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PREFACE

Dear Readers, Authors, Reviewers,
Members of the Scientific Committee and Section Editors,

The past six months brought further developments in the field of medici-
nal chemistry, focused on new molecules with a potentially beneficial effect 
on the human body. Also, the latest achievements in the field of physiology 
and pharmacology give hope for better treatment, e.g. diseases of the cen-
tral nervous system and cancer. Extensive research is conducted on the risk 
factors associated with the occurrence of a number of civilization diseases, 
including diabetes.

Scientists from Denmark and the USA have reported the discovery of a thin protective membrane of the men-
ingeal layer in the structure of the brain. Cell bioengineers in Taiwan and the USA have reported the develop-
ment of non-replicating bacterial “cyborg cells”. The whole of June 2023 brought a number of very important 
reports: at the University of Edinburgh, machine learning made it possible to recognize the senolytic activity 
of ginkgetin, periplocin and oleandrin, while the authors from The Lancet predict that by 2050 the number 
of adults with diabetes will increase from 529 million to over 1.3 billion.

Against this background, in this issue of Polimery w Medycynie – Polymers in Medicine we present four origi-
nal articles and four review articles, carefully selected by our editors to represent the interesting accomplish-
ments of  original research currently conducted in  the  whole world. The  article opening the  current issue 
is devoted to the detailed study of plant extracts intended for the control or prevention of diabetes in animal 
models. Studies presented by authors from India confirm the effect of these extracts on the natural protein 
polymer, i.e. alpha-amylase, associated with the pathophysiology of diabetes. The article from Brazil concerns 
the significant influence of temperature changes and disinfectants on the properties of thermoplastic polymer 
mixtures derived from polyethylene glycol and polyurethane used in dentistry. One of the extremely import-
ant issues of scientific pharmacy, which is currently widely researched, is the transport of medicinal substances 
through natural and artificial membranes in the human body and in modern drug delivery systems. A team 
of authors from the universities in Upper Silesia and Częstochowa proposed an interesting method for assess-
ing the transport properties of polymer biomembranes based on the Kedem–Katchalsky–Peusner equations. 
The care of ocular prostheses requires the use of appropriate disinfectants, which, unfortunately, may have 
cytotoxic properties. Scientists from São Paulo have prepared an experimental work in which they explained 
the potential impact of selected substances suitable for disinfecting eye prostheses based on acrylic resins.

In the second part of our issue, we present review papers that may be useful not only to scientists, but also 
to practitioners who use polymers in their professional work on a daily basis. This applies especially to special-
ists developing new forms of drugs intended for application to the surface of the eyeball – an excellent article 
about contact lenses as carriers of medicinal substances and pharmaceutical technologists – an extensive pre-
sentation of polymers used as initiators of rapid tablet disintegration. The summary of the issue are two arti-
cles on substances of natural origin with potential use in medicine and pharmacy.

As you can see from the content sent to our magazine and articles selected by the editors, we present the lat-
est achievements and research, which are a significant contribution to the global discourse on the use of poly-
mers in modern medicine and pharmacy.

Editor-in-Chief
Witold Musiał, Prof., PhD, DSc
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Abstract
Background. Sida cordifolia and Sida rhombifolia are regarded as useful herbs as they have been shown 
to be effective, inexpensive and harmless in the prevention of diabetes, and are recognized as valuable 
therapeutic substances.

Objectives. The purpose of this study was to assess the effect of S. cordifolia and S. rhombifolia in the treat-
ment of diabetic nephropathy using a rat model.

Materials and methods. Extracts of S. cordifolia and S. rhombifolia were obtained using the Soxhlet 
method. The hydroalcoholic extract solvent was used in the following proportions: 70:30, 50:50 and 80:20. 
The 80:20 hydroalcoholic extract was observed to be the most potent. The inhibitory effects of the extract 
were determined using the α-amylase assay. The most potent extract also underwent total flavonoid, phe-
nolic and free radical scavenging tests, and was incorporated into an animal study. Diabetes was induced 
in rats by administering nicotinamide (NAD; 230 mg/kg) and streptozotocin (STZ; 65 mg/kg) intraperitone-
ally. In addition to a standard control of pioglitazone, the rats received extract dosages of 100 mg/kg/day 
or 200 mg/kg/day. Body weight, blood glucose, glycated hemoglobin (HbA1c), blood urea nitrogen (BUN), 
serum albumin, serum creatinine, homeostatic model assessment of insulin resistance (HOMA-IR), and 
oral glucose tolerance were assessed at various time points. The animals also underwent histopathological 
examination to observe alterations induced by the treatment.

Results. Sida cordifolia was the most successful in lowering blood glucose and HbA1c levels. Renal function 
indices and antioxidant enzyme levels were regained in a dose-dependent manner. Furthermore, S. cordifolia 
(200 mg/kg/day) extract, similar to pioglitazone, inhibited the production of advanced glycation byproducts 
by the kidney.

Conclusions. The effects of various S. cordifolia and S. rhombifolia extracts on rats with diabetic nephropa-
thy were observed. Sida cordifolia may be further explored for the treatment of diabetic nephropathy and, 
due to its diverse nature, may be utilized for the treatment of a wide range of diseases, as it provided more 
significant findings.

Key words: Sida cordifolia, Sida rhombifolia, diabetic nephropathy, extraction, blood glucose, HbA1c
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Background

The International Diabetes Federation (IDF) has reported 
the incidence of diabetes mellitus to be 8.8% among adults. 
Diabetes mellitus has impacted roughly 400,000,000 indi-
viduals, and the number is expected to rise to 550,000,000 
individuals in the next decade.1,2 One of the serious conse-
quences of diabetes mellitus is diabetic nephropathy, also 
known as diabetic kidney disease. If not addressed, the dis-
ease causes from 20% to 40% of individuals to develop renal 
failure or blatant nephropathy due to untreated micro-
albuminuria within 2 decades. This condition is usually 
distinguished through early symptoms of renal cell death 
or failure, oxidative stress, expansion of interstitial fibrosis 
and mesangial matrices, bulking of basement membranes, 
and inflammatory responses.3 The activation of many 
biochemical and metabolic processes, including fluxes 
of glucose from polyol and hexosamine routes, along with 
the excessive or unnecessary activity of isoforms of pro-
tein kinase C and buildup of end products of advanced 
glycation, is caused by hyperglycemia. These pathways and 
routes are the primary cause of nephropathy and are there-
fore therapeutic targets in managing the disease.4

Herbs are considered valuable therapeutic substances, 
as they have been shown to be inexpensive, harmless and 
effective in the prevention of diabetes. Furthermore, using 
therapeutics derived from herbal plants is critical in un-
derdeveloped nations due to the financial restraints related 
to conventional drugs. Therefore, there is an increased 
need to develop medicines that are cheap and efficacious.

Sida rhombifolia is a 1.5-meter tall upright shrub that 
is grown perennially or yearly and has stellate bristles and 
coarse stems. It belongs to the Malvaceae family, is also 
known as Atibala or Bala, and is among the 200 variet-
ies of Sida. The plant has various therapeutic uses and 
pharmacological effects on cardiac, diabetic, rheumatic, 
and migraine-like issues, and is distinguished by its green 
diamond-structured leaf that has prickly stipules and grey 
hair-like features on the underside.5 Hypoglycemic and 
hypolipidemic effects of  this herb have been observed 
in pre-clinical research on mice affected with diabetes. 
The effects of the plant are associated with its free radical 
scavenging activity, which has proven useful in indicating 
new roles for the herb.6

Similarly, Sida cordifolia, another potentially useful 
herb of the Malvaceae family, has proven to be an asset 
in traditional medicine. The herb is native to America and 
tends to grow in tropical areas in other parts of the globe, 
as it propagates fast in soils spoilt by grazing, heat and rain. 
Different parts of the herb are being used in day-to-day 
medicine for ailments related to respiratory and central 
nervous system, as well as inflammatory, tonic, diuretic, 
and various other disorders.7 Structurally, the herb is pe-
rennially upright and has a layer of white-colored hair that 
gives rise to its common name, “flannel weed”.8 In previ-
ous studies conducted on diabetic rats, reductions in blood 

glucose levels, triglycerides, plasma urea and creatinine, 
low-density lipids, and cholesterol were observed. Also, 
an increase in superoxide dismutase and catalase enzymes 
that are required for antioxidant synthesis was reported.9 
It has also been observed that S. cordifolia has nephro-
protective effects, which may be due to  its antioxidant 
properties.10

Both plants have shown the potential to exhibit hypogly-
cemic effects that may help to reduce the damage caused 
by  diabetic nephropathy. In  the  present study, extracts 
of S. cordifolia and S. rhombifolia were individually evaluated 
and compared in rats with induced diabetic nephropathy, 
through the observation of changes and protective effects.

Materials and methods

Experimental model

The study used adult male Wistar rats weighing 250–
300 g. The rats were given a conventional rodent diet along 
with water, and were housed at a temperature of 23 ±2°C 
with a 12-hour day-night cycle.

Plant material collection

The aerial part of 2 species of the plant, S. cordifolia 
and S. rhombifolia, were obtained from Varuni Exports 
(Chennai, India).

Extraction

The aerial parts of S. cordifolia and S. rhombifolia were 
dried, crushed into powder form and kept in air-tight bags 
at approx. −80°C. The extraction was performed using 
the Soxhlet method, which employs water/ethanol (80:20) 
and distilled water as the solvent solutions. Constituents 
with antidiabetic effects were derived and added separately 
into solvents in hydroalcoholic solution. The procedure for 
extraction was repeated until the mixture showed no color, 
and the mixture was then distilled. Then, the mixture was 
later concentrated and freeze-dried under low pres sure. 
Further extractions were conducted using hydroalcohol 
in varying ratios, including 70:30 and 50:50, to find the most 
potent extract. Such extract was observed during the pro-
cedure that used a ratio of 80:20.

α-amylase assay

Porcine pancreatic α-amylase (0.5  mg/mL) was pre-
pared in an aqueous solution containing 1% starch and 
20 mM sodium phosphate buffer. Stock solution A was 
prepared by adding 1 M sodium phosphate monobasic 
monohydrate (NaH2PO4.H2O, molecular weight: 138) and 
2.76 g of NaH2PO4.H2O (monobasic) to a final volume of 1 L 
of water. Stock solution B was prepared by adding 1 M 
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sodium phosphate dibasic (Na2HPO4, molecular weight: 
142) and 2.84 g of Na2HPO4 (dibasic) to a final volume of 1 L 
of water. Stock solution A (450 mL) and 0.3504 mg sodium 
chloride (NaCl) were added to stock solution B (550 mL). 
The 2nd reagent, dinitrosalicylic acid (DNS) (molecular 
weight: 228.12), was prepared by warming and constantly 
stirring 20  mL of  deionized water with 96  mM DNS, 
without boiling. The final reagent was prepared by dis-
solving 2 M sodium hydroxide (NaOH, molecular weight: 
0.7999) in 8 mL of 5.31 M sodium potassium tartrate, and 
10 mL of 2 M NaOH in water. This solution was warmed 
and stirred on a heating/stirring plate without boiling. 
Throughout the stirring, reagent A was gradually added 
to reagent B and diluted to 40 mL with deionized water. 
The colored reagent solution was then stored in an amber 
container at ambient temperature for up to 6 months.

Assay procedure

Multiple extract preparations were produced in a broad 
range of concentrations (0.1–1000 µg/mL). Extracts (100 µL) 
were then mixed with 100 µL of a 1% starch solution pre-
pared in 20 mM trisodium phosphate (Na3PO4) buffer. This 
solution was transferred to microtubes and maintained 
at 25°C for 10 min, after which 100 µL of porcine α-amylase 
(0.5 mg/mL) was added to each tube. The preparations were 
then incubated for 10 min at 25°C. Next, 200 µL of DNS 
reagent was added to each tube. The tubes were incubated 
at 100°C for 5 min. This was performed to keep the sam-
ples cool. Each tube had 50 µL of material removed and 
transferred to 96-well microplates. To dissolve the solution 
in each well, water was added (200 µL). The absorbance 
of each well was read at 540 nm. In addition, blank mea-
surements were recorded from wells that did not contain 
the enzyme, and the results were compared to the control, 
acarbose. Conventional procedures were used to assess 
α-amylase assay activity, as follows (Equation 1):

 
× 100.percentage of activity = extract absorbance

control absorbance
 (1)

Chemicals

The chemicals used in the study were of analytical grade. 
Nicotinamide (NAD) and streptozotocin (STZ) were ac-
quired from Sigma-Aldrich (St. Louis, USA). The kits for 
diagnosing biochemical estimations were purchased from 
Krishgen BioSystems (Mumbai, India).

Phytochemical screening

Using previously established methods with some modi-
fications, chemical compounds including amino acids, 
alkaloids, flavonoids, tannins, carbohydrates, fats, terpe-
noids, oils, phenols, saponins, glycosides, and proteins were 
measured in both plant extracts.11

Estimation of total flavonoid composition

Total flavonoid content was determined using an alu-
minum chloride colorimetric test. Reference solutions 
of quercetin at concentrations of 30, 40, 50, 60, 70, 80, 90, 
and 100 g/mL were prepared in 96% ethanol. Also, 150 mL 
of 10% aluminum chloride was combined with 10 mL of ref-
erence solution in 96% ethanol. A 10 mL volume of 1 M 
sodium acetate was then combined with the  mixture 
in a 96-well plate. Ethanol was used as a blank reagent in 96% 
of the cases. The reagents were subsequently kept at room 
temperature for 40 min, sheltered from light. The VersaMax 
Microplate Reader (Merck Millipore, Burlington, USA) was 
used to measure the absorbance at 415 nm. The obtained 
composition was presented as milligrams of quercetin.

Estimation of total phenolic composition

The Folin–Ciocalteu technique was used to measure total 
phenolic content. Throughout a flat-bottom 96-well micro-
plate, 25 mL of extracts diluted from each part of S. cordifo-
lia and S. rhombifolia were mixed with 100 mL of 1:4-diluted 
Folin–Ciocalteu reagent and stirred for 1 min. After 240 s, 
a 75-mL solution of sodium carbonate (Na2CO3; 100 g/L) 
was combined and spun at a reasonable pace for 1 min. After 
240 s, a 75-mL concentration of Na2CO3 (100 g/L) was com-
bined and spun at a reasonable pace for 1 min. The VersaMax 
Microplate Reader (was used to measure the absorbance 
at 765 nm over 2 h at room temperature. The absorbance 
activity was calculated from ethanol absorbance activities. 
Calibration was performed using dilutions of a gallic acid 
standard (C7H6O5; 10–200 mg/L). Gallic acid equivalents 
(GAE) from the plant were used to determine the total phe-
nolic content in milligrams per gram of extracts.

Antioxidant activity

The antioxidant activity of extracts was determined 
by measuring their scavenging capacity using 2,2-di-
phenyl-1-picrylhdrazyl (DPPH). Tests were carried out 
on 96-well plates, using a 20-L solution of extract stock 
in each well. The quantities used were 2000, 1500, 1000, 
500, and 100 ppm in 180 L of DPPH solution. The ab-
sorbance was measured 30 min after incubation using 
a  VersaMax Microplate Reader. Measurements were 
recorded in a dimly lit chamber at 517 nm. Methanol 
was used as a procedural control, while ascorbic acid 
was used as a positive control. All tests were performed 
3 times. The sample concentration required to inhibit 
DPPH by 50% was calculated (IC50 value). The percent-
age of scavenging capability was calculated using the fol-
lowing equation (Equation 2):

× 100.% inhibition =
absorbance of standard

absorbance of standard –
– absorbance of crude extract

 
(2)
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Animals and design of experiment

To  induce diabetic nephropathy, animals were in-
jected intraperitoneally with NAD (230 mg/kg). After 
15 min, STZ was dissolved in citrate buffer (pH: 4.5) 
and immediately injected intraperitoneally at a dosage 
of 65 mg/kg. Fasting blood glucose levels were measured 
72 h after STZ injection to confirm diabetes. Only rats 
with fasting blood glucose levels ≥250 mg/dL were used 
in the study. After a literature search on acute toxicity 
studies, 2 dosages of extracts were chosen, 100 mg/kg 
and 200 mg/kg. All animal experiments were conducted 
following national guidelines and relevant national laws 
on the protection of animals. The experimental proto-
col (No. 1834) was approved by the Ethics Committee 
of Jamia Hamdard University (New Delhi, India; approval 
No. 1834).

Body weight and estimation  
of blood glucose

Before STZ induction, body weight of each animal was 
measured and rats of comparable weight were housed 
together. Each group’s body weight was calculated and 
monitored regularly until the completion of  the study. 
To confirm diabetes, glucose levels were measured 72 h af-
ter NAD/STZ injection. The fasting blood glucose level was 
measured at 15-day intervals using commercially available 
enzymatic kits (Krishgen BioSystems).

Enzyme-linked immunosorbent assay  
for the assessment of blood parameters

A standard curve was constructed using buffer dilu-
ents covering a broad range of concentrations between 
0  pg/mL to  3  times the  highest predicted concentra-
tion of  the antigen. The capture antibody was diluted 
to 15 μg/mL to a volume of 100 μL/well and incubated 
at 37°C for 2 h in a 96-well polystyrene plate, along with 
100 µL of each standard. The solution from all of the in-
dividual wells was removed and replaced with a wash buf-
fer (200 µL/well). The plate was then shaken for 5 min, 
and 200 µL of blocking buffer was added to each well. 
Next, the plate was covered and incubated at 37°C for 
1 h. The wash buffer was removed, and the samples and 
standards were placed in separate wells and incubated 
at 37°C for 1 h. The 96-well plate was washed again. De-
tection antibodies were added to each well of the 96-well 
plate and incubated for 1 h before being washed again. 
The enzyme-conjugated secondary antibody (100 µL) was 
added to each well and the plate was incubated at 37°C for 
1 h. The 96-well plate was washed again, twice, to mini-
mize nonspecific binding. Horseradish peroxidase (HRP) 
substrate solution was added to each well (100 µL) and 
the plate was incubated at 37°C for 10 min until the color 
changed to blue. To turn the solution to yellow, 100 µL 

of stop buffer was added to each well, and the absorbance 
was measured at 450 nm using a plate reader (ELX800MS 
ELISA Reader; Shimadzu, Tokyo, Japan).

Tests for renal function

Samples of blood were analyzed using enzymatic kits 
(Krishgen BioSystems) to assess the control of diabetic 
nephropathy in rats that were treated for 0, 7, 14, or 21 days. 
This included estimates of blood urea nitrogen (BUN), 
serum albumin and serum creatinine.

Histopathology

Tissues were harvested from the pancreas and kidneys 
of euthanized animals and then dehydrated in ethanol, 
fixed in neutral buffered formalin solution (10%) and em-
bedded in paraffin. To conduct a microscopic examination, 
5-millimeter thick sections of tissue were collected using 
a rotary microtome LMIUK histopathology microscope 
(Sigma Histology,Center; New Delhi, India) and stained 
using hematoxylin and eosin (H&E).

Statistical analyses

GraphPad Prism v. 6 (GraphPad Software, San Diego, 
USA) was utilized for the analysis of data. The values from 
statistical analysis are presented as mean ± standard error 
of the mean (M ±SEM). Data were analyzed using one-way 
analysis of variance (ANOVA), followed by Tukey’s post 
hoc test for multiple comparisons. The value of p ≤ 0.05 
was considered statistically significant.

Results

α-amylase assay

Extracts with effective α-amylase inhibition were dis-
covered. The hydroalcoholic extract with an IC50 con-
centration of 70.82 ±0.28 mg/mL was determined to be 
the most effective for further examination. Table 1 sum-
marizes the extraction profile used to find the most ef-
fective fraction.

Total flavonoid composition

The  potency of  the  hydroalcoholic extracts derived 
from the extraction tests was assessed. The total flavonoid 
content was expressed in terms of the milligram of quer-
cetin equivalent per gram of the dry mass (mg QE/gm). 
The quercetin standard calibration curve for total fla-
vonoid concentration in both plant extracts is reported 
in Table 2 as Y = 0.0613x + 0.0004, R2 = 0.9872. Sida 
rhombifolia had a greater total flavonoid concentration, 
35.12 ±0.49 mg QE/gm, than the other plant extract.
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Total phenolic composition

The experiments yielded potent hydroalcoholic extracts. 
Table 2 shows the  total phenolic content of  the  aerial 
parts of both plants, together with a calibration curve 
(Y = 0.0371x + 0.0234, R2 = 0.9930). Sida rhombifolia pro-
duced a greater total phenolic content than the other plant, 
with 5.395 ±0.81 mg GAE/gm.

Antioxidant scavenging activity

The potent hydroalcoholic extract was used to evaluate 
the antioxidant scavenging activity. Table 2 shows the antioxi-
dant scavenging activity of aerial sections of both plants, with 
S. rhombifolia exhibiting a greater scavenging activity than 
the other plant, with 92.13 ±2.4 IC50μg/mL of free radicals.

The extracts were used on the animals and the param-
eters described in the following sections were analyzed.

Effects of Sida cordifolia and Sida rhombifolia 
extracts on body weight

Substantial weight loss was observed in  the  experi-
mental animals. The doses of extracts administered were 
100 mg/kg and 200 mg/kg, with body weight reductions 
occurring in a dose-dependent manner. Pioglitazone also 
decreased the body weight of rats affected by diabetic ne-
phropathy. The results of the body weight tests conducted 
are presented in Fig. 1 and Table 3.

Effects of Sida cordifolia and Sida rhombifolia 
extracts on blood glucose

Various extract dosages were administered to rats and 
maintained for up to 21 days. Tests for the detection of blood 
glucose were conducted on days 0, 7, 14, and 21. During 
the 21 days, the fasting blood glucose levels varied from 
92.1 mg/dL to 96.3 mg/dL in the control rats. At the same 
time, glucose levels observed in rats affected by diabetes 
were elevated to 431.8–477.4 mg/dL. Dosages of both ex-
tracts (100 mg/kg and 200 mg/kg) were administered for 
21 days and resulted in a considerable modulation of blood 
glucose levels. The 200 mg/kg dosage of S. cordifolia caused 

Table 1. IC50 values for alpha amylase inhibitory potential of alcoholic, 
hydroalcoholic and aqueous extracts of aerial parts of Sida cordifolia and 
Sida rhombifolia

Serial 
number Name IC50 [µg/mL]

1 Sida cordifolia aqueous extract 95.81 ±0.58

2 Sida cordifolia alcoholic extract 87.21 ±1.25

3 Sida cordifolia hydroalcoholic extract

50:50 103 ±1.5

70:30 73.49 ±0.70

80:20 70.82 ±0.28

4 Sida rhombifolia aqueous extract 109 ±0.44

5 Sida rhombifolia alcoholic extract 96.85 ±1.31

6 Sida rhombifolia hydroalcoholic extract

50:50 102 ±1.47

70:30 71. 98 ±0.91

80:20 71.05 ±0.83

7 standard acarbose 57 ±0.51

IC50 – sample concen tration required to inhibit 2,2-di phenyl-1-picrylhdrazyl 
(DPPH) by 50%.

Table 2. Total flavonoid, total phenolic and antioxidant content in different extracts of the plants

Serial 
number

Different solvent 
extract (aerial part)

Total flavonoid composition 
in different extracts [mg QE/gm]

Total phenolic content 
in different extracts [mg GAE/gm]

Half-minimum inhibitory 
concentration in different extracts 

[IC50µg/mL]

1 Sida rhombifolia 
hydroalcoholic (SRHA)

35.12 ±0.49 5.395 ±0.81 92.13 ±2.4

2 Sida cordifolia 
hydroalcoholic (SCHA)

25.93 ±0.27 4.21 ±0.23 86.14 ±5

Table 3. Body weight

Serial 
number Body weight [g] Day 0 [g] Day 7 [g] Day 14 [g] Day 21 [g]

1 normal control 400.12 ±8.32 399 ±8.71 401.32 ±7.31 402.17 ±8.28

2 diabetic control (toxic) 218.63 ±16.83 201.12 ±7.21 189 ±9.31 184 ±6.27

3 standard drug 10 mg/kg (pioglitazone) 232.66 ±10.67 202 ±6.31 215 ±7.21 221.1 ±8.92

4 Sida cordifolia 100 mg/kg 249.21 ±10.63 221 ±8.67 201 ±9.23 228.1 ±9.18

5 Sida cordifolia 200 mg/kg 253.17 ±9.45 245.13 ±9.36 247 ±10.37 251.12 ±8.21

6 Sida rhombifolia 100 mg/kg 239.18 ±10.45 228.27 ±10.11 232 ±16.32 241.1 ±11.2

7 Sida rhombifolia 200 mg/kg 251.10 ±11.47 239.12 ±13.21 239.18 ±14.2 249.13 ±10.2
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the greatest attenuation (287.3 mg/dL) when compared 
to the rats affected by diabetes. Pioglitazone therapy also 
led to a considerable reduction in the levels of blood glu-
cose (339.84 mg/dL). The results of the blood glucose level 
tests are presented in Fig. 2A and Table 4.

Effects of Sida cordifolia and Sida rhombifolia 
extracts on glycated hemoglobin

The assessment of glycated hemoglobin (HbA1c) levels 
was performed on days 0, 7, 14, and 21 of the experiment. 
A significant reduction in HbA1c levels was observed within 
the  nephropathy control group (3.20  ±0.02  mmol/mol) 
when compared to  the  rats in  the normal control group 
(6.21 ±0.05 mmol/mol) at  the end of  the study. The dos-
ages of 100 mg/kg and 200 mg/kg of both extracts resulted 
in substantial reductions in HbA1c levels. For the S. cordifolia 
100 mg/kg group, a value of 5.40 mmol/mol was recorded 
on day 0, while the highest value (7.99 mmol/mol) was ob-
served in the S. rhombifolia-treated group (concentration: 
200 mg/kg) on day 21. It was observed that 200 mg/kg of S. cor-
difolia caused a consistent rise from day 0 to day 21. The results 
of the HbA1c level tests are presented in Fig. 2B and Table 4.

Effects of Sida cordifolia and Sida rhombifolia 
extracts on the homeostatic model 
assessment of insulin resistance

A dose-dependent increase was observed in the results 
of the homeostatic model assessment of insulin resistance 
(HOMA-IR) for all extracts and pioglitazone in the diabetic 
control group compared to the normal control group. The re-
sults of the HOMA-IR tests are presented in Fig. 3 and Table 5.

Oral glucose tolerance test

After conducting the oral glucose tolerance tests (OGTT) 
on day 7, we observed a similar reduction of glucose levels 
in the S.cordifolia (200 mg/kg) administered group along 
with the pioglitazone administered group at different time 
points of 30 min, 60 min and 120 min. Similarly, the group 
treated with S. cordifolia (200 mg/kg) had significantly 
decreased levels of glucose in the same timeframe. Other 

Fig. 1. Results of the body weight tests

Table 4. Blood glucose and glycated hemoglobin (HbA1c) levels

Serial 
number Animal groups

Blood glucose [mg/dL] HbA1C [mmol/mol]

day 0 
[mg/dL]

day 7 
[mg/dL]

day 14 
[mg/dL]

day 21 
[mg/dL]

day 0 
[mmol/mol]

day 7 
[mmol/mol]

day 14 
[mmol/mol]

day 21 
[mmol/mol]

1 normal control 92.1 ±5.58 95.5 ±4.14 94.7 ±5.4 96.3 ±5.58 6.07 ±0.06 6.10 ±0.05 6.20 ±0.05 6.21 ±0.05

2 diabetic control 
(toxic)

447.5 ±55.44 457.2 ±57.6 477.4 ±27 431.8 ±24.48 5.03 ±0.05 4.31 ±0.05 4.21 ±0.03 3.20 ±0.02

3 standard drug 
10 mg/kg 

(pioglitazone)

432 ±48.06 413.9 ±68.76 339.84 ±63.36 396.3 ±62.64 7.03 ±0.21 7.71 ±0.28 7.89 ±0.27 8.71 ±0.29

4 Sida cordifolia 
100 mg/kg

447.8 ±72.36 439.7 ±25.38 458.8 ±30.6 421 ±45.18 5.40 ±0.24 6.89 ±0.04 6.94 ±0.07 7.01 ±0.71

5 Sida cordifolia 
200 mg/kg

444.6 ±45.9 375.84 ±74.7 287.3 ±20.7 325.26 ±32.4 6.21 ±0.03 6.59 ±0.28 6.85 ±0.05 7.1 ±0.29

6 Sida rhombifolia 
100 mg/kg

482.2 ±90.18 458.5 ±27 459.9 ±36 439.9 ±54.18 6.31 ±0.27 6.49 ±0.06 6.78 ±0.25 6.91 ±0.26

7 Sida rhombifolia 
200 mg/kg

485.1 ±54.18 424.8 ±72.18 358.2 ±63.9 443.7 ±71.82 7.73 ±0.12 7.79 ±0.03 7.91 ±0.13 7.99 ±0.29
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extracts caused increased oral glucose tolerance at a dos-
age of 200 mg/kg, except for S. rhombifolia, which consid-
erably reduced the oral glucose tolerance in rats.

On day 14, it was observed that oral glucose tolerance had 
significantly decreased within 120 min in the normal and 
S. cordifolia 200 mg/kg groups. On day 21, it was observed 
that S. cordifolia (200 mg/kg) caused the lowest value for 
the OGTT at 60 min, which then rose by 120 min. The other 

doses of extracts caused a similar decrease and rise from 
60 min to 120 min, while pioglitazone caused a considerable 
decrease throughout the discussed timeframe. The results 
of the OGTT tests are presented in Fig. 4 and Table 6.

Effects of Sida cordifolia and Sida rhombifolia 
extracts on renal function

The study measured levels of BUN, serum albumin and 
serum creatinine.

Effects of Sida cordifolia and Sida rhombifolia extracts 
on blood urea nitrogen

During the 21 days of treatment, the BUN level of the nor-
mal control group was in a range of 16.01–17.9 mg/dL, while 
the diabetic control group had very high levels of BUN 
(40.01 mg/dL). Pioglitazone caused a considerable increase 
in BUN levels, while the extracts caused higher values 
of BUN. The results of the BUN level tests are presented 
in Fig. 5 and Table 7.

Effects of Sida cordifolia and Sida rhombifolia extracts 
on serum albumin

During the 21-day treatment period, the normal con-
trol group had the highest serum albumin levels on day 14 
(7.21 g/dL). Sida cordifolia (100 mg/kg) caused significantly 
decreased levels of serum albumin (2.24 ±0.45 g/dL), similar 

Fig. 2. Results of the blood glucose (A) and glycated hemoglobin (HbA1c) 
(B) level tests
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to those found in the diabetic control (2.49 ±0.19 g/dL) and 
S. rhombifolia-treated (100 mg/kg) animals (2.29 ±0.51 g/dL). 
Sida cordifolia (200 mg/kg), along with pioglitazone, caused 
a  consistent change throughout the  treatment period. 
The results of the serum albumin level tests are presented 
in Fig. 6A and Table 8.

Effects of Sida cordifolia and Sida rhombifolia extracts 
on serum creatinine

Treatment with both extract dosages (100 mg/kg and 
200  mg/kg) did not result in  a  considerable change 
in the levels of serum creatinine, although pioglitazone 

and S. cordifolia (200 mg/kg) had similar effects on this 
parameter. The results of the serum creatinine level tests 
are presented in Fig. 6B and Table 8.

