 
follows: hold at 50 °C for 2 min, increase to 250 °C 

at a rate of 10 °C/min, hold at this temperature for 
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5 min, increase to 280 °C, and hold for 3 min. Mass 
spectra were recorded in electron ionization (EI) 
mode at an energy of 70 eV. 

 
2.7. Determination of The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) Antioxidant Activity of 
CaEO 

The antioxidant capacity of CaEO was evaluated by 
the free radical scavenging activity (RSA) using the 
DPPH method, following the procedure described by 
Quyen and Quoc (2024), with minor modifications 
(15). The EO was dissolved in ethanol (96%) to 
create different concentrations. Then, 0.3 mL of EO 

solution was mixed with 2.7 mL of 0.1 mM DPPH 
solution and left to rest at room temperature in the 
dark for 30 min. The color loss of DPPH was 
measured using a Thermo Scientific™ Genesys™ 20 
Visible Spectrophotometer (USA) at 517 nm. 
Vitamin C was used as a control. The percentage of 

inhibition was calculated based on the CaEO 

concentration to estimate the 50% inhibitory 
concentration (IC50). The antioxidant capacity (AC) 
was calculated using the following formula: 
 

%DPPHRSC =
Acontrol−Asample

Acontrol
× 100   (15) 

 
where Acontrol  is the absorbance of the DPPH 

solution; and Asample  is the absorbance of CaEO 

solution in the presence of DPPH solution. 
 
2.8. Determination of Antioxidant Activity in 
CaEO Using ABTS 
The experiments were performed based on the 
method described by Biskup et al. (2013) with 

minor modifications (16). The ABTS solution was 

standardized by dissolving 7 mM ABTS and 2.45 mM 
potassium persulphate in stored water. This service 
was mixed in a 1:1 ratio and reacted in the dark at 
room temperature for 16 h to form ABTS radicals 
(ABTS radical cation). After 16 h, the ABTS solution 
was diluted with stored water until an absorbance of 

0.70  0.02 was obtained at 734 nm. Then, 0.1 mL 
of EO solution was prepared at various 

concentrations and mixed with 3 mL of ABTS 
solution. The solution was adjusted to a final 
volume of 5 mL using ethanol and then kept in the 
dark at room temperature for 6 min. After this 
period, the absorbance was measured at 734 nm. 
The percentage of inhibition was determined based 
on the CaEO concentration, and the IC50 value (the 

concentration required to achieve 50% inhibition) 

was subsequently calculated. The antioxidant 
capacity (AC) was calculated using the following 
formula: 
 

%ABTSRSC =
Acontrol−Asample

Acontrol
× 100   (16) 

 

where Acontrol  is the absorbance of the ABTS 

solution; and Asample  is the absorbance of CaEO 

solution in the presence of ABTS solution. 
 
2.9. Determination of The Antibacterial 
Activity (AA) of CaEO 
The antibacterial activity (AA) was determined using 
the paper disk diffusion method based on the 

method described by Carović-Stanko et al. (2010) 
with some modifications (17). First, 100 µL of 
bacterial suspension (0.5 McFarland standard 

concentration, equivalent to approximately 1.5×10⁸ 
CFU/mL) was evenly spread onto Mueller–Hinton 
agar (MHA) medium using an inoculating loop. 
Sterile paper disks (6 mm in diameter) were 

inoculated with 5 µL of the EO and then they were 
placed on MHA medium surface, while gentamicin 
(10 µg/disc) and 5% (v/v) dimethyl sulfoxide 
(DMSO) solution were used as positive and negative 
controls, respectively. The plates were incubated at 
37°C for 24 h. The antibacterial activity was 

evaluated by measuring the diameter of the 
inhibition zone around the paper disk. 
 
2.10. Data Analysis 
Analysis of variance (ANOVA) and comparison of 
means were performed using Statgraphics 

Centurion 20 (StatPoint Technologies, Inc.) 

software, with a 95% confidence level (p ≤ 0.05) 
determined using the least significant difference 
(HSD) method. The results are shown as the mean 
± standard deviation. 
 
3. RESULTS AND DISCUSSION 
 

3.1. Determination of Physicochemical 
Properties of CaEO 
The physicochemical properties of CaEO are 
summarized in Table 1. The CaEO was a pale 
yellow, transparent liquid with a characteristic 
aroma and slight flame. The physicochemical 

parameters of CaEO were measured as follows: pH 
value, 3.47; RD, 0.9295 ± 0.0021; AD, 0.9267 ± 

0.0021 g/mL; AV, 0.5481 ± 0.0211 mg KOH/g; SV, 
0.8604 ± 0.0095 mg KOH/g; and EV, 0.3123 ± 
0.0084 mg KOH/g. These characteristics indicate 
that CaEO belongs to the group of light EOs, is rich 
in terpenes, and has a very low free acid content. 

Ester compounds also account for a negligible 
proportion (18). 
 
Compared to the Algerian CaEO, the pH value was 
6.0, which was much higher than the pH of 3.47 for 
CaEO in this study. In terms of RD, the Algerian EO 
had a mass of only 0.894 g/mL, which was lower 

than the 0.9267 g/mL observed for CaEO. The AV 
value of the Algerian EO reached 2.10 mg KOH/g, 
which was higher than the 0.5481 mg KOH/g 
observed for CaEO (19). Also, a different study on 

CaEO (Citrus aurantifolia) from Nigeria found an SV 
value of 130.37 mg KOH/g, which is much higher 

than the 0.8604 mg KOH/g found for CaEO in this 
study. These differences may be caused by 
differences in chemical composition, plant origin, 
and environmental conditions. 
 
CaEO stands out for its outstanding ability to retain 
fragrance. The FR duration ranged from 5.75 (with 

20% EO) to 57.21 hours (pure EO). This 
characteristic makes CaEO a priority choice in the 
fragrance and cosmetic industries, where the ability 
to retain a long-lasting scent plays an important 
role.  
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Moreover, compared to other EOs in the same 
group, CaEO has shown advantages in terms of 

stability, pleasant scent, and versatility, making it 
suitable for many applications. 

 

Table 1: Physicochemical properties of Citrus aurantifolia. 

No. Physicochemical properties Value 

1 pH 3.47 ± 0.12 
2 Freezing point (FP, °C) < −18°C 

3 Relative density (RD) 0.9295 ± 0.0021 
4 Absolute density (AD, g/mL) 0.9267 ± 0.0021 
5 Acid value (AV, mg KOH/g EO) 0.5481 ± 0.0211 
6 Saponification value (SV, mg KOH/g EO) 0.8604 ± 0.0095 
7 Ester value (EV, mg KOH/g EO) 0.3123 ± 0.0084 
8 Fragrance retention (FR, h):  

 20% EO 5.75 ± 0.47 
 40% EO 18.66 ± 0.98 
 60% EO 29.76 ± 1.45 
 80% EO 41.12 ± 2.61 
 100% EO 57.21 ± 3.27 

 
3.2. Chemical Composition of CaEO 
GC-MS detected 6 main components in CaEO (Table 
2). The analysis indicated that CaEO was mainly 
comprised of monoterpene hydrocarbons. The main 
component was D-Limonene (69.99%), a 

monoterpene ring with a characteristic citrus scent. 
Similar to previous studies, such as Miller et al. 
(2011), this ratio ranged between 60 and 75% 
(21). They play an important role in antibacterial, 
anti-inflammatory, and antioxidant properties and 
are widely used in the food and pharmaceutical 
industries. The second most abundant component 

was α-Pinene (13.08%), followed by β-Pinene 

(10.28%), which are monoterpenes with high 
antibacterial and anti-inflammatory properties 
commonly found in EOs derived from the Rutaceae 
family (22). The α-Pinene and β-Pinene content in 
this lime peel EO sample was superior to that of 

some CaEOs from the Mediterranean region, which 
typically range from 5 to 10% (23). The Sabinene 
(3.63%) and α-Myrcene (2.00%) contents in the 
sample were also consistent with other studies, 
contributing to the complex aroma and anti-
relaxant properties (24). Although present in low 
proportions, γ-Terpinene (1.02%) plays a significant 

role in the antioxidant activity of EO (25). 
 

Table 2: Chemical composition of Citrus aurantifolia essential oil. 

No. Compounds Molecular formula RT (min) Content (%) 

1 α-Pinene C10H16 3.27 13.08 
2 β-Pinene C10H16 3.92 10.28 
3 Sabinene C10H16 4.00  3.63 

4 α-Myrcene C10H16 4.25  2.00 
5 D-Limonene C10H16 4.60 69.99 
6 γ-Terpinene C10H16 4.94  1.02 

 

3.3. Determination of The Antioxidant Activity 
Table 3 shows that the antioxidant activity of CaEO 
was significantly lower than that of vitamin C when 
determined using both the DPPH and ABTS 
methods. Specifically, with the DPPH method, the 
IC50 of CaEO was 13.99 mg/mL, while that of 
vitamin C was only 6.04 μg/mL, indicating a 

significant difference. Similarly, using the ABTS 

method, the IC50 of CaEO was 1.52 mg/mL, 
whereas vitamin C exhibited a much lower value of 
3.12 μg/mL, confirming its superior antioxidant 
activity compared to CaEO. 
 
When compared to other studies, the IC50-DPPH value 

of CaEO in this study (13.99 mg/mL) was higher 
than that of Algerian CaEO (7.41 mg/mL) (26), 
indicating lower antioxidant activity. However, the 
IC50-ABTS of our CaEO (1.52 mg/mL) was 
significantly lower than that of Algerian CaEO (53.6 
mg/mL) (26), suggesting a higher ABTS inhibitory 

ability. Additionally, CaEO from Tunisia also 

exhibited a lower IC50-DPPH value of 4.1 mg/mL (27), 
suggesting it had a stronger DPPH scavenging 
ability than that of CaEO in this study. Differences 
in antioxidant activity could be attributed to 
variations in chemical composition influenced by 
geographic location, climate, and extraction 
methods (28). Differences in the content of 

bioactive compounds, particularly D-limonene, γ-

terpinene, α-pinene, etc., strongly affect antioxidant 
activity. The higher IC50 value in our study suggests 
that the CaEO from Long An (Vietnam) may have a 
different chemical composition compared to those 
from Tunisia and Algeria. 
 

Overall, although CaEO exhibits weaker antioxidant 
activity than vitamin C, it still holds potential as a 
natural antioxidant source. Further studies should 
investigate the impact of extraction methods and 
environmental factors on its bioactive composition 
to optimize its application in the food and 

pharmaceutical industry. 
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Table 3: Antioxidant activity using DPPH and ABTS methods. 

Test sample IC50-DPPH IC50-ABTS 

Vitamin C (μg/mL) 6.04a  0.35 3.12b  0.26 
CaEO (mg/mL) 13.99b  1.84 1.52a  0.09  

Different letters (a, b) in the same column indicate significant differences (p ≤ 0.05) between samples. 
 
3.4. Determination of The Antibacterial 
Activity (AA) of CaEO 

Table 4 shows that CaEO exhibited significantly 
lower antibacterial efficacy than gentamicin against 
both Gram-negative and Gram-positive bacteria. 
For Gram-negative bacteria, the inhibition zone 
diameters of CaEO against E. coli (8.52 ± 0.62 mm) 
and S. enteritidis (8.45 ± 0.29 mm) were much 
smaller than those of gentamicin (16.11 ± 0.56 mm 

and 10.67 ± 0.27 mm, respectively). Similarly, for 
Gram-positive bacteria, CaEO demonstrated weaker 
antibacterial activity, with inhibition zones of 8.11 ± 

0.73 mm for S. aureus (compared to 14.48 ± 0.83 
mm for gentamicin) and 7.99 ± 0.55 mm for B. 
cereus (compared to 20.04 ± 0.98 mm for 

gentamicin). Overall, the antibacterial sensitivity of 
CaEO in this study was classified as "not sensitive" 
due to its inhibition zones being approximately 8 
mm (29). 
 
Compared to some raw materials from other 
regions, there are notable differences in 

antibacterial properties, with Egyptian CaEO 
demonstrating significantly higher antibacterial 
activity, showing inhibition zone diameters of 32 

mm for S. aureus and 49 mm for P. 
aeruginosa (30). Similarly, Ben Hsouna et al. 

(2017) reported higher inhibition zones for S. 
enteritidis (18 mm), B. cereus (24 mm), E. coli (15 
mm), and S. aureus (22 mm) using essential oils 
from Tunisia, suggesting variations in antibacterial 
efficacy based on plant origin, extraction method, 
and chemical composition (27). The lower 
antibacterial activity of CaEO in this study may be 

attributed to its chemical composition. Limonene, 
the dominant compound in CaEO, has been 
reported to exhibit antibacterial properties, but its 

efficacy depends on concentration and interactions 
with other bioactive compounds (31). 
 

The antibacterial activity of EOs is primarily linked 
to their hydrophobicity, allowing them to penetrate 
bacterial cell membranes, disrupt lipid bilayers, and 
increase membrane permeability. This process leads 
to ion leakage, loss of intracellular components, and 
ultimately, bacterial cell death (32). These 
mechanisms explain why EOs are widely applied in 

food preservation despite variations in their 
antibacterial potency. 

 
Table 4: Antibacterial zones of CaEO. 

Test strains 
Diameter of the inhibitory zones 

of gentamicin (mm) 

Diameter of the inhibitory 

zones of CaEO (mm) 

E. coli 16.11Ca  0.56 8.52Db  0.62 
S. enteritidis 10.67Ab  0.27 8.45Ca  0.29 

S. aureus 14.48Bb  0.83 8.11Ba  0.73 

B. cereus 20.04Db  0.98 7.99Aa  0.55 

Within a row (a–b) or a column (A–D), different letters denote significant differences (p < 0.05) between 

samples or microorganisms, respectively. 
 
4. CONCLUSION 
 
This study extracted and characterized Citrus 
aurantifolia essential oil (CaEO) from lime peels in 

Long An province, Vietnam, highlighting its chemical 
composition and bioactive potential. GC-MS analysis 
identified six key compounds, with D-limonene 
(69.99%), β-Pinene (10.28%), and α-Pinene 

(13.08%) as the predominant constituents. The 
physicochemical properties of CaEO, including 
relative and absolute density, acid value, ester 

value, and saponification value, were determined to 
assess its stability and quality. Antioxidant activity 
was confirmed through DPPH and ABTS assays, with 
IC50 values of 13.99 ± 1.84 and 1.52 ± 0.09 
mg/mL, respectively, indicating strong free radical 
scavenging capacity. However, the antibacterial 
activities of CaEO were relatively low, with inhibition 

zones ranging from 7.99 to 8.52 mm against S. 
aureus, B. subtilis, E. coli, and S. enteritidis. 
Additionally, the long-lasting aroma of CaEO 
enhances its applicability in various industries. 
These findings suggest that CaEO could be a 
valuable natural additive in food preservation, 

pharmaceuticals, and cosmetics, offering an eco-
friendly approach to utilizing lime peel waste while 
increasing the economic value of local lime 
products. 
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Abstract: Materials that are responsive to visible light have been extensively used in biomedical applications, 
including tissue engineering. Tissue adhesives are among the most important applications of tissue 
engineering. In this study, different concentrations of Ruthenium (Ru) and sodium persulfate (SPS) 
photoinitiators (0.2/2, 0.5/5, and 1/10 mM) were prepared. Sodium alginate (Na-alginate) was modified with 
methacrylate (AlgMA) to render it photoactive. Photoactive materials prepared with different ratios of 
photoinitiators were physically, chemically, morphologically, and mechanically tested. The results of the 
different analyses supported each other. Ru/SPS concentrations of 0.2/2, 0.5/5, and 1/10 mM were used to 

evaluate the hydrogel structures. No physical, chemical, or mechanical differences were observed between 
the 0.5/5, and 1/10 mM. The in vitro adhesion properties of the hydrogels increased significantly from 0.2/2 
mM to 1/10 mM Ru/SPS. As the Ru/SPS concentration was increased, a significant increase in cell viability 
was observed. In particular, 1/10 mM Ru/SPS showed the greatest effect and created the most statistically 
significant difference. 
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1. INTRODUCTION 

 
Na-alginate is a natural anionic polysaccharide 
obtained from brown algae and is abundantly found 
on the seafloor (1-3). In brown algae, glycans 
include cellulose, fucans, and alginates (4). Na-
alginate has excellent properties such as low cost, 
low cytotoxicity, and biodegradability, making it a 

highly attractive material for biomedical applications. 
Owing to these properties, it has been extensively 
investigated as a natural polysaccharide in various 
fields. Some modifications have been applied to Na-
alginate structures to eliminate disadvantages, such 
as poor gelation and mechanical strength. In 
particular, hydroxyl and carboxyl groups within the 

molecular structure can be modified using physical, 
chemical, and biological methods (5). Na-alginate 
was processed using chemical and physical 
modifications. Therefore, it is possible to modify and 
create new alginate derivatives with controlled 
sequences and tailored structures. 

 
Physical crosslinking was used to improve the 
properties of sodium alginate. The basic principle of 

physical crosslinking involves the use of hydrogen 

bonds and tangle points to form gel-network 
structures (6). In this context, ionic (Ca2+) 
crosslinking is especially common and is formed by 
crosslinking and exchanging sodium ions with alginic 
acid. Alginate gluconate combines with gluconic acid 
blocks on adjacent alginic acid chains to form an 
eggshell pattern (7). 

 
Chemical modification of Na-alginate can change its 
chemical structure. Methacrylamides and 
methacrylates, which are called functional labeling 
structures, are widely used as graft biomaterials for 
the photopolymerization process (8-10). Alginate has 
been modified with methacrylic anhydride (MA) to 

improve photosensitivity and adhesion strength (11). 
Ruthenium (Ru) is a transition metal. Ru-based 
transition metal complexes and sodium persulfate 
(SPS) have been widely used to prepare visible-light-
initiation systems. Visible light at 400-700 nm has 
shown significant advantages in tissue-engineering 

applications. The Ru/SPS photoinitiator system with 
ε ≈ 14600 m−1 cm−1 at 450 nm can be used most 
effectively in polymerization applications. In this 

https://doi.org/10.18596/jotcsa.1624684
mailto:rumeysa.tutar@iuc.edu.tr
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initiator system, Ru acted as an electron donor for 
SPS. Therefore, SPS accepts electrons from Ru2+, 
which are then oxidized to Ru3+. Because of these 

electron transfers, radicals were formed. The radicals 
formed here activate the photocrosslinking of 
methacryloyl groups in modified biomaterials (12-
15). 

 
The clinical application of tissue adhesives has gained 
significant attention for promoting tissue health. 
Suturing damaged tissue is highly challenging in 
terms of both patient comfort and long-term tissue 
healing. Furthermore, tissue adhesives have the 

advantages of being simple and time-saving, and can 
be alternatives to sutures (16-18). Understanding 
the chemistry of tissue materials is important for 
explaining the adhesion mechanisms of tissue 
adhesives. Therefore, Na-alginate was modified to 
improve its adhesion mechanism. Various tissue 

adhesives have been prepared and used for clinical 

applications. These adhesives are divided into 
various categories: cyanoacrylate adhesives, fibrin-
based adhesives, proteins, polysaccharides, and 
polymer-based adhesives (18). 
 