Histopathology of kidney tissues  
from different groups

The rats in the normal control group exhibited normal 
Bowman’s capsules and parenchyma, with renal glomeruli 
enclosed by the distal and proximal tubules. The rats with 
STZ-induced diabetic nephropathy had severe congestion 
and hemorrhage of glomerular tufts, cloudy and swol-
len renal tubules, lymphocytic cell infiltration around 

Table 5. Homeostatic model assessment of insulin resistance (HOMA-IR)

Serial 
number HOMA-IR [mg/dL] Day 0 [mg/dL] Day 7 [mg/dL] Day 14 [mg/dL] Day 21 [mg/dL]

1 normal control 4.32 ±0.65 4.31 ±0.71 4.51 ±1.79 4.29 ±1.89

2 diabetic control (toxic) 3.17 ±0.81 2.18 ±1.21 1.32 ±0.59 1.37 ±0.63

3 standard drug 10 mg/kg (pioglitazone) 2.31 ±0.67 3.31 ±1.61 3.81 ±1.71 4.21 ±1.82

4 Sida cordifolia 100 mg/kg 1.87 ±0.61 2.32 ±1.87 3.47 ±1.58 4.01 ±1.91

5 Sida cordifolia 200 mg/kg 2.41 ±0.37 2.69 ±1.03 2.89 ±1.31 3.48 ±1.93

6 Sida rhombifolia 100 mg/kg 2.29 ±0.61 2.88 ±1.32 3.39 ±1.71 3.86 ±1.51

7 Sida rhombifolia 200 mg/kg 1.93 ±0.51 2.43 ±1.80 341 ±1.51 389 ±1.79

Table 6. Oral glucose tolerance tests (OGTT) on day 7, 14 and 21

Serial 
number Animal groups

OGTT – day 7 [mg/dL] OGTT – day 14 [mg/dL] OGTT – day 21 [mg/dL]

30 min 
[mg/dL]

60 min 
[mg/dL]

120 min 
[mg/dL]

30 min 
[mg/dL]

60 min 
[mg/dL]

120 min 
[mg/dL]

30 min 
[mg/dL]

60 min 
[mg/dL]

120 min 
[mg/dL]

1 normal control 137 ±1.21 125 ±2.38 119 ±2.29 140 ±1.27 136 ±1.93 87 ±1.29 144 ±1.27 117 ±1.37 93 ±0.65

2 diabetic control (toxic) 284 ±2.27 427 ±3.21 321 ±1.97 580 ±2.32 547 ±1.48 566 ±1.02 599 ±2.93 536 ±1.28 452 ±2.17

3 standard drug 
10 mg/kg (pioglitazone)

372 ±1.71 418 ±1.93 433 ±1.83 263 ±2.89 176 ±1.78 151 ±1.07 145 ±1.73 142 ±1.72 117 ±1.38

4 Sida cordifolia 
100 mg/kg

361 ±1.89 570 ±2.27 205 ±1.95 223 ±1.72 109 ±1.05 90 ±0.15 223 ±1.28 90 ±1.31 109 ±1.19

5 Sida cordifolia 
200 mg/kg

181 ±1.27 192 ±1.73 129 ±1.29 165 ±1.23 119 ±1.09 56 ±0.59 165 ±1.34 35 ±0.05 119 ±1.02

6 Sida rhombifolia 
100 mg/kg

559 ±1.29 540 ±1.82 209 ±1.27 239 ±1.38 465 ±1.29 328 ±1.51 147 ±1.39 103 ±1.02 85 ±0.59

7 Sida rhombifolia 
200 mg/kg

540 ±1.72 486 ±1.29 166 ±1.97 232 ±1.72 224 ±1.33 409 ±1.23 185 ±1.51 65 ±0.29 85 ±0.67

Table 7. Blood urea nitrogen

Serial 
number Blood urea nitrogen [mg/dL] Day 0 [mg/dL] Day 7 [mg/dL] Day 14 [mg/dL] Day 21 [mg/dL]

1 normal control 16.01 ±3.20 16.5 ±3.01 17.01 ±2.99 17.9 ±3.07

2 diabetic control (toxic) 32.81 ±2.19 35.82 ±2.45 40.01 ±3.02 30.5 ±2.7

3 standard drug 10 mg/kg (pioglitazone) 20.00 ±1.25 18.21 ±1.20 17.56 ±1.75 19.6 ±1.8

4 Sida cordifolia 100 mg/kg 23.99 ±0.30 24.25 ±0.36 26.21 ±0.42 22.05 ±0.31

5 Sida cordifolia 200 mg/kg 22.82 ±1.00 22.55 ±1.06 23.07 ±1.19 24.00 ±1.8

6 Sida rhombifolia 100 mg/kg 24.20 ±0.35 25.44 ±0.39 24.95 ±0.41 25.05 ±0.5

7 Sida rhombifolia 200 mg/kg 23.85 ±1.05 25.02 ±1.72 25.9 ±2.01 24.56 ±1.9
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glomeruli, and renal tubules with edema in the intersti-
tial tissue. The pioglitazone-treated group had almost 
normal glomeruli and renal tubules. Sida cordifolia- 
(100 mg/kg and 200 mg/kg) and S. rhombifolia- (100 mg/kg 
and 200 mg/kg) treated animals showed less congestion and 
hemorrhage of glomerular tufts and some mildly swollen 
tubules. The S. cordifolia-treated group (200 mg/kg) also 
demonstrated protection against diabetic nephropathy, 

which was indicated by a decrease in atrophy, thickness 
of membranes and mesangial enlargements. Before the on-
set of microalbuminuria, oxidative stress in combination 

Fig. 6. Results of the serum albumin (A) and serum creatinine (B) level tests

Fig. 5. Results of the blood urea nitrogen (BUN) level tests

Fig. 4. Oral glucose tolerance tests (OGTT). A. Day 7; B. Day 14; C. Day 21
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with persistent hyperglycemia may play an essential role 
in the etiology of tubular, glomerular, structural, and func-
tional anomalies. Figure 7 depicts the histopathological 
changes observed in the kidneys of different groups.

Histopathology of the pancreatic tissue 
of control and treated animals

The normal control group was vehicle-treated and had 
a normal histological structure. The diabetic control 
group revealed atrophy in the islet of Langerhans, as well 

as degeneration and necrosis of  islet cells. The group 
treated with pioglitazone (10 mg/kg/day) and S. cordi-
folia (200 mg/kg/day) had normal structures. The group 
treated with S. cordifolia (100 mg/kg/day) displayed at-
rophy, degeneration and necrosis in the  islet of Lang-
erhans. Sida rhombifolia treatment (100  mg/kg/day) 
resulted in a very mild atrophy in the islet Langerhans, 
along with the degeneration of islet cells and a little ne-
crosis. Sida rhombifolia-treated rats (200 mg/kg/day) 
had a normal histological structure, although degen-
eration in islet cells and a little necrosis were observed. 

Fig. 7. Histopathology staining of kidney in different groups. A. Normal control: showing normal histological architecture; B. Toxic: showing severe 
congestion and hemorrhage of glomerular tuft (blue arrows), cloudy and swollen renal tubules (black arrow), lymphocytic cell infiltration around glomeruli 
and renal tubules with edema in the interstitial tissue; C–F. SC100 & SC200 and SR100 & SR200: showing lesser congestion and hemorrhage of glomerular 
tuft, with some mild swollen tubules; G. Pioglitazone: showing nearly normal glomeruli and renal tubules

SC – Sida cordifolia; SR – Sida rhombifolia.

Table 8. Serum albumin and serum creatinine levels

Serial 
number Group

Serum albumin [gm %] Serum creatinine [mg/dL]

day 0 
[gm %]

day 7 
[gm %]

day 14 
[gm %]

day 21 
[gm %]

day 0 
[mg/dL]

day 7 
[mg/dL]

day 14 
[mg/dL]

day 21 
[mg/dL]

1 normal control 6.39 ±0.03 7.00 ±0.07 7.21 ±0.09 6.45 ±0.08 1.00 ±0.15 1.05 ±0.20 1.5 ±0.26 1.09 ±0.18

2 diabetic control (toxic) 2.49 ±0.19 2.55 ±1.01 3.21 ±1.05 3.51 ±1.11 1.49 ±0.04 1.59 ±0.09 1.7 ±0.10 1.50 ±0.01

3 standard drug 10 mg/kg 
(pioglitazone)

4.59 ±0.40 5.01 ±0.60 4.71 ±0.51 5.52 ±0.71 0.85 ±0.01 0.97 ±0.15 0.99 ±0.14 0.88 ±0.10

4 Sida cordifolia 
100 mg/kg

2.24 ±0.45 3.21 ±0.62 2.27 ±0.79 3.57 ±0.91 1.20 ±0.20 1.31 ±0.27 1.35 ±0.32 1.71 ±0.30

5 Sida cordifolia 
200 mg/kg

3.69 ±0.65 4.00 ±0.81 3.97 ±0.68 3.99 ±0.89 0.99 ±0.09 1.06 ±0.16 1.03 ±0.19 0.98 ±0.12

6 Sida rhombifolia 
100 mg/kg

2.29 ±0.51 3.31 ±0.55 3.31 ±0.55 4.02 ±0.75 1.25 ±0.29 1.32 ±0.35 1.71 ±0.25 1.52 ±0.31

7 Sida rhombifolia 
200 mg/kg

4.00 ±0.70 4.51 ±0.75 4.03 ±0.81 3.98 ±0.85 1.02 ±0.11 1.11 ±0.20 1.9 ±0.37 1.00 ±0.10
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Figure 8 depicts the histopathological changes observed 
in  the pancreatic tissue of  the control and treatment 
groups.

Discussion

This study was conducted to examine the pharmacologi-
cal activity of pioglitazone and extracts of S. cordifolia and 
S. rhombifolia in the treatment of rats with STZ-induced 
nephropathy. Blood glucose levels of the animals with STZ-
induced nephropathy increased over the course of the ex-
periment, which was significantly improved by a range 
of treatment dosages. Parameters, namely BUN, serum 
albumin and serum creatinine, were used to assess renal 
function and to diagnose nephropathy in diabetic rats. 
It was observed that among all of the extracts, S. cordi-
folia (200 mg/kg/day) improved kidney parameters and 
antioxidant levels. The antioxidant utilized in this study 
was NAD, which protects from the  cytotoxic effects 
of STZ by eliminating free radicals. It achieves this while 
causing only modest harm to the β-cells of the pancreas. 
A similar situation occurs in type II diabetes. Nicotin-
amide, along with STZ, provides an excellent model for 
the study of pathophysiology of diabetes and is comparable 
to the human condition.12

The formation of chronic microalbuminuria is the ini-
tial clinical sign of emerging nephropathy in diabetes. 

If patients suffering from diabetes do not receive therapy 
or medication, around 20–40% of them will advance to ex-
treme albuminuria, and another 20% will develop end-
stage renal disease (ESRD) within the following 20 years. 
The pathogenesis of microalbuminuria is heavily influ-
enced by oxidative stress and dysfunctional endothelial 
cells.13 In a previous study on type II diabetes conducted 
for over a decade, 38% of participants developed microal-
buminuria that was indicative of nephropathy.14 In the cur-
rent study, microalbuminuria was prevalent in the group 
of untreated diabetic rats, which was changed through 
the administration of plant extracts. High concentrations 
of metabolic waste products such as BUN, serum creatinine 
and serum albumin compromise the function of the renal 
system. The administration of different dosages of extracts 
led to considerable reduction in these parameters, and 
it was observed that the administration of S. cordifolia 
(200 mg/kg/day) resulted in the most effective response.

The HbA1c is an effective indicator for the management 
of hyperglycemia, as it represents the true levels of glucose 
in the blood, does not disintegrate quickly and is generated 
gradually. Furthermore, HbA1c levels have been reported 
to  rise in  diabetic individuals.15,16 The  administration 
of either S. cordifolia or S. rhombifolia decreased HbA1c 
levels in the blood and alleviated the hyperglycemic effects. 
The body weight of the treated animals was also lower. 
The most effective results, in comparison to pioglitazone, 
were achieved with S. cordifolia at 200 mg/kg/day.

Fig. 8. Histopathology of the pancreatic tissue of control and treatment groups. A. Control (vehicle-treated): normal histological structure; B. Diabetic 
control: atrophy in the islet of Langerhans, degeneration and necrosis in islet cells; C. Pioglitazone 10 mg/kg/day: normal histological structure; 
D. SC 100 mg/kg/day: atrophy in the islet of Langerhans, degeneration and necrosis in islet cells; E. SC 200 mg/kg/day: normal histological structure; 
F. SR 100 mg/kg/day: very mild atrophy in the islet of Langerhans, degeneration in islet cells and a small extent of necrosis; G. SR 200 mg/kg/day: 
normal histological structure, degeneration in islet cells and a small extent of necrosis. Hematoxylin and eosin (H&E) staining, bar: 20 μm

SC – Sida cordifolia; SR – Sida rhombifolia.
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Kidneys play a major role in eliminating and metaboliz-
ing serum, which increases during chronic insufficiency 
of the renal system. The STZ-induced rats had observable 
changes in renal functioning, similar to those seen in the ne-
phropathy of diabetic humans. This included activation 
of nuclear factor kappa-B (NF-κB), expansion of mesangial 
matrices, overexpression of connective tissue growth factor 
(CTGF), hypertrophy of glomeruli, and thickening of glom-
eruli basement membranes.17 The histopathology reports 
for the group treated with S. cordifolia (200 mg/kg/day) 
were similar to the results obtained after pioglitazone treat-
ment, and proved to be significant. These results can be 
utilized for the treatment of diabetic nephropathy and can 
stimulate further research into the use of the herb. However, 
it was observed that other doses of S. rhombifolia extract 
caused abnormalities in the kidneys and pancreas, making 
them unsuitable for further analysis.

Previous research findings suggest that S.  cordifolia 
has the potential to exhibit nephroprotective properties. 
This could be due to the reduction of glucose pathways 
or through antioxidant activity.9,18,19 The plant is consid-
ered to be safe, with its median lethal dose (LD50) being 
greater than 3 g/kg. It may be of benefit in therapeutic 
practice as its toxicity potential is low.20 Our results sug-
gest that further research is warranted on S. cordifolia 
(200 mg/kg/day) for the assessment and treatment of dia-
betic nephropathy.

Conclusions

In this study, the effects of S. cordifolia and S. rhom-
bifolia extracts on rats affected by diabetic nephropathy 
were observed. The study highlighted and provided evi-
dence that S. cordifolia (200 mg/kg/day) produced the most 
vital results by reducing HbA1c and blood glucose lev-
els, along with having a significant impact on the results 
of the OGTT. Of the 2 plants, given their varied nature 
in the treatment of different ailments, S. cordifolia can 
be further studied and incorporated into the treatment 
of diabetic nephropathy.
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Abstract
Background. Occlusal splints can protect teeth during bruxism, preventing tooth wear, as well as during 
sports activities, shielding them from impacts.

Objectives. To verify the influence of thermal cycles and disinfection on the roughness, microhardness 
and color of polyethylene terephthalate glycol/thermoplastic polyurethane (PETG/TPU) and poly(methyl 
methacrylate) (PMMA).

Materials and methods. Thirty-six PETG/TPU samples and 36 PMMA samples were prepared 
(ø10 mm × 3 mm). Six groups were created according to the material and the disinfection method used 
(n = 12 each): PETG/TPU (glister), PETG/TPU (hypochlorite), PETG/TPU (soap), PMMA (glister), PMMA (hypo-
chlorite), and PMMA (soap). Roughness, Knoop microhardness and color evaluations were performed before 
the experiments (T1), after thermocycling (T2) and after disinfection (T3). Three-way repeated measures 
analysis of variance (ANOVA) and Tukey’s test were used for statistical evaluations.

Results. For roughness and color, ANOVA showed statistical significance based on the interaction between 
thermal cycling, material and disinfectant factors. In terms of Knoop microhardness, ANOVA showed statistical 
significance based on the interaction between thermal cycling and material factors.

Conclusions. Roughness results were clinically acceptable in all groups at all time points, except the PETG/
TPU and PMMA groups disinfected with hypochlorite. Microhardness significantly increased for both materials 
after thermal cycling, and at all time points, the microhardness of PMMA was significantly higher than that 
of PETG/TPU. After thermal cycling, the color changes were clinically unacceptable in all groups.

Key words: polymers, polyurethane, occlusal splints, polymethyl methacrylate, polyethylene terephthalate 
glycol
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Background

Most occlusal splints are based on  acrylic resin 
(poly(methyl methacrylate) (PMMA) – a thermoplastic 
polymer).1 Such splints can protect teeth during bruxism, 
preventing tooth wear, as well as during sports activities, 
shielding them from impacts.1–4 Additionally, the splints 
can be used after orthodontic movement to prevent teeth 
from returning to their pre-treatment positions,5 and for 
orthognathic treatment for the repositioning of skeletal 
structures.6–8

In recent years, a new material has been used to man-
ufacture splints.2 This material combines polyethylene 
terephthalate glycol (PETG – a thermoplastic polymer) 
with thermoplastic polyurethane (TPU). The PETG/TPU 
splint has a hard outer part, which comes into contact 
with opposing teeth during bruxism, and a soft inner part, 
which fits over the teeth.2 The PETG is a rigid polymer 
with excellent conformability, optical quality, resistance 
to mechanical stress, and dimensional stability. The TPU 
is a ductile elastomer that helps absorb impacts due to its 
elasticity, providing patient comfort.2 It is worth mention-
ing that the PETG/TPU occlusal splint (Erkodent) can only 
be manufactured in a thermoplasticizer from the same 
company, due to the precise temperature control of this 
device, which is necessary to manipulate the PETG/TPU 
without damaging it.

Roughness, microhardness and color are important clin-
ical factors for polymers used in dentistry (e.g., PMMA 
or PETG/TPU occlusal splints). The roughness of a ma-
terial is related to the accumulation of microbes on its 
surface.9 Thus, the greater the roughness of an occlusal 
splint, the greater the accumulation of microbes on its 
surface.9 The microhardness of a material is related to its 
wear resistance.9 Therefore, the greater the microhardness 
of a material, the greater its longevity.9 The color of a ma-
terial is one of the most important factors in dentistry. 
A change in the color of an occlusal splint over time can 
cause discomfort to its user, especially if people are around 
while the splint is in use.

This study, evaluating the  physical and mechanical 
properties of PETG/TPU, is justified for several reasons. 
First, there is only 1 recent study (2021) evaluating the ef-
fects of thermal cycles and different disinfection methods 
on the physical and mechanical properties of PETG/TPU, 
and comparing them with those of PETG.2 Second, no 
published study has compared the physical and mechani-
cal properties of PETG/TPU with those of PMMA. Third, 
the manufacturing cost of a PETG/TPU splint is higher 
compared with the manufacturing cost of a PMMA splint. 
Thus, it  is  important for dentists to  learn more about 
this new material (PETG/TPU) before recommending 
it to their patients.

The objective of the current study is to examine the im-
pact of thermal cycles and disinfection on the roughness, 
microhardness and color of PETG/TPU and PMMA.

Materials and methods

Groups

Thirty-six PETG/TPU samples and 36 PMMA samples 
were fabricated. Next, 6 groups were created according 
to the material and disinfection method used (n = 12 each): 
PETG/TPU (glister), PETG/TPU (hypochlorite), PETG/
TPU (soap), PMMA (glister), PMMA (hypochlorite), and 
PMMA (soap). All manufactured samples (colorless and 
translucent) had the same dimensions (ø10 mm × 3 mm).2,10

Evaluation times

Assessments were performed at 3 time points (T1, T2 
and T3):

– T1 (initial): roughness, microhardness and color 
change tests were performed in all groups;

– T2 (after thermal cycling): all groups underwent ther-
mal cycling and, subsequently, all tests performed at T1 
were repeated;

– T3 (after disinfection): each group was exposed to its 
respective disinfectant, and the tests performed at T1 were 
subsequently repeated (note: disinfection was performed 
on specimens that had already been subjected to thermal 
cycling).

All tests were performed by the same operator.

Sample manufacturing

In this study, samples of PMMA (Clássico, São Paulo, 
Brazil) and PETG/TPU (Erkoloc-Pro Clear; Erkodent, Pfal-
zgrafenweiler, Germany) were fabricated.

Thermopolymerizable PMMA samples with dimensions 
of ø10 mm × 3 mm2,10 were prepared according to a study 
by Goiato et al.,11,12 using the conventional resin polymer-
ization method.13 After manufacturing, the samples were 
submitted to finishing with Maxi-Cut burs to remove excess 
acrylic resin. Next, the samples were polished using a se-
quence of abrasive papers in a universal automatic polisher 
(APL-4; Arotec SA Indústria e Comércio Ltda., Cotia, Bra-
zil).11 The abrasive papers were used in ascending order (600-, 
800- and 1200-grit) for 1 min each, at a speed of 300 rpm and 
under constant irrigation.11 After finishing and polishing, 
the samples were stored in distilled water inside an incubator 
(CIENLAB, Campinas, Brazil) at a temperature of 37°C for 
24 h to hydrate them while residual monomers were elimi-
nated.11 Each group was stored separately.

The thermoplastic PETG/TPU samples were manufac-
tured from sheets of material measuring ø120 × 3 mm.2 Be-
fore cutting the samples, the PETG/TPU sheets were ther-
moprocessed using the Erkoform 3D Motion (Erkodent), 
according to the manufacturer’s recommendations.2 After 
this process, metallic cylinders were used to cut the heated 
PETG/TPU sheets.2 The PETG/TPU groups were stored 
in the same way as the PMMA groups.
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All PETG/TPU and PMMA samples were prepared 
by the same operator.

Roughness

The roughness of all samples was determined using a pro-
filometer (Dektak 150; Veeco, Plainview, USA). The sam-
ples were placed on a support and the profilometer tip was 
used on their surface.10 The roughness average (Ra) values 
were measured using a cutoff of 500 μm in a 12-second time 
constant.10 Three readings were taken on each sample and 
the average value was calculated.10 The roughness was mea-
sured in micrometers [μm].10 For the PETG/TPU samples, 
this evaluation was performed only on the PETG part.2

Knoop microhardness

The Knoop microhardness test was performed with 
a load of 25 g for 10 s (HMV/2T; Shimadzu, Kioto, Japan).2 
Three readings were taken on each sample.2 The dis-
tance between penetrations, and between penetrations 
and the edges of the sample was 500 μm.2 Values were re-
corded as Knoop hardness numbers (KHN). An average 
of the 3 readings was taken.2 For the PETG/TPU samples, 
this evaluation was performed only on the PETG part.2

Color change

The color change (ΔE*) was calculated using the Com-
mission Internationale de l’Eclairage (CIE) L*a*b* system 
(UV/2450; Shimadzu).2 The formula used was: ΔE* = [(ΔL*)2 
+ (Δa*)2 + (Δb*)2]½. The L* variable represents luminosity 
and varies from 0 (black) to 100 (white).2 The a* variable 
represents the amount of red (positive values) or green (neg-
ative values), while the b* variable represents the amount 
of yellow (positive values) or blue (negative values).2

For the PETG/TPU samples, this evaluation was per-
formed only on the PETG part, as this is the part that 
is visible when the patient is using an occlusal splint.2

Thermal cycles

The samples were submitted to 2000 cycles of immersion 
in alternating baths of distilled water at 5°C and 55°C for 
60 s (MSCT/3; Convel, São Paulo, Brazil).2

Disinfection

Each group was disinfected with one of the following: 
Glister™ Concentrated Multi-Action Oral Rinse (Am-
way, São Paulo, Brazil), 1% hypochlorite9 and liquid soap2 
(liquid soap with glycerin, physiologic pH, Johnson’s Baby; 
Johnson & Johnson, São Paulo, Brazil).2

The  liquid soap was not diluted with any substance. 
The Glister™ oral rinse was diluted with water according 
to the manufacturer’s recommendations (5 jets were ap-
plied inside the product dosing cup and then the cup was 
filled up to the 1-ounce-line with water).

Disinfection was performed for 60 days, 3 times a week.9 
During disinfection, each group remained immersed in its 
respective disinfectant for 15 min at 37°C. After each 
disinfection, the samples were washed in running water 
for 30 s.9

Statistical analyses

Three-way repeated measures analysis of  variance 
(ANOVA) and Tukey’s test were used for statistical evaluations 
(p < 0.05; Jamovi, v. 2.2.5.0; Jamovi Project, Sydney, Australia).

Results

Roughness

For roughness, ANOVA showed statistical significance 
based on  the  interaction between thermal cycling, ma-
terial and disinfectant factors (p < 0.001; Table 1). At T1 
(Table 2), the PMMA (hypochlorite) group showed a sig-
nificantly higher roughness value than the other groups. 
At T2, the PMMA (hypochlorite) and PMMA (soap) groups 
showed significantly higher roughness values than the other 
groups. At T3, the PETG/TPU (hypochlorite) group showed 
a significantly higher roughness value than the other groups, 
and the PETG/TPU (glister) and PMMA (hypochlorite) 
groups showed significantly higher roughness values than 
the PETG/TPU (soap), PMMA (glister) and PMMA (soap) 
groups.

When measurements taken at different time points were 
compared (Table 2), the PMMA (hypochlorite) group showed 
a significant increase in roughness at T2 (T2 compared with 

Table 1. Three-way repeated measures analysis of variance (ANOVA) for the roughness test

Factors Sum of squares df Mean square F p-value

Thermal cycling 0.1011 2 0.05053 116.64 <0.001*

Thermal cycling × material 0.0146 2 0.00731 16.87 <0.001*

Thermal cycling × disinfectant 0.0178 4 0.00444 10.24 <0.001*

Thermal cycling × material × disinfectant 0.0145 4 0.00363 8.37 <0.001*

Residue 0.0572 132 4.33e-4 – –

* interaction between the factors was statistically significant or the analyzed factor was statistically significant; df – degrees of freedom.
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T1). The PETG/TPU (glister) and PETG/TPU (hypochlo-
rite) groups showed a significant increase in roughness 
at T3 (T3 compared with T2).

Knoop microhardness

For microhardness, ANOVA showed statistical signifi-
cance based on the interaction between thermal cycling 
and material factors (p < 0.001; Table 3). There was a signif-
icant increase in microhardness after thermal cycling (T2 
compared with T1) for PETG/TPU and PMMA (Table 4). 
At all time points (T1, T2 and T3), the microhardness 
of PMMA was significantly higher than that of PETG/
TPU (Table 4).

Color change

For color change, ANOVA showed statistical significance 
based on the interaction between thermal cycling, mate-
rial and disinfectant factors (p < 0.001; Table 5). Based 
on ΔE1, there were no significant differences between 
groups (Table 6). Based on ΔE2, the PETG/TPU (hypo-
chlorite) group showed a significantly greater color change 
compared with the other groups (Table 6).

From ΔE1 to ΔE2, there was a  significant reduction 
in color change values in all groups, except for PMMA 
(glister) (p > 0.05) and PETG/TPU (hypochlorite – this 
group showed a significant increase in color value from 
ΔE1 to ΔE2; Table 6).

Table 3. Three-way repeated measures analysis of variance (ANOVA) for the microhardness test

Factors Sum of squares df Mean square F p-value

Thermal cycling 239.08 2 119.538 102.573 <0.001*

Thermal cycling × material 53.21 2 26.607 22.831 <0.001*

Thermal cycling × disinfectant 1.80 4 0.451 0.387 0.818

Thermal cycling × material × disinfectant 2.87 4 0.718 0.661 0.652

Residue 153.83 132 1.165 – –

* interaction between the factors was statistically significant or the analyzed factor was statistically significant; df – degrees of freedom.

Table 2. Mean (standard deviation) of the roughness values (μm) of the evaluated groups

Groups Initial (T1) After thermal cycling (T2) After disinfection (T3)

PETG/TPU (glister) 0.173 (0.0172) Aa 0.195 (0.0291) Aa 0.248 (0.0219) Ab

PETG/TPU (hypochlorite) 0.186 (0.0309) Aa 0.194 (0.0274) Aa 0.288 (0.0350) Bb

PETG/TPU (soap) 0.185 (0.0216) Aa 0.193 (0.0199) Aa 0.200 (0.0179) Ca

PMMA (glister) 0.163 (0.0208) Aa 0.193 (0.0214) Aa 0.200 (0.0224) Ca

PMMA (hypochlorite) 0.207 (0.0289) Ba 0.233 (0.0384) Bb 0.251 (0.0355) Ab

PMMA (soap) 0.173 (0.0381) Ab 0.210 (0.0260) Bb 0.217 (0.0262) Cb

Different lowercase letters horizontally represent a statistically significant difference. Different capital letters vertically represent a statistically significant 
difference (Tukey’s test, p < 0.05). PETG – polyethylene terephthalate glycol; TPU – thermoplastic polyurethane; PMMA – poly(methyl methacrylate).

Table 4. Mean (standard deviation) of the Knoop hardness numbers (KHN) of the evaluated materials

Material Initial (T1) After thermal cycling (T2) After disinfection (T3)

PETG/TPU 11.5 (1.17) Aa 12.5 (0.91) Ab 12.8 (0.90) Ab

PMMA 18.7 (1.47) Ba 21.7 (1.43) Bb 22.2 (1.42) Bb

Different lowercase letters horizontally represent a statistically significant difference. Different capital letters vertically represent a statistically significant 
difference (Tukey’s test, p < 0.05). PETG – polyethylene terephthalate glycol; TPU – thermoplastic polyurethane; PMMA – poly(methyl methacrylate).

Table 5. Three-way repeated measures analysis of variance (ANOVA) for the color change test

Factors Sum of squares df Mean square F p-value

Thermal cycling 89.4 1 89.39 24.70 <0.001*

Thermal cycling × material 14.2 1 14.17 3.92 0.052

Thermal cycling × disinfectant 93.8 2 46.92 12.97 <0.001*

Thermal cycling × material × disinfectant 201.6 2 100.78 27.85 <0.001*

Residue 238.8 66 3.62 – –

* interaction between the factors was statistically significant or the analyzed factor was statistically significant; df – degrees of freedom.
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Discussion

The purpose of thermal cycling was to simulate the ex-
treme temperature changes that occur during the clinical 
use of an occlusal splint. In this study, 2000 thermal cycles 
were performed, which represents 2 years of clinical use 
of an occlusal splint.2 This procedure can promote suc-
cessive expansions and contractions of the material caus-
ing microcracks.2 The literature shows that temperature 
variations combined with high humidity, as well as the use 
of disinfection methods over time, are extrinsic degra-
dation factors for a polymer.2,9,11,14 It is noteworthy that 
the intrinsic degradation factor for a polymer is repre-
sented by a change in its matrix over time.2,9,11,14

When comparing the groups at T1 (Table 2), there was 
no significant difference between the PETG/TPU groups, 
while the PMMA groups showed significant differences 
between them. Furthermore, the roughness of the PMMA 
(hypochlorite) group samples was significantly higher than 
those of the PETG/TPU groups (T1; Table 2). These re-
sults may suggest that the industrial polishing of PETG/
TPU was more standardized than the manual polishing 
of PMMA. Based on the statistical analysis, comparing 
the groups at T2, it is possible to verify that in most cases, 
the roughness values of PMMA were significantly higher 
than those of PETG/TPU (Table 2). Thus, this may sug-
gest that, clinically, PETG/TPU accumulates less bacterial 
plaque on its surface over time.