This study utilized the standardized test 
methodologies outlined by the American Society for 

Testing and Materials (ASTM) to perform burst 
pressure tests (19-20). Collagen sheets were used to 
mimic skin in vitro. Skin injury simulation was 
performed on these sheets. Tissue adhesives 
prepared with various photoinitiator concentrations 
were subjected to in vitro adhesion testing on 

simulated wounds. Thus, the adhesion between the 
material and tissue after injury and wound closure 

was tested in vitro. Additionally, cell viability of the 
tissue adhesives was tested in a cell culture study 
(20). 
 
In this study, methacrylate-modified Na-alginate was 

prepared as a precursor material to physically and 
chemically crosslink the AlgMA hydrogels. The 
primary objective was to develop AlgMA hydrogels 
using varying concentrations of the Ru/SPS 
photoinitiator system (0.2/2, 0.5/5, and 1/10 mM) 
and evaluate their physical, chemical, morphological, 
and mechanical properties. Additionally, an in vitro 

skin model was simulated using collagen sheets to 
assess the adhesion properties of the hydrogels. 
These findings indicate that the concentration of the 
Ru/SPS photoinitiator system significantly influenced 

the characteristics of the resulting biostructures. 
 

2. EXPERIMENTAL SECTION 
 
2.1. Chemicals and Instruments 
Sodium alginate, phosphate-buffered saline (PBS) 
tablets, methacrylic anhydride (MA), cellulose 
dialysis membranes (14 kDa molecular weight cut-
off), tris(2,2-bipyridyl) dichlororuthenium (II) 

hexahydrate (Ru), and SPS were purchased from 
Sigma-Aldrich. The ATR-FTIR spectra of all the 
samples were obtained within the range of 4000 to 
500 cm⁻¹ using a Jasco FT/IR 6700 

spectrophotometer. For NMR analysis, a JEOL 
ECZ500R (11.75 Tesla) spectrometer equipped with 
a high-performance Ultrashield™ 500 MHz 

superconducting magnet was utilized. Scanning 
electron microscopy (SEM) images were captured at 
various magnifications using a JEOL JSM 5600 

microscope. A TA.XT Plus Texture Analysis 
Mechanical Tester was used for compression tests. 
 
2.2. Synthesis of Na-Alginate-Methacryloyl 

(AlgMA) 
Methacrylic anhydride was selected as the 
modification chemical to incorporate methacrylate 
groups into biopolymers. Sodium alginate (Na-
alginate) was dissolved in DI water (2.5 wt %), and 
15 ml of methacrylic anhydride per gram of alginate 

was added to the solution (11). The mixture was left 
to react for 3 h at room temperature. The reaction 
pH was adjusted to 7 using sodium hydroxide 
(NaOH). To stop the reaction, the solution was 
precipitated using ethanol. The precipitated polymer 
was then dissolved in water. Subsequently, dialysis 

against deionized water was performed to eliminate 

unreacted methacrylic anhydride. The AlgMA solution 
was then filtered through a filter. The purified 
polymer was then lyophilized under sterile 
conditions. 
 
2.3. Fabrication of AlgMA Hydrogels 
Dried and sterile 5 wt% AlgMA was weighed and 

dissolved with Ru and SPS photoinitiator systems 
(PI) which were prepared as 0.2mM/2mM, 
0.5mM/5mM and 1mM/10mM, respectively. The 
prepared solutions were placed in PDMS molds (5 
mm diameter × 1 mm thickness). They were then 
chemically crosslinked with visible light (VALO Visible 

Light Photocrosslinking device, Ultradent, USA) to 
chemically crosslink them (11-12). Various initiator 

concentrations at exposure times of 4 min were 
studied to optimize the irradiation conditions based 
on the PI concentrations. Then, 1M Ca+2 (7) was 
added to the crosslinked hydrogels to ionically 
crosslink them. 

 
2.4. Chemical Characterization 
Pristine Na-alginate, methacrylate-modified alginate, 
and crosslinked AlgMA hydrogels were chemically 
characterized by FTIR. Spectroscopic methods are 
preferred for defining the bonds of working molecules 
and elucidating their structures. 

 
2.5. Physical Characterization 
The swelling behavior of the prepared structures was 
determined according to a previously reported 

procedure (11). AlgMA solutions prepared with 
different photoinitiator concentrations were 

chemically crosslinked by curing under visible light 
for 240 s. It was then ionically cross-linked with 1M 
Ca+2. The prepared structures were then frozen and 
lyophilized for drying. The lyophilized structures were 
weighed and recorded. The dry structures were then 
immersed in DPBS for swelling measurements. The 
swelling ratios at 24h and 48h were weighed and 

recorded. The swelling results were calculated using 
the following formula: 
 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔(%) = (𝑊𝑠 −𝑊𝑖) 𝑊𝑖⁄ ∗ 100 

 (1) 
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where Wi is the initial weight and Ws is the swollen 
weight. 
2.6. Morphological Characterization 

The surface morphologies were analyzed by SEM. 
The samples and scaffolds were mounted on a 
double-sided graphite tape affixed to a metal surface 
and sputter-coated with gold for 10 s. 

 
2.7. Mechanical Characterization 
The materials for the mechanical characterization of 
the hydrogel structures were prepared as described 
in detail in Section 2.3. The pre-gel solution (200 µL) 
was used to perform the compression tests. 

Compression tests were applied at a strain rate of 0.6 
mm min-1 until the failure point (maximum strain of 
98%) was reached. 
 
2.8. In vitro Burst Pressure Characterization 
A standard test method was followed for the burst 

pressure test, ASTM standard test, F2392-04 (19). 

The in vitro burst pressure of the prepared hydrogels 
was measured using a specially designed burst 
pressure apparatus. Briefly, collagen sheets, which 
were commercially purchased and used as biological 
substrates, were prepared by washing with distilled 
water and DPBS. The wound was simulated by 
creating a defect in the prepared collagen sheets. 

Wound defects were created using a 3 mm medical 
punch. Next, the defective collagen sheets were 
placed in a burst pressure apparatus. Hydrogels with 
different Ru/SPS concentrations were prepared. 
Then, 100 μL of the prepared hydrogel was pipetted 
onto the defect site of the collagen sheets. The 

hydrogels were then cured with visible light for 4 min 
for chemical crosslinking and with CaCI2 for 5 min for 

ionic crosslinking (21). The burst pressures of all the 
gels were recorded using a pressure sensor (PS-
2017, PASCO; Roseville, CA, USA) by continuously 
pumping air using a flow pump (n = 4). 
 

2.9. In vitro Cell Culture Studies 
L929 Cell Line Propagation: L929 Cell Line, passage 
18, was checked twice a day in T25 flasks in EMEM 
containing 10% FBS (Pan Biotech P30-1301) and 
expected to reach 70% confluency. (Doubling Time: 
22-26 hours) (Cell line L929 is of ATCC CCL-1 origin). 
Preparation of Samples: Polymeric biogels prepared 

as dry samples were first kept in PBS containing 10% 
penicillin/streptomycin for 1 d. At the end of the 

waiting period, the samples were sterilized by 
keeping them under a UV lamp for 30 min. Cells in 
96-Well Plates: 500 µL of trypsin-EDTA (Gibco, 

15400054) was added to the cells that reached 70% 
confluence in T25 flasks and incubated at 37 °C in a 
5% CO2 environment for 3-5 minutes. As soon as the 
cells dissociated under an inverted microscope (Zeiss 

Primovert, Germany), a medium containing 10% FBS 
was added. Centrifuge at 300xg for 5 min, and 
discard the medium. Add 1 mL of EMEM medium. 
Counting was performed on a Logos Luna II 
instrument using Trypan Blue (Gibco, 1525061). The 
polymers to be tested for cytotoxicity were added to 

the wells, and a medium containing 10% FBS was 
added so that 104 cells per well were added. 
Application of Cytotoxicity Test: Each group was 
made in the form of at least three replicate wells, and 
repeated analysis was ensured. After the material 
was applied, the cells waited for the time to be tested 

without being removed from the incubator. At the 

end of the hour, 10% of the well volume (equal to 20 
µL of WST-8) was added to the WST-8 solution. The 
lights were turned off during this process. The cell 
culture dish was wrapped in aluminum foil and 
incubated for another 2 h. After 2 h, the absorbance 
was measured at 450 nm in a cell culture dish. The 
results were formulated and the percentage viability 

was determined (Equation 2). 
 

Cell Viability (%) = 
(𝐴𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡−𝐴𝑏𝑙𝑎𝑛𝑘)

(𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑙𝑎𝑛𝑘)
∗ 100  (2) 

 
Where, A = absorbance. 
 
2.10. Statistical Analysis 

For each experiment, at least three samples were 
tested, and the data are presented as mean ± SD 
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001). One-way analysis of variance (ANOVA) and 
t-tests were performed, followed by Tukey’s test for 
statistical analysis. 
 

3. RESULTS AND DISCUSSION 
 
The functional groups of Na-alginate and 
methacrylation-modified alginate (AlgMA) structure 
are shown in Figure 1. The chemical compositions of 
the pristine alginate and the fabricated samples were 
identified using FTIR spectra. 

 
Figure 1: ATR-FTIR (A) and NMR (B) analyses of pristine alginate and AlgMA structures. 
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As shown in Figure 1 (A), the C=C stretching band at 
1595 cm-1 and the C-H stretching band were 
observed at 2914 cm-1 identifying the substance. The 

C-H stretching peak at 2914 cm-1 indicated that it 
was an aldehyde. 
 
When the two structures are compared in Figure 1 

(A), it can be seen that the growth of the carbonyl 
(C=O) stretching vibration grafted with methacrylic 
anhydride groups showed a shoulder appearance 
around 1700 cm−1 in the AlgMA spectrum (11,21). 
This peak is characteristic of the methacrylate 

groups. In addition, C-O bands were observed at 
1296 cm-1. This characteristic peak in the spectra 
confirms the successful modification of Na-alginate 

with methacrylate. 

The 1H-NMR spectra of Na-alginate and AlgMA are 
shown in Figure 1 (B). In the chemical structure 
formed after methacrylation, distinctive signals of 

groups reacting with methacrylate and vinyl groups, 
5.20-6.30 ppm, were observed in the spectrum (11). 
In addition, Na-alginate itself does not have a 
significant methyl (-CH₃) group, so a significant 

signal around 1.75 ppm is not expected. However, 
for AlgMA, during the addition of the methacryloyl 
group, the -CH₃ (methyl) protons of the 
methacrylate group gave a signal around 1.75 ppm. 
This signal was due to the CH₃ (-C=CH₃) protons in 
the methacrylate group. 

 
 

 

 
Figure 2: ATR-FTIR Analysis of AlgMA hydrogels fabricated with varying concentrations of the Ru/SPS 

photoinitiator. 

 
As shown in Figure 2, the intensity of the C=C (1630-
1650 cm⁻¹) peak decreased as the methacrylate 

groups polymerized and the double bonds opened. 

The C=O (1700-1750 cm⁻¹) peak does not change 

significantly but may become clearer as 
polymerization is completed. The other peak (-OH) 
remained constant. 

 
The morphological characteristics of the freeze-dried 
hydrogel structures are shown in Figure 3. Increasing 
the Ru/SPS concentration increased the 
morphological properties of AlgMA hydrogels. 
 

SEM images and composite elemental maps of the 
same structures obtained using EDS revealed that 
increasing the concentration of the photoinitiators 
influenced the porosity and pore size of the hydrogel 
structures. SEM analysis revealed that the AlgMA 
hydrogels with different photoinitiator concentrations 

had a homogeneous pore structure, moderately 
rough surface, distinct network formation, and 
minimal crack formation. 

 
If the Ru ratio increases as the photoinitiator density 
decreases (Figure 3(A)), this may indicate that Ru is 

concentrated (tends to cluster) in certain regions. 
The decrease in the atomic value (%) of Ru from 12.7 
(Figure 3(B)) to 2.4 (Figure 3(C)) indicates that the 
Ru concentration in the sample decreases. If the Ru 
ratio decreases as the photoinitiator density 
increases, this may indicate that Ru is more 

dispersed or that cross-linking increases. 
 
For the scaffolds prepared with 0.5/5 mM and 1/10 
mM Ru/SPS systems (Figure 3(B-C)), the pores are 
almost homogeneous and regular, which indicates 
that the material has undergone a controlled 
production process. 
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Alginate-based materials form a specific network 
structure as a result of crosslinking (ionic crosslinking 
with calcium and covalent bonding with visible light). 

The free-radical crosslinking reaction rate increases 
as the concentration of the Ru/SPS system increases, 

which increases the formation of covalent crosslink 
bonds (22). 
 

The swelling properties of the AlgMA hydrogels are 
shown in Figure 4. 

 

 
Figure 3: SEM images and Energy Dispersive Spectroscopy (EDS) analysis of AlgMA hydrogels fabricated 

with varying concentrations of Ru/SPS photoinitiator. Scale bar: 200 μm. 
 

 
Figure 4: Swelling properties of AlgMA hydrogels fabricated with varying concentrations of the Ru/SPS 

photoinitiator (n=4). 
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Measurements at 24h and 48h showed that 
increasing the initiator concentration from 0.2/2 mM 
Ru/SPS to 0.5/5 or 1/10 mM Ru/SPS did not cause 

any significant difference in the swelling ratio. These 
results indicate that 0.2/2 mM Ru/SPS is sufficient to 
complete the cross-linking of the monomers. Again, 
the swelling behavior at 24h and 48h did not show 

any significant change for the 0.5/5 mM and 1/10 
mM Ru/SPS systems. Moreover, the–OH groups in 
Na-alginate were transferred to -COO via a 

methacrylate modification reaction, which also 
limited the water absorption ability. 
 

The stiffness of the fabricated AlgMA hydrogel was 
measured. The compressive modulus and 
compressive strength of AlgMA hydrogels 
synthesized with varying concentrations of the 

Ru/SPS photoinitiator system are presented in Figure 
5. 

 

 
Figure 5: Compressive modulus (A) and strength (B) of AlgMA hydrogels fabricated using different 

concentrations of Ru/SPS (n=3). 
 

As shown in Figure 5A, the 0.2/2 mM Ru/SPS sample 
appears to have a higher load-carrying capacity 
compared to the others, reaching the highest stress 
value (strength increase). All samples initially 

exhibited elastic deformation at low strains. 
Moreover, the 0.2/2 mM Ru/SPS sample shows a 
sudden fracture at approximately 60% strain, 
whereas the other samples break with lower strength 
or exhibit yielding behavior. In addition, it can be 
observed that as the Ru/SPS concentration 

increased, the material carried lower stress and 
exhibited earlier deformation. 
 

Hydrogels prepared using 0.2/2 mM Ru/SPS (0.44  
0.05 MPa) exhibited a significantly higher 

compressive modulus than those fabricated with 

0.5/5 mM (0.27  0.03 MPa) and 1/10 mM (0.26  
0.04 MPa) Ru/SPS. However, no statistically 
significant differences were observed when the 
Ru/SPS concentration was increased to 0.5/5 mM or 
1/10 mM. These findings suggest that a 

concentration of 0.2/2 mM Ru/SPS is sufficient to 
achieve complete crosslinking of the AlgMA 
macromers (Figure 5B). 
 
These data show that a low concentration of 0.2/2 
mM Ru/SPS offers the best mechanical performance; 

however, the elastic modulus and strength decrease 
as the concentration increases. If more strength is 
desired, it may be necessary to optimize the 
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crosslinking structure or improve the mechanical 
properties of the material through different 
modifications. 

 
ASTM standards for biological adhesive hydrogels 
were used in the experiments. A collagen sheet, 
which was commercially purchased and used as the 

biological substrate, was prepared (Figure 6 (A)). 
The wound was then simulated by creating a defect 
in the prepared collagen sheets (Figure 6 (B)). 

Wound defects were created using a 3 mm medical 
punch. Next, the defective collagen sheets were 
placed in a burst pressure apparatus. AlgMA 

solutions prepared with different Ru/SPS 
concentrations were then added to the wound 
defects, as shown in Figure 6 (C). After the addition 
of the AlgMA solutions, they were covalently cross-

linked with visible light (Figure 6 (D)). Then, ionic 
cross-linking with Ca+2 was performed to prepare the 
AlgMA hydrogel for the study. 

 

 
Figure 6: Images of AlgMA Hydrogels for adhesive application to a collagen sheet. Collagen sheet in the 
burst pressure apparatus (A), wound defect on the sheet (B), AlgMA solution (C), and cross-linking with 

visible light (D). 
 
Various photoinitiator concentrations at an exposure 
time of 4 min. Then, 1M CaCI2 was added to the 
crosslinked hydrogels to ionically crosslink them. 
 
An in vitro burst pressure test was performed (Figure 

7) to demonstrate how the adhesion properties 

changed with the different photoinitiator 
concentrations. A low photoinitiator concentration 
negatively affected AlgMA adhesion properties. After 
applying pressure, the material was separated from 
the collagen layer in a short time of 20 seconds. 

 

 
Figure 7: In vitro adhesive properties, burst pressure (A), and burst strength (B) of AlgMA hydrogels. 
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In Figure 7(A), 0.2/2 mM Ru/SPS reached the lowest 
burst pressure and failed in approximately 20 s, 
whereas 0.5/5 mM Ru/SPS and 1/10 mM Ru/SPS 

samples withstood higher pressures (around 20 kPa) 
and burst in approximately 30-40 seconds. In 
addition, the 1/10 mM Ru/SPS exhibited the highest 
strength. In all samples, the pressure increased 

linearly, and when it reached a certain threshold 
point, a sudden drop occurred, resulting in sample 
destruction. Higher burst pressures and longer 
durations were observed at higher concentrations. 
 
This indicates that the interaction between the 

material and collagen was insufficient. As the 
photoinitiator concentration increased, the adhesion 
strength also increased. However, as the 
concentration increased, the material strength 
increased, as the AlgMA-cured areas were completely 
cured, which slightly reduced the adhesion strength 

with the collagen layer. The burst pressures of 
hydrogels significantly increased from 4.7 ± 3.11 kPa 
to 20.75 ± 1.06 kPa and 16.25 ± 0.6 kPa as the 

photoinitiator concentration was increased from 
0.2/2 mM to 1/10 mM Ru/SPS concentration (Figure 
7(B)). 
 

As the Ru/SPS concentration increased, the 
resistance of the material to the burst pressure 
increased. Ru/SPS (1/10 mM) showed the best 
mechanical performance, whereas 0.2/2 mM Ru/SPS 
exhibited the lowest strength. This indicates that a 
higher degree of crosslinking or network density 

increased the mechanical strength of the material. 
 
Different concentrations of the Ru/SPS system 
resulted in viability and abundance of live cells 
(Figure 8) at 24h. 

 

 
Figure 8: Viability and metabolic activity of fibroblasts cultured on AlgMA Hydrogels after 24h. (*p˂0.05, 

mean±std, n=3) All analyses were performed in triplicate. 