Table 2 shows that from T1 to T2, only 1 group (PMMA 
(hypochlorite)) showed a significant increase in the rough-
ness value. This result can be explained by a degradation 
of this type of material. The degradation of a polymer, 
due to extrinsic and intrinsic factors, is represented, for 
example, by a significant change in its roughness, micro-
hardness and color values.2,9,11,14 Despite this, as previously 
reported, the increase in roughness occurred in 1 group 
only (Table 2), which shows the excellent quality of both 
types of materials.

At T3 (Table 2), the following information on rough-
ness values can be observed: 1) comparing the PETG/TPU 

groups: soap < glister < hypochlorite (p < 0.05); and 2) com-
paring the PMMA groups: soap = glister < hypochlorite 
(p < 0.05). Thus, hypochlorite was the disinfectant that 
most increased the roughness of these materials. Further-
more, still based on the T3 time point (Table 2), the glis-
ter and the hypochlorite generated a significantly greater 
roughness on the PETG/TPU surface than on the PMMA 
surface. Thus, PMMA is likely to be less negatively influ-
enced by these disinfectants than PETG/TPU. It is note-
worthy that, based on another analysis of Table 2 (i.e., 
from T2 to T3), PMMA roughness was not influenced 
by any disinfectant, unlike PETG/TPU roughness, which 
increased significantly after disinfection with hypochlorite 
and glister.

The level of roughness that prevents the accumulation 
of microbes on the surface of a material is ≤0.2 µm (clini-
cally acceptable value).15,16,17 A greater roughness than this 
promotes bacterial adhesion to the surface of the material, 
which may result in gingival inflammation and caries.16,17 
In this study, values <0.25 µm were considered clinically 
acceptable. Thus, despite the statistically significant differ-
ences in Table 2, all results were clinically acceptable, with 
the exception of 2 groups (T3 – PMMA (hypochlorite) and 
T3 – PETG/TPU (hypochlorite)). Therefore, hypochlorite 
was the most aggressive disinfectant for the materials used.

For PETG/TPU or PMMA, there was a significant in-
crease in microhardness at T2 when compared with T1 
(Table 4). This shows that, at T2, both materials showed 
degradation based on microhardness. It should be noted 
that, at all time points, the microhardness values of PMMA 
were significantly higher than those of PETG/TPU. There-
fore, clinically, PMMA is more resistant to wear than 
PETG/TPU, contributing to the greater longevity of PMMA 
splints (Table 4). Based on this result, it is possible to rec-
ommend PMMA splints for severe cases of bruxism and 
PETG/TPU splints for milder cases of bruxism.

Specification number 12 of the American Dental Asso-
ciation (ADA) indicates that the microhardness of acrylic 
resins for denture bases should not be lower than 15 KHN.18 
Based on this recommendation, all PMMA microhardness 
values (T1, T2 and T3) were clinically acceptable (Table 4).18

Based on ΔE1 (Table 6), there were no significant differ-
ences between PETG/TPU or PMMA groups; and between 
PETG/TPU and PMMA groups. This demonstrates that 
thermal cycling generated similar effects in all evaluated 
groups (ΔE1), and that occlusal splints made of PMMA 
or PETG/TPU may show similar color changes over time. 
Based on ΔE2 (Table 6), the PETG/TPU (hypochlorite) 
group showed a significantly higher color change value 
than the other groups, and from ΔE1 to ΔE2, the PETG/
TPU (hypochlorite) group was the only group that showed 
a significant increase in color change. Thus, the chronic 
use of this disinfectant can clinically change the color 
of a PETG/TPU splint.

The  ΔE  <  3.7 is  considered clinically acceptable for 
a material.19,20 Thus, based on ΔE1 (Table 6), all observed 

Table 6. Mean (standard deviation) of the color values (ΔE) 
of the evaluated groups

Groups ΔE1 ΔE2

PETG/TPU (glister) 6.35 (1.60) Aa 3.67 (2.62) Ab

PETG/TPU (hypochlorite) 4.23 (1.94) Aa 8.46 (1.75) Bb

PETG/TPU (soap) 6.90 (2.58) Aa 2.51 (2.20) Ab

PMMA (glister) 4.22 (1.69) Aa 4.23 (2.41) Aa

PMMA (hypochlorite) 5.65 (2.00) Aa 1.96 (0.84) Ab

PMMA (soap) 4.72 (2.15) Aa 1.79 (1.30) Ab

Different lowercase letters horizontally represent a statistically significant 
difference. Different capital letters vertically represent a statistically 
significant difference (Tukey’s test, p < 0.05). PETG – polyethylene 
terephthalate glycol; TPU – thermoplastic polyurethane; PMMA 
– poly(methyl methacrylate).
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values were clinically unacceptable, demonstrating that 
a large color change can be expected for both materials 
over time. Based on ΔE2 (Table 6), in most situations, dis-
infectants acceptably changed the color of the materials 
used (PETG/TPU (glister), PETG/TPU (soap), PMMA (hy-
pochlorite), and PMMA (soap)). However, this only shows 
that, in most situations, disinfectants acceptably changed 
the color of materials that have already undergone a clini-
cally unacceptable color change.

A limitation of this study is that only 3 disinfectants 
were used. Thus, more studies are needed using other 
disinfectants.

Conclusions

Roughness results were clinically acceptable in all groups 
at all time points, except for the PETG/TPU and PMMA 
groups disinfected with hypochlorite. The microhardness 
was increased for both materials after thermal cycling, 
and, at all time points, the microhardness of PMMA was 
significantly higher than that of PETG/TPU. The color 
change was clinically unacceptable after thermal cycling 
in all groups.
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Abstract
Background. A basic parameter in non-equilibrium thermodynamics is the production of entropy 
(S-entropy), which is a consequence of the irreversible processes of mass, charge, energy, and momentum 
transport in various systems. The product of S-entropy production and absolute temperature (T) is called 
the dissipation function and is a measure of energy dissipation in non-equilibrium processes.

Objectives. This study aimed to estimate energy conversion in membrane transport processes of homo-
geneous non-electrolyte solutions. The stimulus version of the R, L, H, and P equations for the intensity 
of the entropy source achieved this purpose.

Materials and methods. The transport parameters for aqueous glucose solutions through Nephrophan® 
and Ultra-Flo 145 dialyser® synthetic polymer biomembranes were experimentally determined. Kedem–
Katchalsky–Peusner (KKP) formalism was used for binary solutions of non-electrolytes, with Peusner coef-
ficients introduced.

Results. The R, L, H, and P versions of the equations for the S-energy dissipation were derived for the mem-
brane systems based on the linear non-equilibrium Onsager and Peusner network thermodynamics. Using 
the equations for the S-energy and the energy conversion efficiency factor, equations for F-energy and 
U-energy were derived. The S-energy, F-energy and U-energy were calculated as functions of osmotic 
pressure difference using the equations obtained and presented as suitable graphs.

Conclusions. The R, L, H, and P versions of the equations describing the dissipation function had the form 
of second-degree equations. Meanwhile, the S-energy characteristics had the form of second-degree curves 
located in the 1st and 2nd quadrants of the coordinate system. These findings indicate that the R, L, H, and 
P versions of S-energy, F-energy and U-energy are not equivalent for the Nephrophan® and Ultra-Flo 145 
dialyser® membranes.

Keywords: membrane transport, Kedem–Katchalsky–Peusner equations, polymer biomembrane, transport 
coefficients, S-entropy production
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Background

Thermodynamic entropy (S-entropy) is the only physi-
cal parameter that indicates the irreversible one-way time 
course of biological processes.1 An increase in S-entropy 
results from the transition from a more to a less ordered 
state that is less precisely understood than the initial state. 
For this reason, the applicability of the concept of S-en-
tropy is limited to linear irreversible processes in states 
close to equilibrium.2 Nevertheless, it plays an important 
role in the study of non-equilibrium processes by quantita-
tively characterizing the degree of irreversibility of physi-
cochemical processes, including biological ones, that fulfill 
the second law of thermodynamics expressed as the law 
of increase of entropy.3–6

One of the basic parameters in non-equilibrium thermo-
dynamics is the production of S-entropy, which is a conse-
quence of irreversible processes of mass, charge, energy, and 
momentum transport in various systems, including mem-
brane systems.7,8 Membrane transport processes are impor-
tant in many areas of human cognitive and utilitarian activ-
ity, including science, technology and medicine.9 Research 
methods and tools developed using non-equilibrium ther-
modynamics and network thermodynamics describe such 
membrane transport,5,10 including the Kedem–Katchalsky5 
and Kedem–Katchalsky–Peusner10–16 formalisms. Several 
papers5,7,8,13,17 focused on estimating the entropy source 
in membrane systems used equations derived from the Ke-
dem–Katchalsky formalism, while others presented entropy 
calculations for bacterial nanocellulose and Textus Bioac-
tiv biomembranes used as active dressings.18–20 The prod-
uct of S-entropy production and absolute temperature (T) 

is termed the dissipation function and is a measure of energy 
dissipation in non-equilibrium processes.

The present work aimed to evaluate the energy conver-
sion in membrane systems using the formalism developed 
within the framework of Peusner network thermodynam-
ics. The introduction presents the equations for S-energy 
dissipation in the Kedem and Katchalsky versions, the R, 
L, H, and P versions of the Kedem–Katchalsky–Peusner 
(KKP) equations for membrane transport of homogeneous 
non-electrolyte solutions, the  equations representing 
the R, L, H, and P versions of the Q coupling parameter, 
and the energy conversion efficiency ratio. This part also 
contains the mathematical equations for φ(S)Y (Y=R,L,H or P), 
derived from the KKP formalism describing the energy 
dissipation function as  a  function of  thermodynamic 
forces. Based on the obtained equations Rij = f(Δπ)ΔP = 0, 
Lij = f(Δπ)ΔP = 0, Hij = f(Δπ)ΔP = 0, and Pij = f(Δπ)Δπ = 0 (i,j ∈ 
{1, 2}), the characteristics of φ(S)Y (Y=R,L,H or P) = f(Δπ)Δπ = 0 
were calculated for Ultra-Flo 145 dialyser® and Nephro-
phan® synthetic membranes. To evaluate the conversion 
of chemical energy, the value of the coupling parameter 
and the energy conversion efficiency was calculated.

Materials and methods

Membrane system

The system used to study membrane transport is  il-
lustrated schematically in Fig. 1. This system consists 
of a membrane located in the horizontal plane that separates 
2 aqueous solutions of glucose with initial concentrations 

Streszczenie
Wprowadzenie. Podstawowym parametrem termodynamiki nierównowagowej jest produkcja S-entropii, która jest konsekwencją nieodwracalnych procesów 
transportu masy, ładunku, energii i pędu w różnych typach układów. Iloczyn produkcji S-entropii i temperatury bezwzględnej T nazywany jest funkcją rozpraszania 
i jest miarą rozpraszania energii w procesach nierównowagowych.

Cel pracy. Celem pracy było oszacowanie konwersji energii w procesach transportu membranowego jednorodnych roztworów nieelektrolitów. W tym celu wyko-
rzystano bodźcową wersję równań R, L, H i P dla natężenia źródła entropii.

Materiał i metody. Przedmiotem badań były syntetyczne biomembrany polimerowe (Nephrophan® i Ultra-Flo 145 dialyser®) o eksperymentalnie wyznaczonych 
parametrach transportu dla wodnych roztworów glukozy. Jako metodę badawczą zastosowano formalizm Kedem–Katchalsky’ego–Peusnera dla binarnych roztworów 
nieelektrolitów, z wprowadzonymi współczynnikami Peusnera.

Wyniki. Wersje R, L, H i P równań dyssypacji S-energii zostały wyprowadzone dla układu membranowego na podstawie liniowej nierównowagowej termodynamiki 
sieciowej Onsagera i Peusnera. Korzystając z równania na S-energię i równania na współczynnik sprawności konwersji energii, wyprowadzono równania na F-energię 
i U-energię. Na podstawie otrzymanych równań obliczono S-energię, F-energię i U-energię jako funkcje różnicy ciśnień osmotycznych i przedstawiono je w postaci 
odpowiednich wykresów.

Wnioski. Wersje R, L, H i P równań opisujących funkcję dyssypacji mają postać równań drugiego stopnia. Charakterystyki S-energii mają postać krzywych drugiego 
stopnia znajdujących się w pierwszej i drugiej ćwiartce układu współrzędnych. Artykuł pokazuje, że wersje R, L, H i P S-energii, F-energii i U-energii nie są równoważne 
zarówno dla membran Nephrophan®, jak i Ultra-Flo 145 dialyser®.

Słowa kluczowe: transport membranowy, biomembrana polimerowa, współczynniki transportu, produkcja S-entropii, równania Kedem–Katchalsky’ego–Peusnera
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of Ch and Cl = const. (Ch ≥ Cl). The density of solutions with 
concentrations of Ch and Cl fulfilled the condition ρh ≥ ρl 
(ρl = const.). In configuration A, the compartment above 
the membrane contains a solution with concentration Cl, 
and the compartment below the membrane has a solution 
with the concentration Ch. In configuration B, the solu-
tions with the concentration of Cl and Ch were reversed.

Water and dissolved substances transported through 
the membrane cause membrane concentration polariza-
tion (CP) since they form concentration boundary layers 
(CBLs), lh

r and ll
r, on both sides of the membrane. The thick-

ness of the CBL (lh
r ) is δh

r, and the thickness of CBL (ll
r ) is δl

r. 
As a consequence of the CBL formation, the concentra-
tion difference through the membrane decreases from Ch 
– Cl to Ch

r – Cl
r, where Ch

r > Cl
r Ch > Ch

r, and Cl
r > Cl, and 

the density difference increases from ρh – ρl to ρh
r – ρl

r, 
where ρh

r > ρl
r, ρh > ρh

r, and ρl
r > ρl. When a lower-density 

solution is located in the compartment below the mem-
brane, and a higher-density solution is  in the compart-
ment above the membrane, the complex lh

r/M/ll
r, can lose 

hydrodynamic stability.
Hydrodynamic instability is manifested by natural con-

vection in near-membrane areas.21–23 When the concentra-
tion Rayleigh number (RC), which provides information 
about the process of the appearance of gravitational con-
vection, exceeds its critical value, hydrodynamic insta-
bilities appear in the near membrane areas.13,22,24–26 Over 
time, the destructive effect of gravitational convection 
limits the growth of δh

r and δl
r, and accelerates the diffusion 

of substances beyond the layers, which extends the convec-
tion to the entire volume of the solution. Self-organization 
of the liquid may occur under certain conditions, which 
is manifested in the “plum structure.”27

Equations for S-energy dissipation 
in the Kedem–Katchalsky version

The measure of S-energy dissipation is the so-called dissi-
pation function φ(S), which is equal to the product of T and 
entropy production (diS/dt). Mathematical expressions for 

S-energy dissipation in a system in which a membrane sepa-
rates 2 homogeneous non-electrolytic solutions of differ-
ent concentrations will be obtained using the procedure 
described in previous papers.3,5 The S-energy dissipation 
function can be described by the expression (Eq. 1):

 
 (1)

This equation shows that φ(S) is a bilinear form and 
is  the sum of  the products of  the generalized thermo-
dynamic fluxes (Ji) and the thermodynamic forces (Xi) 
of the same tensor order. In this equation, Lij are phenom-
enological coefficients coupling Ji with Xj.5 Diagonal (Lii, Ljj) 
and non-diagonal (Lij, Lji) coefficients satisfy the following 
Onsager relations:

Lij ≠ Lji, Lii ≥ 0, Ljj ≥ 0, LiiLjj ≥ Lij
2 (i,j ∈ {1, 2})3,5

For stationary membrane transport of homogeneous 
non-electrolytic solutions containing 1 solute (s) and sol-
vent (w), caused by thermodynamic forces, Δπ (osmotic 
pressure difference) and ΔP (hydrostatic pressure differ-
ence), the Equation (1) can be written in the form (Eq. 2)5:

 
 (2)

where V–s and V–w denote the  partial molar volumes 
of the s-th and w-th component of the solution, Js and Jw are 
the fluxes of s and w, respectively, C–s = (Ch – Cl) ln(ChCl

–1)]–1, 
Ch and Cl (Ch > Cl) are solute concentrations, Δπ = RT(Ch 
– Cl) is the osmotic pressure difference, and RT is the prod-
uct of the gas constant and absolute temperature. C–s can 
also be expressed as C–s = Δπ[RT ln(ChCl

–1)]–1.
Taking into consideration the expressions JsV

–
s + JwV–w ≡ Jv 

and JsC
–

s
–1 – JwV–w ≡ JD (Jv– volume flux, JD – diffusive flux), 

we can write Equation (2) in the form (Eq. 3)3,5:

 
 (3)

Assuming glucose concentration Ch = 201 mol m−3 and 
Cl = 1 mol m−3, we get C–s = 37.71 mol m−3 and 1/C–s = 2.65 × 
10−2 m3 mol−1. On the other hand, V–s = 1.2 ×10−4 m3 mol−1. 

Fig. 1. Model of a single-membrane 
system

M – membrane; g – gravitational 
acceleration; ll

A and lh
A – concentration 

boundary layers (CBLs) 
in configuration A; ll

B and lh
B – CBLs 

in configuration B; Ph and 
Pl – mechanical pressures; Ch and 
Cl – total solution concentrations 
(Ch > Cl); Cl

A, Ch
A, Cl

B and Ch
B – local 

(at boundaries between membrane 
and CBLs) solution concentrations; 
Jv

A – solute and volume fluxes 
in configuration A; Jv

B – solute and 
volume fluxes in configuration B.



A. Ślęzak et al. Energy conversion in biomembranes28

This means that 1/C–s >> V–s, and Equation (3) can be written 
in the form (Eq. 4):

 
 (4)

The expression obtained is a practical form of the S-
energy dissipation function for the  osmotic-diffusion 
transport of homogeneous solutions. The φ(S)Y (Y=R,L,H or P) 
of Equation (3) can then be written using the R, L, H, and 
P versions of the KKP equations.

R, L, H, and P versions of the Kedem–
Katchalsky–Peusner equations

The R, L, H, and P versions of the KKP equations are ob-
tained through an appropriate transformation of the clas-
sical Kedem–Katchalsky equations (Eq. 5,6),5

  (5)

  (6)

where Lp, σ, and ω are coefficients of hydraulic permeabil-
ity and reflection and diffusion permeability, respectively, 
Jv is volume flux, Js is solute flux, ΔP is the hydrostatic 
pressure difference, Δπ = RTΔC is the osmotic pressure 
difference, RT is the product of the gas constant and ab-
solute temperature, ΔC = Ch – Cl (Ch > Cl) is the difference 
of concentrations on the membrane, and C–s = (Ch – Cl)
[ln(ChCl

–1)]–1 = Δπ[RTln(ChCl
–1)]–1 is the average concentra-

tion of the solution in the membrane.
By appropriate transformations of Equations (5) and 

(6), it  is possible to obtain the R, L, H, and P versions 
of  the KKP equations.10,14 The R, L, H, and P  versions 
of the KKP equations obtained as a result of the transfor-
mation of Equations (5) and (6) are summarized in Table 1. 
The R, L, H, and P versions of the KKP equations contain 

Peusner coefficients, Rij, Lij, Hij, and Pij, where i, j ∈ {1, 2}, 
respectively.

R, L, H, and P versions of the Q coupling 
parameter and energy conversion ratio emax

Using the definition of the Q coupling parameter and 
the energy conversion efficiency, (emax)Y (Y=R,L,H or P), pre-
sented by Peusner,10 expressions for the R, L, H, and P ver-
sions of the Q coupling parameter and (emax)Y (Y=R,L,H or P) 
coefficients can be written. These expressions are listed 
in the 2nd and 3rd columns of Table 2.

Taking into account the equations listed in the 2nd, 3rd 
and 4th columns of Table 2, and the expressions listed 
in the 3rd column of Table 1, we get (Eq. 7–9):

 

 (7)

 

 (8)

 

 (9)

R, L, H, and P versions of the equation 
for energy dissipation

Taking into account the  R, L, H, and P  versions of 
the KKP equations in Equation (3), we obtain the R, L, H, 
and P versions of the S-energy dissipation equations for 
the thermodynamic force version denoted by φ(S)R, φ(S)L, 
φ(S)H, and φ(S)P (Eq. 10–13):

 
 (10)

 
 (11)

 
 (12)

 
 (13)

These equations do not contain Jv and Js fluxes, but do 
contain the thermodynamic forces ΔP and Δπ. There-
fore, these equations determine the thermodynamic forces 
of the equations for φ(S)Y (Y=R,L,H or P). From Equations (10−13), 
it follows that in order to calculate φ(S)Y (Y=R,L,H or P), the char-
acteristics Rij = f(Δπ)ΔP = 0, Lij = f(Δπ)ΔP = 0, Hij = f(Δπ)ΔP = 0, 
and Pij = f(Δπ)ΔP = 0 must first be calculated and included 
in Equations (7−9).

Evaluation of internal energy conversion

The  internal energy conversion process is  governed 
by the principle of conservation of energy. According to this 
principle, the fluxes of the U-energy (φ(U)Y (Y=R,L,H or P)), 
F-energy (φ(F)Y (Y=R,L,H or P)) and S-energy (φ(S)Y (Y=R,L,H or P)) 
satisfy the equation (Eq. 14)28:

  (14)
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Here, φ(U)Y = A–1dUY/dt is the U-energy flux (W m–2), 
φ(F)Y = A–1dFY/dt the F-energy flux (W m−2), and φ(S)Y = 
TA–1diSY/dt is the S-energy flux (W m−2).

An explicit form of the coefficients Rij, Lij, Hij, and Pij, 
for i,j ∈ {1, 2}, appearing in the above equation is given 
in Equations (10−13). To obtain S-energy for the condi-
tions of homogeneity of solutions (φ(S)Y (Y=R,L,H or P)) in Equa-
tions (10–13), the free energy flux φ(F)Y (Y=R,L,H or P) can be 
calculated using the definition of the energy conversion 
efficiency coefficient (Eq. 15):

 

 (15)

By transforming Equation (15), we get (Eq. 16,17)

 
 (16)

 
 (17)

From a formal point of view, the cases of φ(F)Y (Y=R,L,H or P) = 0 
and φ(U)Y (Y=R,L,H or P) = 0 are excluded, because in order for 
the denominator of Equations (16) and (17) to be differ-
ent from 0, the condition (emax)Y (Y=R,L,H or P) ≠ 1 must be 
satisfied.

The maximum energy conversion efficiency expressed 
by the Kedem–Caplan–Peusner coefficients10,28,29 in Equa-
tions (16) and (17) can be written as (Eq. 18–21):

Table 1. Comparison of the R, L, H, and P versions of the Kedem–Katchalsky–Peusner (KKP) equations

KKP version Form of the equations Peusner’s coefficients

R

L

H

P
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The  values of  the  (emax)Y (Y=R,L,H or  P) coefficient are 
limited by  the  relations 0  ≤  (emax)Y (Y=R,L,H or  P)  ≤  1 and 
(emax)Y (Y=R,L,H or  P)  =  0, when R12R21  =  L12L21  =  H12H21  = 
P12P21 = 0, when r12r21 =  l12l21 = h12h21 = p12p21 = 0 and 
(emax)Y (Y=R,L,H or P) = 1, when R12R21 = R11R22, L12L21 = L11L22, 
H12H21 = H11H22, or when P12P21 = P11P22 and r12r21 = 1, 
l12l21 = 1, h12h21 = 1 or p12p21 = 1.

Biomembrane characteristics

Nephrophan® biomembrane (ORWO VEB Filmfabrik, 
Wolfen, Germany) is a microporous, highly hydrophilic, 
electroneutral, and compact-structure membrane made 
from regenerated cellulose.30 The  membrane is  used 
in urology in ganglion hemodialyzers, due to their high-
pressure strength, and for controlled release of  drugs 
in ophthalmology and laryngology.31

The Ultra-Flo 145 dialyser® (Artificial Organs Division, 
Travenol Laboratories, Brussels, Belgium) is an ultrafiltra-
tion, microporous, hydrophilic, and electroneutral regener-
ated cellulose biomembrane used in urology.32

Images of Nephrophan® and Ultra-Flo 145 dialyser® 
membranes obtained with a Zeiss Supra 35 scanning elec-
tron microscope (SEM; Carl Zeiss AG, Jena, Germany) are 
shown in Fig. 2A,B. The image in Fig. 2A shows the solid 
structure of the Nephrophan® membrane, and the image 
in Fig. 2B presents the microfiber structure of the Ultra-Flo 
145 dialyser® membrane.

Results

The  calculations of  (φ(S)Y (Y=R,L,H or  P) performed for 
Nephrophan® and Ultra-Flo 145 dialyser® membranes 
have been used in nephrology and ophthalmology.17 Each 
of  the  biomembranes (monolayer, symmetric, isotro-
pic, and electrically neutral) separated 2 homogeneous 
aqueous glucose solutions with concentrations Ch and Cl 
(Ch > Cl) and the same temperature (T = 295 K). The trans-
port properties of these biomembranes were determined 
by hydraulic permeability (Lp), reflection (σ) and diffu-
sion permeability (ω). The dry thickness of the membranes 

Table 2. R, L, H, and P versions of coupling coefficient l, coupling parameter Q and energy conversion coefficient (emax)Y (Y=R,L,H or P)

Version Caplan coupling parameter Peusner coupling parameter Energy conversion coefficient

R

L

H

P

 

 (18)

 

 (19)

 

 (20)

 

 (21)
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is denoted by d. The values of these coefficients are sum-
marized in Table 3.

Table 3 shows that both Nephrophan® and Ultra-Flo 145 
dialyser® biomembranes are selective for glucose because 
0 < σ < 1. The following data was used for the calculations: 
R = 8.31 J mol−1K−1 and Δπ, which ranged from −12.16 kPa 
to  −502.54 kPa or  from +12.16  kPa to  +502.54  kPa, 
Cl = 1 mol m−3 and Ch ranged from 6 mol m−3 to 206 mol m−3. 
To calculate the dependencies Rij = f(Δπ)ΔP = 0, Lij = f(Δπ)ΔP = 0, 
Hij = f(Δπ)ΔP = 0, and Pij = f(Δπ)ΔP = 0 (i,j ∈ {1, 2}), the equa-
tions listed in the 3rd column of Table 1 were used. All 
calculations assumed the condition ΔP = 0. The results 
of the calculations are presented in Fig. 3A–D, Fig. 4A–D 
and Fig. 5A. The results of calculations show that the val-
ues of the coefficients R12 = R21, L11, and H11 are independent 
of Δπ. Therefore, their values are constant and amount to: 
R12 = R21 = −1.165 × 109 N s mol−1, L11 = 4.9 × 10−12 m3 N−1s−1 
and H11 = 2.0 × 1011 Ns m−3 for the Nephrophan® membrane, 
and R12 = R21 = −8.88 × 109 N s mol−1, L11 = 0.85 × 10−12 m3 
N−1s−1 and H11 = 11.76 × 1011 Ns m−3 for the Ultra-Flo 145 
dialyser® membrane.

Increases in the absolute values of glucose osmotic pres-
sure (Δπ) cause a nonlinear increase of L12, L21, L22, and R11 
coefficients in all configurations of the system, while R22 

decreases with increased absolute values of Δπ. Greater 
changes of all the coefficients occurred for the Nephrophan® 
membrane than the Ultra-Flo 145 dialyser® membrane for 
the same changes in Δπ. The smaller changes in coefficients 
for the Ultra-Flo 145 dialyser® membrane are related to its 
more porous structure, which makes it easier for solutes and 
water to permeate the membrane. Therefore, an increase 
in absolute values of Δπ causes greater coupling between 
suitable fluxes and forces, when the direct relationship be-
tween thermodynamic force and flux of glucose is excluded.

The values of coefficients R11, R22, L12, L22, H12, H21, H22, 
P11, P12, and P22 depend on Δπ for both biomembranes, 
as is illustrated in Fig. 3A–D and Fig. 4A–D. Figure 3A,C,D 
and Fig. 4B show that the values of R11, L12, L22, and H22 are 
positive and increase with increasing absolute Δπ. Mean-
while, Fig. 3B and Fig. 4D,E demonstrate positive values 
of R22, P11, P12, and P22, which decrease with increasing 
absolute Δπ. In turn, H12 and P21 are negative, and H12 
decreases, while the values of P21 increase with increas-
ing absolute Δπ. Furthermore, Fig. 3A–D and Fig. 4A–E 
show greater R11, R22, P12, and P22 coefficients for the Ultra-
Flo 145 dialyser® than for the Nephrophan® membrane. 
On the other hand, the coefficients L12, L22, H21, H12, H22, 
P11, and P21 are greater for the Nephrophan® membrane 
than for the Ultra-Flo 145 dialyser®.

Taking into account the results of calculations for de-
pendencies Rij = f(Δπ)ΔP = 0, Lij = f(Δπ)ΔP = 0, Hij = f(Δπ)ΔP = 0, 
and Pij = f(Δπ)ΔP = 0 (i,j ∈ {1, 2}) (Fig. 3A–D and Fig. 4A–E, 
and the equations listed in the 2nd column of Table 2), 
the dependencies (QY(Y=R,L,H or P) = f(Δπ)ΔP=0 were calculated. 
The results of calculations are presented in Fig. 5A,B.

The  curves presented in  Fig. 5 show greater values 
of the coefficients QR, QL, QH, and QP for the Nephrophan® 
membrane than for the Ultra-Flo 145 dialyser®. Further-
more, the values of coefficients QR and QL are positive, while 

Fig. 2. Images of membrane surfaces obtained from scanning electron microscopy (SEM). A. Surface and cross-section of the Nephrophan® membrane 
(×15,000 magnification)24; B. Cross-section of the Ultra-Flo 145 dialyser® membrane (×10,500 magnification)

Table 3. Values of the parameters (Lp, σ, ω, and d) for Nephrophan® and 
Ultra-Flo 145 dialyser® membranes, and for aqueous glucose solutions

Parameters
Biomembrane

Nephrophan® Ultra-Flo 145 dialyser®
Lp × 1012 [m3N−1s−1] 4.9 0.85

σ 0.068 0.112

ω × 109 [mol N−1s−1] 0.8 0.1

d [μm] 200 800

BA
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QH and QP are negative. The Nephrophan® membrane ful-
filled the relations QR > QL and QH = QP, while QR = QL and 
QH > QP were fulfilled for the Ultra-Flo 145 dialyser®.

Using the results obtained for dependencies Rij = f(Δπ)ΔP = 0, 
Lij =  f(Δπ)ΔP = 0, Hij =  f(Δπ)ΔP = 0, and Pij =  f(Δπ)ΔP = 0 (i,j 
∈ {1, 2}) shown in Fig. 3A–D and Fig. 4A–E, as well as 
(QY(Y=R,L,H or P) = f(Δπ)ΔP=0, shown in Fig. 5A,B, and the equa-
tions listed in the 4th column of Table 2, the dependencies 
(emax)Y (Y=R,L,H or P) were calculated. The results of calcula-
tions are presented in Fig. 5C,D. The curves in these figures 
show greater values of the coefficients (emax)Y (Y=R,L,H or P) for 
the Nephrophan® membrane than for the Ultra-Flo 145 
dialyser® membrane. Also, the coefficients (emax)Y (Y=R,L,H or P) 
are positive. For the Nephrophan® membrane, the relations 
(emax)R > (emax)L and (emax)H = (emax)P are fulfilled. In turn, for 
the Ultra-Flo 145 dialyser® membrane, (emax)R = (emax)L = 
(emax)H < (emax)P.