 
When the cell study results were evaluated, a 
significant increase in cell viability was observed with 
increasing Ru/SPS concentration. At the end of the 
24-h incubation period, cell viability rates were at the 
highest level in the 1.0/10 mM Ru/SPS group, while 
a relatively lower but still high value was observed in 

the 0.5/5 mM Ru/SPS group. Cell viability in the 
0.2/2 mM Ru/SPS group decreased significantly and 
fell to a level closer to the positive control (L929 Cell 
Line) group. These results reveal the dose-
dependent effect of Ru/SPS concentration on cell 
viability (23). 
 

4. CONCLUSION 
 
In this study, different concentrations of the Ru/SPS 
photoinitiator (0.2/2, 0.5/5, and 1/10 mM) were 
prepared. Na-alginate was selected as the 
biomaterial and was modified with methacrylate to 

make it photoactive. Photoactive AlgMA hydrogels 
prepared using different ratios of photoinitiators 
were tested physically, chemically, morphologically, 

mechanically, and biologically. AlgMA hydrogels with 
0.2/2 mM Ru/SPS and 0.5/5 or 1/10 mM Ru/SPS did 
not cause any significant differences in the swelling 
ratio. However, increasing the Ru/SPS concentration 
positively affects the homogeneity of the hydrogel 
structures. The scaffolds prepared with the 0.5/5 mM 

and 1/10 mM Ru/SPS systems exhibited 
homogeneity and regularity, indicating that the 
material underwent a controlled production process. 
The hydrogels prepared using 0.2/2 mM Ru/SPS 
exhibited a significantly higher compressive 
modulus, comparable to those fabricated with 0.5/5 
mM and 1/10 mM Ru/SPS. However, no statistically 

significant differences were observed when the 
Ru/SPS concentration was increased to 0.5/5 mM or 
1/10 mM. The in vitro adhesion properties of 
hydrogels significantly increased from 4.7 ± 3.11 kPa 
to 20.75 ± 1.06 kPa and 16.25 ± 0.6 kPa as the 
photoinitiator concentration was increased from 

0.2/2 mM to 1/10 mM Ru/SPS concentration. As the 
Ru/SPS concentration was increased, a significant 
increase in cell viability was observed. In particular, 
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1/10 mM Ru/SPS showed the greatest effect and 
created the most statistically significant difference. 
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Abstract: Infantile hemangioma (IH), while usually not life-threatening, often carries the risk of 
complications and causes anxiety due to changes in appearance. While regarded as an effective therapeutic 

choice, timolol maleate (TM) is mostly effective for mild and superficial lesions  due to its limited absorption. 

The goal of this study was to examine the potency of natural polymers to be utilized as main ingredients in 
nanoparticle formulations to be used as a potential alternative for treating IH. The major ingredients chosen 

for nanoparticle production were chitosan and acacia gum. Different combinations of polymer concentrations 
were examined to improve the characteristics of an optimal formula. The nanoparticles obtained were 

assessed in terms of their physical properties, encapsulation efficiency, and skin permeation. The resulting 

nanoparticles (TMNP) exhibited a spherical morphology, had diameters of 175.417 ± 3.144 nm, a PDI of 
0.346 ± 0.031 and ZP of 31.95 ± 1.09 mV. An encapsulation efficiency value of 17.42 ± 0.02% was 

considerably adequate to promote desirable activity towards IH. The nanoparticle exhibited enhanced 
penetration of drug compared to the unencapsulated form. This research is hoped to contribute to the 

expanding application of nanoparticle technology, particularly in the treatment of infantile hemangioma 

utilizing nanoparticles derived from natural sources. 
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1. INTRODUCTION 
 

Timolol maleate (TM) is a nonspecific beta receptor 
antagonist that has long been applied to treat 

cardiovascular diseases (1) and glaucoma (2,3). 
Recently, TM is also known as one of several 

potential drugs for the treatment of infantile 

hemangioma (IH) and has become a subject in many 
research studies (4). This trend has grown since the 

incidental finding of oral propranolol activity against 
IH back in 2008, while it was being used to treat 

cardiovascular abnormality in infants with IH (5). 

Regarding the fact that both drugs came from the 
same family, compared to its predecessor, TM is 

hypothesized to possess higher potency with lower 
side effects. Its inhibitory effects are mainly by 

controlling proliferation via vasoconstriction on 
hemangioma vascularization controlling 

angiogenesis (6) and apoptosis induction through 
beta adrenergic receptor signaling pathways (7) in IH 

management. 
 

Despite its promising potential, most orally TM is 

eliminated shortly after being given due to the first 
pass effect; hence, the poor bioavailability profile 

(under 50%) (8). On the other hand, a relatively 
similar activity against IH but with lower side effects 

is observed in topically applied TM compared to oral 

propranolol (4) or topical corticosteroids (9). This is 
due to the fact that topical application can hinder the 

vast distribution of a drug and avoid many undesired 
systemic activities. In other research, it was also 
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proven that concurrent use with oral propranolol can 

enhance the effects while shortening the duration of 
medication at the same time (10). 

 
Although timolol's topical dose form is highly 

effective, it has not been commercially accessible for 

treating IH. Thus far, numerous investigations and 
pharmacological trials have exclusively employed 

ocular drops or simple solutions (11). Moreover, 
common challenges in conventional topical delivery, 

such as poor resident time and penetration ability, 

are also present (12). The outermost layer of the 
skin, stratum corneum (SC) acts as an obvious 

obstacle in delivering drug substances, hence limiting 
the depth of penetration (13). That is why the 

majority of research regarding topically applied TM 
only applies to mild superficial and non-complicated 

conditions of IH. In other research, a topically applied 

TM still showed mild to medium side effects to the 
skin condition during treatment. Furthermore, a 

relatively long term cure is still observed in many 
cases treated with topical TM (14,15). 

 

Nanotechnology offers a promising way out to solve 
problems that constantly join topical delivery. 

Although numerous studies have put forward the use 
of lipids and surfactants as superior choices due to 

skin barrier nature (16), natural polymers such as 
chitosan (CH) offer biocompatibility and penetration 

enhancing characteristics, which can turn out to be 

powerful substitutes (17). This research aims to 
explore the use of entirely natural materials instead 

of commonly used polyanions like tripolyphosphate 
(TPP) and poly (lactic-co-glycolic acid) (PLGA) in the 

production of nanoparticles through ionic gelation. 

The objective is to improve the effectiveness and 
safety of topically applied timolol maleate for the 

treatment of infantile hemangioma. Nanoparticles 
will be synthesized based on interactions between 

chitosan (CH) and acacia gum (AG) that occur upon 
simple stirring. Optimized formula will be obtained 

using simple lattice design with the help of Design 

Expert version 11.0 software. Based on the author's 
current understanding, while numerous studies have 

examined the application of nanoparticles for drug 
delivery in IH, this research makes complete use of 

environmentally friendly and readily obtainable 

materials and methods, while also employing 
comprehensive testing protocols as well as 

competitive results. This raises the possibility that 
basic nanoparticle technology could be utilized more 

frequently to improve the prognosis of treatment for 
infantile hemangiomas. 

 

2. MATERIAL AND METHODS 
 

2.1. Materials 
Chitosan medium molecular weight (degree of 

deacetylation >75%) was purchased from local 

company CV Bio Chitosan Indonesia (Indonesia), 
Acacia gum was obtained from Fagron 

Pharmaceutical (Netherlands), Timolol maleate 
(99,98% analytical grade) was purchased from 

Octagon Chemical Limited (China). Acetic acid (99%, 
analytical grade) and anhydrous sodium acetate from 

Merck (New Jersey, USA). Ammonium acetate and 

Acetonitrile were of analytical grade, from Merck 

(New Jersey, USA) and Smartlab (Indonesia) 

subsequently. 
 

2.2. Methods 
2.2.1. Preliminary study 

Each of the nanoparticle constituents was firstly 

prepared as a stock solution by accurate weighing 
and solubilizing with appropriate solvents (1% acetic 

acid for CH, water for AG and TM). Prior to the 
optimization process, a preliminary trial was 

conducted without the incorporated drug to find and 

appropriate working concentration range suitable for 
the formation of nanoparticles. This was done by 

creating a matrix table of nanoparticle formation 
according to the combination of five concentration 

variations of chitosan (CH) (0,1 - 0,8% w/v) and 
acacia gum (AG) (0,01- 0,08 % w/v). CH solution 

was poured into a magnetically stirred glass 

containing AG solution, both in acetate buffer pH 5 
medium, followed by continuous stirring for 10 

minutes. The resulting mixture was then observed by 
visual inspection and continued with size and 

polydispersity index measurements using particle 

size analyzer (PSA) Zetasizer Nano (Malvern 
Instrument, Malvern, UK) to ensure the desired 

formation of nanoparticles, and the lower and upper 
limits of working concentrations were determined 

based on that assessment. 
 

2.2.2. Formula optimization 

Optimization process was done by simple lattice 
mixture experimental method with the help of 

Design-Expert (Version 11, Stat-Ease Inc., MN, USA) 
software for further study regarding the effect of 

each polymer components of the nanoparticle. The 

two chosen independent variables were the 
percentage of CH and AG concentrations in the 

formula. The lower and upper concentrations of CH 
and AG were obtained from preliminary study results 

and inserted into the software. The concentration 
range of both components was then adjusted 

automatically by the software, as seen in Table I. A 

total of 11 formulas with five different combinations 
of CH and AG were acquired and used to synthesize 

the nanoparticle, this time with the addition of TM as 
an active component. As for formula F1, F2 and F5 

were prepared thrice. A series concentration of AG in 

buffer pH 5 solution was mixed with drug substance 
and stirred for 5 minutes to complete the interaction 

and CH in acetate buffer solution was added 
subsequently, and the stirring continued for another 

10 minutes. The final concentration of TM was fixed 
to 0,1% for each formula with total polymer of 0,42% 

(w/v). Desirability value was determined to attain 

best formula. The resultant formula was thereafter 
stored at a low temperature of 4º Celsius, while its 

stability was assessed to verify its suitability for the 
upcoming test. Assessment was made based on 

visual inspection (presence of sediment or turbid 

appearance) followed by size and polydispersity 
measurement using particle size analyzer instrument 

Zetasizer Nano (Malvern Instrument, Malvern, UK). 
 

2.2.3. Characterization of optimum formula (TMNP) 
Measurements of size and polydispersity index (PDI) 

can be conducted simultaneously by dynamic light 

scattering (DLS) method using PSA instrument 
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Zetasizer nano (Malvern instrument, Malvern, UK). 

Firstly, samples were prepared by diluting TMNP 
solution by 1:100 with acetate buffer pH 5. 

Subsequently, approximately 1 mL sample was put 
into a glass cuvette and measured at a scattering 

angle of 90º and a temperature 25º Celsius. 

 
Zeta potential was measured based on the 

electrophoretic movement of particles upon the 
presence of electric current using Zetasizer Nano 

(Malvern instrument, Malvern, UK). Samples were 

prepared by mixing TMNP solution with acetate 
buffer at pH 5 in a ratio of 1:100 and placed into a 

dip cell cuvette for measuring zeta potential. The 
samples were later measured at a constant 

temperature of 25º Celsius. Data were collected in 
triplicate. 

 

The size and morphology of the optimum 
nanoparticle formation were studied with 

photography technique using transmission electron 
microscopy (TEM) instrument (Jeol JEM-1400Flash, 

USA). This method is using a different technique in 

determining sizes, so it could also be complementary 
to size measurement by DLS method. Samples were 

prepared by a proper dilution of the optimum formula 
using water. A tiny amount of the sample solution 

was put on carbon coated copper grid and allowed to 
evaporate at ambient temperature. Measurement 

was conducted in vacuum conditions and read at 

appropriate magnification. 
 

FTIR analysis was conducted to measure and study 
the possible interaction between components of 

nanoparticles. This can also be useful to make sure 

whether the obtained nanoparticles contain each 
component involved in the formation. For this, a 

Thermo-Nicolet iS 10 FTIR instrument equipped with 
a deuterated triglycines sulfate detector was used. A 

tiny amount of each pure CH, AG and TM powder and 

freeze-dried TMNP were milled with KBr powder to 
form a pellets and spectra were recorded between 

4000 to 400 cm -1. 
 

Entrapment or encapsulation efficiency (%EE) was 

determined indirectly, in which the encapsulated 
drug can be hypothetically determined by measuring 

the concentration of free drug in the formula. In 
order to find the concentration of the free drugs, 

samples were first transferred into a 100 kDa MWCO 
ultrafiltration tube (Sartorius, Germany). The tube 

was later centrifuged at 2000 rpm until filtrate was 

separated and collected to be transferred into a 
different vial. The filtrate was mixed with mobile 

phase to reach proper dilution and filtered with 0.45 
micron syringe filters and injected into an HPLC 

instrument with UV detectors. The HPLC system was 

run on Shimadzu LC-2050C instrument equipped 
with PDA detectors, using Phenomenex C18 (250 x 

4,6 mm; 5 µm) column. A 20 µL diluted sample was 
injected to HPLC system using acetate buffer pH 

3,5/acetonitrile 80:20 as mobile phase, 1 mL/min 
flow rate, and detection wavelength at 297 nm. All 

the measurements were done in triplicate and results 

were expressed in ± standard deviation. The result 
was marked as free drugs concentration in each 

formula and % Entrapment efficiency was calculated 
according to formula: 

 

% 𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔−𝐹𝑟𝑒𝑒 𝑑𝑟𝑢𝑔 

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 
 𝑥 100 %     (1) 

 

2.2.4. Ex-vivo permeation study 
To investigate the efficacy of the nano-formulation in 

facilitating the delivery of timolol maleate across the 
skin, a permeation study was conducted utilizing the 

PermeGear ILC07 automated diffusion system 

instrument (PermeGear, USA). The utilization of rat 
skin as a membrane barrier involved the collection of 

samples from euthanized animals, following the 
clearance of the Ethical Committee of the Faculty of 

Veterinary Medicine at Gadjah Mada University (EC 
no 72/EC-FKH/Eks./2023). The obtained skin was 

stretched onto a surgical tray, and the fat tissue was 

meticulously separated by the use of a scalpel and 
surgical blade. Subsequently, the skin was firmly 

affixed to the membrane bed, featuring a circular 
diffusion area of 1 cm in diameter. Clamping secured 

the attachment, orienting the stratum corneum 

towards the donor compartment. The receptor 
compartment was filled with a phosphate buffer 

solution at a constant flow rate, maintaining a pH of 
5.5 and temperature at 32 ± 1 ºC. Prior to 

commencing the test, a 15-minute period was 
allocated for the purpose of running the instrument, 

so ensuring the saturation of the skin with a buffer 

solution. Subsequently, a series of samples (0.5 mL, 
200 μg/mL) were subjected to exposure within the 

donor compartment, initiating the test at a time 
interval of 6 hours. A volume of 2.4 mL of the sample 

was collected at regular intervals of 30 minutes. 

Subsequently, the collected sample was diluted using 
the mobile phase, followed by filtration using a 

syringe filter with a pore size of 0.45 microns. Finally, 
the filtered sample was introduced into the High-

Performance Liquid Chromatography (HPLC) system. 

The HPLC equipment was operated using identical 
parameters as those employed in the encapsulation 

efficiency assessment and has been verified to 
ensure the reliability. The data were subjected to 

analysis by producing a curve that depicted the 
accumulation of drugs per unit area as a function of 

time (18). The values of the steady state or 

maximum flux (Jss) and the lag time (Tlag) were 
determined by calculating the slope and x-intercept, 

respectively, from the linear section of the plot. All 
study were done in triplicate and data were served 

as mean ± standard deviation (SD). Statistical 

significance was determined by two sample T-test 
with P value < 0.05 was considered statistically 

significant. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Orientation and Optimization 

Timolol maleate nanoparticles (TMNP) were prepared 
using ionic gelation technique. In this method, 

nanoparticles are theoretically self-assembled due to 
ionic interaction between components with opposite 

charges, which in this case are CH and AG. This 
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technology has been utilized in the production of 

polymeric nanoparticles since it is simple and safe for 
the environment (19). An orientation study was 

conducted prior to optimization process to simplify 
the search for optimum concentration range in which 

nanoparticle was formed. This step was done by 

mixing CH and AG solutions in several variations of 
concentration. An acidic aqueous medium was used 

where the acetyl groups in chitosan’s structure and 
the carboxylate groups of acacia gum are protonated 

and deprotonated subsequently to make sure the 

interaction (20). Furthermore, this state was 
maintained by the use of acetate buffer medium to 

avoid any pH change. The medium was adjusted to a 
pH of 5 so that it would be suitable for its intended 

purpose while avoiding any irritation to the skin's 
structure. 

 

In the orientation study, nanoparticles were formed 
in a size of 125.9 to 256.0 nm with PDI between 

0.071 and 0.420 (supplementary data). A visually 
good and desired result of nanoparticle 

characteristics was seen between the use of CH (0.2-

0.4%) and AG (0.02-0.08%). On the contrary, the 

use of more than 0.4% CH in all ranges of AG 

resulted in undesirable characteristics such as more 
turbid solutions with higher size and/or 

polydispersity index results. It was also worth 
mentioning that the results became less predictable 

in that range of concentrations, making it much more 

difficult to control the outcome of the synthesis. It 
was concluded that increasing the concentration of 

CH in a formula produced lower-sized nanoparticles 
if the concentration of AG was fixed. This result was 

due to the formation of a more compact and enclosed 

structure being formed as CH more available. On the 
other hand, the higher the concentration of AG the 

bigger the size of the nanoparticle being produced. 
The reason behind this was because AG as a cross-

linker with negative charge tend to be attached in the 
Np’s surface when CH as a counter charge was no 

more available and apparently this could lead to a 

bigger size to be formed or trigger aggregation. As 
an outcome of this preliminary study, a range of 0.1 

to 0.4% and 0.02 to 0.06 % for CH and AG 
subsequently were chosen to be the lower and upper 

limit working concentration on the next optimization 

step. 
 

Table 1: Detailed characteristics (Size, polydispersity index (PDI) and zeta potentials (ZP)) of eleven 

formulas with different combination of chitosan (CH) and acacia gum (AG) in optimization process, n=3. 

Formula  
code 

Components (%w/v) Characteristics 

CH  AG TM  Size (nm) PDI Zp (mV) 

F1 0.4 0.02 

0.1 

172.6 ± 1.131 0.273 ± 0.003 34.1 ± 3.30 
F2 0.34 0.08 210.9 ± 1.947 0.137 ± 0.032 39.0 ± 1.27 

F3 0.355 0.065 204.3 ± 3.972 0.154 ± 0.004 35.9 ± 2.65 

F4 0.4 0.02 175.3 ± 6.647 0.292 ± 0.004 31.0 ± 0.21 
F5 0.37 0.05 196.8 ± 1.344 0.188 ± 0.007 40.5 ± 1.41 

F6 0.4 0.02 177.8 ± 0.141 0.252 ± 0.022 34.6 ± 0.98 
F7 0.37 0.05 194.1 ± 1.698 0.168 ± 0.004 39.3 ± 1.07 

F8 0.385 0.035 189.2 ± 1.935 0.209 ± 0.024 35.5 ± 3.56 

F9 0.34 0.08 210.8 ± 2.344 0.124 ± 0.009 40.7 ± 0.65 
F10 0.37 0.05 194.3 ± 1.710 0.162 ± 0.018 38.3 ± 0.30 

F11 0.34 0.08 211.6 ± 2.192 0.128 ± 0.029 39.7 ± 1.63 

 

In the next step, the obtained lower and upper limits 
of concentration were used to find the optimum 

formula and to study the effect of each polymer in 
the formation of nanoparticles. A total of eleven 

formulas were determined by the Design-Expert 
software (Version 11, Stat-Ease Inc., MN, USA) with 

characteristics after synthesis, as shown in Table 1. 

A specific criterion was used to determine the most 
suitable formula: the lowest size and in-range PDI 

and zeta potential values were expected. Size was 
considered to be of a higher importance factor since, 

hypothetically, the lower the size, the better the 

penetration. Regarding the PDI and zeta potentials, 
it could be inferred that the optimal formula can be 

attained when both variables fall within their 
acceptable range values. The particle size (PS) 

values were obtained in nanometer range (172.6 ± 
1.131 – 211.6 ± 2.192 nm) as seen in Table 1. 

Adequate precession was 37.96 with adjusted R2 
(0.9770) was in reasonable agreement with 

predicted R2 (0.9684). A linear relationship was built 
with calculated equation for the PS analysis as seen 

on equation 1. Positive estimations of X1 (CH) and 
X2 (AG) suggested a rise in PS when CH and AG 

concentrations increased. It was also confirmed with 

the calculated equation that AG possessed much 
stronger effect on producing bigger size value than 

CH. The contour plot (Figure 1(a)) demonstrates that 
the incorporation of different polymer percentages 

has a direct effect on PS value. Greater CH 

concentrations yielded lower PS values, whereas 
higher AG concentrations tended to level up PS 

values, as determined by preliminary research. 
 

PS= 392.38484 .X1 + 982.89766 .X2  (2) 

 



Sulaiman M et al. JOTCSA. 2025; 12(2): 117-128  RESEARCH ARTICLE 

121 

 

Figure 1: Result on chitosan and acacia gum (CH/AG) mixture at different concentration contour plot 

graph; Size (a), PDI (b) and Zeta potentials (c). 

 
PDI analysis showed a good polydispersity value 

(0.124 ± 0.012 – 0.292 ± 0.004) as depicted in Table 
1, meaning that the resulting eleven formulas were 

nearly uniform in size. Adequate precession was 

20.05, and adjusted R2 (0.9490) was in reasonable 
agreement with predicted R2 (0.9187). Positive 

estimates of X1 and X2 indicated an increase in PDI 
as the amounts of CH and AG increased, while the 

interaction of both components tended to lower the 
PDI value. This conclusion is true because the 

interaction of two polymers with different charges 

tends to produce a more compact and homogenous 
nanoparticle structure. A quadratic relationship 

between polymer ratio and PDI was seen in equation 
2. From the calculated equation, it can be concluded 

that AG possessed a stronger effect on producing a 

higher PDI value than CH and interaction between 
the two would lower PDI value. The contour plot 

depicted in Figure 1(b) illustrates the relationship 
between the inclusion of varying polymer fractions 

and the resulting impact on the PDI value. 
Preliminary step findings indicate that an increase in 

CH concentrations resulted in higher PDI values, 

while higher AG concentrations were seen to have a 
tendency to decrease PDI values. The accuracy of 

this outcome can be attributed to the pivotal role 
played by AG as the decisive factor in the enhanced 

production of nanoparticles. 

 
PDI= 0.872862 .X1 + 8.36675 .X2-30.70205 X1.X2

 (3) 
 

Zeta potential measurement results can be observed 
in Table 1 where all the formulas showed varied 

positive charges (between 30.8 ± 1.00 and 40.7 ± 

0.656 mV). These results were reasonable since CH 
dominates the charge of the formed nanoparticles. 

Adequate precession was 8.5063, and adjusted R2 

(0.5824) was in reasonable agreement with 
predicted R2 (0.4713). The calculated linear equation 

was built for the particle size analysis, as seen in 
equation 3, and it should be highlighted that the 

interaction of both polymers resulted in a reduction 
in the positive charge of the nanoparticle core. The 

results were much more complicated when different 

combinations of CH and AG were being used, as 
observed in Figure 1(c). The resultant charge tends 

to rise and fall depending on the ratio between the 
two polymers, although all formulas possessed an 

acceptable range of surface charge. 

 
ZP= 79.29260 .X1-178.34388 .X2  (4) 

 
The results of the optimum formula prediction from 

the software yield one solution with concentrations 
of 0.4 and 0.02% (w/v) for CH and AG, respectively, 

and a desirability value of 0.897. The formula that 

demonstrates the highest level of efficiency was 
expected to yield a particle size (PS) value of 

176.612 nm, a polydispersity index (PDI) of 0.271, 
and a zeta potential of 34.084 mV. The model's 

validity was confirmed through six replicated 

confirmation attempts of nanoparticle production, 
resulting in an average size of 175.417 ± 3.144 nm, 

a PDI of 0.346 ± 0.031, and a ZP of 31.95 ± 1.09 
mV. 
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Figure 2: Graph depicting the correlation among polymer ratio, size, and transmittance during the 

optimization phase. 

 
Visual observation showed a distinct dispersion of 

nanoparticles without sedimentation (data not 
shown). This outcome is attributable to the 

comparatively small amount and size of 

nanoparticles produced, rendering them invisible to 
the naked eye. Consequently, alongside ocular 

observation, transmittance values were obtained 
utilizing a spectrophotometer within the visible 

wavelength range of 650 nm. This measurement 
aims to guarantee the formation of particles in 

the carrier solution, as a theoretically clear and 

particle-free solution should yield a transmittance 
value approaching 100%, allowing nearly all light to 

pass through the examined solvent layer. The 
transmittance values measured using a 

spectrophotometer on nanoparticle samples 

including various polymer combinations are 
illustrated in Figure 2. The results indicate that the 

formation of nanoparticles is characterized by a 
transmittance value of less than 100%. Moreover, a 

reduced concentration ratio of CH/GA corresponds to 
a lower transmittance value. This can possibly be 

regarded as a consequence of the increased 

production of nanoparticles. The results indicate that 
GA is a significant variable in nanoparticle formation, 

as it serves as a cross-linker that interlinks the CH 
polymer framework, facilitating the creation of 

nanoparticles. Furthermore, a negative relationship 

exists between the size of the produced nanoparticles 
and the transmittance value; specifically, smaller 

particle sizes correspond to elevated transmittance 
values, a phenomenon that can be elucidated by a 

comparable premise. 
 

Both the material and methods employed in this 

research offered several advantages. Chitosan and 
acacia gum in this study are both water-soluble 

polymers which come from natural sources; hence, 
they are much more economical and sustainable 

compared to other materials. Ionic gelation relies 

only on simple stirring while also avoiding the use of 

toxic organic solvents, making it known for its ease, 

cheapness and reproducibility in controlling the 
desired nanoparticle characteristics. The pH range 

selected was about 5 because at pH levels below 3.5, 

the carboxylic groups of GA became protonated, 
which inhibited the ionic interactions with CH. On the 

other hand, at pH values above 6.0, close to its pKa, 
the degree of ionization of Chitosan and its solubility 

dropped (20). In this study, chitosan and acacia gum 
were first dissolved in acetate buffer to minimize the 

pH change during mixing and storing since acidity 

has a direct effect on the formation of stable chitosan 
nanoparticles. Moreover, the slightly acidic pH is 

considered safe and compatible to the natural 
characteristic of human skin (21). 

 

3.2. Formula Characterization 
3.2.1. Size and morphology 

In the beginning step of measurements using particle 
size analyzer, samples were first mixed with their 

medium (1:100) to reach proper dilution. An acetate 
buffer with pH 5 was the actual medium of the 

nanoparticles and has been chosen to dilute the 

samples; hence, the affecting factors, such as a 
change in medium viscosity or ionization can be 

neglected. After the dilution, samples were put in a 
glass cuvette and measured. The size distribution 

was obtained and serves as intensity distribution 

curve, as observed in Figure 3 (a). In addition, the 
zeta potential graph exhibits a single peak with a 

narrow band, as seen in Figure 3 (b) which showed 
ZP value for one of the samples during the 

optimization process was found to be +34 mV. 
Adequate stability can be attained, which was 

supported by the optimal ZP value. This result can 

later be compared with TEM result. As shown in 
Figure 4, the morphological properties of the 

optimized formula were studied using TEM and the 
photographic view revealed almost spherical 

particles. The surface of these vesicles looked to be 

smooth, non-aggregated, and evenly scattered. The 
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results suggested that such simple synthesis and 

interaction of two polymers can also creates 
formation of stable nanoparticles with spherical 

properties. The TEM micrograph and Zetasizer 
measurements were in good agreement regarding 

the mean particle size. As indicated previously, the 

reported PS was less than 200 nm, which may 
theoretically achieve good skin penetration and reach 

the dermis, where IH typically emerges. The dilution 
step prior to measurement is crucial since DLS 

method is based on measurement of particles 

Brownian motion, so it is sensitive to factors affecting 
the Brownian motion. A very dense particles in its 

medium can not move freely, thus rated as having a 
bigger size than the actual size. This can lead to false 

measurement. This is also applied to aggregated 

particles. Moreover, as previously explained, the 
formation of a more numerous and uniform particle 

population results in a lower PDI value when more 
AG is present. 

 

 
Figure3: Example of Particle size distribution (a) and zeta potential distribution (b) measurement of TMNP 

formula. 

 

 
Figure 4: TEM micrograph of optimized formula (TMNP). The morphological properties showed smooth 

surface and evenly scattered particles with size under 200 nm. 
 

Size is the most unique and important characteristic 

that defines nanoparticles compared to other 
delivery systems. Together with its distribution, they 

both can be determined using dynamic light 
scattering (DLS) method, which is a principal method 

employed by particle size analyzer instruments. DLS 

method collects signals, which are fluctuations of 
scattering light that happen upon collision between 

projected light and Brownian moving particles. The 
signals then transformed mathematically to produce 

a prediction size of the particle being measured. This 
definitive size is called hydrodynamic size, which 

represent hypothetical size of a spherical particle that 

has the same Brownian motion as the particle being 
measured (22). That is why results from DLS method 

are sometimes compared to other methods, such as 
photography method using Transmission Electron 

Micrograph (TEM) technique, to ensure the accuracy 

of the measurement. As for zeta potentials, PSA 
instrument works based on the measurement of 

particles’ mobility in the event of electric current. In 
brief, this motion is depicting the surface charge of a 

nanoparticle and is affected by several factors such 

as charge of the inner core, ionization of the medium 
and attached constituent on nanoparticle’s surface 

(23). As a result, zeta potential is a net charge 
measured as a resultant of those affecting factors. 

This theory confirms the result in this study where all 

the zeta potential were in positive value due to CH 
existence in the core and tend to be lower when more 

negatively charge AG entangled in the surface of the 
TMNP. Moreover, the use of acetate buffers as a 

medium negated the change of TMNP environment 
that can trigger different particle movements. 

 

3.2.2. FTIR analysis 
Each individual component of nanoparticles and 

TMNP formula itself were analyzed for their structural 
and possible interactions in nanoparticle formation 

(Figure 5). Chitosan (CH) powder showed the 

characteristics of symmetric vibrational bands of -OH 
and -NH groups at 3376 cm -1. The bands at 2920   

cm -1 and 2878 cm -1 represented C-H stretching 
vibrations. Since chitosan is not usually fully 
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deacetylated, there was still a band at 1654 cm -1 for 

the stretching vibrations of C=O (Amide I) followed 
by the presence of 1598 cm -1 band for N-H bending 

vibration (Amide II). Moreover, stretching vibration 
of C-O-C in chitosan structure were represented by 

bands 1077 and 1030 cm -1. This result is in 

correspondence with another study (24). The acacia 
gum (AG) spectrum showed a typical band at 3398 

cm -1 that corresponded to O-H stretching vibration of 
glycosidic ring, while the band at 2932 cm -1 showed 

the C-H stretching. The C-O stretching vibration of 

primary alcohol was present at 1070 cm -1. This 
finding is further corroborated by the outcomes of 

prior studies conducted by other researchers (25). 
The CH-AG mixture compounds exhibited a peak at 

3419 cm -1, which can be attributed to the stretching 

vibration of overlapping -NH2 and -OH groups. 
Analysis on the CH-AG ionic interaction showed a 

considerable shift in the carbonyl-amide area due to 
the interaction of both biopolymers. The N-H bending 

vibration of -NH3
+ groups (band at 1598 cm -1) and 

the asymmetric and symmetric -COO stretching 
vibrations at 1608 cm -1 and 1420 cm-1, respectively, 

were slightly shifted to 1567 cm -1 and 1414 cm -1, 
suggesting the presence of electrostatic interaction 

between the amine groups of CH and carboxyl groups 

of AG. Additionally, the C-N stretching vibration 
(band at 1154 cm -1) was present but slightly shifted 

to 1152 cm -1. This finding was also documented in 
other research publications (26). 

 

 
Figure 5: Infra red spectrum analysis of nanoparticles (TMNP) and constituents (CH: chitosan, AG: acacia 

gum, BN: blank nanoparticle, TM: timolol maleate) 

 
The spectrum of pristine timolol maleate (TM) 

showed a characteristic broad band of N-H stretching 
vibration at 3310 cm -1 from the secondary amine 

group. The two weak broad bands at 3046 and 2966 

cm -1 confirmed the presence of secondary alcohol’s 
O-H stretching. Peaks at 2910 and 2853 cm-1 

belonged to aliphatic C-H stretching vibration. A 
strong peak at 1705 cm -1 belonged to C=O stretching 

vibration of the aliphatic carbonyl group of maleic 
acid. C=N stretching vibration of imine group was 

observed by the presence of a peak at 1620 cm -1.   

N-H bending vibration of the secondary amine 
appeared at 1496 cm -1. A peak appeared at 1229  

cm -1 belonged to C-N stretching vibration of the 
secondary amine, while 1202 and 1120 cm-1 

corresponded to C-O stretching vibration of vinyl 

ether and secondary alcohol, respectively. Those 
peaks can also be observed and is comparable to that 

in several literatures (27). The IR spectra of the 
TMNP formula, which is a combination of all the 

analyzed components, exhibits characteristic bands 

that are also observed in the individual constituent 
molecules. In summary, the characteristic bands of 

CH and AG, which indicate the presence of 

overlapping O-H and N-H stretching vibrations, were 
observed at 3407 cm -1. Additionally, a band at 2925 

cm -1, corresponding to C-H stretching vibrations of 
polysaccharide components, was observed due to the 

presence of both polymers. The presence of the C=N 
stretching vibration of the imine group in the TM 

structure was confirmed by a shift at 1628 cm -1, 

compared to the previous value of 1620 cm -1. The   
C-N stretching vibration of the secondary amine 

groups was observed at 1230 cm -1, which is a shift 
from the previous value of from 1229 cm -1. In 

addition, TMNP exhibited a band at 1071 cm -1, 

indicating the stretching vibration of the C-O bond in 
the -OH group of both CH and AG structures. 

 
 



Sulaiman M et al. JOTCSA. 2025; 12(2): 117-128  RESEARCH ARTICLE 

125 

3.3. Stability on Cold Temperature Storage 

Throughout this research, the nanoparticle 
preparations under investigation were held at low 

temperatures, and simple stability testing was 
conducted to establish whether they were 

appropriate for future study. Table II displays the 

test results, based solely on two samples. The table 

shows that the characteristics of the nanoparticles 
held in the cooler (4 ºC) were similar to those of the 

freshly synthesized samples even after up to three 
months of storage (P value > 0.05). 

 
Table 2: Detailed characteristics (size, polydispersity index (PDI) and zeta potentials (ZP)) of samples after 

3 month 4 ºC storage. 

Samples 
Size (nm) PDI ZP (mV) 

Initial  3 months Initial 3 months Initial 3 months 

TMNP 1 173.7±1.021 174.9±4.743 0.284 ±0.031 0.329±0.064 30.4±1.93 29.9±5.44 

TMNP 5 197.4±1.401 199.2±12.89 0.175±0.008 0.220±0.104 40.5±1.41 39.7±1.63 

 
3.4. Entrapment Efficiency 

In this study, the determination of %EE was 

conducted indirectly by measuring free 
(unentrapped) drug centrifugation technique. The 

process of isolating unbound drug molecules from 
nanoparticles is a pivotal stage in the calculation of 

the percentage encapsulation efficiency. The dialysis 

method employing a semi-permeable membrane and 
the centrifugation method utilizing a specific force 

are the two most commonly employed approaches. 
The dialysis method is characterized by a significant 

time requirement, whereas the centrifugation 
method carries the inherent danger of compromising 

nanoparticle stability and promoting drug leakage 

during the procedure. This work used a Vivaspin 
(Sartorius, Germany) porous tube with a pore size of 

100 kDa to facilitate the utilization of low-speed 
centrifugation and reduce errors. The HPLC method 

employed in this study has undergone validation and 

demonstrated its selectivity, accuracy, and precision 
in quantifying the content of timolol maleate in our 

nanoparticle samples. Once the free drug has been 
meticulously extracted from the nanoparticle 

suspension and appropriately prepared before being 
introduced into the High-Performance Liquid 

Chromatography (HPLC) system, the concentration 

of the free drug may be determined by analyzing the 
collected samples. The %EE value for the optimal 

formula was determined to be 17.41 ± 0.015 % 
based on calculations utilizing the previously stated 

equation. 

 
 

3.5. Ex-vivo Penetration Study 

In many penetration studies, artificial membranes 

are frequently employed as substitutes for human 
skin in penetration tests, mostly driven by ethical 

considerations. In contrast, several animal models 
have been proposed as potential substitutes for 

human skin, encompassing porcine (28), rodent 

(29), guinea pig, and snake shading skin (30). 
Nevertheless, these choices present a limitation in 

relation to the anticipated variation in barrier 
composition (18). In this study, the ability of polymer 

nanoparticles to assist timolol maleate penetration 
was assessed using animal skin (Sprague Dawley 

rat). The percutaneous penetration profile of timolol 

maleate in nano-formulation (TMNP) and in solution 
(TMS) are depicted in Figure 6(a). The figure 

illustrates that the permeation of TM in nanoparticle 
group was always greater than that of the naked TM 

group. It is noteworthy that the disparity in the 

buildup of permeant became more apparent after a 
period of 2 hours until the end of the experiment. 

Moreover, Figure 6(b) clearly illustrates that the 
nanoparticle group exhibits a higher percentage of 

drug penetration at the end of experiment. However, 
the statistical analysis indicated that there were no 

significant differences between the two groups. This 

is likely because the test animals were inherently 
diverse, leading to a wide range of data for each 

replicate. Nevertheless, this outcome serves as 
evidence that the benefits of chitosan as a 

permeation enhancer, particularly in nanoparticle 

form, significantly contribute to the increased 
penetration of TM. 