Accounting for the results obtained for Rij = f(Δπ)ΔP = 0, 
Lij = f(Δπ)ΔP = 0, Hij = f(Δπ)ΔP = 0, and Pij = f(Δπ)ΔP = 0 (i,j ∈ 
{1, 2}), shown in Fig. 3A–D, Fig. 4A–D and Fig. 5A–C, as well 
as Equations (10–13), the dependencies φ(S)Y (Y=R,L,H or P) = 
f(Δπ)ΔP = 0, were calculated. The results of calculations are 
presented in Fig. 6A,B.

The curves presented in Fig. 6A,B show greater val-
ues of the coefficients φ(S)Y (Y=R,L,H or P) for Nephrophan® 
than for the Ultra-Flo 145 dialyser® membrane. These 
findings indicate that the dissipation of energy is greater 
in the Nephrophan® membrane than in the Ultra-Flo 145 
dialyser® membrane under similar transport conditions. 
Furthermore, the values of coefficients φ(S)Y (Y=R,L,H or P) are 
positive, and the relationship φ(S)R > φ(S)L > φ(S)H > φ(S)P 
is true for both the Nephrophan® and Ultra-Flo 145 dialy-
ser® membranes.

Using the  results obtained for the  dependencies 
(emax)Y (Y=R,L,H or P) and φ(S)Y (Y=R,L,H or P) = f(Δπ)ΔP = 0, shown 
in  Fig. 5C,D and Fig. 6A,B, respectively, and in  Equa-
tion (16), the dependencies φ(F)Y (Y=R,L,H or P) =  f(Δπ)ΔP = 0, 
were calculated.

The results of the calculations presented in Fig. 6C,D 
show greater values of the coefficients φ(F)Y (Y=R,L,H or P) for 
Nephrophan® in comparison to the Ultra-Flo 145 dialy-
ser® membrane. They also show positive values for the co-
efficients φ(F)Y (Y=R,L,H or P). The relations φ(F)R > φ(F)L > 
φ(F)H > φ(F)P are fulfilled for both the Nephrophan® and 
Ultra-Flo 145 dialyser® membranes.

Fig. 3. Illustration of dependencies Rij = f(Δπ)ΔP=0 and Lij = f(Δπ)ΔP=0 (i,j ∈ {1, 2}) for aqueous glucose solutions. A. R11 = f(Δπ)ΔP=0; B. R22 = f(Δπ)ΔP=0; 
C. L12 = L21 =f(Δπ)ΔP=0; D. L22 = f(Δπ)ΔP=0. Plots marked with (1) were obtained for the Nephrophan® membrane and plots marked with (2) were obtained for 
the Ultra-Flo 145 dialyser® membrane
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Considering the  results obtained for dependences 
(emax)Y (Y=R,L,H or P) = f(Δπ)ΔP = 0 and φ(S)Y (Y=R,L,H or P) = f(Δπ)ΔP = 0), 
shown in Fig. 5C,D and Fig. 6A,B, respectively, and in Equa-
tion (17), the dependencies φ(U)Y (Y=R,L,H or P) = f(Δπ)ΔP = 0 were 
calculated and are shown in Fig. 6E,F.

The curves presented in Fig. 6A–F show greater val-
ues of φ(U)Y (Y=R,L,H or P) for the Nephrophan® membrane 
than the Ultra-Flo 145 dialyser® membrane. Furthermore, 
φ(U)Y (Y=R,L,H or P) are positive, and the relations φ(U)R > 
φ(U)L > φ(U)H > φ(U)P are fulfilled for both membranes.

Discussion

Using Peusner’s lattice thermodynamics formalism, 
the R, L, H, and P versions of the KKP equations are ob-
tained by transforming the classical Kedem–Katchalsky 
equations.5 Meanwhile, the equations listed in Table 1 
should be considered in order to obtain the R, L, H, and 
P versions of the equations for energy dissipation (S-energy).

The characteristics of φ(S)Y (Y=R,L,H or P) = f(Δπ, ΔP) should 
have different types of curved surfaces. Indeed, this was 

A

C

E

B

D

Fig. 4. Illustration of dependencies Hij = f(Δπ)ΔP=0 and Pij = f(Δπ)ΔP=0  
(i,j ∈ {1, 2}) for aqueous glucose solutions. A) H12 = f(Δπ)ΔP=0 and 
H21 = f(Δπ)ΔP=0, B) H22 = f(Δπ)ΔP=0, C) P11 = f(Δπ)ΔP=0, and D) P12 = f(Δπ)ΔP=0 and 
P21 = f(Δπ)ΔP=0 (E) P22 = f(Δπ)ΔP=0. Plots marked with (1) in B, C, and E were 
obtained for Nephrophan®, and plots marked with (2) were obtained for 
the Ultra-Flo 145 dialyser® membrane. Plots (1) and (3) presented in A and 
D were obtained for the Nephrophan® membrane, and plots marked with 
(2) and (4) were obtained for the Ultra-Flo 145 dialyser® membrane
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previously confirmed by  the  characteristics of  φ(S)L  = 
f(Δπ, ΔP) for a bacterial nanocellulose membrane (Biofill).8 
Similarly, the characteristics of φ(S)Y (Y=R,L,H or P) = f(ΔP, Δπ/C–s) 
should have different types of curved surfaces, and the char-
acteristics of φ(S)L = f(ΔP, Δπ/C–s) presented in past work 
confirm this hypothesis.7

As previously mentioned, Equations (6–9) do not con-
tain fluxes Jv and Js, but contain thermodynamic forces ΔP 
and Δπ. Therefore, these equations constitute the ther-
modynamic force version of equations for φ(S)Y (Y=R,L,H or P). 
As such, a flux version of the equations for φ(S)Y (Y=R,L,H or P) 
can also be obtained. For this purpose, thermodynamic 
forces, ΔP – Δπ and Δπ/C–s, should be eliminated from 
Equation (3) using the equations listed in Table 1. Equa-
tions for flux versions of φ(S)Y (Y=R,L,H or P) have the form 
(Eq. 22–25):

  (22)

 
 (23)

 
 (24)

 
 (25)

Explicit forms of Peusner coefficients Rij, Lij, Hij, and Pij (i,j ∈ 
{1, 2}) appearing in the above equations is presented in Table 1. 
The Equations (10–13) are the flux form of the equations for 
the intensity of the entropy source. Meanwhile, Equations 
(6–9) will be useful for numerical calculations of the S-en-
ergy, and Equations (22–24) can be used for calculations 
based on experimentally determined Jv and Js.

Conclusions

Equations describing φ(S)Y (Y=R,L,H or P) versions of S-energy 
are the sum of the quadratic equations of the ΔP and Δπ 
variables. The characteristics of φ(S)Y (Y=R,L,H or P) = f(Δπ)ΔP=0 
are the second-degree curves located in the 1st and 2nd 
quadrants of the coordinate system.

Characteristics of  φ(S)Y (Y=R,L,H or  P)  =  f(Δπ)ΔP=0, illus-
trated by  curves 1, 2, 3 and 4, for both Nephrophan® 
and Ultra-Flo 145 dialyser® membranes, have differ-
ent forms. For the same Δπ values in the Nephrophan® 
membrane, curves 1, 2, 3, and 4 for the  dependencies 

Fig. 5. Illustration of dependencies QY (Y=R,L,H or P) = f(Δπ)ΔP=0 and (emax)(Y=R,L,H or P) = f(Δπ)ΔP=0 for aqueous glucose solutions. Plots 1, 2, 3, and 4 shown in A and C 
were obtained for the Nephrophan® membrane, and plots 1, 2, 3, and 4 in B and D represent the Ultra-Flo 145 dialyser® membrane
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φ(S)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, φ(F)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, and 
φ(U)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, satisfy the following relations: 
φ(S)L > φ(S)P > φ(S)R > φ(S)H, φ(F)R > φ(F)L > φ(F)P > φ(F)H 
and φ(U)L > φ(U)P > φ(U)R > φ(U)H. In contrast, the same Δπ 
values for the Ultra-Flo 145 dialyser® membrane, curves 1, 
2, 3, and 4 for the dependencies φ(S)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, 
φ(F)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, and φ(U)Y (Y=R,L,H or P) = f(Δπ)ΔP=0, 
satisfy the following relations, φ(S)L > φ(S)P > φ(S)R > φ(S)H, 
φ(F)L > φ(F)P > φ(F)R > φ(F)H and φ(U)L > φ(U)P > φ(U)R > 
φ(U)H.
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Abstract
Background. Polymethylmethacrylate (PMMA) is the most used material for the manufacturing of eye 
prostheses.

Objectives. To investigate the cytotoxicity of different cleaning agents for ocular prostheses on human 
conjunctival cells.

Materials and methods. Six groups of specimens were created (saline, soap, 4% chlorhexidine, hydrogen 
peroxide, 1% triclosan, and citronella oil). Three specimens were made for each disinfectant at each disinfec-
tion period (1, 7, 15, 30, 60, and 90 days), totaling 108 speci mens. Thus, the specimens were disinfected, 
with different disinfectants, for different periods of time. After each disinfection process, the specimens were 
washed with sterile distilled water. A human conjunctival cell line was grown on the acrylic resin specimens 
and then cytotoxicity tests (MTT and Neutral Red (NR)) were performed. A negative control (untreated cell 
cultures) and positive control (Tween 20) were created. Two-way analysis of variance (ANOVA) and Bonferroni 
test were performed (p < 0.05).

Results. For the MTT and NR tests, when there was a significant difference between the disinfectant and 
negative control, the disinfectant generated a significant reduction in cell proliferation most of the time. 

Conclusions. All reductions in cell proliferation caused by the disinfectants were clinically acceptable. 
All disinfectants tested in this study were found to be non-cytotoxic to human conjunctival cells.

Key words: artificial eye, acrylic resins, cytotoxicity, materials testing, conjunctiva, PMMA
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Background

Ocular prosthetics are important in the rehabilitation 
of patients who have suffered ocular loss.1–6 They can re-
store facial aesthetics, prevent eyelid deformation, direct 
and prevent the deposition of tear fluid in the anophthal-
mic site, protect the mucosa, and help the lacrimal glands 
partially recover their original position.1,3,4,6 Furthermore, 
these prostheses can help to increase the self-esteem of an-
ophthalmic individuals.1,4

Polymethylmethacrylate (PMMA), also known as acrylic 
resin, is the most used material for the manufacture of eye 
prostheses, as it makes them more versatile, resistant and 
comfortable to use.9 Currently, N1 acrylic resin (white 
color) is among the most used materials for making ocular 
prostheses due to its similarity to the color of the human 
ocular sclera, durability, ease of hygiene, and retention 
in the anophthalmic site.3,4

Soap, chlorhexidine gluconate, hydrogen peroxide, citro-
nella oil, and triclosan are cleaning agents used to disinfect 
eye prostheses.5 Although the disinfection of ocular pros-
theses is essential, the patient, after using the disinfectant, 
may not adequately rinse their prosthesis before replacing 
it in the anophthalmic socket. Thus, chemical components 
can be released into this cavity, potentially causing damage 
to the mucosa.7

In 2023, a search on PubMed using the terms “conjunc-
tival”, “ocular prosthesis” and “cytotoxicity” showed that 
there are no articles evaluating the cytotoxicity of disin-
fectants used to clean ocular prostheses on human con-
junctival cells. Thus, this study aimed to evaluate the cy-
totoxicity of disinfectants (soap, chlorhexidine gluconate, 
hydrogen peroxide, triclosan, and citronella oil) used for 
cleaning eye prostheses on human conjunctival cells.

Materials and methods

Manufacturing of acrylic resin specimens

The preparation of the specimens was carried out ac-
cording to the procedure described by Andreotti et al.5 
The thermopolymerizable acrylic resin used was N1 (white 
color, VIPI STG; VIPI Indústria, Pirassununga, Brazil).4 
Polymerization was carried out using microwaves.5 All 
specimens were circular and had the same dimensions 
(10 × 3 mm).1,3–5

The specimens were polished with abrasive papers of dif-
ferent granulations (280, 320, 600, and 1200; Norton, São 
Paulo, Brazil; APL-4; Arotec, Cotia, Brazil) under constant 
irrigation for 3 min (sum of times used for each sand paper) 
and, later, with felt and 1-μm diamond solution for 1 min. 
Next, the specimens were cleaned with distilled water 
in ultrasound for 20 min. This procedure aimed to remove 
debris from the surface of the material. Then, the speci-
mens remained on a bench to allow their natural drying.

Groups

The specimens were divided into the following groups:
1) saline group (0.9% NaCl; Apothicario Manipulation 

Pharmacy, Araçatuba, Brazil) – immersion in 1 mL of sa-
line for 10 min5;

2) neutral soap group (Johnson & Johnson, São José dos 
Campos, Brazil) – neutral soap has not been diluted with 
water. Cleaning with this product was associated with rub-
bing the samples with gauze for 30 s5;

3) 4% chlorhexidine group (Apothicario Manipula-
tion Pharmacy) – immersion in 1 mL of chlorhexidine 
for 10 min5;

4) Efferdent group (effervescent tablets; Efferdent Origi-
nal Denture Cleanser; Pfizer Consumer Health, Mor-
ris Plains, USA) – immersion in the hydrogen peroxide 
solution (250 mL of sterile H2O and 1 effervescent tab-
let = 0.17% H2O2) for 15 min5,6;

5) 1% triclosan group (Apothicario Manipulation Phar-
macy) – immersion in 1 mL of 1% triclosan for 10 min5,9;

6) citronella oil group (Apothicario Manipulation Phar-
macy) – immersion in 1 mL of citronella oil for 10 min5.

Three specimens were made for each disinfectant at each 
disinfection period (1, 7, 15, 30, 60, and 90 days), total-
ing 108 specimens. Thus, the specimens were submitted 
to the processes described above for different time periods 
(1, 7, 15, 30, 60, and 90 days). Next, the specimens were 
washed with sterile distilled water for 30 s to simulate 
a clinical situation.

After disinfecting and rinsing the specimens, the groups 
were subjected to cytotoxicity testing at each time point.

Cytotoxicity of disinfectants

Specimens from each group were added to a tube with 
6 mL of culture medium 199 (Gibco, New York, USA) 
supplemented with a 5% concentration of fetal bovine se-
rum (FBS), previously determined in a pilot study, and 
incubated in a bacteriological oven at 37°C for 24 h. Sub-
sequently, Millex filters (0.2 μm; Merck Millipore, Darm-
stadt, Germany) were used to filter the eluates.1,3,4

For the  culture and maintenance of  cells, the  hu-
man conjunctival cell line (Wong Kilbourne derivative 
of Chang conjunctival cell line; clone 1-5c-4), obtained 
from the  American Type Culture Collection (ATCC; 
CCL-20.2; Manassas, USA), was used and expanded 
in culture medium supplemented with 10% FBS. Cells 
were incubated at 37°C in a 5% CO2 environment1,3,4 until 
they reached confluence. Then, 1 mL of cell suspensions 
of 1×105 cells/mL was pipetted into each well of a plate 
containing 24 wells.1,3,4 After 24 h, the culture medium was 
discarded, and 500 μL of each previously obtained eluate 
containing 5% FBS was added to each well (n = 3/group). 
After incubation, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide)1,3,4 and Neutral Red (NR)10 
assays were performed.
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The MTT is a colorimetric analysis used to measure mi-
tochondrial metabolic activity.1,3,4After 24 h, eluates were 
replaced with a FBS-free medium containing 0.5 mg/mL 
of MTT, and incubated at 37°C for 2 h.1,3,4 After incubation, 
the medium was aspirated and 500 μL of isopropyl alcohol 
was added to each well.1,3,4 Absorbances were measured 
in triplicate at a 570-nm wavelength using a UV-visible 
spectrophotometer (SpectraMax 190; Molecular Devices, 
San Jose, USA).1,3,4 The NR assay measures lysosomal 
activity in a culture. After 24 h, eluates were replaced 
with 0.5 mL of NR dye, and the plates were incubated 
at 37°C for 2 h. Then, the NR and medium were replaced 
with 500 μL of 1% formic acid for washing. The formic 
acid was removed and 1 mL of 1% acetic acid was added 
to each well. After extracting the dye from the cells, cell 
viability was assessed in triplicate using the optical den-
sity of the resulting solution at 540 nm with a UV-visible 
spectrophotometer.

For MTT and NR assays, the negative control were cell 
cultures without any treatment. They consisted of 1 mL 
of culture medium with 5% FBS. The positive control con-
sisted of medium with Tween 20 (Sigma-Aldrich, Saint 
Louis, USA), which is a non-ionic detergent responsible 
for cell lysis in cytotoxicity assays.1,3,4 Both were subjected 
to the same conditions of incubation and temperature used 
to obtain the eluates (n = 3/group).

Real-time reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) was performed to quantitatively 
assess gene expression levels for type IV collagen (COL IV, 
COL4A3BP: Hs00178621_m1), transforming growth factor 
β (TGF-β, TGFB1: Hs0099133_m1), matrix metalloprotein-
ase 9 (MMP9, MMMP9: Hs00234579_m1),1,3,4 and markers 
related to apoptosis and cell death that included myeloid 
cell leukemia sequence 1 (MCL-1, MCL1: Hs01050896_m1) 
and caspases 3 (CASP-3, CASP3: Hs0023487_m1) and 9 
(CASP-9, CASP9: Hs00609647_m1).1,11,12

The StepOnePlus Real-Time PCR System (Applied Bio-
systems, Life Technologies, Foster City, USA) was used.1,3,4 
The  β-actin (ACTB: Hs030223880_g1) was utilized 
as an endogenous control.1,3,4 The results were analyzed 
with the cycle threshold.1,3,4

Cytotoxicity analyses were carried out respecting 
the norms of the ISO 10993-5 standard for in vitro toxic-
ity analysis.13 Cell proliferation percentages of the controls 
represented 100% and cell viability (%) was calculated for 
all groups.1,3,4

Statistical analyses

Two-way analysis of variance (ANOVA) and Bonferroni 
test were used (p < 0.05). The variation factors were disin-
fectants (saline, soap, chlorhexidine, hydrogen peroxide, 
triclosan, and citronella oil) and time points (1, 7, 15, 30, 
60, and 90 days).

Results

The two-way ANOVA showed a significant relation-
ship between the variation factors (cleaning agents and 
times) and the results of cytotoxicity assays (MTT, NR 
and RT-qPCR; p < 0.001 for all factors).

MTT (disinfectant compared to control)

After 7 and 15 days, there was a significant reduction 
in cell proliferation in the saline group, while in the neu-
tral soap group, such reduction was observed after 1, 7, 
15, 60, and 90 days. After 1 day, there was a significant 
increase in cell proliferation in the chlorhexidine group, 
followed by a significant reduction after 60 and 90 days. 
After 1 and 60 days, there was a significant reduction 
in cell proliferation in the effervescent group, and a sig-
nificant increase after 30 days. In the triclosan group, after 
7 and 30 days, there was a significant reduction in cell 
proliferation. After 1 day, there was a significant reduc-
tion in cell proliferation in the citronella group, followed 
by a significant increase after 30, 60, and 90 days.

These results are presented in Fig. 1.

NR (disinfectant compared to control)

After 90 days, there was a significant reduction in cell 
proliferation in the saline group. In the neutral soap group, 
there was a significant reduction in cell proliferation after 7 
and 90 days. After 60 days, there was a significant increase 
in cell proliferation in the chlorhexidine group, followed 
by a significant reduction in cell proliferation after 90 days. 
In the effervescent group, there was a significant reduction 
in cell proliferation after 15 and 90 days, and a significant 
increase after 60 days. After 30 days, there was a significant 
reduction in cell proliferation in the triclosan group. There 
was a significant increase in cell proliferation in the citro-
nella group after 1 day, followed by a significant decrease 
after 7 and 15 days.

These results are presented in Fig. 2.

COL IV

Due to the large number of comparisons, only the most 
important are reported below. After 7 days, the triclosan 
group showed a significantly higher COL IV gene expres-
sion level compared to the other groups. After 15 days, 
the triclosan group showed a significantly higher COL IV 
gene expression level than the other groups. After 30 days, 
the saline, triclosan and citronella groups showed signifi-
cantly higher COL IV gene expression levels compared 
to the other groups. After 60 days, the neutral soap group 
showed a significantly higher COL IV gene expression level 
compared to the other groups.

These results are presented in Fig. 3.



M.C. Goiato et al. Ocular prostheses40

Fig. 2. Mean percentages of cell proliferation obtained using Neutral Red (NR) analysis. Different letters at each time indicate a significant difference 
between each tested group and the negative control group (Bonferroni test)

Fig. 1. Mean of cell proliferation percentages obtained using MTT analysis. Different letters at each time indicate a significant difference between each 
tested group and the negative control group (Bonferroni test)
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TGF-β

Due to the large number of comparisons, only the most 
important are reported below. After 1 day, the triclosan 
group showed a significantly higher TGF-β gene expression 
level compared to the other groups. After 7 days, the neu-
tral soap group showed a significantly higher TGF-β gene 
expression level compared to  the  other groups. After 
15 days, the triclosan group showed a significantly higher 
TGF-β gene expression level compared to the other groups. 
After 30 days, the control and saline groups showed sig-
nificantly higher TGF-β gene expression levels compared 
to the other groups. After 60 days, the neutral soap group 
showed a significantly higher TGF-β gene expression level 
compared to the other groups. After 90 days, the neutral 
soap and citronella groups showed significantly higher 
TGF-β gene expression levels compared to  the  other 
groups.

These results are presented in Fig. 4.

MCL-1

Due to the large number of comparisons, only the most 
important are reported below. After 1 day, the control 
group showed a significantly higher MCL-1 gene expres-
sion level compared to the other groups. After 7 days, 
the triclosan group showed a significantly higher MCL-1 
gene expression level compared to the other groups. After 

15 days, the citronella group showed a significantly higher 
Myeloid cell leukemia sequence 1 (MCL-1) gene expres-
sion level compared to  the other groups, except when 
compared to the triclosan group. After 30 days, the saline 
and triclosan groups showed significantly higher MCL-1 
gene expression levels compared to the other groups. Af-
ter 60 days, the neutral soap group showed a significantly 
higher MCL-1 gene expression level compared to the other 
groups. After 90 days, the chlorhexidine and citronella 
groups showed significantly higher MCL-1 gene expression 
levels compared to the other groups.

These results are presented in Fig. 5.

MMP-9

Due to the large number of comparisons, only the most 
important are reported below. After 1 day, the citronella 
group showed a significantly higher MMP-9 gene expres-
sion level compared to the other groups. After 7 days, 
the triclosan group showed a significantly higher MMP-9 
gene expression level compared to the other groups. After 
30 days, the triclosan group showed a significantly higher 
MMP-9 gene expression level compared to  the  other 
groups. After 60 days, the control and Efferdent groups 
showed significantly higher MMP-9 gene expression levels 
compared to the other groups, except when compared 
to the saline group.

These results are presented in Fig. 6.

Fig. 3. Type IV collagen (COL IV) expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)
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Fig. 4. Transforming growth factor β (TGF-β)  expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)

Fig. 5. MCL-1 expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)
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CASP-3

Due to the large number of comparisons, only the most 
important are reported below. After 1 day, the triclosan 
group showed a significantly higher CASP-3 gene expres-
sion level compared to the other groups. After 7 days, 
the triclosan group showed a significantly higher CASP-3 
gene expression level compared to the other groups. After 
15 days, the citronella group showed a significantly higher 
CASP-3 gene expression level compared to  the  other 
groups, except when compared to the triclosan group. 
After 30  days, the  triclosan group showed a  signifi-
cantly higher CASP-3 gene expression level compared 
to  the other groups. After 60 days, the chlorhexidine 
group showed a significantly higher CASP-3 gene expres-
sion level compared to the other groups, except when 
compared to the citronella group. After 90 days, the cit-
ronella group showed a significantly higher CASP-3 gene 
expression level compared to the other groups, except 
when compared to the chlorhexidine group.

These results are presented in Fig. 7.

CASP-9

Due to the large number of comparisons, only the most 
important are reported below. After 1 day, the triclosan 
group showed a significantly higher CASP-9 gene expres-
sion level compared to the other groups. After 7 days, 
the neutral soap and citronella groups showed signifi-
cantly higher CASP-9 gene expression levels compared 

to the other groups. After 15 days, the triclosan group 
showed a significantly higher CASP-9 gene expression level 
compared to the other groups. After 60 days, the neutral 
soap group showed a significantly higher CASP-9 gene ex-
pression level compared to the other groups, except when 
compared to the citronella group. After 90 days, the cit-
ronella group showed a significantly higher CASP-9 gene 
expression level compared to the other groups.

These results are presented in Fig. 8.

Discussion

Based on the MTT and NR tests (Fig. 1,2), although sta-
tistically significant differences were observed at each time 
point between the cleaning agents and the control group, 
all values were greater than 84%. Based on ISO 10993-5,  
a substance evaluated (in vitro) can be classified as non-
cytotoxic (cell proliferation greater than 75%), slightly 
cytotoxic (cell proliferation between 50 and 75%), mod-
erately cytotoxic (cell proliferation between 25 and 50%), 
and highly cytotoxic (cell proliferation less than 25%).13 
Thus, all cleaning agents were classified as non-cytotoxic, 
regardless of the evaluated disinfection period.

Based on the statistical evaluation (Fig. 1,2), in most 
cases, when there was a significant difference between 
the disinfectant and the control group, there was a signifi-
cant reduction in cell proliferation generated by the dis-
infectant. This was probably due to liquid sorption pro-
cesses and the solubility of PMMA.7 Thus, this material 

Fig. 6. Matrix metalloprotein ase 9 (MMP9) expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)
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Fig. 8. Caspase 9 (CASP-9) expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)

Fig. 7. Caspase 3 (CASP-3) expression. Different letters at each time point indicate a significant difference between groups (Bonferroni test)
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may have absorbed chemical agents from the disinfectant 
used, which remained inside, making it impossible to re-
move these absorbed substances by rinsing. Later, prob-
ably during cell proliferation, due to the solubility process, 
these chemical substances were released on the surface 
of the specimen, resulting in decreased cell proliferation. 
However, these significant reductions in cell proliferation 
can be considered clinically acceptable based on previously 
reported ISO 10993-5 criteria.13 Furthermore, the signifi-
cant increase in cell proliferation after disinfectant use can 
be explained by the failure of PMMA to absorb the dis-
infectant, causing the rinse to completely remove it from 
the surface of the material (Fig. 1,2). Thus, cell prolifera-
tion was not negatively influenced by the disinfectant and 
increased.

Andreotti et  al. observed that 4% chlorhexidine, 1% 
triclosan and Efferdent significantly reduced the amount 
of microorganism colonies (Staphylococcus aureus and 
Staphylococcus epidermidis) compared to citronella oil and 
neutral soap.5 They also found no significant differences 
between the 4% chlorhexidine, 1% triclosan and Efferdent 
groups based on microbial reduction of Staphylococcus 
aureus and Staphylococcus epidermidis.5 Also in the study 
by Andreotti et al., it is noteworthy that neutral soap was 
significantly more effective in reducing Staphylococcus 
aureus than citronella oil, and had the same effect against 
Staphylococcus epidermidis as citronella oil.5 Thus, as all 
disinfectants tested in this study were classified as non-
cytotoxic – 4% chlorhexidine, 1% triclosan and Efferdent 
are the disinfectants indicated for cleaning ocular pros-
theses, as they combine high antimicrobial efficiency and 
absence of cytotoxicity against human conjunctival cells.

Regarding the expression of COL-IV, TGF-β, MCL-1, 
MMP-9, CASP-3, and CASP-9, the  triclosan group 
was the one that stood out the most among the groups 
(Fig. 3–8). This group presented, on several occasions, sig-
nificantly higher values than the other groups (Fig. 3–8), 
which were very expressive. Higher levels of TGF-β ex-
pression stimulate the synthesis of COL IV. On the other 
hand, the MMP-9 expression acts to degrade COL IV.14,15 
Therefore, a  balance between the  synthesis (related 
to TGF-β) and breakage of collagen (related to MMP-9) 
is clinically important.1,3,4 If a greater expression of TGF-β 
is not compensated by a greater expression of MMP-9, 
a fibrous reaction during the tissue repair process may 
occur, compromising the use of the ocular prosthesis. 
On the other hand, if there is an increase in the expression 
of MMP-9, not compensated by the increase in the ex-
pression of TGF-β, severe tissue damage may occur, also 
affecting the patient’s rehabilitation.16 It  is noteworthy 
that COL IV, produced by epithelial cells, is  essential 
in the composition of their basement membrane extra-
cellular matrix.4 In turn, MCL-1 (anti-apoptotic protein) 
promotes cell survival,1,12 while CASP-3 and -9 are prote-
ases involved in apoptosis,1,11 and their activation (CASP-3 
and -9) induces an increase in reactive oxygen species 

(ROS).1,17 The balance of these markers is also important 
for the health of the anophthalmic socket tissue. Thus, 
the ocular prosthesis and its cleaning agent must main-
tain tissue health, preventing the formation of fibrosis, 
unbalanced cell death and inflammatory reactions. New 
studies should be carried out using the disinfectants de-
scribed in this study in different concentrations, in addi-
tion to other disinfectants for cleaning ocular prostheses.

Conclusions

All reductions in cell proliferation generated by the dis-
infectants were clinically acceptable. All disinfectants 
tested in this study were found to be non-cytotoxic to hu-
man conjunctival cells.
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Abstract
In recent years, there has been a great interest in the potential use of contact lenses as eye drug delivery 
systems. Static (individual layers of the cornea, sclera and retina) as well as dynamic barriers (blood flow) 
pose a serious challenge to the effective delivery of the drug substance to the eyeball. The current ophthalmic 
systems are not optimal for patients, especially in the form of eye drops, where almost 95% of the drug 
contained in them is lost through the process of absorption through the conjunctiva or tear drainage. This 
article describes in vitro experiments that examined the use of contact lenses in the context of drug treat-
ment in infectious, inflammatory, allergic, and glaucomatous diseases. Various techniques used to modify 
the materials as well as their impact on drug release kinetics were discussed. It has also been demonstrated 
that these methods can be used in practice during in vivo research, both in animal models as well as in sick 
and healthy people. The advantages of using controlled-release drug systems in the form of contact lenses 
are the drug dosing regimen, bioavailability and the prolonged residence time of drugs in the eyeball.
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Introduction

In recent years, there has been a significant develop-
ment and interest in contact lenses as an alternative way 
of delivering pharmaceuticals to the eyeball. Commer-
cially available contact lenses are unmodified and release 
medicinal substances in  an  uncontrolled manner. In-
corporating surface-bound particles, such as liposomes, 
nanoparticles or deposited diffusion barriers from vitamin 
E, influences drug release kinetics. Obtaining customized 
materials for patients may be possible by incorporating 
functional monomers capable of specific interaction with 
drug molecules, which result in decreased diffusion rate 
and molecular printing, modification of the ionic charge 
of the material, or creation of poly(lactic-co-glycolic acid) 
(PLGA) drug reservoirs. It is an ever-evolving field, and 
scientists are developing new methods for assessing drug 
release and improving existing ones, which gives great 
hope for future applications.