 

 
Figure 6: Rat skin penetration profile of timolol maleate nanoparticle (TMNP) and solution (TMS) (a), total 

penetration served as % dose between TMNP (mean = 1.67 ± 0.58 %) and TMS (mean = 1.12 ± 0.55 &) 
(b). Data were collected in triplicate and served as mean ± SD. 
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Timolol maleate, a type of beta blocker, is considered 
less suited for topical and transdermal application 

compared to other beta blockers like propranolol and 
betaxolol (31). A previous experiment has examined 

the permeation of timolol into human skin using a 

concentration of 10 mg/mL of timolol maleate. These 
experiments revealed a minimal penetration rate 

(1.06 +/- 0.75%) throughout a 4-hour testing 
period. In addition, the utilization of various 

permeation enhancers has the potential to 

significantly increase the absorption of timolol 
maleate into the epidermis, resulting in a rise from 

around one percent to multiple times that quantity 
throughout the 24-hour testing duration (32). In this 

study, chitosan was utilized as a delivery agent with 
permeation-enhancing properties. In recent years, 

significant research has been performed to evaluate 

the capacity of chitosan and its derivatives to 
improve permeability. This is accomplished through 

the use of both bio-adhesion and a transitory rupture 
of the cellular membrane's tight junctions. Chitosan's 

cationic nature enables its interaction with the 

anionic tight junctions of dermal cells, resulting in 
pore dilatation (33). 

 

Table 3 displays the measured values for flux and lag 
time of the study. Although the statistical analysis 

does not show a significant difference between the 
results of the two samples, it is evident that the 

average lag time of the TMNP formula is smaller than 

that of TMS. The steady state flux value exclusively 
determines the rate at which the drug moves after it 

has reached a state of saturation in the skin layers, 
which may not vary significantly once the steady 

state has been attained. Nevertheless, the lag time 

value was greater in the TMNP formula, indicating the 
nanoparticle formula's capacity to enhance 

penetration. In combination with the shape of the 
penetration profile curve and the percentage of drug 

that was transported by the end of the study, it was 
evident that the nano-formulation improved the 

delivery of the drug. This study employed rat skin, 

which offers benefits such as comparable anatomical 
features to humans and cost-effectiveness and 

accessibility. Nevertheless, the permeability of 
mouse skin is comparatively greater than that of 

human skin so it would be good to conduct further 

studies using human skin as a comparison (34). 
 

 

Table 3: Flux (Jss) and lag-time values in timolol maleate penetration study across rat skin in nanoparticle 

formulation (TMNP) and basic solution (TMS). 

Formulation type Jss (ng/cm2.h-1) Lag time (h) 

 619.54 0.77 
TMNP 325.59 0.66 

 376.12 0.88 

Average 440.41 ± 157.17 0.77 ± 0.11 

 620.77 3.66 

TMS 166.33 0.68 

 295.89 1.28 

Average 360.69 ± 234.15 1.87 ± 1.58 

 

4. CONCLUSION 
 

This study demonstrates the successful synthesis of 
nanoparticles composed of chitosan and acacia gum, 

utilizing a straightforward technique that eliminates 

the need for toxic solvents. These nanoparticles were 
designed to serve as carriers for the drug timolol 

maleate, specifically for the topical treatment of 
infantile hemangioma. The effectiveness of this 

synthesis method was confirmed through various 

characterization techniques, which collectively 
provide consistent evidence. This study confirms the 

feasibility of using a safe biopolymeric incorporation 
for the treatment of infantile hemangioma, an illness 

that mostly affects a vulnerable group, mainly 
infants. Furthermore, the formula exhibits 

commendable stability for extended periods of 

storage and possesses an optimal size that facilitates 
both effective penetration and satisfactory retention 

inside the skin layer, so ensuring a safer therapeutic 
approach. The findings of this study provide evidence 

to endorse the utilization of natural components for 

enhancing nanotechnology's efficacy in addressing 
challenges related to medication delivery, 

particularly in the context of topical treatment for 
infantile hemangiomas. 
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Abstract: The main objective of this study is to propose standard analytical methods for the determination 

and comparison of plant-specific antioxidant components found in some herbal products (sold as dietary 

supplements). Numerous studies indicate that nutritional supplements can offer medical benefits due to their 
content of hydrophilic and lipophilic molecules as well as natural extracts or synthetic compounds with 
antioxidant properties. While these products are marketed as antioxidant boosters, there is a limited amount 
of data available on the antioxidant activity and bioactive compound content of commercially available 
formulations. Therefore, in our study, tablet and capsule forms of ground grape seed, rosemary, bitter melon, 
and ginkgo biloba plants containing polyphenol-type compounds known for their antioxidant properties were 
investigated. The total polyphenol contents (TPC) of these products were determined by the Folin-Ciocalteu 

method, and total antioxidant capacities (TACs) were determined by CUPRAC and ABTS methods. The HPLC 
system was used to detect and quantify the components responsible for antioxidant capacity, and the most 
appropriate chromatographic analysis methods were suggested for each sample. Total antioxidant capacity 
values as trolox (TR) equivalent (mmol TR/g) determined by CUPRAC and ABTS methods are 0.90 ± 0.07 
and 0.72 ± 0.17 for grape seed, 0.79 ± 0.05 and 0.41 ± 0.09 for rosemary, 0.08 ± 0.006 and 0.11 ± 0.05 
for bitter melon, 0.12 ± 0.01 and 0.14 ± 0.02 for ginkgo biloba, respectively. These findings were correlated 
with HPLC data, and components contributing to the antioxidant capacity were identified. 
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1. INTRODUCTION 
 
Food and good nutrition are the basis of human 
existence and healthy life (1,2). To live a quality life, 
the food we eat must have high nutritional quality. 

Recently, the consumption of commercially prepared 

and processed foods has become widespread 
because they are practical. These foods are exposed 
to physical and chemical transformations as a result 
of some processes (for example, refined sugar, bran-
free flour, skimmed milk, margarine, etc.). These 
operations mean that their important properties are 
lost. As a result, wrong eating habits develop in 

society, and accordingly, health problems caused by 
malnutrition appear. Because the basic substances 
the body needs (vitamins, proteins, carbohydrates, 
minerals, oils, etc.) can only be met by a sufficient 
and balanced diet (3,4). The opposite situation 
causes the immune system to weaken gradually. 

Numerous epidemiological and clinical studies link 
the consumption of antioxidant-rich fruits, 

vegetables, plant-based drinks, and whole grains 
with lower incidence and mortality rates of chronic 
diseases such as diabetes, atherosclerosis, 
rheumatoid arthritis, neurodegenerative and 
coronary diseases, and cancer (5-12). In addition to 

fruits and vegetables, herbs of no specific nutritional 

value can also constitute an important source of 
antioxidants (13-15). The term herb includes not 
only herbaceous plants but also the leaves, bark, 
roots, seeds, fruits, and flowers of shrubs and trees. 
There are also products called nutraceuticals, which 
are often mixed with dietary supplements. The term 
"nutraceutical" is derived from the words “nutrition” 

and “drug” and is used for nutritional products that 
are also used as medicine. Nutraceuticals include 
probiotic and prebiotic food substances and foods for 
special medical purposes, either individually or in 
combination. In contrast, dietary supplements 
include minerals, vitamins, protein supplements, 

functional foods, and herbal products, either 
individually or in combination. It is stated in the 
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literature that nutraceuticals and nutritional 
supplements are collectively referred to as dietary 
supplements (16,17). 

 
Due to the reasons we explained above and the 
environmental conditions, the decrease in the quality 
of most of the foods consumed has caused 

consumers to turn to products sold under the name 
of dietary supplements to maintain a healthy life. 
Dietary supplements are used worldwide and 
represent a broad category of ingestible products 
that are distinguishable from conventional foods and 
drugs (4). These are not medical medicines; they are 

used extensively to support a healthy life and to 
compensate for some nutritional elements not taken 
enough by diet. The US Food and Drug 
Administration (FDA) states that dietary 
supplements are beneficial for a healthy diet. It has 
been reported that until relatively recently, limited 

scientific research has been done on dietary 

supplements, and there is not much information on 
this subject. The same authors also pointed out that 
the prevalence of supplement use has increased 
significantly in the last 20 years (18). Dietary 
supplements are prepared from different parts of a 
plant, have different compositions, and have 
different concentrations of bioactive compounds; 

hence, it is to be expected that they will vary widely 
in their antioxidant powers. There is no information 
about antioxidant activities on the label of herbal 
supplement products sold on the market. In addition, 
there are very few studies in the world literature to 
determine the antioxidant activities of these products 

(19-22). Since humans use these products to support 
natural antioxidant intake, their activities should be 

known and standardized. Therefore, manufacturers 
should use standard analytical methods to 
standardize their products and determine effective 
doses and their antioxidant capacity so that they can 
market their products with confidence. 

 
The dietary supplements we examined in our study 
were grape seed extract, rosemary, bitter melon, 
and ginkgo biloba, sold in capsule or tablet form. The 
grape seed extract is known as a powerful 
antioxidant that protects the body from premature 
aging and disease (23). Scientific studies have shown 

that the rosemary plant has antioxidant, 
antibacterial, antiviral, and immune system-
enhancing effects due to its compounds (24). It is 
known that some of the bioactive substances found 

in bitter melon have hypoglycemic, antiulcer, 
antioxidant, antibiotic, antidiabetic, anticarcinogenic, 

and antimutagenic activities that are proven by 
clinical studies (25). The use of ginkgo biloba 
products has become widespread all over the world 
due to the effects of their components on the brain 
vessels in situations such as age-related memory 
impairment and dementia (26). Commercial herbal 
products are in tablet or capsule form but are often 

not standardized, and quality can vary from 
manufacturer to manufacturer and batch to batch 
(27,28). Assessments of the safety, quality, and 
efficacy of nutrients and other bioactive compounds 
are needed to provide the scientific information that 
regulators need (28,29). Indeed, data on the 
antioxidant activity of products currently on the 

market are scarce. These are called antioxidant 
boosters while recommending, but their labels lack 
information on effective antioxidant capacity values. 

 
The main purpose of this study is to propose 
standard analytical methods to determine the 
originality and antioxidant capacities of selected 

dietary supplements, which are widely used for 
various reasons and are closely related to human 
health. Another purpose is to develop and apply 
chromatographic methods that will provide data that 
can be used to determine the bioactive components 
they contain and, thus, the effective dose to be used 

according to the needs of the person. Based on 
chromatographic data, plant-specific antioxidant 
components can be identified in plant products, and 
these can be compared with original plant samples. 
 
2. EXPERIMENTAL SECTION 

 

2.1. Chemicals and Instrumentation 
Trolox (TR), quercetin (QUE), rosmarinic acid (RA), 
flavone, apigenin (APG), luteolin (LUT), kaempferol 
(KAM), rutin (RUT), caffeic acid (CA), carnosol (CAR), 
carnosic acid (CRA), catechin (CAT) hydrate, 
epicatechin (ECAT), gallic acid (GA), chlorogenic acid 
(CLA), copper(II) sulfate pentahydrate, Folin–

Ciocalteu (FC) reagent, potassium sodium tartrate 
tetrahydrate (KNaC4H4O6.4H2O), neocuproin (2,9-
dimethyl-1,10-phenanthroline) (Nc), sodium 
hydroxide (NaOH), sodium chloride (NaCl), 
hydrochloric acid (HCl) (37%) were supplied from 
Sigma-Aldrich (Steinheim, Germany); procyanidin 

B2, resveratrol (RES), cyanidin (CYD) chloride, ABTS 
{2,2′-azino-bis(3-ethylbenzthiazolin-6-sulfonic 

acid)} from Fluka Chemie AG (Buchs, Switzerland); 
copper(II) chloride dihydrate (CuCl2.2H2O), ortho-
phosphoric acid (o-H3PO4), formic acid (HCOOH) 
from Merck KGaA (Darmstadt, Germany), 
ammonium acetate (NH4Ac), sodium carbonate 

(Na2CO3), potassium persulfate (K2S2O8), methanol 
(MeOH) (HPLC grade), ethanol (EtOH) (96%) from 
Honeywell Riedel-de Haën GmbH (Seelze, Germany). 
All chemicals used were of analytical reagent grade. 
 
The instruments and equipment used were as 
follows: Radwag WAS 220/X (Bracka Poland) 

analytical balance for weighing chemicals and real 
samples, Bandelin Sonorex model ultrasonic bath for 
preparation of solutions and extracts (Bandelin 
electronic GmbH & Co. KG, Berlin, Germany), IKA 

HB4 Basic brand water bath (IKA-Werke Gmbh & Co. 
KG, Staufen, Germany), Elektro-Mag vortex 

(İstanbul, Turkey), Millipore brand bidistilled water 
device (EMD Millipore Corp., Burlington, MA, USA), 
Varian Cary 100 UV-visible spectrophotometer for 
absorbance measurements (Varian, Inc., Palo Alto, 
CA, USA), PerkinElmer Series 200 UV-Vis. HPLC 
System (detector, pump, vacuum degasser) 
(Shelton, USA) for chromatographic analysis. 

 
 
2.2. Preparation of Solutions 
Trolox, luteolin, kaempferol, rutin, caffeic acid, 
quercetin, rosmarinic acid, carnosic acid, carnosol, 
flavone, gallic acid, procyanidin B2, and chlorogenic 
acid stock solutions were prepared in 80% (v/v) 
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MeOH; apigenin in 0.2 M ethanolic sodium hydroxide. 
Catechin, epicatechin, resveratrol, and cyanidin 
chloride stock solutions were prepared in 80% (v/v) 

MeOH containing 2% (v/v) HCl. All antioxidant 
solutions were stored at −20 °C. 
 
CUPRAC (Cupric Reducing Antioxidant Capacity) 

assay reagents; 1.0×10−2M CuCl2 solution was 
prepared by dissolving CuCl2·2H2O in water; 1.0 M 
ammonium acetate (NH4Ac) buffer (pH 7.0) was 
prepared from NH4Ac in water and 7. 5×10−3M 
neocuproine (Nc) solution was prepared daily by 
dissolving Nc in 96% ethanol (EtOH). 

 
ABTS (2,2′-azino-bis(3-ethylbenzthiazolin-6-sulfonic 
acid))/TEAC assay reagents; ABTS radical cation 

(ABTS+•) chromogenic reagent (7.0 mM) was 
prepared by dissolving this compound in water and 
adding K2S2O8 to this solution such that the final 

persulfate concentration in the mixture is 2.45 mM. 
The resulting solution was left to mature at room 

temperature in the dark for 12-16 h and then used 
for ABTS/TEAC assays. The reagent solution was 
diluted with EtOH at a volume ratio of 1:10 before 

use. 
 
Folin-Ciocalteu assay reagents; Lowry A solution: 2% 
(w/v) Na2CO3 was prepared in 0.1 M NaOH solution, 

Lowry B solution: 0.5 M CuSO4 was prepared in 1% 
(w/v) KNaC4H4O6 solution, Lowry C: 1 mL of Lowry B 
solution was added to 50 mL of Lowry A solution. 
 
2.3. Preparation of Dietary Supplement 
Products for Analysis 

2.3.1. Samples and extraction procedures 
Grape seed extract, rosemary, and ginkgo biloba 
samples, which are sold in capsule or tablet form, 
and bitter melon samples in paste form (dried and in 
capsules) were obtained from companies selling such 
products in İstanbul (Türkiye) (Fig. 1). 

 

 
Figure 1: Studied samples and their contents. 

 
Aqueous solutions of methanol at 80, 70, and 50% 
(v/v) concentrations were used as the possible 
solvent for the extraction of powdered rosemary and 
ginkgo biloba samples in capsule form. The paste 

content of the bitter melon capsule was cut into 
pieces with a plastic knife and then extracted with 
the same solvents at 65 °C. For grape seed extract, 
the same solvents were used to contain 1% (v/v) 
HCl. 0.5 or 1.0-gram amount of the powder samples 
were extracted in stoppered flasks placed in an 
ultrasonic bath first with 10 mL solvent for 30 min, 

then with added 10 mL solvent for 30 min, and finally 

with 5 more mL solvent for 30 min, in conclusion 
overall extraction taking 90 min. The extracts were 
first filtered through a filter paper, then through a 
GF/PET (glass fiber/polyethylene terephthalate) 

1.0/0.45 m microfilter, and analyzed. 
 
2.3.2. Hydrolysis of extract 
The hydrolysis of all glycosides to aglycones provides 

convenience for the quantitative determination of 
flavonoids in samples. For this reason, grape seed 
extract containing 80% (v/v) MeOH and 1% (v/v) 
HCl was adjusted to 50% (v/v) MeOH and 1.2 M HCl 
in the final volume and then heated under reflux at 
80 ºC for 4 h for hydrolysis (30). Extracts from other 

samples prepared with 80% (v/v) MeOH were diluted 

to 50% (v/v) MeOH. Hydrochloric acid was added to 
reach a final concentration of 1.2 M HCl, and the 
hydrolysis process was carried out as described 
above. At the end of the process, the resulting 

hydrolysates were filtered through a 1.0/0.45 μm 
GF/PET microfilter. The volumes of the filtered 
solutions were then adjusted with 50% (v/v) MeOH. 
 
2.4. Spectrophotometric Total Antioxidant 
Capacity Assays 
2.4.1. CUPRAC assay 

The CUPRAC method, as described by Apak et al. 

(31) was applied as follows: A mixture comprised of 
1 mL of 1.0×10−2 M CuCl2 solution, 1 mL of 1 M 
NH4Ac buffer at pH 7.0, and 1 mL of 7.5×10−3 M Nc 
solution was prepared, x mL sample solution and 
(1−x) mL distilled water were added, and well mixed 
(total volume: 4.0 mL). This final mixture in a 

stoppered test tube was stood at room temperature 
for 30 min. At the end of this period, the absorbance 
at 450 nm was measured against a reagent blank. 
This method was applied to the extracts and 
hydrolysate of the studied samples. The pH of the 
hydrolysate solution was first brought to pH 6.0 with 

the addition of NaOH solution, and then analysis was 
performed. 
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The total antioxidant capacity (TAC) values of the 
samples analyzed using this method were calculated 
as mmol TR/g of dry matter. 

 
2.4.2. ABTS/TEAC assay 
The blue-green solution prepared as described above 
was diluted 1:10 (v/v) with EtOH. The reference 

solution was prepared with diluted 1 mL of ABTS•+ 

solution and 4 mL of EtOH (total volume: 5.0 mL). 
The sample solutions were prepared as follows: x mL 
of extract, (4-x) mL of 80% (v/v) MeOH, and 1 mL 

of ABTS•+ solution. The absorbances of all solutions 
were recorded at 734 nm against EtOH at the end of 
the 6th min. (32) The absorbance of the reference 
diminished in the presence of antioxidants, the 

absorbance decrease (A) being proportional to 
antioxidant concentration. 
 
The total antioxidant capacity (TAC) values of the 

samples analyzed using this method were calculated 
as mmol TR/g of dry matter. 
 
2.5. Determination of Total Phenolic Content by 
Folin-Ciocalteu Assay 
According to the Folin-Ciocalteu (FC) method 

measuring total phenolic content (TPC), x mL of 
extract, (2-x) mL of distilled water, and 2.5 mL of 
Lowry C solution (the preparation is explained above) 
were added to a test tube. After 10 min, 0.25 mL FC 
reagent (diluted with water at a 1:3 (v/v) ratio) was 
added (total volume: 4.75 mL). The tubes were kept 
at room temperature for 30 min, and absorbance was 

measured at 750 nm against a reagent blank (33). 
 
The TPC values of the samples analyzed using this 

method were calculated as mmol GA/g of dry matter. 
 
2.6. Chromatographic Analyses 
Different gradient elution programs were modified 

for chromatographic analysis of the polyphenolic 
compounds found in the studied samples. The elution 
programs were formed using the ACE 5 C18 (25 cm 
× 4.6 mm, 5 µm particle size) HPLC column (ACE Ltd, 
Aberdeen, Scotland) and one of the suitable binary 
mobile phase systems (0.2% (v/v) formic acid and 

MeOH or 0.2% (v/v) o-H3PO4 and MeOH). 
 
The gradient elution program (I), which is modified 
for the analysis of grape seed capsule components 
and consisted of 0.2% formic acid (A) and MeOH (B) 
binary solvent system was applied as follows: initially 

and for 5 min 93% A, 10 min from 93% to 90% A 

(curve 6), 5 min from 90% to 87% A (curve 6), 5 
min from 87% to 82% A (curve 6), 15 min from 82% 
to 79% A (curve 10), 10 min from 79% to 76% A 
(curve 10), 6 min from 76% to 73% A (curve 10), 12 
min from 73% to 0% A (curve 10). Curve numbers 
in parentheses are the slope (change rate of solvent) 
codes of the Empower Software (Waters 

Corporation) program. The flow rate was 1 mL/min; 
analytical detection wavelengths were selected as 
280 and 520 nm. 
 
The gradient elution program (II), which is modified 
for the analysis of rosemary capsule components and 

consisted of 0.2% formic acid (A) and MeOH (B) 
binary solvent system was applied as follows: initially 

80% A, 3 min from 80% to 65% A (curve 6), 10 min 
from 65% to 50% A (curve 6), 15 min from 50% to 
40% A (curve 6), 10 min from 40% to 20% A (curve 

6), 15 min from 20% to 0% A (curve 10). The flow 
rate was 1 mL/min, and the analytical detection 
wavelength was selected as 280 nm. 
 

The gradient elution program (III), which is modified 
for the analysis of bitter melon capsule components 
and consisted of 0.2% o-H3PO4 (A) and MeOH (B) 
binary solvent system was applied as follows: initially 
and for 3 min 100% A, 17 min from 100% to 70% A 
(curve 6), 10 min from 70% to 45% A (curve 6), 10 

min from 45% to 0% A (curve 6). The flow rate was 
0.7 mL/min, and the analytical detection wavelength 
was selected as 320 nm. 
 
The gradient elution program (IV), which is modified 
for the analysis of ginkgo biloba capsule components 

and consisted of 0.2% o-H3PO4 (A) and MeOH (B) 

binary solvent system was applied as follows: initially 
and for 1 min 20% A, 3 min from 20% to 35% A 
(curve 6), 5 min from 35% to 45% A (curve 6), 12 
min from 45% to 50% A (curve 6), 3 min from 50% 
to 55% A (curve 6), 2 min from 55% to 60% A (curve 
6), 2 min from 60% to 80% A (curve 6), 13 min from 
80% to 100% A (curve 6). The flow rate was 1.0 

mL/min; analytical detection wavelengths were 
selected as 280 and 320 nm. 
 
In the HPLC analysis of studied sample extracts, 
retention times were compared with those of 
standards. Analysis results were evaluated according 

to the calibration graphs, which were drawn between 
peak areas and concentrations of standard 

compounds. 
 
2.7. Combined HPLC-CUPRAC and HPLC-ABTS 
Methods 
The contribution of the sample components 

determined by chromatographic analysis to the 
measured spectrophotometric total antioxidant 
capacity was calculated using the equation (1) (34-
36). In this equation, the component concentrations 
were multiplied by the TEAC (Trolox equivalent 
antioxidant capacity) coefficients determined by the 
spectrophotometric methods, and by summing these 

values, the theoretical TACs of the samples were 
calculated. As a result, HPLC–CUPRAC refers to the 
capacity calculated by multiplying the concentrations 
determined in HPLC by the TEAC coefficients of the 

CUPRAC method. 
 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑇𝐴𝐶 = ∑ 𝐶𝑖 (𝑇𝐸𝐴𝐶)𝑖  
𝑛
𝑖=1   (Eq. 1) 

 
Ci: concentration of ith component determined by 
HPLC; (TEAC)i: TEAC coefficient of ith component 
calculated by the selected TAC measurement method 
(i.e., CUPRAC and ABTS). 

 
 
 
 
2.8. Statistical Analysis 
Spectrophotometric assays were applied in three 
repetitions for each sample and standard. Descriptive 

statistical analyses were performed using Excel 
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software (Microsoft Office 2016) to calculate the 
mean and the standard error of the mean. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Sample Preparation and Selection of 
Suitable Solvent for Extraction 

The spectra of the extracts, which were prepared as 
specified in section 2.3.1 and diluted at appropriate 
rates, were taken in the range of 200-600 nm (the 
spectra were not given), and the solvent ratios that 
provided the highest extraction efficiency were 
determined. The most suitable solvents were 

determined according to spectra: 80% MeOH 

containing 1% (v/v) HCl for grape seeds sample and 
80% (v/v) MeOH for rosemary, bitter melon, and 
ginkgo biloba samples. 

 
3.2. The Results of Spectrophotometric 
Methods 
Since the results obtained by applying the 

spectrophotometric methods (CUPRAC, ABTS, and 
Folin-Ciocalteu) to the samples will be given as TR 
and GA equivalents, firstly, calibration graphs were 
created with the related standard compounds. Thus, 
molar absorption coefficients were calculated for 
each compound (Table 1). 

 
Table 1: Molar absorption coefficients of reference standard compounds used in spectrophotometric 

methods. 

Spectrophotometric 

method 

Reference standard 

compound 

Molar absorption 

coefficient (mol/L.cm) 

CUPRAC TR 1.67104 
ABTS/TEAC TR 2.60104 
Folin-Ciocalteu GA 6.10103 

 
According to the literature data, the compounds with 

antioxidant properties expected to be found in the 
highest amount in grape seeds are CAT, ECAT, GA, 
flavone, procyanidin B2, RES, and CYD (37). The 
main antioxidant compounds that are likely to be 
found in our other studied samples are; CA, RA, CAR, 
and CRA in rosemary (38); GA, CAT, CA, and CLA in 
bitter melon (39,40); RUT, LUT, KAM, APG, and QUE 

in ginkgo biloba (41,42). Using the standards of 
these substances, calibration graphs (drawn as 
absorbance vs molar concentration) were created 

with spectrophotometric total antioxidant capacity 

measurement methods (CUPRAC and ABTS), and the 

molar absorption coefficients of each compound were 
calculated. As a result, the molar absorption 
coefficients of tested compounds were divided into 
the molar absorption coefficient of standard 
reference TR, and the TEAC coefficient of each 
compound was calculated (Table 2). The TEAC 
coefficient expresses the mM concentration of the TR 

solution, which is equivalent to the activity of a 1 mM 
solution of the antioxidant compound whose reducing 
power is to be measured (43). 

 
Table 2: TEAC coefficients of antioxidants tested with CUPRAC and ABTS methods. 

Antioxidant TEACCUPRAC TEACABTS 

CAT 3.13 3.14 

ECAT 2.77 2.65 

GA 2.97 3.84 

Flavone 0.34 0.05 

Procyanidin B2 7.72 5.45 

RES 1.30 3.63 

CYD 1.04 1.18 

CA 3.00 1.39 

RA 5.40 5.65 

CAR 1.47 2.31 

CRA 2.16 1.09 

QUE 4.49 4.23 

RUT 2.99 3.15 

CLA 3.05 1.35 

APG 0.25 0.65 

LUT 2.83 1.58 

KAM 2.00 1.12 
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3.3. Total Phenolic Contents and Total 
Antioxidant Capacities of Samples 
The total antioxidant capacities of the sample 

extracts and their hydrolysates were determined 
spectrophotometrically using the CUPRAC and 
ABTS/TEAC methods. The total phenolic content of 
the same samples was determined using the Folin-

Ciocalteu method. All results are listed in Table 3. 
 
Although there are not many studies in the literature 
measuring the antioxidant activities of plant-based 
dietary supplements, when examining a few studies 
for this purpose, it has been found that DPPH (2,2-

diphenyl-1-picrylhydrazyl), FRAP (Ferric Reducing 
Antioxidant Capacity), ORAC (Oxygen Radical 
Absorbance Capacity) and HORAC (Hydroxyl Radical 
Antioxidant Capacity) methods are used (19-
21,40,44). Among these methods, ORAC and HORAC 
have a hydrogen atom transfer (HAT) mechanism, 

while FRAP and DPPH have a single electron transfer 

(SET) mechanism. The CUPRAC and ABTS methods 
used in our study are based on the SET mechanism. 
The main advantage of the CUPRAC method over 
other similar assays is that the reagent is more stable 
and easier to prepare than other chromogenic 
reagents (e.g., ABTS, DPPH). The TAC values of the 
antioxidants determined with CUPRAC are perfectly 

additive, i.e., the TAC of a mixture is equal to the 
sum of the TAC values of its components. The 
CUPRAC reagent is selective because it has a lower 
redox potential; accordingly, non-antioxidant 
reducing compounds, such as simple sugars and 
citric acid, are not oxidized with the CUPRAC reagent. 

The standard potential of the Cu(II, I)-Nc redox 
couple is about 0.6 V and thus close to that of 

ABTS•+/ABTS, i.e., 0.68 V (43). For this reason, ABTS 
was preferred as a comparison method. As can be 
seen in Table 3, the TAC values determined with both 
methods were close to each other. It can be seen 
that the highest TAC value among the analyzed 

products belongs to the acidic and non-acidic grape 
seed extracts. Özcan et al. (44) reported that the 
content of phenolic compounds in the skin and pulp 
of certain grape varieties grown in Turkey was lower 
than in the seeds. In this study, 15 mL of a methanol-
water-formic acid mixture (5:4.85:1.5, v/v) was 
added to approximately 2 g of a grape seed sample. 

The mixture was sonicated for 2 minutes. The sample 
was then centrifuged at 4500 rpm for 15 minutes. 
After centrifugation, 10 mL of n-hexane was added 
to the separated supernatant and mixed with a 

vortex mixer. The extract was then concentrated 
using a rotary evaporator at 50 °C. The resulting 

residue was dissolved in methanol, and analytical 
methods were applied. The TACs of the samples were 
evaluated using the DPPH assay, the TPCs were 
determined using the Folin-Ciocalteu assay, and the 
chromatographic analyses were performed using an 
HPLC system with a PDA detector. The determined 
TAC and TPC values of the grape seeds were between 

86.688-90.974% and 421.563-490.625 mg GAE/100 
g, respectively. The phenolic compounds of the grape 
seeds were determined to be significantly higher 
compared to the other parts of the grapes. The major 
phenolic compounds quantified were 1,2-
dihydroxybenzene, rutin, apigenin-7-glucoside, 
caffeic acid, (+)-catechin, gallic acid, quercetin, and 

resveratrol. The authors compared their results with 
those of similar studies and attributed the observed 
differences in the results to diversity, cultural factors, 

or analytical conditions. In a study by Krasteva et al. 
(45), the TPC, the compositions, and the antioxidant 
and antibacterial activities of four grape seed 
extracts (Cabernet Sauvignon, Marselan, Pinot Noir, 

and Tamyanka) were investigated. The antioxidant 
capacity of these extracts was analyzed using DPPH 
and ABTS assays. An HPLC system with a PDA 
detector was used for the chromatographic analysis 
of the extracts. The total phenol content was 
determined using the Folin-Ciocalteu assay. In this 

study, the samples were prepared as follows: 5 g of 
grape seed powder was mixed with 25 mL of 70% 
aqueous ethanol using a magnetic stirrer at a 
constant speed of 500 rpm at room temperature and 
pressure for 3 hours. This procedure was repeated 
twice, and the collected supernatants were 

centrifuged and concentrated to 1 mL in an 

evaporator. The total phenolic content of the extracts 
was determined in the range of 79.06–111.22 mg 
GAE/g DW. The total antioxidant capacity values of 
the same samples were determined in the range of 
245.60 ± 3.23 - 597.23 ± 4.12 (µM TE/g DW) using 
the DPPH assay and in the range of 1907.24 ± 9.56 
- 2273.92 ± 12.32 (µM TE/g DW) using the ABTS 

method. The differences between the results of the 
two assays were attributed to the different 
mechanisms used in the determination of antioxidant 
capacity. The components identified in the HPLC 
analysis of the same samples were gallic acid, gallic 
acid glucoside, (+)-catechin and (-)-epicatechin, 

procyanidins B1, B2, and B3, and procyanidin C1. 
The results of these two studies, which include 

analyses of grape seeds, are in close agreement with 
our findings on the phenolic compounds identified. 
The TEAC coefficient values of these components in 
Table 2 explain the high antioxidant capacities of the 
grape seed extracts. In addition, our results show 

that the grape seed extracts had the highest total 
phenolic component contents (Table 3). On the other 
hand, the values obtained with the ABTS method are 
relatively low compared to the results obtained with 
the CUPRAC method. This finding can be explained 
by the different responses of the components to 
these methods. Indeed, this is confirmed by the 

TEAC coefficients obtained (Table 2). The order of the 
other commercial products we examined according 
to their antioxidant capacity values from highest to 
lowest is rosemary > ginkgo biloba > bitter melon. 

This ranking also applies to the total phenolic 
content. The FC method is used to determine the 

total phenolic content of a sample, but it is not 
specific to phenolic compounds or antioxidants in 
general. This method suffers from several interfering 
substances (sugars, aromatic amines, sulfur dioxide, 
ascorbic acid, organic acids, Fe(II), etc.) (46). For 
this reason, the values obtained with this method are 
generally higher than the TAC values. 

 
The antioxidant activity of rosemary is mainly 
attributed to its phenolic compounds, particularly 
phenolic diterpenes such as carnosol, carnosic acid, 
rosmanol, epirosmanol, and isorosmanol. 
Additionally, rosmarinic acid, a caffeic acid ester, is 
also recognized as an important component of 
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rosemary due to its superior antioxidant properties 
(24,38). Olah et al. (47) conducted a study on the 
polyphenol content and antioxidant capacity of three 

different rosemary extracts prepared from both fresh 
and dried plants. The phenolic compounds in these 
samples were identified using thin-layer 
chromatography (TLC) and an HPLC system with a 

diode array detector (DAD). The polyphenols were 
determined using sodium molybdate reagent at 505 
nm, and the total antioxidant activity and capacity 
values were evaluated by DPPH, ABTS, FRAP, and 
CUPRAC assays. The analyzed extracts were 
prepared by cold extraction with 100 mL 70% EtOH 

(1:5 - dry plant: solvent) from dry and fresh plants. 
The TLC and HPLC analyses revealed that rosmarinic 
acid was the component with the highest 
concentration. The study showed that the total 
polyphenol content and rosmarinic acid content in 
the alcoholic extract of fresh plants were two to three 

times higher than in extracts from dried plants. From 

these results, the authors concluded that the drying 
process can lead to changes or degradation of the 
polyphenolic compounds. In this study, the high 
polyphenol content determined for the 
hydroalcoholic extract (0.601 mg/mL rosmarinic 
acid) was confirmed by the highest values 
determined for antioxidant activity. Namely, the IC50 

values of the DPPH and ABTS methods were 
determined as 39.1 µL and 7.7 µL, respectively, while 
the values determined as TE µM/100 mL for the FRAP 
and CUPRAC methods were 698 and 1947, 
respectively. 
 

The highest antioxidant capacity of rosemary 
capsules was also measured in our study using the 

CUPRAC method. 
 

The main phenolic components found in bitter melon 
extracts are gallic acid, epicatechin, chlorogenic acid, 
catechin, and gentisic acid (40,48,49). Anilakumar et 

al. (50) reported that the products of bitter melon 
fruit and seed extracts in capsule or tablet form are 
widely used in many countries. Still, the Food and 
Drug Administration has not evaluated these 

products, and they need further validation. Various 
products made from bitter melon (in the form of 
powder, paste, capsules, or tablets) are sold on the 
market and are widely used in our country. In our 
previously published study, the total phenolic content 
and antioxidant capacity of some commercial bitter 

melon products (powder, packaged powder, capsule, 
paste in olive oil) and of unripe and ripe fruits were 
determined spectrophotometrically (Folin-Ciocalteu, 
CUPRAC, and ABTS) and chromatographically (51). 
In this study, the bitter melon samples were 
extracted with 80% MeOH. In addition, most 

research studies on bitter melon have found EtOH, 

MeOH, or water to be suitable extraction agents (52-
54). In this study, the ranking of TAC (total 
antioxidant capacity) of the samples analyzed by 
CUPRAC and ABTS method was determined as 
follows: capsule (CUPRAC value, 140.8; ABTS/HRP 
value, 143.6 μmol TRE/g) > packaged powder 
(129.6; 126.1) > powder (52.3; 64.3) > unripe fruit 

(42.5; 36.3) > paste in olive oil (17.6; 14.4) > ripe 
fruit (8.7; 7.0). On the other hand, the order of 
phenolic content of the same samples was 
determined as follows: unripe fruit (193.2 μmol GAE 
(gallic acid equivalent)/g) > capsule (162.0) > 
packaged powder (160.6) > powder (83.6) > paste 

in olive oil (38.3) > ripe fruit (14.6) (51). The TAC 
and TPC values of the bitter melon extract examined 

in the present study (see Table 3) are also within the 
range of the values mentioned above. 

 
Table 3: The total antioxidant capacity (TAC) and total phenolic content (TPC) values of the examined 

samples were determined by spectrophotometric methods. 

Sample 
CUPRAC 
(mmol TR/g)a 

ABTS/TEAC 
(mmol TR/g)a 

TPC 
(mmol GA/g)a 

Grape seed extract 0.9100.070 0.7200.170 1.7100.470 

Grape seed extract hydrolysate 0.4200.030 0.3000.030 0.7400.150 

Acidic grape seed extract 1.2400.050 0.7100.210 2.0400.430 

Acidic grape seed extract hydrolysate 0.5700.030 0.3300.020 0.7600.220 

Rosemary extract 0.7900.050 0.4100.090 0.5500.130 

Rosemary extract hydrolysate 0.1800.030 0.1200.070 0.1600.040 

Bitter melon extract 0.0800.006 0.1100.050 0.2400.030 

Bitter melon extract hydrolysate 0.0700.010 0.0700.010 0.1500.040 

Ginkgo biloba extract 0.1200.008 0.1400.020 0.4000.160 

Ginkgo biloba extract hydrolysate 0.0500.002 0.0700.006 0.1600.040 

The results are presented as mean (n=3) ± standard deviation. 
 