Publications cover various aspects of the use of contact 
lenses as drug carriers, such as controlled drug release 
systems and their clinical use in eye diseases. Holgado et al. 
discussed the subject of design requirements of  lenses, 
various strategies for their production, and concentra-
tions of drug required to obtain the appropriate release 

of the drug substance.1 Peral et al. reviewed different tech-
niques of treating glaucoma with the use of lenses with 
applied drugs.2 Franco and De Marco performed a com-
prehensive review of several methods employing contact 
lenses as controlled drug release systems.3 Thanks to this 
approach, it was possible to obtain information on most 
of the techniques in the context of many diseases.

Contact lenses are an example of a commonly used poly-
mer biomaterial. They are divided into different groups 
based on several main criteria: material, size, geometrical 
features, indications, and methods of use (Fig. 1). From 
the material point of view, the most commonly used soft 
contact lenses are divided into 2 basic groups: hydrogel 
(Hy) and silicone hydrogel (Sil-Hy). They differ regarding 
the chemical structure of the used materials and their prop-
erties. Hydrogels, due to the prefix “hydro”, are identified 
as water gels, but they should be called synthetic material 
that swells in water or biological fluids. The Hy is spatially 
cross-linked and consists of hydrophilic natural polymers 
such as chitosan and sodium alginate, which can absorb 
large amounts of water while maintaining their three-
dimensional structure. In the Hy, the transport medium 
for the diffusion of substances is water, while the degree 
of cross-linking of the matrix affects the possibility of their 
transport through the material.4,5 Silicone hydrogel lenses 

Streszczenie
W ostatnich latach widoczne jest duże zainteresowanie potencjalnym zastosowaniem soczewek kontaktowych jako systemów dostarczania leków do gałki ocznej. 
Bariery statyczne (poszczególne warstwy rogówki, twardówki i siatkówki) oraz dynamiczne (przepływ krwi) stanowią poważne wyzwanie dla skutecznego 
dostarczania substancji leczniczej do gałki ocznej. Stosowane obecnie systemy okulistyczne nie są optymalne dla pacjentów, zwłaszcza w postaci kropli do oczu, 
gdzie prawie 95% zawartego w nich leku jest tracone poprzez proces wchłaniania przez spojówkę lub drenaż łzowy. W artykule opisano eksperymenty in vitro, 
w których badano zastosowanie soczewek kontaktowych w kontekście farmakoterapii w chorobach zakaźnych, zapalnych, alergicznych i jaskrowych. Omówiono 
techniki zastosowane do modyfikacji materiału oraz ich wpływ na kinetykę uwalniania leków. Wykazano również, że metody te mogą być stosowane w praktyce 
podczas badań in vivo, zarówno na modelach zwierzęcych, jak i u osób chorych i zdrowych. Zalety stosowania systemów leków o kontrolowanym uwalnianiu w postaci 
soczewek kontaktowych to reżim dawkowania leku, biodostępność, a tym samym wydłużony czas przebywania leków w gałce ocznej.

Słowa kluczowe: soczewki kontaktowe, biopolimery, α-tokoferol, materiały polimerowe, uwalnianie leków okulistycznych

Fig. 1. Division of contact lenses
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are different from the  other groups of  materials used 
to make contact lenses. Combining hydrophobic mono-
mers based on silane units with hydrophilic monomers, 
such as 2-hydroxyethyl methacrylate (HEMA), was a chal-
lenge for researchers due to the phase separation of the in-
dividual components and the disturbance of optical fo-
cusing, which resulted in blurry vision. Various synthetic 
methods have been developed, leading to 3 generations 
of Sil-Hy contact lenses. In generation I, the first approved 
Sil-Hy materials for contact lenses were lotrafilcon A and 
balafilcon A, which used phase separation to completely 
separate the hydrophilic and silicone phases. Lotrafilcon 
A, belonging to the US Food and Drug Administration 
(FDA) group, is a mixture of fluoroether macromer and 
tris hydroxymethyl aminomethane (TRIS), which forms 
a low-hydrated and non-ionic material with a Dk (oxygen 
permeability through the lens) coefficient 140. Balafilcon 
A is the only FDA group III Sil-Hy lens. The material of this 
lens is manufactured primarily with the use of technologies 
based on modified TRIS structures. It is a hydrated ionic 
lens with a Dk of 99. Lenses from generation II consisted 
of a combination of hydrophilic monomers and made use 
of macromeric technologies. These materials, galyfilcon 

A and senofilcon A, combine various monomers and mac-
romers with an internal wetting agent (polyvinylpyrrol-
idone (PVP)). Galyfilcon A has a Dk of 60, while senofilcon 
A has a Dk of 103. In generation III, the newest filicon 3 ma-
terial was created, which was not based on TRIS or PVP, 
and the only source of silicon were the macromers. This 
lens has a Dk of 128, which is higher than that of similar 
lenses (Table 1).6

Witcherle and Lim (German patent DE1084920B) first 
proposed the use of soft contact lenses as drug delivery 
systems to the eyes, and taking into account the 1960s pat-
ent for Hys applied to the eyeball as contact lenses.7 Cur-
rently, the European patent databases contain 1052 pat-
ents for contact lenses and 1073 patents for drug release 
systems. The interest in using drug release systems with 
contact lenses grew along with the development of the field 
of biomaterials and bioengineering.7 Such interest is fully 
justified, as contact lenses are probably the most popu-
lar commercially used biomaterial. This is  evidenced 
by high biocompatibilty of contact lenses, as well as will-
ingness to use them among patients.8,9 The goals of drug 
therapy to achieve therapeutic drug levels are also clear.10 
Eye drops and ointments, which are the most commonly 

Table 1. The experimentally determined coefficients of drugs diffusion through the lens material

Drug CL matrix D [cm2/h] Reference

HPMC HEMA lenses polymerized with either VP or NIPAAm PHEMA (100 vol%) 2.48∙10−6 (pH = 5.80),
PHEMA-VP (20 vol%), 1.68∙10−6 

(pH = 5.80),
PHEMA-NIPAAm (20 vol%), 1.79∙10−5

[19]

Epalrestat silicone hydrogels based on HEMA and 
bis(hydroxypropyl terminated poly[dimethylsiloxane])

methacryloxypropylmethylsilane hydroxypropyl 
terminated (MCS-MC12)

(8.57–50.76)∙10−6 for non-imprinted 
hydrogel

(5.72–31.72)·10−5 for imprinted 
hydrogels

[20]

Diclofenac sodium Etafilcon A (1-Day Acuvue® Moist) (4.50–8.50)∙10−5 [21]

Chlorhexidine levofloxacin PHEMA/PVP chlorhexidine 1.80∙10−5,
levofloxacin 2.70∙10−5

[22]

TM-loaded-loaded ethyl cellulose 
nanoparticle-laden ring

Methafilcon contact lenses 2.03∙10−6 [23]

Flurbiprofen Hilafilcon B (Soflens) (0.80–1.56)∙10−5 for SFE
(0.66–1.24)∙10−5 for water extraction

[24]

Ketotifen fumarate HEMA (92 mol% of the backbone functional monomer) 
and the balance 3 mol% as combinations of other 
functional monomers – AA, AM, NVP, PEG200DMA

2.01∙10−6 (MIP CL)
1.81∙10−5 (nonMIP CL)

[25]

Levofloxacin Acuvue® Oasys™,
1-Day True Eye 

7.5∙10−6 (pure), 0.75∙10−7 
(0.2 vol%of vitamin E)

[26]

Chlorhexidine Acuvue® Oasys™,
1-Day True Eye

1.3∙10−6 (pure), 7.5∙10−7 (for 0.1 vol% 
of vitamin E))

Levofloxacin Acuvue® Oasys™, 1-Day True Eye™ 1.0∙10−6 (pure), 7.5∙10−7  
(for 0.2 vol% of vitamin E)

Chlorhexidine Acuvue® Oasys™, 1-Day True Eye™ 5.0∙10−7 (pure), 2.0∙10−7  
(for 0.1 vol% of vitamin E)

Cysteamine Acuvue® Oasys™, 1-Day True Eye™ (with 10.22% VE; 
22.24% VE)

Acuvue® Oasys™ (with 19.14% VE)

5.04∙10−5

1.04∙10−5

6.96∙10−6

[27]

VE – vitamin E; MIP CL – molecular imprinting-chemiluminescence; HPMC – hydroxypropyl methylcellulose; TM – timolol maleate; HEMA – 2-hydroxyethyl 
methacrylate; VP – vinylpyrrolidone; NIPAAm – N-isopropylacrylamide; PHEMA – poly(2-hydroxyethyl methacrylate; PVP – poly(vinylpyrrolidone; 
AA – acrylic acid; AM – acrylamide; NVP – N-vinyl 2-pyrrolidone; PEG200DMA – polyetehylene glycol 200 dimethacrylate; SFE – supercritical fluid extraction.
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used forms of eye treatment today, do not provide patients 
with the necessary pharmacological limit. They are lim-
ited by their bioavailability and the number of active in-
gredients reaching the site of action, which results from 
the corneal absorption barrier, as well as unproductive 
absorption by the conjunctiva and dilution of the prepara-
tion with tears.11 The challenge for researchers is the com-
patibility of the lens material with the drug, especially 
in the treatment of chronic diseases such as glaucoma. 
It is estimated that the treatment of glaucoma with eye 
drops is effective in only 50% of patients. This effective-
ness decreases with the frequency of using the drops and 
the  duration of  their application.12 Proper lens design 
can provide effective dosing over the expected lifetime, 
which will eliminate frequent drug dosing and carrier re-
placement. Many methods of determining and modifying 
characteristics of drug release from contact lenses have 
been investigated.13 This paper will review the methods 
used to properly modify the lens for the controlled release 
of drugs, as well as the possibility of their use in the de-
livery of drugs to the eye in diseases such as eye infection 
and inflammation, allergy, and glaucoma.

Commercial contact lenses  
as drug delivery matrices

The use of commercially available, unmodified contact 
lenses for testing gives the opportunity to obtain results for 
a material with a specific chemical composition. The test 
follows immediately after their application to the simu-
lated eyeball and allows one to assess their surface dur-
ing the  simulation of  the  local treatment in  a  patient. 
An additional advantage of these lenses is that their use 

to model the possibilities and kinetics of drug release al-
lows for consistent results due to their large-scale avail-
ability and repeatability of the tested product. The factors 
affecting the release of drugs in many studies conducted 
on commercially available contact lenses, which use various 
medicinal products such as dexamethasone3 or ciprofloxa-
cin,14 are the material of the skeleton of the lens (the rela-
tionship between Hy and silicone), the equilibrium water 
content in the lens, and the contact surface with the eye-
ball. The topic of commercially available contact lenses 
as systems for the controlled release of ophthalmic drugs 
has been discussed in recent years. Search in the Scopus 
database for the phrase “contact lenses” AND “drug de-
livery” resulted in 642 documents in the period from 1971 
to 2020, with intense growth in the number of works since 
2003. At the same time, search in the Science Direct data-
base for the same joined phrase resulted in 11,608 docu-
ments released until 2020 (Fig. 2). Contact materials can 
absorb and release a significant amount of drug substance 
in a direct soaking process, but the release kinetics are fast 
and uncontrolled, and therefore, unsuitable for a long-term 
drug delivery.3,12,13,15

Modifications of commercially 
available contact lenses: diffusion 
barriers using vitamin E

Taking into account the aforementioned pharmacoki-
netic limitations of commercial contact lenses, attempts 
have been made to modify these materials in order to ob-
tain the desired properties –  in particular to decrease 
the drug release rate.16 It is assumed that the drug release 

Fig. 2. Number of the documents 
found in the Scopus database for 
the conjugated “contact lenses” 
AND “drug delivery” phrase
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from the lens is a diffusion-controlled process. According 
to Fick’s laws (Equation 1,2), the speed is influenced by both 
the ability of a given drug to diffuse through the material 
and the length of the path that must be followed. Diffu-
sivity is a constant value, especially when bonding a lens 
to a drug, therefore the change in drug release time can 
be modified by increasing the thickness of the material.17
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where:
j –  flux of  the diffusing component in  the x direction  
[g/cm2∙s], c – concentration of the component in the flow 
plane [g/cm3], δc/δx – concentration gradient of the dif-
fusing component perpendicular to the flow plane, and 
D – diffusion coefficient [cm2/s].

Fick’s law (Equation 1) describes the relationship be-
tween the flow of the diffusing substance (i.e., the amount 
of  flowing substance in  a  unit of  time through a  uni-
tary surface perpendicular to this stream) and the con-
centration gradient. Fick’s second law (Equation 2) de-
scribes the relationship between the local rate of change 
in the concentration of the diffusing substance and its 
concentration gradient. The experimentally determined 
coefficients of drug diffusion through the lens layer are 
presented in Table 1.

One way to reduce the rate of drug release is  to use 
a hydrophobic liquid that was incorporated as a compo-
nent of the contact lenses. One of them is α-tocopherol 
(α-TOC – vitamin E), which has a low water solubility and 
is biocompatible with the eye surface.18 The α-TOC (Fig. 3) 
has antioxidant properties, and exerts a positive effect 
on the eyeball by ensuring the tightness of its cell mem-
branes and the inhibition of cataract development.19 Plac-
ing contact lenses in the α-TOC solution after the sorption 

of the drug leads to the formation of a hydrophobic dif-
fusion barrier on them. This allows for a stable release 
of the therapeutic dose for a longer time than in the case 
of traditional dipping.20 The usage of α-TOC causes a slight 
decrease in oxygen absorption but to an acceptable level 
that does not affect the wettability of the lens surface. 
Moreover, the use of lenses with a hydrophobic diffusion 
barrier facilitates the treatment of bacterial keratitis.21

Both Sil-Hys and pure Hys are commercially available 
in the form of contact lenses. Attempts have been made 
to  modify them by  creating a  vitamin diffusion bar-
rier on their surface.22 This led to a significant extension 
of the drug release time, from several hours for unmodified 
lenses to several weeks after modification. With the appro-
priate drug–lens combination, a Sil-Hy lens release time 
of 3 h was achieved due to drug release time of 10 min for un-
modified lenses.23 Barrier formation was achieved by soak-
ing the lenses in a vitamin E solution with ethanol; the com-
position of the barrier may vary depending on the desired 
amount of vitamin E in the final product. The advantage 
of  this method is  the  biocompatibility of  both compo-
nents, acceptable optical properties after modification, and 
a certain degree of protection against ultraviolet radiation 
provided by the coating obtained. However, the durability 
of vitamin barriers and the long-term use of such lenses 
is unknown. Thus, there is no information as to whether 
the function of such a barrier is preserved or destroyed dur-
ing the cleaning of long-term lenses.24,25

In patients with bacterial and fungal keratitis, the stan-
dard treatment consists of  administering antibiotics 
to the conjunctival sac. The frequency of administration 
(every 30–60 min) is very bothersome. Paradiso et al. com-
bined an in vitro experiment with a mathematical model 
to develop soft contact lenses for treating keratitis through 
a prolonged release of appropriate drugs. The focus was 
on extending the release time of levofloxacin (LVF) and 
chlorhexidine from 1-Day Acuvue® TrueEye™ and Acu-
vue® Oasys™ lenses by introducing a vitamin E diffusion 
barrier. The weight of drugs loaded into the lenses can be 
controlled to achieve comparable daily release with com-
monly recommended eye drop therapy. Vitamin E lenses 
have retained all key properties for in vivo use. Paradiso 
et al. soaked Sil-Hy lenses in a solution of vitamin E dis-
solved in  ethanol (42  mg/mL) for 3  h. They obtained 
32 h of the release of the antibiotic LVF in lenses without 
vitamin E content, which was extended to 100 h after stor-
age of the lenses in α-TOC solution. This effect has been 
attributed to the presence of vitamin E nanoaggregates 
formed in the lenses that have a barrier effect on the release 
of the drug. The injection of vitamin E into commercial 
silicone contact lenses did not cause changes in transpar-
ency, wettability and ion permeability.26

Hsu et al. developed contact lenses for sustained simul-
taneous release of timolol and dorzolamide. Co-adminis-
tration of timolol and dorzolamide increased the release 
time of both drugs. In addition, the process of releasing 

Fig. 3. A. Structural formula of α-tocopherol (own study); B. UV-VIS spectra 
of α-tocopherol in ethanol depending on concentration (own study)
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both drugs was extended to about 2 days due to the forma-
tion of a diffusion barrier from vitamin E. This procedure 
is very effective in providing a combination therapy involv-
ing the combination of drugs with vitamin E.27

Another group synthesized contact materials by  fol-
lowing the production procedures of one of the compa-
nies. The resulting Hys were dried at room temperature. 
The finished material was immersed in 1.5 mL of the vi-
tamin and ethanol solution for 24 h, while the vitamin 
concentration was maintained in a range of 0.00–0.28 M. 
After conditioning, the  lenses were washed with etha-
nol and deionized water to remove excess vitamin from 
their surface. For sorption of the drug with the vitamin 
inside the lenses, they were immersed for 24 h in 1.5 mL 
of a solution that contained 0.5 mg of the drug, ethanol 
and vitamin. Timolol and brimonidine release tests from 
contact lenses without a diffusion barrier and with a bar-
rier were performed. The concentration was monitored 
by measuring absorbance at the wavelength of absorption 
characteristic for the respective drug (λmax = 294 nm for 
timolol, λmax = 249 nm for brimonidine). Contact lenses 
loaded with vitamin E significantly increased the total 
amount of released timolol and brimonidine by 19.1% and 
18.7%, respectively, compared to the lens without a barrier 
layer. These results also suggest that the simultaneous use 
of vitamin E increases the number of absorbed drugs.28

The results presented by Cheng Chun et al. clearly show 
that the use of vitamin E  in commercial silicone lenses 
can significantly increase the release time of hydrophilic 
drugs without affecting the transparency of the matrix. 
At the same time, a significant reduction in ionic perme-
ability (50%) and a slight reduction in oxygen permeabil-
ity (45%) were noted, but these reductions were not suffi-
cient to exclude the use of vitamin E in commercial lenses. 
The mechanism of prolonging the release time of the drug 

is due to the barrier effect of vitamin E. It is reasonably as-
sumed that the effect is caused by the presence of vitamin 
E molecules; however, it is also possible that vitamin E does 
not form macroscopic aggregates and is simply adsorbed 
on a polymer gel. Surface adsorption may impede the sur-
face diffusion of the drug over the lens surface, leading 
to a reduction in diffusion rate. Differences between the ef-
fects of vitamin E on ion transport and oxygen suggest that 
vitamin E aggregates can only form in the hydrophilic Sil-Hy 
lens channels.29

The work of Rad and Mohajeri showed the capability 
of modified contact lenses to prevent ultraviolet (UV) ra-
diation exposure. Soaking the lenses in vitamin E solu-
tion (0.1 g/mL or 0.2 g/mL) shifted UV transmission edge 
of the spectra to the longer wavelengths in corresponding 
contact lenses Air Optix and Biofinity (Fig. 4). It was shown 
that UV radiation could be blocked by using such a barrier 
on the surface of the lenses. Moreover, the data proved 
that vitamin E loading did not influence the visible light 
transmittance (400–700 nm) in the studied series, hence 
the transparency of lenses was still acceptable.30

Drug delivery using novel 
techniques: molecular printing

Molecular printing is one of the most widely studied 
methods in which lens materials are designed specifically 
for the  sustained and controlled release of  drugs into 
the eyeball.31 This method is a type of forced ordering 
on the surface of a polymer that generates areas comple-
mentary to the shape and functional groups of the mol-
ecule that is to be originally absorbed (acting as a tem-
plate) and then released from the matrix. This is achieved 
by incorporating functional monomers into the matrix 

Fig. 4. UV-VIS transmittance 
spectrum for set of contact lenses 
(CL) before and after vitamin 
E loading (0.1 g/mL or 0.2 g/mL 
vitamin E soaking solutions)30
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that are designed to interact with standard molecules, usu-
ally drugs.32 After the polymerization process, the areas 
designed for interaction form a kind of molecular scale 
template that allows the diffusion to be significantly slowed 
down.33 By conducting numerous experiments on the re-
lease of the drug substance, it was possible to determine 
the duration of release, as well as synthetic parameters such 
as drug concentration or type of polymeric crosslinker.34 
This technique has evolved thanks to the knowledge about 
interactions occurring between human receptors and indi-
vidual drugs. Such knowledge became the basis for design-
ing the structure of monomers, which allowed the creation 
of polymer matrices imitating natural receptors with whom 
the drug interacts in the patient’s body. There is a limit 
on the amount of substance that can be printed if the poly-
mer to still to function as a contact lens.35

In their review article, Tashakori-Sabzevar and Moha-
jeri described soft contact lenses with molecular printing 
(Fig. 5), which is shown to be a comprehensive and effective 
method of optimizing drug release. Such systems show 
unprecedented control over prolonged loading and release 
of the drug. In recent years, only a few in vivo studies have 
been published on the release of the drug into the eye from 
printed lenses. Soft contact lenses are comfortable and bio-
compatible. However, the ability to print the drug in a con-
ventional lens is quite low, and therefore, the therapeutic 
concentration is difficult to achieve.35

In studies conducted by Tieppo et al., the Hy with molec-
ular printing was prepared as an innovative method of drug 
administration. The concentration profile of the drug-
printed lens was compared with unprinted matrices and 
conventional eye drops in the eyes of New Zealand white 

rabbits. The results indicated a sustained release of keto-
tifen fumarate from printed lenses, a constant concentra-
tion of 170 lg/mL in tear fluid, and significantly higher 
bioavailability for 26 h. Maximum drug concentrations 
with molecularly imprinted polymer (MIP), non-imprinted 
polymer (NIP) and eye drops for tear fluid were 214 µg/mL, 
140 µg/mL and 143 µg/mL, respectively. The maximum 
concentration times were 240 min, 60 min and 0 min for 
MIP, NIP and eye drops. In addition, the ability of MIP 
lenses to accumulate drugs was almost 3 times higher than 
in NIP. The future of contact lens printing is very promis-
ing and requires further clinical and preclinical research. 
Further advances in polymer engineering and the design 
of intelligent binding sites in Hys can lead to remarkable 
advances in the preparation of new drug delivery systems 
for the eye.36

Dry eye syndrome is caused by a disruption in the tear 
film, which leads to abnormal hydration of the eye. This 
may be due to  its incorrect composition or  excessive 
evaporation, which results in the drying out of cornea and 
conjunctiva.37 Soft contact lenses can relieve the symp-
toms of dry eye by slowly releasing the agent that keeps 
the eyeball moist. Sil-Hy lenses with sustained, controlled 
release of hydroxypropyl methylcellulose using a molecu-
lar printing strategy were manufactured. The commer-
cial Sil-Hy lens was adapted to release approx. 1000 μg 
of the drug for up to 60 days continuously at a rate of 16 μg/
day at  physiological flows, releasing an  equal portion 
of  the drug throughout the use of  the matrix. Release 
rates can be significantly affected by the print effect and 
the functional weight ratio of the monomer to the template 
(M/T). The M/T values of 0, 0.2, 2.8, and 3.4 correspond 

Fig. 5. Schematic representation of the molecular 
printing process35

UV – ultraviolet.
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to the release times of 10, 13, 23, and 53 days, respectively. 
The Sil-Hy lenses had high optical quality and adequate 
mechanical properties for patient use. This work highlights 
the potential of printing in the design and engineering 
of Sil-Hy lenses to release macromolecules during wear, 
which can reduce the symptoms of dry eye.38

The goal of the next work was to develop an innovative, 
supercritical fluid-assisted molecular printing method 
to give commercial soft contact lenses the ability to ab-
sorb specific drugs and control their release. This approach 
aims to overcome the limitation of the widespread use 
of pre-formed soft contact lenses by the following: immer-
sion in concentrated drug solutions (only possible for drugs 
with high water solubility), the use of molecular printing 
methods that require drug selection before polymerization, 
and the introduction of a drug adapted to the network. 
Supercritical carbon dioxide (scCO2) impregnation tests 
were performed at 12.0 MPa and 40°C, while scCO2 extrac-
tions were carried out at 20.0 MPa and 40°C. For compara-
tive purposes, conventional experiments of flurbiprofen 
sorption and drug removal in aqueous solutions were car-
ried out. Soft contact lenses processed with supercritical 
fluid showed recognition ability and greater affinity for 
flurbiprofen in an aqueous solution than for structurally 
related ibuprofen and dexamethasone, suggesting that 
the formation of a molecular impressed cavities arising 
through both physical (swelling/plasticizing) and chemical 
(carbonyl groups in the network with the substituent C-F 
in medicine) interactions. Processing with scCO2 resulted 
in no changes in some of the critical functional proper-
ties of soft contact lenses (glass transition temperature, 
transmittance, oxygen permeability, contact angle), en-
abled the control of the amount of loaded/released drug 
molecules (by using several successive processing cycles), 
and allowed the preparation of hydrophobic therapeutic 
drug-based soft contact lenses in a much shorter process 
time than using conventional aqueous molecular printing 
methods.39

In the another study, a series of Sil-Hy with MIP and NIP 
was prepared using HEMA as a skeletal monomer, ethylene 
glycol dimethacrylate (EGDMA) as a crosslinking mono-
mer, methacrylic acid (MAA) as a functional monomer, 
and dorzolamide (DZD) as a standard molecule. Two molar 
ratios of DZD:MAA (1:8 and 1:4) and 400 mM MAA were 
also used in the printing process. The Hys (0.4 mm thick) 
were synthesized by thermal polymerization at 50°C for 
24 h in a polypropylene form. Then, the swelling and bind-
ing properties of Hys in water were evaluated. Their sorp-
tion and release properties were also tested in 0.9% NaCl 
and artificial tear fluid. The results showed that the use 
of MAA as a comonomer and the use of molecular printing 
techniques increased the capacity of Hys. The optimized 
printed Hy (MIP1:4), prepared with 400 mM MAA and 
having a molar ratio of DZD:MAA 1:4, had the highest af-
finity for DZD and the greatest ability to control the release 
process in an aqueous environment.40

Delivery of drugs from materials 
prepared in PLGA technology

Lactic and glycolic acid copolymers (PLGA) are one 
of the most widely studied materials used to deliver drugs 
to the human body. They are characterized by good bio-
compatibility and biodegradability, and have been ap-
proved by the FDA. These polymers are tested not only 
for applications in the eyeball but also as tissue scaffolds 
and implants throughout the body.41 They exhibit high 
mechanical strength and release rate, which can be con-
trolled by the relative ratio of lactic acid to glycolic acid 
in the final material.42 The incorporation of several oph-
thalmic medications in a PLGA matrix on the contact 
lenses allows the simultaneous delivery of several sub-
stances to the patient’s eyeball. In vivo research suggests 
that this solution may maintain controlled drug release 
effects for up to a month and longer. However, the use 
of PLGA technology has disadvantages: even the very thin 
layers of the components interfere with the translucency 
of the lens and, in consequence, it does not transmit vis-
ible light as effectively as a commercial Hy lens. In addi-
tion, an adverse effect is an increase in the total thickness 
of the lens.43–46

Ciolino et al. coated PLGA films with the poly(2-hydroxy-
ethyl methacrylate) (PHEMA) through UV polymerization. 
The HEMA and EGDMA crosslinkers were used as mono-
mers. The solution was photopolymerized to form the bot-
tom layer of a composite contact lens constructed using 
PHEMA. The PLGA film with a model drug (fluorescein) 
was manually pressed on a dried PHEMA gel. The drug 
placed between layers of  PHEMA without PLGA film 
caused a slower release than that of the drug on the PLGA 
film but faster than that of the drug on the PLGA film 
coated with PHEMA.47

Subsequent studies investigated experimental parame-
ters such as the composition of polymer mixtures, the type 
of stabilizer and the amount of active pharmaceutical in-
gredient in the production of polymer drug delivery sys-
tems for topical administration of prednisolone to the eye. 
To achieve this goal, PLGA nanoparticles with prednis-
olone were prepared by solvent evaporation. Predniso-
lone was quantified using a validated high-performance 
liquid chromatography (HPLC) method. The  amount 
of PLGA copolymer had the greatest impact on the size 
of the nanoparticles, while the amount of used predniso-
lone had the greatest impact on the drug loading. Longer 
homogenization time with more prednisolone resulted 
in the smallest size nanoparticles. The produced nanopar-
ticles had an average particle size of 347.1 ±11.9 nm with 
a polydispersity index of 0.081. The nanoparticles were 
then introduced into the solution before polymerization. 
Bright and transparent matrices with high drug encapsula-
tion efficiency (EE) in a range between 60% and 92% were 
successfully prepared. When nanoparticles (NP) with con-
tact materials were compared with control contact lenses 
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(NP-unloaded), there was a 2% decrease in hydration and 
an 8% decrease in light transmission. The contact lens 
wettability remained within the desired range of values   
(<90°C) even after the introduction of NP. Both NP and 
NP-unloaded lenses showed a slow release of  the drug 
in vitro over 24 h.48

Supply of medicines  
from charged materials

Many ophthalmic drugs have an ionic charge that can 
be used to  increase absorption and release. The  FDA 
classification of contact lenses is based on the presence 
or absence of surface charge. This helped predict the de-
position of tear components and the antiseptic character-
istics of these materials when used with different clean-
ing solutions.49 The surface charge of these materials also 
had an impact on the uptake and release of pharmaceuti-
cal products.50,51 The number of anionic molecules such 
as methyl methacrylate (MMA) was increased to improve 
the sorption properties of these materials, which allowed 
a change in charge and increased attraction of charged 
drug molecules.52 However, there are concerns about 
the surface charge of these molecules as this may increase 
the tendency for deposition of tear film components (such 
as proteins) on the lens surface, especially concerning long-
term ones.53

Christopher and Chauhan tested the effect of plac-
ing electrodes on contact lenses to obtain an electric 
field gradient for transporting ionic drugs to the cornea. 
Commercial lenses, loaded with Nile blue and fluorescein 
as hydrophobic and hydrophilic drug analogs, respec-
tively, were placed on eyeballs of rabbits. The electric field 
gradient was generated by placing the cathode and anode 
on the  lens diametrically opposite each other. Electric 
power showed an  increase in uptake of Nile blue, and 
quantity was a function of duration and current intensity. 
Similar increases in flow were observed for fluorescein. 
Images recorded with confocal microscopy also showed 
an increase in dye penetration in the presence of cur-
rent. Connecting electrical current to the  lens can be 
a minimally invasive and effective approach to obtaining 
a therapeutic dose of the drug delivered. The results of ex 
vivo experiments suggest that a contact lens containing 
both cathode and anode may be useful for delivering 
drugs to the eye using iontophoresis techniques. Since 
the distribution of  the electric field can be accurately 
predicted, it is possible to obtain a smaller, easy-to-use 
device, which may result in higher bioavailability and 
allow for predicting the delivered dose of the drug. In ad-
dition, a compact device would be much more conve-
nient for patients than other devices due to the smaller 
and more localized electric field, and could be worn like 
a  normal contact lens without seriously obstructing 
the field of view.54

Takamatsu et al. proposed a powering system for an elec-
trical contact lens that is capable of iontophoretically de-
livering drugs to the eye.55 A hybrid power generation de-
vice is comprised of a wireless power transfer system and 
a bioabsorbable metal–air primary battery. No hydrogen 
evolution or pH change was observed in the tear electro-
lyte, hence it was proposed that the shown power source 
could power wearable electronics in body fluids.56