The results of the CUPRAC and ABTS assays results 
showed that the antioxidant capacity values of the 
Ginkgo biloba extract were close to each other. In a 

study, the total phenolic content and antioxidant 
capacity (FRAP method) of Ginkgo biloba L. leaves 
and various commercial Ginkgo teas were 
determined and compared. For this purpose, 
different water extracts (infusions and decoctions) 
were prepared by varying the steeping, boiling, and 

infusion times, while an aqueous ethanolic extract 
(water/ethanol 80/20, v/v) was also prepared. It was 
found that the total phenolic content and FRAP values 

of the collected ginkgo leaves were similar to those 
of commercial ginkgo teas. Contrary to the 
preparation methods recommended by the 

manufacturers, decoction was found to be more 
effective than infusion in extracting the antioxidant 
compounds. It was also reported that aqueous 
ethanolic extracts had significantly higher total 
phenolic content and antioxidant capacity than water 
extracts. The phenolic concentrations of the water 

extracts ranged from 21.11 to 34.22 mg/g GAE for 
leaf samples and from 15.84 to 27.31 mg/g GAE for 
commercial teas. The phenolic content of the 
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aqueous ethanol extracts for the collected ginkgo leaf 
samples was 75.74 mg/g GAE, while these values for 
the commercial ginkgo teas ranged from 85.51 to 

98.28 mg/g GAE. It was found that the antioxidant 
capacity of the aqueous ethanol extracts of the 
ginkgo samples was about three times higher than 
that of the water extracts. FRAP values of the water 

extracts ranged from 16.68 to 31.91 mmol/g AAE for 
the collected leaf sample and from 14.10 to 31.34 
mmol/g AAE for the commercial teas. The antioxidant 
capacity of the aqueous ethanolic extracts was 69.12 
mmol/g AAE for the collected leaf sample, and its 
values ranged from 62.76 to 69.99 mmol/g AAE for 

commercial tea samples (55). Aybastier conducted a 
study on Ginkgo biloba samples available for sale in 
Türkiye, examining three different forms: medicine, 
food supplement, and leaf (56). The study involved 
the ultrasonic extraction of all three sample types in 
both acidic and non-acidic environments, and the 

antioxidant properties of the extracts were 

evaluated. The antioxidant capacities were measured 
using the ABTS method, while the total phenolic 
content was assessed using the Folin-Ciocalteu 
method. Additionally, HPLC was used to identify the 
antioxidant compounds present in the samples. In 
this study, the drug, Ginkgo biloba leaf, and food 
supplement products were each extracted using a 

60% methanol solution. For the acidic extraction, a 
60% methanol solution containing 2 M HCl was 
utilized. The extraction process was conducted in an 
ultrasonic bath at 50°C for 100 minutes. It has been 
stated that the extraction was also carried out in an 
acidic environment to facilitate the hydrolysis of 

antioxidant compounds in the glycoside structure 
and convert them into aglycones. It is known that a 

compound with a glycoside structure and its 
aglycone, which is formed through acidic hydrolysis, 
displays different antioxidant properties (57). The 
results indicated that the drug form exhibited 
superior antioxidant properties compared to both the 

food supplement and leaf forms. According to the 
Folin-Ciocalteu method, the total phenolic content of 
the drug sample was measured at 68.16 ± 1.83 mg 
GAE/g for the non-acidic extract and 80.27 ± 6.55 
mg GAE/g for the acidic extract. Additionally, the 
antioxidant capacity value for the same sample, 
determined using the ABTS method, was found to be 

59.75 ± 3.57 mg TE/g for the non-acidic extract and 
56.48 ± 8.66 mg TE/g for the acidic extract. As a 
result of HPLC analyses, rutin (quercetin-3-
rutinoside) was determined as the main phenolic 

substance in all extracts, while the others were 
protocatechuic acid, p-hydroxybenzoic acid, 

kaempferol-3-glucoside, kaempferol, and quercetin. 
The differences in antioxidant content among the 
Ginkgo biloba products studied can be attributed to 
several factors. First, the plants were sourced from 
different locations, which may have influenced their 
composition. Second, the methods used to prepare 
these products varied. Namely, the leaves were 

collected from the tree and dried; the dietary 
supplement was created by encapsulating the 
processed product; and the drug formulation 
underwent a standardized preparation method after 
verifying its composition. As a result, it was 
concluded that the most reliable form of Ginkgo 
biloba is the tablet sold as a pharmaceutical drug. 

3.4. Chromatographic Analysis 
In the chromatographic analysis of the studied 
samples, the phenolic compositions were determined 

by comparing the retention times of the standards 
and/or by adding standard solutions to the diluted 
sample extracts in an appropriate ratio. 
 

Compounds detected in the methanol extract of the 
grape seed sample at 280 nm include epicatechin, 
resveratrol, and flavone, while the hydrolysate 
contains catechin, procyanidin B2, and resveratrol. 
In the acidic methanol extract and hydrolysate of the 
same sample, catechin, gallic acid, and resveratrol 

were detected at 280 nm, along with cyanidin 
chloride at 520 nm. The extract prepared from the 
rosemary capsule contained caffeic acid, rosmarinic 
acid, carnosol, and carnosic acid, as determined by 
HPLC at 280 nm. The phenolic compounds identified 
in the other studied samples are as follows: in the 

bitter melon extract (at 320 nm), chlorogenic acid, 

rutin, and quercetin; in the ginkgo biloba extract (at 
340 nm), rutin, luteolin, kaempferol, apigenin, and 
quercetin. 
 
Calibration graphs were created using the standards 
of the relevant phenolic substances, and the findings 
are reported in Table 4. In the calibration equations 

provided in Table 4, y refers to the peak area, c to 
the concentration, and r to the correlation coefficient. 
The individual antioxidant concentrations of the 
studied samples were determined using calibration 
curves in HPLC. The recovery percentage values of 
the HPLC methods were assessed by adding standard 

antioxidant compounds to the sample extracts and 
hydrolysates. These values ranged from 94.6% to 

99.0% in grape seed extracts and hydrolysates, 
97.0% to 99.7% in rosemary extract, 95.2% to 
98.9% in bitter melon extract, and 92.0% to 99.8% 
in ginkgo biloba extracts. 
 

3.5. Theoretical TAC Values Determined by 
HPLC-CUPRAC and HPLC-ABTS Methods 
Concentration calculations for each component were 
conducted through chromatographic analysis, 
applying the calibration equations found in Table 4. 
The theoretical total antioxidant capacity (TAC) 
values for each sample were calculated using 

equation (1) from section 2.7. By leveraging the 
additivity property of TAC in complex samples, we 
determined the theoretical TAC by multiplying the 
concentration of each identified antioxidant by its 

corresponding Trolox Equivalent Antioxidant 
Capacity (TEAC) coefficient value, then summing all 

obtained values. The ratio of the theoretically 
calculated TAC values to those measured via 
spectrophotometric methods allowed us to assess 
the contribution of each component identified 
through chromatographic analysis to the overall 
antioxidant capacity. These contributions were 
expressed as percentages in parentheses in Table 5 

and were found to range from 33% to 57%. These 
results suggest that when the analytical standards 
for antioxidant compounds in similar plant-based 
products are available, it is feasible to accurately 
determine the contribution of each compound to the 
total antioxidant capacity through chromatographic 
analysis. 
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Table 4: Calibration equations, correlation coefficients, and linear ranges of some phenolic compounds 

determined from HPLC chromatograms. 

Phenolic 
compound 

Retention 
time (min) 

Detection 
wavelength 

(nm) 
Calibration equation r 

Linearity range 
(mol/L) 

GAa 6.0 280 y = 6.8109 c – 3.0104 0.9684 1.010-5–2.010-4 

CATa 27.5 280 y = 4.0108 c – 2.7103 0.9945 1.010-5–2.010-4 

ECATa 39.1 280 y = 9.0107 c – 5.6102 0.9987 1.010-5–2.010-4 

RESa 60.8 280 y = 8.2109 c – 5.0103 0.9765 1.010-5–2.010-4 

CYDa 61.5 520 y = 8.0109 c – 4.0104 0.9413 1.610-5–1.610-4 

Flavonea 64.1 280 y = 7.4109 c – 1.6104 0.9984 1.610-5–1.610-4 

Procyanidin B2a 32.0 280 y = 5.0108 c – 4.0102 0.9898 1.610-5–1.610-4 

CAb 9.0 280 y = 9.0108 c – 5.1104 0.9728 1.010-5–2.010-4 

RAb 14.2 280 y = 9.2108 c – 4.0103 0.9992 1.010-5–2.010-4 

CARb 39.8 280 y = 3.2108 c – 2.7103 0.9928 1.010-5–2.010-4 

CRAb 46.3 280 y = 1.4108 c – 2.2103 0.9824 1.010-5–2.010-4 

CLAc 25.9 320 y = 6.0109 c – 3.9104 0.9986 1.010-5–2.010-4 

RUTc 36.8 320 y = 7.0109 c – 3.2104 0.9958 1.010-5–2.010-4 

QUEc 44.7 320 y = 5.2109 c – 1.1104 0.999 1.010-5–2.010-4 

LUTd 20.8 340 y = 6.0109 c – 1.3104 0.9844 1.010-5–2.010-4 

KAMd 23.8 340 y = 7.2108 c – 2.1104 0.9830 1.010-5–2.010-4 

APGd 25.5 340 y = 6.4109 c – 2.1104 0.9749 1.010-5–2.010-4 

a, b, c, and d indicate that the chromatograms of these compounds were taken by gradient elution 
programs called I, II, III, and IV, respectively. 

 
Table 5: Theoretical total antioxidant capacity values (mmol TR/g) were determined by HPLC-CUPRAC and 

HPLC-ABTS methods. 

Sample 
HPLC-CUPRAC 

(mmol TR/g) 

HPLC-ABTS 

(mmol TR/g) 

Grape seed extract 0.42 (46%) 0.37 (51%) 

Grape seed extract hydrolysate 0.18 (43%) 0.11 (37%) 

Acidic grape seed extract 0.71 (57%) 0.34 (48%) 

Acidic grape seed extract hydrolysate 0.32 (56%) 0.16 (48%) 

Rosemary extract 0.31 (39%) 0.19 (46%) 

Rosemary extract hydrolysate 0.04 (22%) 0.05 (42%) 

Bitter melon extract 0.03 (38%) 0.04 (36%) 

Bitter melon extract hydrolysate 0.03 (43%) 0.04 (57%) 

Ginkgo biloba extract 0.04 (33%) 0.05 (36%) 

Ginkgo biloba extract hydrolysate 0.02 (40%) 0.03 (43%) 
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4. CONCLUSION 
 
In our study, we examined dietary supplements that 

include grape seed extract, rosemary, bitter melon, 
and ginkgo biloba, all sold in capsule or tablet form. 
For the first time, we employed the CUPRAC and 
HPLC-CUPRAC methods to assess the antioxidant 

capacity of these products, comparing our findings 
with those obtained from the ABTS/TEAC method. 
The analytical techniques used to evaluate the 
specificity and antioxidant capacity of the selected 
dietary supplements can be recommended as 
standard methods. 

 
To determine the effective dose based on human 
requirements, we can measure the types and 
amounts of bioactive substances using the methods 
developed or modified for the chromatographic 
analysis of the samples in our study. Furthermore, 

the chromatographic data obtained will allow us to 

identify plant-specific antioxidant compounds in raw 
plants and ascertain whether there is imitation or 
adulteration in products falsely claimed to contain 
these plants. 
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Abstract: In the study, Mg-xCa alloys with high mechanical performance were developed using a statistical 
model central composite design (CCD) method to predict the mechanical properties of Mg and Ca powders 
produced by powder metallurgy. Powder metallurgy (TM) is a production method that offers great advantages 
over other production methods. However, there are limited studies in the literature on the production of 

alloying Ca to eliminate the high degradation rate of pure Mg loss. Mg and Ca powders were subjected to the 
alloying process for different times as 11.99-14.43-18-21.5-24 h, and after mechanical alloying (MA), grain 
size measurements of the powders and XRD and SEM-EDS analyses were performed. After MA, the powders 
were sintered at different temperatures, such as 325-370-437-504-549°C in an argon gas environment under 
46 MPa pressure, and samples were obtained. The microstructures, mechanical properties, compressive 
strength, density values, and XRD-SEM results showed that the secondary phase Mg2Ca increased with 
increasing Ca content, which indicates the increasing hardness of Mg-xCa alloy. Using the CCD method, the 

sample's compressive strength, hardness, and density results with optimal values produced from Mg-xCa 
alloys were determined as 251 MPa, 146 Brinell, and 1.7 g/cm3, respectively. The compatibility of the 
experimental results with the Regression formula confirms the reliability of the equation. 
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1. INTRODUCTION 
 

Central Composite Design (CCD) is a widely used 
five-level fractional factorial design, originally 

developed by Box and Wilson (1). The structure of 
CCD typically includes a 2ⁿ full factorial design, 2 × 
n axial designs, and m central designs. In this setup, 
the axial designs are similar to the central designs, 
with the exception of one factor that takes levels 

either above the high level or below the low level of 
the 2ⁿ full factorial design (2). One of the main 
advantages of CCD is its ability to estimate the 
nonlinearity of dependent variables effectively. 
Furthermore, it provides maximum information with 
a minimal amount of experimental data and reduces 
the number of experiments needed to predict 

quadratic terms in a second-order model. In addition 
to these benefits, CCD is highly effective in 
simultaneously evaluating mathematical and 

statistical data, making it a powerful tool for 
optimizing experimental conditions. This method 

enables researchers to manipulate multiple input 
factors at once and understand their individual and 

combined effects on a desired output. Due to these 
capabilities, CCD has become one of the most 
popular experimental designs in research fields that 
require precise modelling and optimization. Its 
efficiency and flexibility make it especially useful in 

developing predictive models and improving system 
performances with fewer experiments (6-9). 
 
Mechanical alloying (MA) is a very widely used 
method in powder metallurgy production (10-12). 
Compared to other traditional metallurgical 
techniques, it is possible to produce alloys that are 

difficult to produce with the MA technique. Moreover, 
the MA method has an economic advantage since it 
enables the production of alloys with different 
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melting temperatures without reaching high 
temperatures (13). The powder metallurgy process 
is carried out in the solid state due to the absence or 

minimization of undesirable interface reactions 
between the matrix and the reinforcement element. 
Therefore, the MA method, which is a solid-state 
processing technique, is especially preferred in the 

production of magnesium matrix and calcium-
reinforced alloys (14). The hexagonal close-packed 
structure of Mg (c/a = 1.624) forms solid solutions 
with many elements (15). Because the mechanical 
properties of alloying elements such as Mg can be 
further strengthened by solid solution, precipitation 

hardening, and grain refinement hardening (15), on 
the other hand, the superior properties of Mg–Ca 
alloys are reported (16), and their strength, surface 
corrosion, fatigue, biocompatibility, and allergic 
reaction properties of tissues are reported in different 
studies (17-20). Compared to traditional cold press 

sintering processes, the Joule sintering process is a 

process that minimizes porosity in the structure. The 
Joule heating technique requires a shorter time, less 
power, and a lower temperature. In addition, higher 
densities are obtained in this technique compared to 
cold press-sintering. Another advantage of this 
system is the sintering time, which does not require 
a long time as in other cold press processes (21-23). 

 
In this study, the structural, morphological, and 
mechanical properties of Mg-xCa alloys produced by 
the mechanical alloying-hot pressing method were 
examined, and mechanical properties of Mg-xCa 
alloys produced by the mechanical alloying-hot 

pressing method were discussed, and statistical 
modeling was performed using the CCD method. Mg-

xCa alloys with improved mechanical properties were 
successfully developed using the central composite 
design (CCD) method. The application of powder 
metallurgy and mechanical alloying at different 
times, followed by sintering at various temperatures, 

enabled precise control of microstructure and phase 
formation. The results showed that increasing Ca 
content promoted the formation of Mg2Ca, leading to 
higher hardness and compressive strength. The 
strong correlation between the experimental results 
and the regression model confirmed the reliability of 
the CCD approach. The structural, morphological, 

and mechanical properties were determined using 
XRD, SEM-EDS analysis, and compressive strength-
hardness tests. 
 

2. EXPERIMENTAL 
In the study, 9 different powder mixtures were 

prepared according to the CCD method for the 
mechanical alloying process, as seen in Table 1. 
 
 
 
 
 

 

Table 1: Prepared mechanical alloying powders. 

Sample no. MA time (h) Ca content (%) 

Pure-Mg 0 0 

1 11.99 4.7 

2 14.43 2.7 

3 14.43 6.7 

4 18 1.33 

5 18 4.7 

6 18 8 

7 21.57 2.7 

8 21.57 6.7 

9 24 4.7 

 
The powders were subjected to a planetary ball 
milling process with 10 mm diameter stainless steel 
balls having 20:1 (ball/powder) weight ratio and 160 
rpm rotation speed at different hours during 
mechanical milling. Then, a high-strength graphite 
mold with a 10 mm inner diameter and 60 mm height 

was used for the sample fast sintering process. Mg 

powder with 99% purity, an irregular grain shape, 
and an average grain size of 125 µm was used as 
reinforcement material, and calcium powder with 
99.98% purity was used as matrix material. To 
prevent excessive cold welding, 2% by weight zinc 

stearate (C36H70O4Zn) was added as a process 
control element in all samples. A mechanical alloying 
process was carried out to obtain Mg-xCa alloy. 
 
Nine mechanically alloyed samples were subjected to 
a sintering process for 20 samples using five different 
temperatures according to CCD modeling. The ball-

milled powders were placed in a graphite mold and 
hot press sintered under 46 Mpa pressure in an argon 
atmosphere. Different sintering temperatures (325-
370-437-504-549 °C) and mechanical milling times 
(11.99-14.43-18-21.5-24 h) were carried out. 

Standard metallographic techniques were used to 
prepare the samples for microstructural 

examination. Metallographic samples were prepared 
from cross-sections of the investigated composites. 
All samples were gently ground. 
 
In the CCD method, the selected factors are the Mg-
xCa ratio, sintering temperature, and MA time. 

Independent variables are coded as -1 and +1, 
representing a two-level full factorial design. It has 
eight factorial points. The pivot point represents the 
high and low points of each factor. In the present 
study, CCD consists of 2k+2k+n runs. k is the 
number of factors. 2k is the number of factorial 
points, 2k is the number of axial points, α is the 

distance between the axial point and the center 

point, and α value is the coded value determined by 
the number of factors.  It was obtained from the 
following Eq. (1): 
 
𝛼 =  2𝑘½       (1) 

 

where the six axial points were located at (±α, 0, 0), 
(0, ±α, 0), (0, 0, ±α), and the six replicates were at 
the center (Figure 1). 
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Figure 1: CCD design with 3 factors and 5 levels. 

 
The phase structure of the samples was examined by 
XRD (X-ray diffractometer; D2 PHASER, Bruker 

Corp., Germany) using Cu-K (1.5406 Å) radiation in 
between 2θ=30-75 °C with scan speed 2 °C/min. The 
average crystallite sizes were determined from 
Scherrer Eq. (2) (24,25): 

 

𝐷 =
k⋅𝜆

𝛽⋅𝐶𝑜𝑠 𝜃
         (2) 

 
where D represents the crystallite size in 

nanometers, while k is considered a constant, 
typically valued at 0.9, CuKα denotes the wavelength 
(λ = 0.15406 Å), and β signifies the full width at half 
maximum measured in radians. 
 
The surface morphology, microstructure, and phase 

detection of powders were performed by scanning 
electron microscopy (SEM; Jeol JSM 5910LV) 

equipped with energy dispersive spectroscopy (EDS; 
Oxford Instruments Inca X-Sight 7274). Hardness 
tests were performed on all samples using a Brinell 
hardness method with a 2.5 mm diameter ball 
indenter and 62.5 kgf load. For the compressing test, 

the cylindrical samples were determined by ASTM 
test method B 925-08 using a Zwick Roel Model 2100 
tensile testing machine with a 0.5 mm/min testing 

speed. 
 