Zhu et al. presented a new lens embedded in the inner 
layer of the matrix, which was capable of pH-triggered pro-
longed drug delivery to the eye with good storage stability. 
Eudragit S100 and ethyl cellulose film were used as the in-
ner layer, while PHEMA Hy was used as the outer layer. 
Using diclofenac sodium as a model drug, the obtained 
matrices were examined and optimized in terms of the ra-
tio of polymer in film, viscosity, the ratio of drug to poly-
mer, the thickness of the inner layer, and the thickness 
of the PHEMA layer. Drug release was triggered by a change 
in ambient pH which allowed the storage of the contact 
lens to embed in the inner layer in a phosphate-buffered 
solution (PBS) at pH 6.8 with an imperceptible loss of drug 
and slight changes to the drug release pattern. An in vivo 
pharmacokinetic study in  rabbits showed a  sustained 
release of the drug for more than 24 h in the tear fluid, 
indicating a significant improvement in residence time 
in the cornea. Correlation between in vivo and in vitro 
studies (IVIVC) was established between in vitro drug re-
lease and in vivo drug concentration in tear fluid. In sum-
mary, this design of the embedded contact lens within 
the inner layer can be used as a platform for sustained 
delivery of drugs to the eye with translational potential 
in the treatment of ocular diseases.57

Faccia et  al. used pH-sensitive copolymers contain-
ing HEMA with different proportions of 2-(diisopropyl-
amino) ethyl methacrylate (DPA) and different amounts 
of the crosslinker (i.e., EGDMA). These were rated as pH-
sensitive drug delivery systems for potential use in oph-
thalmic therapies. The characterization of the pH response 
was carried out using swelling studies and scanning elec-
tron microscopy (SEM) analysis. Drug loading and re-
lease at different pHs were evaluated using Rhodamine 
6G (Rh6G) as a model drug. The obtained results showed 
that the presence of DPA in copolymers confers pH sen-
sitivity properties.58

Contact lenses releasing medicinal substances can be very 
effective carriers for the delivery of ophthalmic drugs, but 
usually they are not able to release the drug for more than 
a few hours. Bengani and Chauhan optimized the interac-
tion of the polymer matrix of the contact lens with hydro-
phobic fragments of ionic surfactants to adsorb surfactant 
molecules on a highly packed polymer, and thus created 
a high surface charge. The ionic drugs then adsorbed onto 
charged surfaces coated with surfactants with high affin-
ity to reduce the transport speed, which led to a sustained 
release. In particular, they showed the controlled release 
of the anionic drug dexamethasone 21-disodium phosphate 
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from PHEMA contact lenses using the cationic surfactant 
– cetalkonium chloride (CAC). The drug partition coeffi-
cient increases exponentially with the gel surfactant charge 
according to the Debye–Hückel theory.59 In the studied 
case, the drug was adsorbed on a surfactant-coated poly-
mer and could also diffuse along the surface with a lower 
diffusivity than that of a free drug. This led to a reduction 
in effective diffusivity, which was a weighted combination 
of free and surface diffusion. The addition of the surfactant 
did not affect the transparency of the lenses, and it had 
the additional advantages of  increasing wettability and 
significantly reducing protein absorption. A 10% addition 
of CAC provided a significant reduction in protein uptake 
for lysozyme serving as the model protein in the in vitro 
studies of protein interactions with Hys. At approx. 10% 
surfactant exposure, the release time was increased from 
approx. 2 h to 50 h in 1-day Acuvue® contact lenses.60

Odrobinska and Neugebauer synthesized amphiphilic 
copolymers containing HEMA and MMA by controlled 
radical transfer polymerization (ATRP) using bromoester 
modified retinol (RETBr) as a new initiator. An analogous 
series of copolymers with regulated hydrophilic–hydro-
phobic balance was obtained using a standard initiator, 
i.e., ethyl α-bromoisobutyrate (EBriB). The hydrophilic/
hydrophobic ratio in the copolymer has been indicated 
as a key factor regulating the efficiency of encapsulation 
processes calculated at a range of 5–98%. Polymer systems 
with satisfactory encapsulation properties were obtained. 
The release release profiles indicated that they are attrac-
tive micellar carriers of antioxidants. Due to their activity, 
they can be used in popular approaches in cosmetology, 
such as masks, eye patches or compresses.61

Supply of drugs for patients 
suffering from diabetes

Most treatments for diabetes-related eye diseases are 
systemic (oral) or intravitreal. The goal of Alvarez-Rivera 
et al. was to design contact lenses suitable for the local 
prevention/treatment of diabetes-related eye pathologies. 
The main idea was to incorporate the functional groups 
into the polymer matrix that can reversibly interact with 
epalrestat, an aldose reductase inhibitor. Several sets of Sil-
Hy were synthesized and the content of chemicals such 
as HEMA, monomethacryloxypropyl-sym-polydimeth-
ylsiloxane hydroxypropyl terminated (MCS-MC12) and 
aminopropyl methacrylamide (APMA) has been changed. 
Epalrestat was included before or after polymerization, and 
the load and release profiles were compared. All samples 
were evaluated in terms of optical properties, oxygen per-
meability, swelling, cytological compatibility, eye irrita-
tion, and corneal penetration (using drug solution as refer-
ence). At the 1st release stage, efficacy strongly depended 
on the APMA content, which allowed for the prolonged 
release of the drug in 0.9% NaCl for 1 week, both after 

synthesis and after loading. Epalrestate-laden Hys also 
showed anti-cataract activity in an in vitro diabetic eye 
model. In general, biologically inspired Sil-Hy contact 
lenses are the first attempt at designing contact lenses 
adapted to the needs of diabetic eyes. These act as plat-
forms for the controlled release of epalrestat, promote 
drug accumulation in the eyeball and stimulate corneal 
diffusion.62

Methods for contact lenses 
modification through the use 
of lipid layers

The use of deposited layers of liposomes or nanoparticles 
with the absorbed drug affects the delayed release of drugs 
from contact lenses. The drug is then released from the li-
posomes or nanoparticles as a result of the interaction with 
the tear film. The special feature of this method is that 
the release of drugs from the deeper layers of the lens goes 
through the previously used layers. In this way, drug re-
lease from these materials usually occurs in several phases 
with different release kinetics: the  initial rapid release 
phase and the stable, slower diffusion of the drug from 
the inner layers.63,64

Wang et al. assessed the effect of a 2-week regular ap-
plication of phospholipid liposomal spray on the thickness 
of the lipid layer, tear film stability, subjective wearing 
comfort, visual acuity, and lipid deposition in those wear-
ing Sil-Hy lenses. The phospholipid liposomal spray was 
applied to the lens of 1 eyeball. On the 14th day of the study, 
the thickness of the lipid layer and the stability of the tear 
film increased in the eyes of the treated patients. A larger 
percentage of  participants reported an  improvement 
in sight comfort in the treated eye.65

Danion et al. used in vitro antibacterial evaluation meth-
ods for contact lenses containing LVF-laden liposomes, 
which were designed to prevent and treat bacterial eye 
infections such as keratitis. The LVF was incorporated 
into the liposomes before immobilizing intact liposomes 
on the surface of soft contact lenses using a multilayer 
immobilization strategy. The release of LVF from con-
tact lenses containing 2, 5 and 10 layers of liposomes into 
a saline buffer at 37°C was monitored through measuring 
fluorescence. The release profile of LVF has been described 
as a mechanism involving 2 independent first-order kinetic 
models. The total release of LVF from contact lenses was 
completed within 6 days. The release of LVF from contact 
lenses containing 10 layers of liposomes and then soaked 
overnight in LVF solution was also studied and compared 
with the reference sample. It consisted of pristine contact 
lenses with no chemical modification that were previ-
ously dried and subsequently hydrated in a drug solution. 
The antimicrobial activity of the liposome-coated contact 
lenses was assessed by measuring the diameter of the agar 
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zone on the agar plate and optical density (OD). Lipo-
some-coated lenses showed antibacterial activity on both 
the agar and the OD test after 24 h. When the initial bacte-
rial inoculum was equal to or lower than 106 CFU/mL, all 
bacteria were inhibited within 2 h. When using an initial 
bacterial inoculum of 108 CFU/mL, the initial release pro-
vided by immersion of liposomal lenses was required for 
the first hours to inhibit bacterial growth.66

Another research group immobilized multilayer lipo-
somes on soft contact lenses. The liposome skeleton was 
prepared by exposing NeutrAvidin™-coated contact lenses 
to liposome aggregates produced by the addition of free 
biotin to the solution. The X-ray photoelectron spectros-
copy (XPS) confirmed immobilization of liposomes, while 
enzyme-linked immunosorbent assay (ELISA) test showed 
that neutravidin docking was dependent on biotin-neu-
travidin affinity binding. The kinetics of fluorescent dye 
release showed that intact liposomes were immobilized 
on contact lens surfaces. The stability of the surface-im-
mobilized liposomes on contact lens surfaces was tem-
perature-dependent. Surface-associated liposomes can be 
stored for up to 1 month at 4°C with little release.67

In another work, liposome-based coatings were ana-
lyzed to control the release of the drug from soft contact 
lens materials. A LVF-loaded PHEMA Hy material was 
used as a model system for these studies. The coatings 
consisted of  polyelectrolyte layers containing 1,2-di-
miristoyl-sn-glycerol-3-phosphocholine (DMPC) and 
DMPC+cholesterol (DMPC+CHOL) liposomes. The ef-
fect of friction and temperature on drug release was stud-
ied. The purpose of friction tests was to simulate eyelid 
blinking to investigate whether soft contact lens materials 
coated with liposomes can retain their properties, in par-
ticular the drug release capacity. It was observed that under 
the test conditions, the friction did not significantly affect 
the release of the drug from the liposome-coated PHEMA 
material. In contrast, an increase in the release tempera-
ture led to an increase in the diffusion rate of the drug 
through the Hy. This phenomenon was recorded in both 
control and coated samples.68
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Abstract
The introduction of tablet dosage forms has brought a revolution in the pharmaceutical drug delivery system. 
Different forms of tablets have been developed based on the target site, the onset of action, and therapeutic 
drug delivery methods. Fast-disintegrating tablets (FDTs) are the most promising pharmaceutical dosage form, 
especially for pediatric and geriatric patients having difficulty swallowing. The key feature of FDTs is quick 
drug release soon after their administration through the oral cavity. With innovations in the formulation 
of FDTs, the demand for excipients with better functionalities, particularly in terms of flow and compression 
characteristics, has increased. Co-processed excipients are a mixture of 2 or more conventional excipients 
that provides significant benefits over the individual excipients while minimizing their shortcomings. Such 
multifunctional co-processed excipients minimize the number of excipients that are to be incorporated into 
tablets during the manufacturing process. The present review discusses FTDs formulated from co-processed 
excipients, their manufacturing techniques, and the latest research, patents and commercially available 
co-processed FDTs.
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Introduction  
– fast-disintegrating tablets

Tablets are a widely accepted oral solid pharmaceutical 
dosage form around the world.1 Among these dosage forms, 
fast-disintegrating tablets (FDTs) have gained interest due 
to their rapid disintegration time.2 They were first developed 
in the late 1970s and have been of key interest to the phar-
maceutical industry because of their enhanced bioavail-
ability and rapid onset of action.3,4 Dysphagia is the medical 
term for swallowing difficulties and is most frequent in ge-
riatric and pediatric patients. To overcome such complica-
tions, FDTs are designed to exhibit quick breakdown within 
the oral cavity, hence eliminating the need for chewing and 
conjoint water consumption.5 They are also known as fast 
dispersing, rapidly dissolving, rapidly melting, and quick 
disintegrating tablets. Some commonly used disintegrants 
for the preparation of FDTs are starch, modified starch, 
sucrose, mannitol, microcrystalline cellulose (MCC), alginic 
acid, cross-linked polyvinyl pyrrolidone (PVP), and many 
more.6 As per the Food and Drug Administration (FDA), all 
FDTs are categorized under the Oral Disintegrating Tablets 
category.7–9 Orodispersible tablets are those that disperse 
in less than 3 min in the buccal cavity before swallowing. 
In the oral cavity, such tablets disintegrate into small gran-
ules or melt from a hard solid configuration into a gel-like 
structure that allows effortless swallowing of a drug. These 
tablets form a soft paste or liquid suspension in the oral cav-
ity, providing a pleasant mouthfeel and effortless swallow-
ing. Following their disintegration, there is minimal or no 
residue in the oral cavity.8–10

The FDTs have uniform advantages such as exceptional 
stability, ease of manufacturing and handling, good patient 
compliance, enhanced bioavailability and palatability, and 
accurate dosing.11 They are susceptible to humidity and 
temperature, and are suitable for patients that suffer from 
dry mouth and are on anticholinergic therapy. Moreover, 
FDTs disintegrate quickly and exhibit speedy absorption 
in the oral cavity. Such tablets lead to an increase in drug 
bioavailability, avoid first-pass metabolism and result in re-
duced dosing.9,12 Some of the key advantages of FDTs are 
depicted in Fig. 1.

There are different patented and conventional manu-
facturing techniques for the preparation and development 
of FDTS, and several of them are listed in Fig. 2.13 Table 1 

summarizes the patented techniques used for the prepara-
tion of FDTs alongside their active ingredients and patent 
owner details.13–18

Excipients

Excipients are non-therapeutic components that are part 
of any pharmaceutical formulation. These substances act 
as bulking agents and stability enhancers, and support 
the therapeutic efficacy of the active pharmaceutical ingre-
dient.19–21 The most commonly used excipients in the tab-
let dosage form are diluents, binders, disintegrants, gli-
dants, lubricants, surfactants, pH-adjusting agents, sugar 
(as sweetening agent), mucoadhesive polymers, and coating 
and coloring agents.22 Table 2 briefly presents the function-
ality of each excipient with examples.23–30

For the development of FDTs, superdisintegrants are 
widely used in the pharmaceutical industry to minimize 
the disintegration time. Agar powder and amino acids 
are examples of naturally available disintegrants that are 

Fig. 1. Advantages of fast-disintegrating tablets (FDTs)

Fig. 2. Fast-disintegrating techniques
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used in the preparation of FDTs.31Agar powder, due to its 
large porous size and overall volume, promotes rapid water 
permeation into the tablet, consequently resulting in fast 
tablet disintegration.32 Incorporation of amino acids such 
as proline and serine promotes rapid tablet disintegration 
due to enhanced wettability.33

Types of pharmaceutical 
excipients

Figure 3 illustrates different types of pharmaceutical 
excipients used in the preparation of solid dosage forms. 
Each of these excipients is defined as a single-entity ex-
cipient consisting of 1 characteristic component that acts 
as a primary principal component for the excipients, for 
example cellulose. Multiple excipients are a blend of 2 
or more excipients developed using low to moderate shear 
force. Under applied pressure, individual constituents are 
combined without any considerable changes in chemical 
characteristics, and the individual excipients remain dis-
tinct at a particulate level, for example MCC + lactose.34 
Novel excipients are excipients that undergo chemical 
modifications to establish a new excipient. Modifications 
lead to improvement in solubility and permeability, and 
result in overall performance enhancement.35 Co-pro-
cessed excipients are a blend of 2 or more compendia/

non-compendia excipients intended to physically alter 
their characteristics without any significant alteration 
in their chemical properties. Co-processing is achieved 
with standard techniques such as granulation, milling, 
spray drying, etc.36,37

Fig. 3. Types of pharmaceutical excipients

Table 1. Patented technologies for fast-disintegrating tables (FDTs)

Technology name Basis of technology Active ingredient Name-patent owner Reference

WOWTAB direct compression famotidine Yamanouchi Pharma Tech Inc [13]

Orasolv direct compression paracetamol, 
zolmitriptan

Cima Labs Inc [14] and [15]

Zydis lyophilization loratidine R.P Scherer inc. [13] and [16]

Lyoc lyophilization phloroglucinol hydrate Farmlyoc [13] and [17]

Oraquick micromask
taste masking

hyoscyamine sulphate K.V Pharm. Co., Inc [14] and [17]

Flashtab direct compression ibuprofen Ethypharm [14] and [18]

Table 2. Excipients commonly used in the pharmaceutical industry

Excipient Function Example Reference

Binders provides plasticity and boosts the interparticulate 
bonding strength in tablet

starch, gelatin, acacia [23] and [24]

Disintegrants/
superdisintegrants

rapidly absorbs water and results in a quick 
breakdown of tablet

crosscarmellose sodium, crosspovidone [25] and [26]

Diluents produces desired/required bulk of the tablet microcrystalline cellulose, lactose monohydrate, 
calcium phosphate dehydrate

[27]

Lubricants minimizes tablet adhesion with the surface of dies 
and punches

magnesium stearate, talc, silica [28]

Glidants improves flowability characteristics colloidal silicon dioxide, talc [28]

Coloring agent improves tablet appearance and patient acceptance dyes and pigments [29]

Flavoring agent employed in orodispersible tablets, assures a better 
mouth feel

peppermint oil, spearmint oil [30]
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Co-processed excipients

Co-processed excipients are a mixture of 2 or more com-
pendia/non-compendial excipients that improves physical 
characteristics without any significant chemical transfor-
mations or displaying multifunctional activity.38 Diverse 
co-processing methods are used in pharmaceutical indus-
tries, such as spray drying, solvent evaporation, crystalliza-
tion, melt extrusion, and many more.39–41 Co-processed 
excipients are developed through inclusion of one excipi-
ent into the particle framework of another (second) excipi-
ent by employing techniques such as co-drying.42 These 
excipients are designed to address the divergent pitfalls 
in flowability, compressibility, disintegration potential, 
lubricant sensitivity, solubility, and permeability, and boost 
the desired properties of excipients as well as promote 
production procedure at low expenditure.40,43

Steps of co-processing

1. Excipient recognition –  on  the  basis of  excipient 
characteristics, attributes, properties, and functionality 
parameters.

2. Screening of the appropriate proportions of excipients.40

3. Examination of the particle size requisite for co-pro-
cessing. This step is of utmost importance as when excipi-
ent is processed in the dispersed phase, post-processing 
the particle size of the excipient depends on its initial size.40

4. Electing of an appropriate drying process – for ex-
ample, spray drying or flash drying.43

Excipients elected of co-processing should complement 
each other; for example, mannitol is poorly compressible 
and a low hygroscopic polyol, and therefore is co-processed 
with sorbitol that displays good compressibility character-
istics as well as high hygroscopicity. Appropriate compres-
sion behavior is also required in an ideal tablet excipient, 
thereby requiring harmony between plasticity and brit-
tleness.44 Figure 4 shows a diagrammatic representation 
of the co-processing approach.

Co-processing is performed using various other tech-
niques. Table 3 presents the advantages and limitations 
of each co-processing technique.42,45–48

Function of co-processed 
exciptients in FDT formulations

Co-processed excipients play a vital role in FDT formu-
lations as they improve the flow and wetting properties, 

Fig. 4. Steps for co-processing

Table 3. Methods of co-processing commonly used in the pharmaceutical industry

Methods Advantages and limitations Reference

Granulation/
agglomeration

Enhancement in physical properties including flowability, wettability and product appearance. It is a swift 
processing technique, and can be accomplished with conventional equipment as well.

[42]

Spray drying Reduced disintegration time, improved tablet hardness and compressibility behavior promotes simultaneous 
blending as well as drying of both soluble and insoluble compounds. This amends the speed of tableting 
machine.
Limitations: rapid drug release increases the risk of burst effect, not a suitable method for particles with 
complex morphological structure.

[45]

Melt extrusion Less time-consuming, high reproducibility, appropriate for establishing intricate shapes, uniform dispersion can 
be achieved.
Limitations: high equipment cost and increased threat of thermal degradation due to high temperature.

[46]

Fluid bed spray 
granulation (FBSG)

Tablets display faster disintegration and dissolution characteristics and abated friability; technique suitable for 
high-speed tableting machines.

[47]

Wet granulation Cost-effective method, can be executed with conventional tableting equipment and less process variables. [48]
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modify the compression characteristics, improve the su-
perdisintegration characteristics, and provide superior 
tabletability. They also enhance thixotropic characteristics 
by adjusting viscosity, promoting rapid tablet breakdown 
and contributing to quick therapeutic action (therefore 
making the tablets appropriate for emergency circum-
stances).27,49–51 Employing co-processed excipients in FDT 
formulations eliminates the need for any additional excipi-
ents or lubricant, and reduces the time and cost associated 
with FDT production.52–54

Sunil et  al. employed a  spray drying technique for 
the co-processing of MCC, mannitol and aerosil in vary-
ing ratios. The prepared excipients were evaluated for 
different parameters, such as Carr index, Hausner ratio 
and angle of repose to determine the flow characteristics 
of the material. The developed co-processed excipients 
displayed better flow properties compared to a physical 
admixture of such excipients.55 Pituanan et al. prepared 
the co-processed pre-gelatinized cassava starch (PCS) 
with acacia gum (AG) in different proportions using a di-
rect compression method. The developed co-processed 
excipients were examined regarding their morphology, 
flow characteristics and moisture content. The result re-
vealed that FDTs prepared using these co-processed ex-
cipients exhibit reduced wetting and disintegration time, 
and altered friability and hardness.56 The FDTs of mon-
telukast were formulated by co-processing mannitol and 
sodium starch glycolate with the incorporation of a sol-
vent evaporation process by Kumar et al. The prepared 
formulation was evaluated for hardness, thickness, drug 
content uniformity, and drug release properties. The re-
sults reported that the developed formulation displayed 
reduced wetting and disintegration time.57 Rao et al. pre-
pared atorvastatin FDTs using novel co-processed excipi-
ents crosscarmellose sodium (CCS) and sodium starch 
glycolate (SSG) in different proportions by employing 
a direct compression technique. The developed formula-
tion displayed shorter disintegration time in comparison 
to individual excipients.58 Chlorpromazine HCl orodis-
persible tablets were designed by Deshmukh et al. using 
an admixture of excipients, SSG and crospovidone (CP) 
in varying ratios with a direct compression technique. 
The developed co-processed excipients were examined 
regarding their flow characteristics, Carr index and Haus-
ner ratio. The developed FDTs of chlorpromazine exhibit 
reduced wetting and disintegration time, and enhanced 
patient acceptance.59

Omeprazole FDTs were formulated by More et al. using 
co-processed CCS and CP. Carr index, angle of repose and 
Hausner ratio of developed co-processed excipients were 
evaluated. The formulated orodispersible tablets exhibited 
improved drug release characteristics.60 The spray drying 
method was used by Shirsand et al. for co-processing man-
nitol and microcrystalline cellulose in various proportions 
for developing glibenclamide FDTs. The co-processed ex-
cipients were then evaluated; the FDTs formulated using 

an admixture of excipients showed better stability and 
improved drug release properties.61 Pusapati et al. for-
mulated atorvastatin calcium tablets by employing a di-
rect compression technique using co-processed acacia-
calcium carbonate (CaCO3). The hardness, dissolution 
profile and friability of those tablets were examined. Re-
sults revealed that the formulation containing 3% acacia 
showed less dissolution time and proved to be the overall 
best formulation.62 Irbesartan FDTs were formulated us-
ing co-processed excipients by Madhvi et al. employing 
a melt agglomeration technique; the bitter taste of a drug 
was masked using aspartame or  by  complexing with 
β-cyclodextrin. The  developed tablets were examined 
for friability, hardness, strength, and dissolution profile. 
The results reported that melt agglomeration was a bet-
ter choice for designing FDTs using novel co-processed 
excipients.63

Table 4 presents a  brief outline of  the  studies con-
ducted on FDTs manufactured using co-processed ex-
cipients.50,55–76 In continuation of the studies concerning 
co-processed FDT, several patents are discussed below.

A co-processed mixture of sugar alcohol (such as man-
nitol) and MCC was patented in 2015. This composi-
tion displayed reduced lubricant sensitivity and a better 
compaction profile, and is widely employed in the prepa-
ration of  pharmaceutical dosage forms.77 Admixture 
of pharmaceutical co-processed excipients MCC, polac-
rilin sodium and partially pregelatinized starch were pat-
ented and utilized in the formulation of ibuprofen tablets 
using a direct compression technique, as the admixture 
of excipients displayed better flowability and improved 
compressibility.78 A co-processed admixture of xanthan 
gum and guar gum excipients was used in the prepara-
tion of venlafaxine tablets. Such a combination of phar-
maceutical excipients was patented and serves as a bulk-
ing, disintegrating, swelling, and gelling agent.79

There are various patents filed for FDTs which utilize co-
processed excipients – Table 5 presents a selection of those 
patents and patent applications. Many co-processed excipi-
ents have been introduced into the market and are com-
mercially available.77–89 Table 6 lists commercially available 
FDTs prepared using co-processed excipients.40,90–94

Conclusions

The FDTs are extensively used because of their quick 
disintegration time and rapid onset of action. Excipients 
play a vital role in the formulation of tablets and their ther-
apeutic action. A variety of excipients are used to produce 
FDTs, so there is always a need to search for an excipient 
with improved functionality that can cater to the high 
demand for excipients in the pharmaceutical industry. 
A co-processed excipient is a solution that reduces the use 
of  excessive excipients in  the  formulation and results 
in a cost-effective manufacturing process. Co-processed 
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excipients display improved properties in  comparison 
to individual excipients. They reduce the use of excipients 
in the formulation, thus reducing the overall concentra-
tion of the dosage form. Despite having these benefits, 
co-processed excipients entail certain challenges in terms 
of their recognition in pharmacopoeia. Hence, extensive 
research is ongoing in this field and several patents have 
been filed for co-processed excipients, but there is still 
no standard characterization for these in the pharmaco-
peia. Considering the benefits that co-processed excipients 

provide, the future for such excipients is very promising. 
A new combination of excipients and improved techniques 
of co-processing would gain more attention from research-
ers and the pharmaceutical industry.
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Table 4. Studies on fast-disintegrating tables (FDTs) using co-processed excipients

Co-processed excipients Method Remarks Reference

Chitosan + aerosil co-precipitation Enhanced flow properties and compression behavior. [50]

MCC + mannitol + aerosil spray drying Co-processed excipient causes quick dispersion of tablet in oral 
cavity and reduced disintegration time, and is cost-effective.

[55]

PCS + AG direct compression PCS + AG co-processed excipient exhibits improved flow 
characteristics and swelling index, with shorter wetting and 

disintegration time.

[56]

SSG + mannitol solvent evaporation Reduced disintegration time and wetting time, improvement in flow 
properties.

[57]

Crosscarmellose + SSG lyophilization Formulation had lesser disintegration time in contrast to individual 
excipients.

[58]

CP + SSG direct compression Reduced disintegration time, improved flowability, better 
compression characteristics.

[59] and [64]

CP + CCS solvent evaporation Enhanced mechanical resistance, uniform weight, lessened 
disintegration as well as wetting time.

[60]

MCC + manitol spray drying Better flowability, improved drug disintegration, enhanced stability 
and dissolution rates.

[61]

Acacia + calcium carbonate direct compression Reduced dissolution time, improved disintegration as well 
as dissolution rates, good flow properties.

[62]

Lactose monohydrate + mannitol 
+ PEG + CP

melt granulation Enhanced functionality, rapid drug dissolution, increased loading, 
potential taste masking.

[63]

CP + SSG + CCS dry granulation Enhanced formulation stability and reproducibility, better flow 
characteristics, increased dissolution rate.

[65]

CP + CCS direct compression Better flow and compression characteristics, expeditious 
disintegration and ameliorated drug dissolution.

[66]

CP + SSG solvent evaporation Reduced disintegration time, improved wetting properties, 
drug content and stability.

[67]

Mannitol + MCC + CP + SSG + aerosil 
+ CCS

direct compression High degree of stability, better flowability, appropriate hardness and 
reduced disintegration time.

[68]

CP + Kyron T-314 solvent evaporation Better flow properties and compression behavior, and decreased 
disintegration time.

[69]

Mannitol + MCC spray drying Improvement in dissolution of FDTs, better wetting properties, 
reduced disintegration time.

[70]

Lactose + mannitol melt granulation Improved flow properties and reduced disintegration time. [71]

DCP + starch direct compression Fast disintegration and better compression characteristics. [72]

MCC + CP + SiO2 spray drying Better flowability, compressibility and decreased disintegration time. [73]

Sucrose + sorbitol direct compression Faster disintegration, better palatibility and pleasant taste. [74]

MCC + DCP wet granulation Better disintegration, friability, compression, weight uniformity and 
crushing force.

[75]

MCC + lactose + PVP + PEG melt granulation Reduced disintegration time, better flow characteristics, appropriate 
dilution potential, shorter processing time.

[76]

DCP – dicalcium phosphate; AG – acacia gum; MCC – microcrystalline cellulose; CP – crospovidone; PCS – pre-gelatinized cassava starch; PVP – polyvinyl 
pyrrolidone; PEG – polyethylene glycol; SSG – sodium starch glycolate; CCS – crosscarmellose sodium.
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Abstract
The available information on the abundance of restorative plants on earth is incomplete, and the data re-
garding botanicals from various countries differ significantly. The substantial development of the worldwide 
natural botanical market is attributable to the expanding revenue of global drug companies trading herbal 
medicines. This essential type of traditional medical care is depended on by approx. 72–80% of individuals. 
Even though numerous restorative plants are readily used, they have never been subject to the same strict 
quality guidelines as conventional drugs. Nonetheless, it is vital to have specific organic, phytochemical, 
and molecular tools and methods for identifying restorative plant species so that traditional and novel plant 
products can be safely used in modern medicine. Molecular biotechnology approaches provide a reliable and 
accurate way to identify botanicals and can be used to ensure the safety and efficacy of plant-based products. 
This review explores various molecular biotechnology approaches and methods for identifying botanicals.
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Introduction

Evidence on character and safety is of primary impor-
tance among different essential factors in  the  quality 
verification of plant-based medications. Character refers 
to botanical identity, authenticity and quality of the plant 
material used, which requires the avoidance of quality re-
duction and misrepresentation of herbal medications. Such 
factors include the presence of harmful constituents, low 
efficacy or anything else that is related to the fundamental 
claim that the plant has health-promoting properties.1

In the context of herbal medications, misrepresenta-
tion refers to any deceptive or misleading practices that 
can occur during the production, labeling, or marketing 
of herbal products. This can include various forms of mis-
representation, such as:

Substitution: The intentional or unintentional substitu-
tion of one plant species with another that may have differ-
ent therapeutic properties or potential safety concerns. For 
example, using a cheaper or more readily available plant 
as a substitute for the desired plant species.

Adulteration: The addition of undeclared substances 
or contaminants to the herbal product, which can affect its 
quality, efficacy, or safety. Adulteration can occur by adding 
lower quality plant material, synthetic compounds, or other 
substances that are not disclosed on the product label.

False labeling: Providing incorrect or misleading infor-
mation on the product label, such as inaccurate botanical 
names, misleading claims about the product’s composi-
tion or therapeutic effects, or incorrect information about 
the geographical origin or processing methods.

The morphology (visible with a naked eye) and appear-
ance of plant-based medications have been demonstrated 
in the literature, yet it should be considered that the va-
lidity of a medication cannot be ensured with certainty 
by identification of plants alone. Indeed, significant experi-
ence in pharmacognostics and the utilization of legitimate 
standardized drugs are also required.2

Scientists can distinguish the complicated ingredients 
of all basic molecular elements of a natural supplement 
using imaging modalities and automated high-perfor-
mance liquid chromatography (HPLC) analysis. Indeed, 
well-defined HPLC methods using specific markers meet 
the prerequisites of legitimate science-based verification 
of natural medications, and fulfilling strict requirements 
of the International Council for Harmonization Rejec-
tion (ICHR) regarding potential misrepresentations and 
corruption of herbal medications for wellbeing reasons 
should likewise be possible employing such procedures.3

All plants in the world are assigned a genus and spe-
cies name for portrayal and references in herbaria since 
the founding of binomial terminology by Carl von Linne 
in 1753, such as Chamomilla (genus), and recutita and 
inodora (species). Based on genetic, morphological and 
structural attributes, subspecies and substance races 
should also be discerned so that an alternate subjective 

and quantitative synthetic structure of constituents can 
be created.4

Consequently, we should reason that surveying the natu-
ral properties of herbal medications is a fundamental ne-
cessity and should be the primary aim before a plant can 
be formally included into an authoritative Pharmacopeia.5

DNA-based confirmation 
of natural plants

Recently, therapeutic plants have become popular in West-
ern nations, where the desire to use natural remedies has 
developed and such use is now considered an option by doc-
tors and patients. There has been evidence of increasing 
interest in herbal drugs (natural preparations) as they are 
easily available and can be generally utilized as medicines 
with possibly lesser side effects in comparison to syntheti-
cally derived drugs. As such, they are protective and do 
not cause any antagonistic effects. Nonetheless, the natural 
origin of herbs does not guarantee their safety. Some herbs 
may have intrinsic toxicity, and there is a risk of substitution, 
contamination, and adulteration of herbal products. Addi-
tionally, misidentification of plant species can occur, espe-
cially considering the wide variety of species used in herbal 
medicine. These factors can have potential adverse effects 
on the quality and safety of botanical products.6

It has been demonstrated that contamination or substi-
tution of herbs has caused illness and even deaths. A case 
of neuropathy and encephalopathy was recorded after the ad-
ministration of a preparation derived from the herb Gentiana 
rigescens radix. Further examination revealed that poisoning 
had occurred due to contamination by Podophyllum emodi 
or  Podophyllum hexandrum, which contain the  neuro-
toxin podophyllotoxin and were found growing underneath 
the original preparation. A few instances of renal injury related 
to Stephania tetrandra in a weight reduction formulation were 
caused by Aristolochia fangchi, which contains the highly poi-
sonous aristolochic acid, a nephrotoxin that causes urethral 
cancer, among others. In this case, the confusion arose from 
the similarity of the 2 plants in Chinese nomenclature.7

Consequently, to  guarantee the  quality and efficacy 
of natural medications, and ensure the wellbeing of the pa-
tients, identifying the plant species is essential. However, 
distinguishing natural components, which regularly 
comprise dried or prepared parts, is by and large trouble-
some due to the change of characteristics through drying, 
particularly when a herb has more than 1 name or when 
a common name is used for more than 1 herb.8

Validation of natural material 
on the DNA level

Genetics are thought to provide unwavering quality 
in the verification of natural materials at the DNA level due 
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to the advances in molecular biotechnology and plant ge-
netics. Moreover, the use of DNA-based molecular marker 
methods for understanding species of therapeutic plants 
is still expanding. Such improvements are particularly 
helpful for identifying species that are regularly confused 
or adulterated with other plants, and for species that are 
morphologically or phytochemically indistinguishable.9

The DNA is a remarkably stable macromolecule that 
is not influenced by external factors, meaning that it can be 
recovered from fresh, dried and prepared natural materi-
als. In contrast, substance fingerprinting is unequivocally 
influenced by the sample age, physiological conditions, 
environmental impact development region, reaping period, 
drying, and storage conditions. Moreover, the DNA marker 
particles are not tissue-specific and, in this way, can be dis-
tinguished at all phases of organic growth. Also, a modest 
quantity of a sample is adequate for examination.10 Table 1 
presents a comparison of DNA profiling techniques for 
herbal authentication and quality control.

Types of DNA markers utilized 
in plant genome analysis

The DNA-based molecular strategies that have been uti-
lized to assess DNA polymorphisms for plant taxa verifica-
tion include hybridization polymerase chain reaction (PCR) 
and sequencing techniques. Currently, multi-locus se-
quence analysis (MLSA) is frequently used in phylogenetic 
investigations and has demonstrated its discriminatory 
ability. In addition, recent improvements in the sensitivity 

of high-throughput DNA microarrays have allowed for 
the definitive identification of taxon on a larger scale.11

Random amplified polymorphic DNA

Random amplified polymorphic DNA (RAPD) method 
employs arbitrarily arranged short-engineered oligonucle-
otides (10 bp long) as primers to produce countless random 
DNA fragments using PCR. The enhanced DNA segments are 
separated with the use of agarose gel electrophoresis and visu-
alized using ethidium bromide dye or SyBRgreen. The poly-
morphisms in the enhanced fragments are brought about by:

1) base replacement or excision at the preparation sites,12

2) primer insertions at loci too far apart to result in am-
plification or13

3) insertions or deletions that change the size of the am-
plified fragment.14

Due to its ease of use (no prior DNA sequence informa-
tion is required), low expense, ability to produce a high 
volume of DNA markers within a brief time frame, and 
the use of non-complex equipment, RAPD has a wide scope 
of applications.15

Arbitrarily primed PCR

Arbitrarily primed PCR (AP-PCR) is a distinct form 
of RAPD that uses single primers of 10–50 bps in length 
during a 3-stage amplification process. The initial 2 an-
nealing cycles are completed in a low-stringent environ-
ment, with the  main cycle employing high-stringency 
conditions and primers of various length. Polyamide gel 

Table 1. Comparison of DNA profiling techniques for herbal authentication and quality control.1 The table is based on the most frequent molecular tools 
and does not represent all DNA-based molecular techniques27

Molecular
technique

Importance 
of authen-

ticity

Repro-
ducibility

Quantity 
of DNA  

required

Level of poly-
morphism

Locus 
specificity

Technical 
demand

Sequence 
information 

required

Auto-
mation

Devel-
opment 

cost

Running 
cost

ISSR ++ medium low medium no low no yes low low

AFLP ++ high medium medium no medium no yes medium low

ARMS ++ high high low yes low yes yes low medium

RAPD + low low medium no low no yes low low

RFLP + high high medium yes high yes no high medium

SSR + high low high no low yes yes medium high

RAMPO + medium low medium yes high no yes medium medium

CAPS ++ high low low yes low yes yes low medium

SCAR ++ high low low yes low yes yes low medium

CAPS ++ high low low yes low no difficult medium medium

LAMP + high low low yes medium yes yes low medium

SNP + high low high yes medium yes yes low high

Microarray +++ high low high yes high yes yes high high

Barcoding +++ high low low yes medium yes yes medium medium

ISSR – inter simple sequence repeat; AFLP – amplified fragment length polymorphism; ARMS – amplification-refractory mutation system; RAPD – random 
amplified polymorphic DNA; RFLP – restriction fragment length polymorphism; SSR – simple sequence repeats; RAMPO – random amplified microsatellite 
polymorphism; CAPS – cleaved amplified polymorphic sequences; SCAR – sequence-characterized amplified regions; LAMP – loop-mediated isothermal 
amplification; SNP – single nucleotide polymorphism. 
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electrophoresis is chiefly used to examine the obtained 
products. This method is utilized in a variety of genetic 
investigations and for species identification. However, sim-
ilar to RAPDs, fingerprints produced using single primers 
can cause reproducibility issues since slight changes in cy-
cling conditions can affect the appearance of the bands.16

DNA amplification fingerprinting

As an adaptation of the RAPD strategy, the technique 
of DNA amplification fingerprinting (DAF) in thermosta-
ble conditions allows primers to efficiently enhance am-
plification at multiple random sites on each DNA strand 
and to  produce fingerprints with novel DNA patterns. 
Polyacrylamide gels and silver staining are used to resolve 
the amplicons.17

Inter simple sequence repeats

Inter simple sequence repeats (ISSRs), or single primer 
amplification reaction (SPAR) markers, are exceptionally 
adequate, replicable, profoundly polymorphic, and advan-
tageous to use in higher plants. They are utilized in genetic 
fingerprinting, quality labeling, phylogenetic investigation, 
species and cultivator identification, and the evaluation 
of hybridization. The IISRs resemble RAPDs, though ISSR 
primers are located in microsatellite (SSR) regions and are 
longer in length (around 14 bp) than RAPD primers. The pro-
cedure uses basic sequence repeats (the ISSRs) with mono-, 
di- or trinucleotide repeats of 4–10 repeating units. The SSRs 
are abundant and highly polymorphic, and are distributed 
throughout the genome. Moreover, this method is efficient 
and more conservative. Also, the technique does not require 
sequencing data and does not use radioactive material.18

Amplified fragment length polymorphism

An  amplified fragment length polymorphism (AFLP) 
is a powerful tool that combines RflM and PCR for DNA 
fingerprinting of the organismal genome and can screen 
countless loci (ca. 50–100 parts for each response) for poly-
morphisms. Similar to ISSR, AFLP does not require prior 
sequencing data for the targeted genome and is exceptionally 
reproducible. It is utilized for DNA fingerprinting, usually 
when very little data is available on the plant genome under 
study. Some advantages of AFLP include the rapid procedure, 
high genomic bounty, low labor requirements, abundant data, 
high reproducibility, and the ability to detect a high number 
of loci in a single reaction. Furthermore, no information about 
the target genome is required for preliminary development.19

Random amplified microsatellite 
polymorphism

Random amplified microsatellites (RAMS), or random 
amplified hybridization microsatellite (RAHM), is a mix 

of arbitrarily prepared PCR microsatellites (RAPDs) used 
for hybridization and production of polymorphic heredi-
tary fingerprints, and does not require prior genomic in-
formation. As in RAPDs, the genomic DNA is  initially 
amplified with a single random 10-mer primer or micro-
satellite-complimentary 15- to 16-mer PCR primer. This 
method produces highly reproducible banding patterns, 
which allow for clear identification of  species-specific 
groups. Furthermore, random amplified microsatellite 
polymorphism (RAMPO) fragments are less sensitive 
to error than RAPD fragments due to their homology and 
the strong signal produced from the hybridization of dis-
tinct polymorphisms (i.e., the existence of repeat sequences 
in a particular microsatellite). The RAMPO is, for the most 
part, utilized for the identification and separation of geno-
types within germplasms and populaces, such as Ficus and 
Phoenix dactylifera.20

Restriction fragment length polymorphism

Restriction fragment length polymorphism (RFLP) 
is widely utilized for recognizing changes at the DNA level 
and depends on the correlation of banding patterns from 
DNA sequences digested by specific restriction enzymes 
(e.g., HaeIII, EcoRI, BamHI). These enzymes are a class 
of endonucleases produced by microorganisms that can 
digest specific DNA sequences, with each protein recog-
nizing a particular palindromic sequence. They detect 
and digest the DNA in a predictable manner, which gener-
ates restriction fragments of defined lengths. The length 
of these fragments varies between species if there are dif-
ferences between the cleavage loci of a specific restriction 
endonuclease. Restriction sites are detected and then al-
tered by point mutation, insertion, deletion, or transloca-
tion to produce distinct fragments that are separated and 
detected using gel electrophoresis. A few drawbacks of this 
method are that it is time-consuming, expensive, requires 
extensive labor, and needs large amounts of DNA.21

Microsatellites or single sequence repeats)

Microsatellites, short tandem repeats (STRs), or simple 
sequence length polymorphisms (SSLPs), are the smallest 
class of monotonous DNA sequences and have 2–6 bps. 
They are dispersed throughout most eukaryotic genomes, 
meaning there is a wide variety in the quantity of repeat-
ing units that are profoundly polymorphic. Microsatellites 
have a broad assortment of uses, such as marker-guided 
reproduction, population genetics and genome mapping. 
Indeed, the marker sequence and the extensive number 
of alleles allow for the detection of significant degrees 
of similarities and differences between closely related spe-
cies or strains. A few downsides of microsatellites are that 
their use is time-consuming, and when the target DNA 
is unknown, there are high costs associated with the isola-
tion and separation of each locus.22
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Selectively amplified microsatellite 
polymorphic loci

The selectively amplified microsatellite polymorphic 
loci (SAMPL) strategy encompasses the high multiplexing 
ratio of the AFLP method and the high degree of mic-
rosatellite polymorphisms. The method uses AFLP-type 
primers matched to a complimentary microsatellite primer 
to detect polymorphisms using restriction digestion and 
selective amplification. The microsatellite primer restric-
tion fragments that have linked adapter sequences are then 
amplified through primers complementary to the adapter 
sequences. A restriction of multi-locus SSR profiling is that 
it only detects a portion of the microsatellite polymor-
phisms due to the prevalence of predominant markers, 
which makes it difficult to distinguish allelic sections 
in complex DNA fingerprints.23

Directed amplification  
of minisatellite-region DNA

The directed amplification of minisatellite-region DNA 
(DAMD) strategy is  essentially a  DNA fingerprinting 
technique in which the loci of variable number tandem 
repeats (VNTR) of hypervariable repeats are enhanced 
at moderately high stringencies. The double repeat DNA 
sequences in minisatellites and VNTR are longer (around 
10–60 bp themes) than microsatellites, though micro-
satellites display extensive polymorphisms due to their 
duplicate number of double repeat loci. The VNTR cen-
tral sequence is utilized as a primer to coordinate the am-
plification of minisatellite loci DNA using PCR and can 
provide data similar to RAPD for species identification.9 
However, with the utilization of longer primers in DAMD, 
enhanced DNA fingerprinting is produced, and conse-
quently, DAMD is more reproducible than RAPD.24

Single nucleotide polymorphisms

Single-base pairing locations in the genotypes of a mini-
mum of 2 persons are termed single nucleotide polymor-
phisms (SNPs), at which various alleles are available. Single-
base pair contrasts are created between DNA sequences 
through polymorphisms caused by point transformation. 
The SNPs are used for identifying people, ecotypes and 
species, and are proficient molecular markers for genetic ex-
amination and rearing projects. Environmental and trans-
formative investigations also use SNPs. Furthermore, some 
molecular markers depend on SNPs, such as RFLPs, cleaved 
amplified polymorphic sequences (CAPS), amplification-
refractory mutation system (ARMS), and single-strand 
conformation polymorphism (SSCP). Many great SNP se-
quences in exemplar DNA have been demonstrated in DNA 
microarrays (biotechnology organizations). Furthermore, 
SNPs are applied to the verification of Perilla, Dendrobium 
officinale, Panax cultivars, and Boehmeria species.25

Amplification-refractory mutation system

Amplification-refractory mutation system, or allele-spe-
cific polymerase chain response (AS-PCR), is a method 
for separating alleles. It is a simple, versatile and powerful 
technique for the detection of minor deletions or trans-
formations, including SNPs. It uses a dynamic screening 
test that does not require any type of marking, because 
agarose gel electrophoresis and ethidium bromide staining 
are utilized for basic visualization of the amplified product. 
However, oligonucleotides with a random 30-mer sequence 
will not function as a PCR primer in the ARMS. Another 
disadvantage of the ARMS method is that it only amplifies 
the test DNA at the objective allele and does not enhance 
the  non-target allele. In  this procedure, the  enhance-
ment and approval steps are joined to such an extent that 
the presence or absence of the objective allele is analyzed 
by the presence or absence of a PCR product. Nonethe-
less, this procedure has been applied to  the validation 
of Alisma, Panax, Rheum, Dendrobium, and Curcuma.26

Cleaved amplified polymorphic sequence

Cleaved amplified polymorphic sequence (CAPS) detects 
polymorphisms using a combination of target DNA am-
plification and restriction enzyme digestion in a 2-stage 
process. In the initial step, amplification of a character-
ized sequence uses specific 22–25-bp primers and is fol-
lowed by restriction of the PCR product using suitable 
enzymes. Agarose gels and ethidium bromide are then 
used to isolate the separated restriction fragments. The ca-
pacity to distinguish DNA polymorphisms is higher for 
SSRs and AFLPs than for CAPS due to the limited size 
of the restriction fragments and the nucleotide changes 
that are fundamental for CAPS identification. For valida-
tion of Astragalus, Alisma, Duboisia, Sinopodophyllum, 
Dysosma, Fritillaria, Ephedra, Artemisia, Panax, Actin-
idia, Atractylodes, Glehnia, Dendrobium, and Codonopsis, 
PCR-RFLP has been used.27

Sequence-characterized amplified regions

Sequence-characterized amplified regions (SCAR) are 
another type of RAPD-determined molecular that avoids 
many of the shortcomings of RAPDs. Cloned polymorphic 
RAPD or ISSR fragments with specific oligonucleotide 
primers are utilized alongside SCAR markers to rapidly 
enhance nucleic acids indicative of  natural materials. 
Polymorphic regions from the cloned RAPDs or ISSRs 
are selected from known sequences and used as primers 
to amplify and map SCAR markers. The SCAR recognize 
just a single locus, their amplification is less sensitive to re-
action conditions, and they tend to exhibit dominance due 
to a partial overlap with the primers, so they are invalu-
able over RAPD markers. This strategy has been used for 
validation of Panax and separation of types of Artemisia, 
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Phyllanthus, Pueraria, Sinocalycanthus, Embelia, and 
Lycium.28

Single-strand conformational 
polymorphism

Single-strand conformational polymorphism is a trans-
formation procedure. Under denaturing conditions, this 
method results in single-stranded DNA (ssDNA) folding 
into a tertiary conformation. The ssDNA is changed into 
the tertiary structure through the interaction of nucleo-
tides in the DNA sequences, which also influence the mo-
bility of the ssDNA during gel separation, with differences 
in bands indicating SNPs. The F-SSCP is a modified form 
of SSCP that includes theenhancement of the target se-
quence using fluorescent probes, and although this tech-
nique is not often applied for verification, it has been used 
for validating Boesenbergia.29

Methylation-sensitive amplified 
polymorphism

Methylation-sensitive amplified polymorphism (MSAP) 
is a modified AFLP method developed to screen genomic 
DNA methylation. The methylation-sensitive chemicals 
HpaII and MspI are used twice to digest genomic DNA, fol-
lowed by the methylation-insensitive EcoRI. The digested 
samples are ligated using double-stranded DNA (dsDNA) 
adapters, pre-amplified using pre-selective or non-selective 
primers, and then amplified using a pair of selective prim-
ers. The MSAP was first developed to identify DNA meth-
ylation processes in dimorphic parasites and later adjusted 
for the recognition of cytosine methylation in the rice ge-
nome, pepper, apples, and Siberian ginseng.7

Loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) 
is used to enhance target nucleic acids with high speci-
ficity and efficacy and is done under isothermal condi-
tions. The method uses an auto-cycling process to segment 
and displace DNA, followed by hybridization carried out 
by a DNA enzyme with high helix displacement activity. 
It was applied to identify Panax ginseng and to distinguish 
the plant from Panax japonicus using Ginseng radix. It was 
subsequently utilized to pinpoint sites of Lophophora wil-
liamsii and Curcuma longa.30

Strand displacement amplification

Constrains of PCR-based methods for differentiating 
plants come from their low latency, though hybridization-
based microarrays offer a rapid, high-throughput tool for 
genotype identification. In this regard, strand displacement 
amplification (SDA) is a technique created using combined 
genomics. The DNA library consists of 49 angiosperm 

plants in which all non-angiosperm genomic DNA was 
extracted using the Clontech® PCR-Select™ complemen-
tary DNA (cDNA) Deduction unit (Takara, Shiga, Japan). 
The SDA is superior to regular molecular identification 
techniques in terms of exactness, versatility and efficacy, 
as well as being high-throughput  with expansive applica-
tions. Moreover, the technique exhibits substantial po-
tential for genotyping, as demonstrated by the extraction 
of the non-angiosperm DNA. This review demonstrates 
the capability of setting up a high-throughput microarray-
based autonomous genotyping procedure of significant 
angiosperm clades. The SDA procedure was suitable for 
2 separate ginseng species, P. ginseng and Panax quin-
quefolius, which are often blended and contaminated. 
Furthermore, SDA was sufficiently sensitive to  iden-
tify contamination debasement of 10% P. quinquefolius 
in P. ginseng.31

Multiplex ligation-dependent  
probe amplification

Multiplex ligation-dependent probe amplification 
(MLPA) is a semi-quantitative PCR-based method suit-
able for identifying clinical plants, and is a popular re-
search tool because of its minimal expense and versatility. 
It utilizes the versatility of the PCR, though it broadens 
the specificity by  including an  important ligation step 
which ensures only DNA sequences that have been hy-
bridized are detected. A typical PCR primer is used for 
the amplification of all target sequences, which is a critical 
element that ensures the general evaluation of each focus 
against a control sample.32

Ongoing polymerase chain reaction

Continuous quantitative PCR is a widely used method 
for measuring nucleic acids in molecular diagnostics. It of-
fers advantages such as sensitivity, specificity and repro-
ducibility. However, like any diagnostic method, it has its 
limitations. These limitations may include issues related 
to primer design, sample quality, amplification efficiency, 
and the potential for false-positive or false-negative re-
sults. It  is  important to carefully consider these limita-
tions and optimize the experimental conditions in or-
der to ensure accurate and reliable results when using 
continuous quantitative PCR in molecular diagnostics. 
It has become the principal specialized stage for nucleic 
acid discovery both in research and routine diagnostics. 
By estimating the buildup of amplified products during 
the PCR using fluorescent technology, it can identify a spe-
cific DNA sequence in a sample. The process has been 
used for the routine validation of the Chinese medicinal 
plant Cimicifuga foetida and its 4 substitutes: C. simplex, 
C. dahurica, C. heracleifolia, and C. acerina, through ex-
amination of recombinant DNA (rDNA) using an inner 
translated spacer (ITS) and fluorescence liquefying bend 
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investigation. In addition, continuous PCR has been used 
to investigate debasements of the genera Euphorbia, Gen-
tiana and Drynaria.33

DNA sequencing analysis

The Sanger dideoxy-sequencing method was designed 
in the 1970s and is used for DNA sequencing. It is the most 
common way of generating reads of the bases or nucleo-
tides, such as A, T, G, and C, of a specific molecule of DNA. 
The DNA is duplicated through chromosomal replication 
and can be carried out using capillary electrophoresis, 
in a cylinder, or on a microtiter plate with very small sam-
ples. The sequence read length is 50–1000 bps. If the loci 
to be sequenced outperforms the length of a standard se-
quencing read, internal reactions must be utilized to repro-
duce the total sequence of a more drawn-out DNA region.34 
Most DNA sequencing methods utilize slim electropho-
resis to isolate DNA particles dependent on their size and 
fluorescent probes for labeling and identifying the 4 bases. 
Currently, Sanger dideoxy-sequencing is a widely used 
method in molecular biology with various applications. 
It is particularly valuable in studying phylogenetic relation-
ships, population genetics, systematics, and advancing our 
understanding of genetic diversity. By sequencing DNA 
samples using the Sanger method, researchers can com-
pare sequences and analyze genetic variations within and 
between populations. This information helps in elucidat-
ing evolutionary relationships, determining genetic mark-
ers, and studying the genetic basis of various traits or dis-
eases. The versatility of Sanger dideoxy-sequencing allows 
researchers to explore a wide range of genetic questions 
and make significant contributions to the fields of phylo-
genetics, population genetics, systematics, and molecular 
biology as a whole.  The sequencing examinations depen-
dent on molecular ITS have been applied to Panax, Yamaji, 
Fritillaria, Asarum, Astragalus, Dendrobium, Leonurus, 
Perilla, Phyllanthus, Rehmannia, Salvia, Swertia, Plantago, 
Bupleurum, and Euphorbia. For validation of Adenophora, 
Aconitum, Angelica, Astragalus, Curcuma, Epimedium, 
Fritillaria, Crocus, Ligularia, Pueraria, and Saussurea, 
a 5S rDNA intergenic spacer marker has been utilized. 
Also, 18S rDNA has been evaluated in Dioscorea, Pinellia 
and Panax from atomic DNA.3

DNA barcoding

DNA barcoding is a novel molecular and bioinformatics 
tool with enormous scope. It is intended to provide fast, pre-
cise, automatable, and accurate species identification with 
high validity. This innovation requires a novel nucleotide 
sequence of small DNA fragments (400–800 bps), which 
are then used with specific reference sequences to distin-
guish samples and find unknown taxa. Also, it utilizes 
a shorter hereditary indicator from a regular locus (simi-
lar to a creature’s plastidial DNA, atom or mitochondria). 

The ideal DNA marker should be useful for a wide scope 
of taxa (expansiveness of order application), readily retriev-
able with an all-inclusive preliminary duo, be sufficiently 
brief to be open to bidirectional sequencing, and provide 
exceptional grouping and maximal separation among spe-
cies. The key example is the genus Dendrobium (Orchida-
ceae), which is represented by 78 varieties within Chinese 
botanical system, with 14 endemics. However, wide surface 
areas coupled with great morphological variability render 
species identification challenging.16

In  light of  preparation techniques, Herba dendrobii 
is characterized as a new Dendrobium as well as “Fengdou 
Shihu”, along with “Huangcao Shihu”, as it  is the domi-
nant type of Herba dendrobii in traditional Chinese medi-
cine (TCM). A further noteworthy model where differ-
ent varieties are utilized in TCM is the genus Fritillaria 
(Liliaceae), which incorporates 24 varieties and 15 species 
and is endemic in China. Bulbus fritillariae is the most 
famous homegrown prescription in China and is being 
utilized as an antitussive and expectorant herb.35 The Frit-
illaria genus encompasses several species that are utilized 
in TCM, including F. thunbergii, F. cirrhosa, F. unibrac-
teata, F. przewalskii, F. delavayi, F. ussuriensis, F. walu-
jewii, F. pallidiflora, F. hupehensis, F. anhuiensis, and F. 
puqiensis. These species may have similar names, making 
it challenging for buyers to distinguish between them. 
Additionally, there may be a lack of specific and distinct 
attributes or characteristics associated with each species, 
further adding to the confusion. It is important to ensure 
accurate identification and quality control of these sub-
stances (the plant components) used in TCM to maintain 
their safety and efficacy. Therefore, for quality control and 
normalization of Fritillaria as a natural medication, DNA 
barcoding is the main reliable technique for the identifica-
tion of accurate species.36

DNA microarrays (DNA chip technology)

The innovative “biochip” technology is intended to rec-
ognize fluorescently marked DNA or  ribonucleic acid 
(RNA) fragments through their hybridization to oligo-
nucleotides. The DNA microarray innovation offers a high 
pace of creation for the simultaneous assessment of nu-
merous qualities in many taxa. This innovation is utilized 
for the identification and confirmation of natural medi-
cations, though we need to distinguish particular DNA 
sequences of  interest in every species to design a stan-
dard test on a chip to use for comparisons. The DNA frag-
ments of a normal sample are immobilized and organized 
on a microarray and attached with glass slides, silicon 
or nylon layers.37

Presently, DNA chip technology has been applied for 
the identification of different types of Fritillaria, Den-
drobium and Bupleurum. Species-specific oligonucleotide 
assays were obtained through the  5S ribosomal RNA 
quality of Euphorbia kansui, Pinellia ternata, Teucrium 
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divaricatum, Pinellia cordata, Aconiti kusnezoffii, Typho-
nium giganteum, Croton tiglium, Dysosma tatula, Dysosma 
pleiantha, Dysosma versipellis, Hyoscyamus niger, Pinellia 
pedatisecta, Datura inoxia, Rhododendron molle, Strych-
nos nux-vomica, Alocasia macrorrhiza, Datura metel, and 
Aconitum carmichaeli.38

Examples of DNA-based validation 
of natural plants

Olive oil is sold with 20% or more fake oils, and as artifi-
cial and unsaturated fats are similar, it is difficult to sepa-
rate them using standard methods. However, the com-
plete genomic DNA was isolated using olive oil mixed with 
sunflower oil and canola, and was investigated for SNPs 
in non-coding loci of psbA-trnH and the incomplete cod-
ing area of the matK plastid. The amplification of these 
DNA loci was completed with specific primers using PCR, 
and the obtained DNA sequences were aligned to stan-
dardized tag sequences of the canola and sunflower oil 
DNA. This combination of molecular science methodology 
and bioinformatics technology is a practical strategy for 
guaranteeing the purity of olive oil by aligning contami-
nated DNA fragments with their standardized DNA after 
blending canola and sunflower oil into olive oil. Adultera-
tion of up to 5% in olive oil can be quickly detected using 
this plastid-based sub-atomic DNA innovation.39

The genome sequence of Parthenium argentatum plastid 
was shown to have 152,803 bps. In addition, it was demon-
strated that the genomic configuration of the P. argentatum 
chloroplast is similar to that of Helianthus annuus, based 
on the general connection of specific protein expression pat-
terns. Unlike Guizotia abyssinica, H. annuus and Lactuca 
sativa, P. argentatum (guayule) is a latex-producing woody 
shrub and was marketed to individuals with type I latex hy-
persensitivity as a hypoallergenic protectant. The total chlo-
roplast genomes of L. sativa, H. annuus and G. abyssinica, 
along with the plastid genome of P. argentatum, have more 
modest 3.4 kb reversals compared to the larger 23 kb matK 
and psbA-trnH spacer chloroplast DNA used for the stan-
dard identification of other Parthenium species: P. schot-
tii, P. argentatum, P. hysterophorus, and P. tomentosum. 
When contrasted with the sequences of plastid genomes, 
namely L. sativa, G. abyssinica, H. annuus, and Asteraceae, 
the DNA-based validation method revealed distinction 
through the development of the 4 genomes. The improve-
ment in chloroplast-specific DNA standardized probes was 
then used to identify Parthenium varieties.40

The  RAPD has been widely used for the  detection 
of genetic inconsistencies within plants. This approach 
was initially utilized to genetically identify 11 arid spe-
cies of plants, including Bassia eriophora, Caylusea hex-
agyna, Sonchus oleraceus, Zilla spinosa, Lycium shawii, 
Rumex vesicarius, Zygophyllum propinquum ssp. miga-
hidii, Andrachne telephioides, Achillea fragrantissima, 

Withania somnifera, and Moricandia sinaica, gathered 
in various areas of Saudi Arabia. Five primers were used 
to amplify the plant species DNA, and the RAPD profiles 
increased from 307 to 1772 bps. Pairwise comparisons 
between promotions, given the extent of shared homol-
ogy created by the primers used, were determined with 
the assistance of the StatistiXL program v. 1.7 (https://
www.statistixl.com/download/) using Jaccard’s simili-
tude coefficient. A significant value of 0.32 was shown 
between L. shawii and A. fragrantissima, and a least pair-
wise likeness of 0 was seen between A. telephioides, Z. spi-
nose, B. eriophora, B. eriophora, and Z. propinquum when 
the 5 primers were consolidated.41

Boerhavia diffusa, also called Punarnava, is a herb na-
tive to India and is frequently used in traditional Indian 
medicine. Precise identification and clustering of B. dif-
fusa are critical for improving the adequacy and biosafety 
of  the medications prepared with the use of  this herb. 
The DNA barcoding strategies are used to identify and iso-
late B. diffusa through closely related species. The phyloge-
netic examination of the 4 types of Boerhavia with poten-
tial for tagging included ribosomal DNA locales ITS, ITS2, 
ITS1, and the chloroplast plastid psbA-trnH. Grouping 
arrangement uncovered 26% polymorphic regions in ITS, 
30% in ITS1, 16% in ITS2, and 6% in psbA-trnH, separately. 
A phylogenetic tree was built for 15 varieties using the ITS 
sequences that differentiated B. diffusa from different spe-
cies. The ITS1 had a higher change/transversion propor-
tion, level of variety and pairwise distance, which separate 
B. diffusa from different types of Boerhavia. The concen-
trate uncovered that the potential candidate regions that 
could be utilized for distinguishing B. diffusa and verifying 
its natural products were ITS and ITS1.42