3. RESULTS AND DISCUSSION 
 

3.1. XRD-SEM Results of Mechanical Alloying 
Powders 
Figure 2 shows the X-ray diffraction results of the 
powders after mechanical alloying. As seen in the 
XRD results, in addition to the Mg phase (JCPDS card 
no. 65-3583), a small amount of Mg2Ca phase 

(JCPDS card no. 89-4244) was formed. Also, some 
MgO occurred due to the oxidation of Mg during MA. 
As seen in Figure 2, since mechanical alloying was 
done in an air environment, increasing the 
temperature with the milling time from 11.99 to 24 
h increased the oxidation effect and, therefore, the 

MgO peak intensity in the XRD pattern. The 

mechanical alloying process ensures material 
homogenization and also leads to a reduction in grain 
size. From the XRD results, the crystallite size and 
Ca content-MA time relationship in the powders after 
the MA process were examined using the Scherrer 
equation, and the results are given in Table 2. While 
the initial grain size was 49 nm for pure Mg, it was 

found to be approximately 42 and 37 nm at 11.99 
and 14.43 h MA times, respectively. The grain size 
continued to decrease and reached the lowest value 
of roughly 33 nm at the end of 18 h. The grain size 
tended to increase again after the 18 h MA process 
and was determined to be approximately 37 and 41 

nm at 21.57 and 24 h MA times, respectively. During 
the MA process, grain growth is reported at long MA 

times (26-28), in which the dislocation mechanism is 
dominant at the beginning, and work hardening and 
temperature increase during MA effective. In 
addition, the present results showed that the 
duration of the mechanical alloying process is 

significantly effective compared to the Ca ratio. 
 

Table 2: Crystallite sizes of mechanical alloying powders calculated from the Scherrer method and Ca 
amounts. 

Sample no. MA time (h) Ca content (%) Criystallite size (nm) 

Pure-Mg 0 0 49 

1 11.99 4.7 42 

2 14.43 2.7 36 

3 14.43 6.7 38 

4 18 1.33 33 

5 18 4.7 32 

6 18 8 33 

7 21.57 2.7 37 

8 21.57 6.7 38 

9 24 4.7 41 
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Figure 2: X-ray diffraction results of powders produced by adding Ca to pure Mg powder at different rates 

(between 1.33% and 8%) and performing MA for periods between 11.99 and 24 h. 

 
Figure 3(a-e) shows the SEM images at x20000 
magnification, showing the changes in the surface 
morphologies of the powders subjected to the 
mechanical alloying process at different MA times 

with different Ca contents. The SEM microstructure 
image of powder number 1 or code 4.7/11.99 is 
given in Figure 3a, where the grain shapes became 
significantly amorphous after 11.99 h mechanical 
grinding, consistent with the XRD result. In the SEM 
image of the 3-6.7/14.43 coded or powder number 

3, whose MA time is 14.43 h and is given in Figure 
3b, it was observed that the tendency for 
coalescence in the particles continued and the size 
decrease continued due to the shrinking amorphous 
particle structure. In Figure 3c, it was determined 
that the powder and grain sizes of the 4.7/18 coded 

powder number 5 subjected to an 18 h MA process 
were at the smallest values, which is the expected 
result of the grinding-boiling-breakage cycles in the 
mechanical grinding mechanism, in accordance with 

the literature. In addition, the breaking mechanism 
is effective here, and the grains are spherical. The 
powders given in Figure 3d and Figure 3e at 21.57 h 
(6.7/21.57 coded or powder number 7) and 24 h 
(4.7/24 coded or powder number 9) tended to cluster 
(plaque-like stratification) and grain growth was 

observed, respectively. It is seen from the SEM 
results that the agglomeration-clustering tendency 
continued to increase with the increase in grinding 
time. Additionally, the presence of Ca is likely to 
contribute to some tendency towards amorphization 
in the structure. 
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Figure 3: SEM micrographs at x20000 magnification of the powders mechanically alloyed at different times 

and Ca concentrations (a) 4.7/11.99, (b) 3-6.7/14.43, (c) 1-4.7/18, (d) 6-(6.7/21.57 and (e) 9-4.7/24, 
respectively. 

 
3.2. XRD, SEM-EDS, Porosity, Mechanical 
Testing Results of Hot-Pressing Samples 
The XRD results of the hot-pressing samples are 

given in Figure 4. As seen in the XRD results, in 
addition to the Mg main phase of the samples 

subjected to the sintering process at different 
temperatures, the Mg2Ca phase formed during the 
MA process. In addition, as seen in Figure 4, the MgO 
phase formed during mechanical alloying is also 

present in the structure after the hot pressing 
process. While the broad MgO peaks in Figure 2 
correspond to low crystallite size and amorphization, 
the sharpened peaks in Figure 4 can be associated 
with the crystallinity developing in the MgO phase 
and the increase in crystallite size. 
 

Figure 5(a-f) shows the EDS results along with the 
SEM images for the hot-pressing samples. In the SEM 
images, the regions indicated by the red arrow 
indicate the regions where the Mg-xCa phase is 

present. The EDS results of the area where the entire 
SEM micrograph is scanned in Figure 5(a, b) and the 
blue framed region in Figure 5c are given in Figure 

4d, e, and f, respectively. In EDS results, the Ca% 
contents of the samples vary between 2.65, 6.40, 

and 9.25% by weight and 1.49, 3.84, and 5.54 
atomic % amounts, respectively. The theoretical 
contents of the samples have 1.33%, 4.7%, and 8% 
Ca, which are compatible with the amounts obtained 

as a result of elemental analysis, respectively. When 
the XRD and SEM-EDS results are evaluated 
together, the presence of oxygen in the EDS results 
is associated with some MgO phase in the Mg matrix 
formed during mechanical milling, as seen in the X-
ray diffraction pattern. Moreover, depending on the 
presence of the Mg2Ca phase in the XRD results, the 

grains with high atomic contrast in both the SEM 
backscattered electron images and the presence of 
the Ca element in the EDS results confirm the Mg2Ca 
phase. 
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Figure 4: X-ray diffraction results of hot-pressing samples subjected to sintering at different temperatures. 
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Figure 5: SEM (backscattered electron) images at x5000 magnification and EDS spectra for the hot-

pressing samples (a)-(d) 1.33/18/437, (b)-(e) 4.7/18/437, (c)-(f) 8/18/437, respectively. 
 
 
Theoretical, real densities and porosity amounts of 
hot-pressing samples are given in Table 3, where real 
densities and porosity amounts vary between 1.546-

1.700 g/cm3 and 1.6-11%, respectively. Compared 
with the theoretical values in Table 2, the actual 
densities and porosities of the samples vary 
depending on the Ca% ratio, MA time, and sintering 
temperature. The porosity results of the samples 
were examined based on the Ca ratio, MA time, and 

temperature factors and are given in Figure 6(a-c). 
The MA time reached the lowest porosity value 

around 18 h. At the same time, the Ca ratio showed 
a low porosity of 97, around 4.7%, where amounts 
above 4.7% Ca can be associated with an increase in 

the Mg2Ca phase and deterioration in parameters. 
Another parameter, temperature, showed the lowest 
porosity around 437 °C (Figure 6c). Based on the 
obtained data, it is seen that the sintered samples 
achieved optimum porosity values at 18 h MA time, 
4.7% Ca ratio, and 437 °C heat treatment 

temperature.
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Table 3: Theoretical density, real density, and porosity results of hot-pressing samples. 

Sample 

number 
Sample code 

Theoretical 

density-ρt 
(g/cm3) 

Real density-

ρg (g/cm3) 

Porosity 

(%) 

1 2.7/14.43/370 1.7329 1.609 7.1 

2 6.7/14.43/370 1.7250 1.593 7.6 

3 2.7/21.57/370 1.7329 1.603 7.5 

4 6.7/21.57/370 1.7250 1.546 11 

5 2.7/14.43/504 1.7329 1.643 5 

6 6.7/14.43/504 1.7250 1.607 7 

7 2.7/21.57/504 1.7329 1.655 4 

8 6.7/21.57/504 1.7250 1.571 9 

9 1.33/18/437 1.7350 1.690 3 

10 8/18/437 1.7230 1.608 7 

11 4.7/11.99/437 1.7290 1.569 10 

12 4.7/24/437 1.7290 1.650 5 

13 4.7/18/325 1.7290 1.615 7 

14 4.7/18/549 1.7290 1.641 5 

15 4.7/18/437 1.7290 1.682 2 

16 4.7/18/437 1.7290 1.662 3 

17 4.7/18/437 1.7290 1.666 3 

18 4.7/18/437 1.7290 1.700 1.6 

19 4.7/18/437 1.7290 1.690 2 

20 4.7/18/437 1.7290 1.662 3 

 
 

 
Figure 6: (a) %Ca ratio-porosity, (b) MA time-porosity, (c) Temperature-porosity results. 

 
The hardness and compression test results of the 
samples subjected to hot pressing are summarized in 
Table 4. While the hardness values of the samples 
vary between 44-146 HB, the compression test 

values range between 38-251 MPa. In Table 4, it is 

seen that the hardness and compression test results 
are at high values for the sample with optimum 
values (sample coded 18-4.7/18/437), and these 
results are consistent with the literature data, which 

is given in Table 5. As seen in Table 5, in the study 
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conducted by Yahşi and İpek, compressive strength 
is 307 MPa for Mg/MgO structure after 18 h of milling 
and sintering at 550 °C (29). In another study by 

Hirata et al., compressive strength is 150 MPa for 
Al2O3 alloy after 24 h milling time and 1300 °C 

sintering (30). Yahşi et al. (31) reported compressive 
strength values of 195 and 192 MPa, respectively, at 
short milling times by adding 10% and 20% of PVA 

(polyvinyl alcohol) to the Mg matrix. 

 

Table 4: Brinell hardness and compressive strength results of hot-pressing samples. 

Sample 
number 

Sample code 
Brinell hardness 

(kg/mm2) 
Compressive 

strength (MPa) 

1 2.7/14.43/370 44 38 

2 6.7/14.43/370 52 39 

3 2.7/21.57/370 52 76 

4 6.7/21.57/370 45 108 

5 2.7/14.43/504 108 94 

6 6.7/14.43/504 91 132 

7 2.7/21.57/504 69 75 

8 6.7/21.57/504 60 116 

9 1.33/18/437 127 102 

10 8/18/437 123 125 

11 4.7/11.99/437 58 58 

12 4.7/24/437 46 106 

13 4.7/18/325 49 52 

14 4.7/18/549 131 188 

15 4.7/18/437 143 250 

16 4.7/18/437 143 245 

17 4.7/18/437 145 249 

18 4.7/18/437 146 251 

19 4.7/18/437 144 245 

20 4.7/18/437 143 220 

 
 

Table 5: Study results and literature data. 

MA 
time 
(h) 

Sintering 
temperature 

(Co) 
Matrix Additive 

Content 
(%) 

Brinell 
hardness 
(kg/mm2) 

Compressive 
strength (MPa) 

Ref. 

18 437 Mg Mg 4.7  146 251 This study 

18 550 Mg Mg - 35 307 (29) 

24 1300 AKP50 AKP20 1-100 - 150 (30) 

0.5 400 Mg PVA 10 - 195 (31) 

1 400 Mg PVA 20 - 192 (31) 

 

3.3. Evaluation of Hot-Pressing Samples with 
Statistical Model Central Composite Design 
(CCD) Method 
Table 6 presents the regulated version of the 

samples produced according to different Ca% (X1), 
MA (X2), and temperature (X3) parameters 
according to the CCD experimental design method. 
 

To determine the experimental factors (A, B, C) and 
the interactions between the factors (A*A, B*B, C*C, 
A*B, A*C, B*C) and to test the reliability of the 
experiments, ANOVA analysis was performed using 

the data in Table 6 with the help of the Minitab 17 
program. The results obtained are summarized in 
Table 7. 
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Table 6: Regulation of hardness, porosity, and compressive strength parameters of hot-pressing samples 
according to CCD method. 

Std. 
ord. 

Run 
ord. 

Coded Variables 
Uncoded 
Variables 

Hardness 
(HB) 

Porosity 
(%) 

Comp. 
Strength 

(MPa) 

X1 X2 X3 X1 X2 X3   Y 

1 1 -1 -1 -1 2.7 14.43 370 44 7.1 38 

2 7 1 -1 -1 6.7 14.43 370 52 7.6 39 

3 16 -1 1 -1 2.7 21.57 370 52 7.5 76 

4 12 1 1 -1 6.7 21.57 370 45 11 108 

5 9 -1 -1 1 2.7 14.43 504 108 5 94 

6 2 1 -1 1 6.7 14.43 504 91 7 132 

7 20 -1 1 1 2.7 21.57 504 69 4 75 

8 8 1 1 1 6.7 21.57 504 60 9 116 

9 13 -1.68179 0 0 1.33 18 437 127 3 102 

10 19 1.68179 0 0 8 18 437 123 7 125 

11 11 0 -1.68179 0 4.7 12 437 58 10 58 

12 3 0 1.68179 0 4.7 24 437 46 5 106 

13 5 0 0 -1.68179 4.7 18 325 49 7 52 

14 18 0 0 1.68179 4.7 18 549 131 5 188 

15 10 0 0 0 4.7 18 437 143 2 250 

16 17 0 0 0 4.7 18 437 143 3 245 

17 15 0 0 0 4.7 18 437 145 3 249 

18 14 0 0 0 4.7 18 437 146 1.6 251 

19 4 0 0 0 4.7 18 437 144 2 245 

20 6 0 0 0 4.7 18 437 143 3 220 

 
 

Table 7: ANOVA analysis of hot-pressing samples. 

Analysis of variance (ANOVA) of CCD model 

Source 
Degrees of 

Freedom (DF) 
Sum of 
squares 

Mean 
square 

F value P value 

MODEL 9 114047 12671.9 42.81 0.000 significant 

LINEAR 3 14208 4736.1 16.00 0.000 

A 1 1663 1662.5 5.62 0.039 

B 1 1708 1708.0 5.77 0.037 

C 1 10838 10838.0 36.61 0.000 

SQUARE 3 96909 32303.0 109.13 0.000 

A*A 1 33819 33819.0 114.25 0.000 

B*B 1 51156 51156.4 172.82 0.000 

C*C 1 30686 30686.4 103.67 0.000 

2-Way 

interaction 
3 2930 976.5 3.30 0.066 

A*B 1 145 144.5 0.49 0.501 

A*C 1 264 264.5 0.89 0.367 

B*C 1 2521 2520.5 8.52 0.015 

Resudial 
error 

10 2960 296.0   

Lack of fit 5 2275 454.9 3.32 0.107 significant 

Pure error 5 685 137.1   

Total 19 117007    

R-sq 97.47 %     

 
In Table 7, when the model is evaluated in terms of 
F and P-value, the model created is statistically 
significant because the P-value for the F-value of 
42.81 is less than 0.05 (0.000<0.05). On the other 
hand, when the model is evaluated in terms of Lack 
of fit and P-value, it is not significant because the 

lack of fit is 0.107>0.05. The lack of fit test 
determines whether the mathematical form of the 
obtained model is suitable for representing the 
experimental data (32). As a result, the lack of fit 
value is insignificant in the adjusted model. 
Therefore, the removal of two-way interactions (A*B, 
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A*C, B*C) components in Table 7 does not affect the 
model reliability. 
 

Table 8: ANOVA analysis result data. 

Adeq-precision 16.7556 

R-Sq %97.12 

R-Sq (adj) %95.44 

R-Sq(pred) %88.50 

 
In Table 8, Adeg-precision measures the signal/noise 
ratio, which becomes significant when it is greater 
than 4. For this model, Adeg-precision=16.7556 is a 
suitable value and shows a sufficient signal/noise 
ratio. RSq value and RSq (adj) values are 97.12% 
and 95.44%, respectively. The R Sq value is close to 

97.12%, indicating that the deviation in the 
distribution of the experiments is low. The RSq (adj 

) value is 95.44%. The R Sq (pred) value is expected 
to be close to RSq (adj), and 88.5% is a reasonable 
value. As a result, when all three parameters are 
considered, the most effective factor is temperature. 
In addition, the MA-temperature interaction is 

relatively more effective than the MA-Ca ratio and 

the temperature-Ca ratio. The following Regression 
Eq. (3) was obtained using the Minitab 17 program. 
 

C8 = 243.72+11.03*A + 11.18*B + 28.17 C – 
48.44 A*A – 59.58 B*B–46.14 C*C–17.75 B*C
      (3) 
 

The regression equation is 97.80%. R-Sq (adj) value 
is 95.44% and close to 97.80%. Here, C8 gives the 
estimated value. A, B, and C show the coded factors. 
The (+) values seen here show that the increase in 
reinforcement ratio, MA time, and temperature 
increases the compressive strength. It is seen that 

the most effective of the main factor values is 
temperature. It is understood that the interaction 
between the factors (A*A, B*B, C*C) is more 
effective than the main effects (A, B, C). The 
regression Eq. (3) confirms that it can be used to 
estimate compressive strength within the limit 

values. The comparison of the experimental results 

according to the regression equation is shown in the 
graph in Figure 7. As seen in the graph, the 
experimental results are in good agreement with the 
results calculated according to the Regression 
equation. 

 

 
Figure 7: Regression equation and experimental results comparison graph. 

 
4. CONCLUSION 
 
In this study, the mechanical performance of Mg-xCa 

alloys was systematically investigated by applying 
the Central Composite Design (CCD) methodology. 
CCD enabled the optimization and prediction of 
mechanical properties by controlling two critical 
process parameters: mechanical alloying time and 
sintering temperature, where Mg and Ca powders 

were subjected to mechanical alloying for varying 
durations (11.99, 14.43, 18, 21.5, and 24 hours), 
followed by sintering at different temperatures 
(325°C, 370°C, 437°C, 504°C, and 549°C) under an 
argon atmosphere at 46 MPa pressure. XRD, SEM-
EDS analyses, and grain size measurements revealed 
that prolonged alloying time and higher sintering 

temperatures promoted the formation of the Mg₂Ca 
secondary phase. The presence of this phase 
contributed significantly to the enhancement of 

mechanical properties. The experimental results 
indicated a clear increase in compressive strength, 
hardness, and density with increasing Ca content. 

The maximum compressive strength, hardness, and 
density obtained were 251 MPa, 146 Brinell 
hardness, and 1.7 g/cm3, respectively. Using the 
CCD model, regression equations were derived that 
accurately predicted the experimental outcomes. The 
close correlation between the experimental data and 

the model predictions validated the reliability of the 
CCD approach in optimizing the mechanical 
performance of Mg-xCa alloys. Moreover, the 
findings confirm that fine-tuning processing 
parameters through statistical modelling can 
significantly enhance the mechanical behavior of 
magnesium-based alloys produced by powder 

metallurgy. This study demonstrates that CCD is an 
effective and reliable method for process 
optimization in developing high-performance Mg 
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alloys with controlled degradation rates, which is 
crucial for biomedical and structural applications. 
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