Valerian (Valeriana officinalis) is a therapeutic herb gen-
erally utilized as a gentle sedative and anxiolytic. Among 
the vast number of synthetic constituents (such as fla-
vonoids, alkaloids, terpenoids, and iridoids) found in va-
lerian root, the active ingredients that are liable to have 
a soothing effect are valerenic acid (C15 sesquiterpenoid) 
and valerena-4,7(11)-diene. The NGS (Roche 454 pyro-
sequencing; Roche Diagnostics, Basel, Switzerland) was 
used to generate 1 million record reads of valerian roots 
to identify an active terpene synthase. Two sesquiterpene 
synthases were identified (VoTPS1 and VoTPS2) from 
the collected records, both of which demonstrated domi-
nating articulation designs in the root. Transgenic yeasts 
VoTPS2 and VoTPS1 delivered germacrene C/germacrene 
D and valerena-4,7(11)-diene, separately, as significant ter-
pene products. Purified VoTPS1 and VoTPS2 recombinant 
proteins affirmed these actions in vitro with pharmaco-
kinetics (Km of ~10 μM and kcat of 0.01 s−1) shown for 
the 2 chemicals. The design of the valerena-4,7(11)-diene 
created from the VoTPS2 signals was additionally validated 
through 13C-nuclear magnetic resonance (NMR) along 
with gas chromatography-mass spectrometry (GC-MS) 
in correlation with an engineered standard. Kumar et al. 

https://www.statistixl.com/download/
https://www.statistixl.com/download/
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described a methodology that includes cutting-edge se-
quencing and the use of metabolically designed organisms 
to understand terpenoid variety in restorative plants.43

Phyllanthus (Euphorbiaceae) varieties, well known due 
to their hepatic defensive action, are used in a few tradi-
tional medicines in native medical services in India. They 
are traded as crude homegrown medications. Samples 
of Phyllanthus that are used in crude drugs were acquired 
from 25 shops in south India and consisted of 6 unique va-
rieties, such as Phyllanthus amarus, which were identified 
by examining their morpho-taxonomical properties and 
through molecular investigations. Testing revealed that 
76% of the pharmaceutical assays consisted of P. amarus 
at a purity >95%, without admixtures. The remaining 24% 
of shops had 5 distinct species of Phyllanthus, including 
P. maderaspatensis, P. fraternus, P. debilis, P. kozhikodia-
nus, and P. urinaria. The chloroplast DNA region, psbA-
trnH, was used to generate species-specific DNA standard-
ized tag marks for Phyllanthus species. The DNA scanner 
tag psbA-trnH locus of the chloroplast can successfully 
isolate Phyllanthus species and can be subsequently uti-
lized to determine species admixtures in the raw drugs 
made from Phyllanthus.44

In  this specific case, Ruta graveolens, which is  sold 
as a dried restorative herb, was found to be contaminated 
with Euphorbia dracunculoides. The  contamination 
of Ruta graveolens with Euphorbia dracunculoides repre-
sents an instance where the intended herb was adulterated 
or substituted with another species. This contamination 
highlights the importance of quality control and proper 
identification of herbs to ensure their safety and efficacy 
for consumers. The genomic DNA was extracted from 
leaves (100 mg each) using a modified cetyltrimethylam-
monium bromide (CTAB) protocol. The ITS sequences 
of ribosomal DNA (nrDNA-ITS) and chloroplast spacer 
sequences (rpoB and rpoC1) have favorable plant DNA 
barcoding qualities. These spacer groupings were ampli-
fied, sequenced and confirmed with a Basic Local Align-
ment Search Tool (BLAST) search. The sequence arrange-
ments were made using ClustalX (http://www.clustal.org/
clustal2/) to search for contrasts in the groupings. A DNA 
marker was then created dependent on rpoB and rpoC1 
of the nrDNA-ITS to detect the E. dracunculoides contami-
nants in the R. graveolens samples. Ruta graveolens (289 and 
264 bps) and E. dracunculoides (424 bps) sequences were 
created through different groupings of the nrDNA-ITS and 
amplified to accelerate the verification cycle. This marker 
effectively recognized the species in extricated assays using 
just 5 ng DNA/μL.45

Future developments

The  development of  new computerized methods 
and specific instruments for DNA examination, such 
as smaller-than-expected sequencing, nanoscale DNA 

sequencing, microsphere-based suspension cluster, and 
cutting-edge sequencing, will bring about further innova-
tions. Other promising advancements include nanopore 
technology for the highly precise identification of DNA 
bases, and Zenith, an  enzymatic genotyping tool for 
investigating tens to thousands of genomic variations 
in  a  single multiplexed response. Another emerging 
technique is  the oligonucleotide ligation assay (OLA), 
which has a broad scope in the multiplex examination 
of nucleic acid sequences, and can discover known single 
SNPs and separate alleles in polymorphic genes. These 
novel ways to deal with DNA sequencing guarantee deep 
genomic investigation, exhibit a high multiplexing limit, 
and open up many new ways for genotyping and future 
taxon identification.46

The new high-throughput sequencing (HTS) advances 
allow for the development of new molecular methodolo-
gies. An equal sequencing innovation, delivering a large 
number of DNA sequences (altogether 0.5–60 giga base 
sets) in a solitary run, has transformed genomic research 
in science and medicine. These cutting-edge sequencing 
stages, such as the Roche 454, Illumina, Solexa, Helicos, 
and Applied Biosystems framework, can arrange DNA 
quicker and at much lower costs than the standard 96-well 
setup of Sanger sequencing.47

Cutting-edge sequencing strategies such as NGS can 
help answer new and long-standing questions. Even though 
no “third generation” methods have been made monetarily 
accessible yet, a few organizations have advanced models 
that propose dynamic concepts.48

Conclusions

The effort to identify specific types of medicinal plants 
and produce both conventional and novel natural com-
pounds suitable for use in medical science requires accu-
rate botanical, phytochemical and biochemical recognition 
methods.
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Abstract
Hepatocellular carcinoma (HCC) is the 7th most common cancer and the 3rd leading cause of cancer-related 
death worldwide. It is resistant to the majority of chemotherapeutics and has a dismal prognosis. Hepa-
tocellular carcinoma is a prevalent complication of chronic liver disease (CLD) in India. Primary liver cancer 
is the 6th most common cancer worldwide and the 4th most prevalent cause of cancer-related death. In 2018, 
it affected 841,000 people and caused 782,000 deaths around the world. Thus, research into the tumor cycle 
and its prevention through suitable herbal (Unani/Ayurvedic) medication is critical for reducing the impact 
of primary liver cancer. Treatment options for end-stage liver cancer are limited, necessitating costly liver 
transplantation, which is unavailable in most countries. Here, we present the results of a comprehensive 
literature survey to determine the benefits of using various herbs with liver protective and antioxidant prop-
erties. This information will be useful to researchers working on liver carcinoma and free radical scavenging, 
both of which are important in curbing potential carcinogens.

Key words: HCC, anti-oxidant, Bauhinia variegata, Picrorhiza kurroa, traditional Unani medicine
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Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon types of solid tumor. Currently, more than 800,000 
HCC cases are diagnosed annually around the world.1 
This tumor is highly aggressive, as currently evidenced 
by the annual mortality rate of approx. 700,000 worldwide.2 
Primary liver cancer is the 3rd leading cause of cancer-re-
lated death and the 7th most prevalent cancer worldwide. 
About 782,000 people died as a result of it in 2018, and 
it affected 841,000 people around the world. Malignant 
hepatocytes are the origin of the cancer known as HCC.3,4 
Currently, only a few therapeutic alternatives are avail-
able for HCC patients. Thus, the first step in developing 
new therapeutic techniques entails gaining a thorough un-
derstanding of the biochemical underpinnings of HCC.5 
Pathological mechanisms that lead to various chronic liver 
disorders include the progressive destruction and regen-
eration of liver parenchyma. Some of the most prevalent 
chronic liver illnesses are viral hepatitis, alcoholic or non-
alcoholic fatty liver disease, autoimmune hepatitis, cir-
rhosis, and HCC.6 Their main causes are excessive alcohol 
use, viral infection, obesity, diabetes, and drug-induced 
liver injury. Chronic liver illnesses cause approx. 3.9–6.9 
deaths per 100,000 people in various parts of the world.7 
Hepatocellular carcinoma is an especially prevalent com-
plication of chronic liver disease (CLD) in India, with over 
22,000 new cases of primary liver cancer recorded annu-
ally. Secondary liver cancer is 20 times more common than 
primary liver cancer. 

When compared to other cancers, HCC is extremely 
complex. It is most commonly linked to chronic liver ill-
nesses like hepatitis or cirrhosis, which can be caused 
by a variety of factors. Cirrhosis is a precursor to most HCC 
cases, while developing HCC deteriorates liver function; 
thereby, HCC and cirrhosis both are impacting each other. 
Furthermore, HCC is resistant to a wide range of toxins 
as  well as  the  majority of  chemotherapeutics. Several 
clinical trials have used high dosages of chemotherapeu-
tic drugs to overcome the resistance of HCC. However, 
such efforts have failed to provide any significant benefits 
for HCC patients. Another distinguishing feature of HCC 
is the inherent tendency of HCC cells to penetrate the por-
tal vein and develop in its lumen; the HCC cells might then 
be transported away via the bloodstream, thereby resulting 
in distant metastasis. 

Hepatocellular cancer therapy choices are severely lim-
ited due to such difficulties. Surgical resection, ablation and 
chemoembolization are effective only in a small number 
of individuals. Protein kinase inhibitors, such as sorafenib, 
improve survival for a limited period. Hepatocellular carci-
noma has an exceptionally low overall survival rate of 4%, 
underscoring therapeutic limitations and posing a serious 
health burden. For individuals with cirrhosis and end-stage 
liver disorders, liver transplantation is currently the only 
curative option.8 

The Unani system of medicine is one of the oldest tra-
ditional medical systems, with centuries of experience 
in treating CLD and cirrhosis. A wide range of single and 
compound medication formulations have been shown 
to help people with CLD. Antifibrotic and liver regen-
eration properties are the most common uses for these 
formulations.9 

Antioxidants

In recent years, numerous studies have emerged regard-
ing the potential role of nutrition in illness prevention. 
Antioxidants, particularly those produced from natural 
sources (e.g., herbal medications), such as Indian medicinal 
plants, are particularly important in this context. Conse-
quently, antioxidants have numerous potential applica-
tions, especially in human health, such as illness preven-
tion and treatment.10,11 Radiation exposure, environmental 
contaminants and metabolized medication by-products 
all produce free radicals. Antioxidants are compounds 
that prevent oxidation. They are also known as “powerful 
antioxidants” since they use radicals to produce minor 
reactive species. Exogenous and endogenous antioxidants 
are divided in 2 categories based on their source. Anti-
oxidants help to prevent diseases such as cancer, diabetes, 
inflammation (e.g., liver inflammation, i.e. cirrhosis, CLD, 
cardiovascular disease (CVD), cataract, nephrotoxicity, 
and neurological diseases.12

Hepatocellular carcinoma

Hepatocellular carcinoma is a rapidly growing clini-
cal concern that mostly affects people with cirrhosis 
and CLD. It is most common in Africa and Asia, where 
the endemic frequency of hepatitis C virus (HCV) and 
hepatitis B virus (HBV) greatly promotes the development 
of CLD and, as a result, HCC. Hepatocellular carcinoma 
is generally identified at an advanced stage after observing 
weight loss, indications of decompensated liver disease, 
and right-upper-quadrant pain; however, it can now be 
detected at an earlier stage through cirrhosis screening, 
serum alpha-fetoprotein (AFP) measurements and cross-
sectional imaging tests. Understanding and character-
izing hepatic cancer stem cells (HCSs) is crucial for un-
derstanding HCC origins.13 If the nature of HCSs can be 
thoroughly defined, patients with end-stage liver disease 
will receive effective and well-organized care more of-
ten.14 Organ shortages remain a key limiting factor even 
in developed countries, with only a small percentage of all 
patients having access to transplantation. Local ablative 
therapy, such as chemoembolization, potentially innova-
tive chemotherapeutic drugs and radiofrequency ablation 
(RFA), may bring relief to and prolong the life of these pa-
tients. With the introduction of very effective direct-acting 
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antivirals (DAAs) for hepatitis,15 the incidence of hepatitis-
related HCC is prognosed to decrease.16 The progression 
and management of HCC will most likely be determined 
by a mix of virus-specific, environmental, immune-related, 
and host genetic factors.18

Pharmacological applications 
of Unani herbs

Kachnar (Bauhinia variegata Linn.)

Bauhinia variegata L. is a medium-sized ornamental 
plant that grows up to 10–15 m tall and belongs to the Fa-
baceae family and Caesalpinioideae subfamily. Its com-
mon name in English is mountain ebony, while Kachnar 
is its Urdu name. It is a deciduous tree that loses its leaves 
in November and December, and remains leafless be-
tween January and April. When trees are young, they 
have a smooth, dark brownish bark with grey puberulent 
branches. The species is native to Asia (specifically India, 
Pakistan, China, and Nepal) (Fig. 1 and Table 1).

Hepatoprotective activity
The hepatoprotective activity of Kachnar in Sprague 

Dawley rats examined utilizing oral doses of 100 mg/kg 
and 200 mg/kg stem bark extracts exhibited hepatotoxic 
action against carbon tetrachloride-induced hepatotoxic-
ity. These extracts specifically increase total protein levels 
and decrease the levels of alanine transaminase (ALT), 
aspartate aminotransferase (AST), gamma-glutamyl 
transferase (GGT), alkaline phosphatase (ALP), and to-
tal lipids.18 Leaf infusions are used to treat piles, worms, 
tumors, diarrhea and dysentery, and also exhibit laxative 
properties.19

Manoj et al. reported that ethanolic extracts of Bauhinia 
variegata protect rats against carbon tetrachloride-in-
duced liver damage. A solution of carbon tetrachloride 
(1 mL/kg) diluted in olive oil (1:1) was administered orally 
to cause liver injury. The standard medicine was silymarin 

(100 mg/kg). The potencies of Bauhinia variegata etha-
nolic extract (BVEE) at 400 mg/kg and 600 mg/kg were 
higher compared to BVEE at 200 mg/kg and 100 mg/kg.20

Yadava and Reddy reported that the  trypsin inhibi-
tory activity of Bauhinia variegata anti-inflammatory 
activity was due to flavanone glycoside, which is found 
in the roots.21

Anti-tumor activity
Azevedo et al. investigated Kachnar anti-tumor activity 

because an insulin-like protein was detected in its leaves, 
and since it has also been widely utilized as an anti-dia-
betic treatment.22 Anti-tumor potential of Kachnar was 
investigated and it was discovered that an ethanolic and 
aqueous extract of  its stem had an anti-tumor impact 
on Swiss albino mice with Dalton’s ascetic lymphoma 
(DAL).23 Experiments on induced DEN liver tumors and 
human cancer lines showed chemopreventive  and cyto-
toxic effects.24

Antioxidant activity
The antioxidant activity of Kachnar, which contains 

a potent flavonoid called quercetin, influences several 
enzymatic activities via interactions between biomol-
ecules and quercetin’s chemical component.25 An  an-
tioxidant activity evaluation of aqueous and ethanolic 
extracts of Kachnar root was performed in vitro by scav-
enging free radicals with 1,2-diphenyl-1-2 picrylhydrazyl 
(DPPH).26 The antioxidant and DNA-protecting  activities 
of a methanolic extract of Kachnar bark MEB (methanol 
extract Bauhinia variegata) were observed in vitro against 
H2O2-induced oxidative damage to pBR322 plasmid DNA. 
The MEB and its polar sub-fractions EAB (ethyl acetate 
fraction Bauhinia variegata), NBB (n-butanol Bauhinia 
variegata) and REB (remaining extract Bauhinia variegata) 
showed high antioxidant activity and are reported to have 
the potential to prevent H2O2-induced oxidative damage 
to pBR322 DNA. The phenolic/flavonoid chemical rich-
ness of Kachnar bark extract/fractions may account for 
their H2O2 high antioxidant activity and DNA protective 
capabilities.27

Fig. 1. Kachnar and its active constituent

Botanical name: Bauhenia Veriagata Linn.
Family: Leguminosae Caesalpinioideae

Active constituents

Kaempferol -3-glucoside, β-sitosterol, lupeol,
tannins,carbohydrates,crude protein, fibers, 
calcium, amides,reducing sugars, vitamin C, 
quercitrin, apigenin, phosphorus, quercetin, 
rutin, apigenin -7-O-glucoside,
dotetracont-15-en-9-ol and
heptatriacontan-12,13-dioletc.
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Antimicrobial activity
Parekh et al. discovered that Kachnar has antimicrobial 

properties and is effective against Gram-negative bacteria, 
which were suppressed using Kachnar leaf extract. How-
ever, the antibacterial range of Kachnar is somewhat lim-
ited. The polar extracts were effective against Escherichia 
coli, Pseudo monas spp. and Klebsiella pneumoniae. The 
antibacterial, bio-enhancement and anti-inflammatory 
capabilities of Staphylococcus aureus are inhibited by the 
Kachnar bark powder.28

The  antibacterial activities of  methanolic Kachnar 
flower extracts were assessed by studying Gram-positive 
Staphylococcus epidermis, Bacillus subtilus and S. aureus, 
and Gram-negative E. coli, S. flexineria and P. aeruginosa. 
Microorganism development was suppressed depending 
on specific dosages of these methanolic extracts.29

Antiulcer activity
Kachnar’s antiulcer activities were reported in rats, and 

an ethanolic extract of Kachnar stems showed an antiulcer 
efficacy against stomach ulcers caused by pyloric ligation 
and aspirin-induced ulcers. The volume of gastric acid 

secretion was also reduced by the ethanolic extract from 
stem of Kachnar and the total acidity, free acidity and ulcer 
index control became lower as the ulcer healed.30,31

Arain et al. reported that pain, diabetes, infections, ul-
cers, jaundice, and leprosy can all be treated using Kachnar 
stems, roots and leaves.32

Antibacterial activity
When Kachnar extracts were used against S. aureus, 

Bacillus cereus, Pseudonomas pseudoalcaligenes, K. pneu-
moniae, and E. coli, they exhibited antibacterial activity 
againt all these species. Specifically, methanolic extracts 
have a higher antibacterial activity than aqueous extracts.33

In another study, it has been reported that when the cup 
plate method was used, Kachnar demonstrated antibacte-
rial and antifungal activities in 50 mg/mL, 100 mg/mL and 
200 mg/mL petroleum ether, chloroform, acetone-water, 
and water extracts. Gram-positive bacteria, S. aureus and 
E. coli, were used to test the antibacterial activity, while 
Candida albicans and Aspergillus niger were utilized 
to test antifungal activity. Kachnar displayed an intensive 
antibacterial and antifungal action.34

Table 1. Summary of Unani drugs

Name 
of the plant Common names Details about 

the plant Active constituents Structure Uses References

Kachnar (Bauhinia 
veriagata Linn),
(Leguminosae 
Caesalpinioideae)

mountain ebony 
(English), Rakta 

kanchan (Marathi), 
Kachnar (Hindi)

Kempu mandara 
(Kannada), 

Shemmandarai 
(Tamil), Daevakan-
chanamu (Telgu)

It may be found 
all across India, 

particularly in Punjab 
and central and south 
India, up to an altitude 
of 1300 m in the sub-
Himalayan and outer 

Himalyan regions 

kaempferol-3-
glucoside, β-Sitosterol, 

lupeol, tannins, 
carbohydrates, crude 

protein, fibers, calcium, 
amides, reducing 
sugars, vitamin C, 

quercitrin, apigenin, 
phosphorus, quercetin, 

rutin, apigenin-7-O-
glucoside, dotetracont-

15-en-9-ol and 
heptatriacontan-12, 

13-diol etc. 

HO

HO

HO

HO HO

OH

OH

O

OO

OH

quercetin

bronchitis, 
leprosy, 

inflammation, 
bacterial 
infection, 

liver diseases, 
diarrhea, 

dysentery, skin 
illnesses, leprosy, 
intestinal worms, 
wounds, ulcers, 
fungal infection, 

ulcers, and 
tumors

19–26, 
32–35

Kutki (Picrorhiza 
kurroa) 
(Plantaginaceae)

Kardi, Karoi, 
Karwi (Hindi), 
Kutki (Urdu), 

Kurki (Nepali), 
Katukhurohani 

(Malayam), 
Anjani (Arishta, 

Katumbhara 
(Sanskrit), 

Katuka-rogani, 
Katukarogani, 
Katukkurohini 

(Telugu), 
Acokarokini, 

Akutam, Amakkini 
(Tamil)

It is found primarily 
in the Himalayan 

regions, which 
includes from Garhwal 

to Bhutan, north 
Burma, west China, 
and southeast Tibet. 

The species can 
be found in huge 

numbers at elevations 
of 3000–5000 m.

Picroside I, picroside 
II, and cucurbitacins, 

iridoid glycoside 
d-mannitol, kutkiol, 

kutki sterol, and 
apocynin.

This species has 
only been assessed 
for a few biological 
functions, including 

antimicrobial, 
antidiabetic, 

anti-asthmatic, 
hepatoprotective, 

antioxidant, 
immunomodulatory, 

anticancer, anti-
inflammatory, 

nephroprotective, 
analgesic, and 

cardioprotective.

HO
H H

O

O
O

O

O
O

H

H
H

H

OH

OH

OH

OH

picroside I

HO

HO

OH
OH

OH

OHO

O
O

OO

OO

picroside II

anemia, 
stomach ache, 

asthma, obesity, 
malaria, fever, 
skin illnesses, 

bronchial 
asthma, 

immunological 
disorders, and 
viral hepatitis

44–46, 
50–54
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Anti-inflammatory activity
Mohamed et al. identified anti-inflammatory and an-

algesic activities of  Kachnar, and reported that leaves 
of Kachnar contain novel triterpene saponins that reduce 
edema, while also lowering PGE2 (prostaglandin E2) levels 
in serum, liver homogenate and granuloma. Triterpene 
saponin treatment reduced the diameters of hepatic and 
pulmonary granulomas, which is thought to be related 
to its anti-inflammatory properties. Furthermore, in both 
visceral and cerebral nociceptive mice models, the chemi-
cal constituents present in the Kachnar showed analgesic 
effects.35

In another investigation, it was shown that Kachnar 
reduced the anti-inflammatory actions of several flava-
nol glycosides found in Bauhinia spp. Flower buds can be 
used to treat cough, piles, liver disorders, and eye prob-
lems, as well as act as an astringent in hematuria and 
catamenia.36

A study of the anti-inflammatory properties of moun-
tain ebony found that extracts contain a sufficient amount 
of anti-inflammatory properties.37 Gunalan et al. reported 
strong anti-inflammatory actions, as determined with gas 
chromatography–mass spectrometry (GC-MS) analysis.38

Antidiabetic activity
Azevedo et  al. reported that leaf and stem bark 

of Kachnar contain insulin-like proteins, which are widely 
employed as an anti-diabetic ingredient in a variety of pop-
ular treatments.22

Dewangan et al. reported the discovery of D-pinitol, 
a bioactive chemical, in Kachnar leaves. This substance 
is a natural product of the cyclic polyol group and has 
hypoglycemic properties.39 Shahana et al. reported an-
tidiabetic activities of Kachnar since this plant contains 
a domain structure with the same amino acid sequence 
as insulin. In a strepto-zotocin-induced diabetes model, 
they found that insulin can successfully lower blood glu-
cose levels in hyperglycemia. The high blood glucose levels 
in streptozotocin-induced and alloxan-induced diabetic 
rats were lowered when alcoholic and hydroalcoholic ex-
tracts of Kachnar leaves were administered orally at a dos-
age of 200 mg/kg.40

Wound-healing activity
A study by Gyawali et al. showed that Kachnar in com-

bination of other plants has satisfactory wound healing 
properties compared to standard drugs. Kachnar, Rhodo-
dendron arboreum and Myrica esculenta can be combined 
in various ratios to create a polyherbal liniment. They in-
vestigated antioxidant and wound-healing properties 
of polyherbal ointments containing methanolic extracts 
of Kachnar, Myrica esculenta, Rhododendron arboretum, 
and Rhododendron esculenta. The DPPH assay was used 
to examine the antioxidant activities of Kachnar, Myrica 
esculenta, Rhododendron arboreum, Pyrus pashia, and 
Psidium guajava. They combined Kachnar, Rhododendron 

arboreum and Myrica esculenta in a 1:1:2 ratio to pre-
pare a 10% w/w ointment. In the excision wound model, 
the herbal ointment-treated rats were completely healed, 
but the framycetin-treated, blank and control groups still 
had 2.72%, 4.5% and 5.73% wound areas, respectively.41

In another study, Sharma et al. evaluated the wound-
healing activity of Kachnar using the percentage of wound 
closure, time of epithelialization, hydroxyproline estima-
tion, and histological examinations of the granulation tis-
sue for the excision wound model, and tensile strength 
measurement for the incision wound model. Both aqueous 
and ethanolic extracts of the root of Bauhinia variegata 
Linn. demonstrated considerable wound healing efficacy. 
In  both wound types, ethanolic extract demonstrated 
wound healing activity comparable to the control. The his-
tological assessment confirmed the outcome of wound 
healing activity. The phenolic content of ethanolic and 
aqueous extracts was determined to be 14.88 g/mg of py-
rocatechol equivalents and 22.62 g/mg of pyrocatechol 
equivalents, respectively. The  high level of  flavonoids 
in the ethanolic and aqueous extracts resulted in substan-
tial wound healing activity.42

Kutki (Picrorhiza kurroa Royle ex Benth.)

“Picros” means bitter in  Greek, whereas “rhiza” de-
notes root. Picrorrhiza kurroa is thus referred to as bit-
ter root. In Ayurveda and Unani medicine, a plant genus 
in the Plantaginaceae family is known as “Kutki”, “Kurro” 
or “Indian gentian”. Due to potent iridoid glycosides pres-
ent in the plant, a large body of pharmacological research 
has demonstrated its anti-cancer activity. The medica-
tion Kutki is made up of dried rhizome and root of Pic-
rorhiza kurroa. It is a low-growing perennial herb, more 
or less hairy, that grows up to 20 cm tall. Picrorhiza kur-
roa is among India’s best-known medications, widely used 
from Sikkim to Kashmir in the northwestern Himalayas 
(Fig. 2, Table 1). 

Antidiabetic activity
Picrorhiza kurroa inhibits hypoglycemic activity and 

the  major phytoconstituents present in  these plants 
show potent antidiabetic activity.43,44 He et al. reported 
that in rats with alloxan-induced diabetes, Picrorhiza 
kurroa plant extracts lowered blood glucose levels. 
Streptozotocin-induced diabetic rats were adminis-
tered a herbal formulation that reduced the expression 
of malondialdehyde (MDA) and nicotinamide adenine 
dinucleotide phosphate (NADPH)-oxidase-dependent 
superoxide production in the diabetic kidney, demon-
strating that Picrorhiza kurroa affects diabetic nephropa-
thy by  inhibiting redox active inflammation.45 Husain 
et al. investigated the significant antidiabetic potential 
of this plant’s alcoholic extract in type 2 diabetes mel-
litus caused by streptozotocin-nicotinamide in rats and 
obtained similar results.46
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In another study, Husain et al. investigated the mech-
anism of antidiabetic effects in diabetic (streptozoto-
cin-induced) experimental mice, in  which Picrorhiza 
kurroa extracts boosted insulin-mediated GLUT-4 ex-
pression, thereby increasing glucose absorption by skeletal 
muscles.47

Husain et al. in yet another study examined Picro rhiza 
kurroa for its potential role in cell induction in insulin 
production, with the hypothesis that it  improved cell 
regeneration and thereby provided relief from type  1 
diabetes.47

Hepatoprotective activity
Hepatocytes are cells that make up the major paren-

chymal tissue in the liver. Roughly 70–85% of the liver’s 
mass consists of fat. Hepatic damage is caused by the death 
of hepatocytes when the levels of normal serum trans-
aminase enzymes are elevated.48 Jia et al. reported that 
by enhancing intestinal absorption, the herbal extract 
provided advanced nutraceutical activity for superior 
hepatoprotection.49

The ethanol resistance of picroliv isolated from Pic-
rorhiza kurroa has been noted in toxicity investigations 
in comparison to typical hepatoprotective drugs, such 
as Catapol, silymarin and andrographolide. The animal 
model exhibited good response to  these medications. 
The ALP levels have dropped, while enzymatic assays such 
as glutamic-oxaloacetic transaminase (GOT), ALT and 
aldehyde have shown greater inhibitions compared with 
ALP. Therefore, it was suggested that Picrorhiza kurroa 
causes potent hepatoprotective effect.50

Hepatoprotective efficacy of pirocliv against ethanol-
induced toxicity in rats is dosage-dependent.51 In rats, 
ethanolic extract of Picrorhiza kurroa rhizomes and roots 
showed hepatoprotective activity against rifampicin- and 
isoniazid-induced hepatitis. The plant minimized drug-in-
duced changes.52,53 Floersheim et al. reported that in mice 
poisoned with lethal quantities of Amanita mushrooms, 
the therapeutic efficiency of Kutki was higher than that 
of normal silybinin.54

Anticancer activity
The anticancer properties of Picrorhiza kurroa are due 

to its constituents, such as picroside I, picroside II , cucur-
bitacins, apocynin, and others.55 Mallick et al. discovered 
anticancer activity of Picrorhiza kurroa and reported that 
a failure of the apoptosis system could result in endless cell 
division and proliferation. The dichloromethane fraction 
of Picrorhiza kurroa demonstrated effective anticancer 
activity and may be worth investigating for cancer ther-
apy.56 Picroliv inhibited chemically caused cancer in rats 
in a dosage-dependent manner, thereby increasing the sur-
vival rate to roughly 65%,57 while N-nitrosodiethylamine-
induced hepatocarcinogenesis was greatly reduced by Pic-
rorhiza kurroa extract.58

Antioxidant activity
Kalaivani and Mathew found that antioxidant agents 

present in this plant act as radical scavengers, thereby 
protecting the human body from a variety of ailments. 
Activity of liver enzymes was lower in patients with liver 
cirrhosis after therapy with Picrorrhiza kurroa plant ex-
tract.59 Deshpande et al. showed that liver enzyme activity 
was lowered in liver cirrhosis patients after therapy with 
the Picrorhiza kurroa plant extract.60 Such extracts have 
been shown to be efficient antioxidants for evaluating 
lipid peroxidation inhibition; it was demonstrated by Ra-
jkumar et al. who used radical scavenging tests, ferric 
reducing antioxidant property assay and thiobarbituric 
acid assays.61

Picrorrhiza kurroa rhizome ethanol extract at 20 mg/kg 
b.w. healed the stomach wall of indomethacin-induced 
gastric ulcerated rats through an in vivo free radical scav-
enging action. Krupashree et al. used a variety of an-
tioxidant testing methods to confirm the antioxidant 
efficacy of Picrorrhiza kurroa leaf fractions. The extract 
shown considerable reducing capability along with an-
tioxidant properties, with IC50 values of 75.16 3.2 g/mL 
for DPPH radical scavenging and 55.5 4.8 g/mL for metal 
chelating, respectively.  The Picrorrhiza kurroa extract’s 
antioxidant and radical scavenging properties suggest 

Fig. 2. Kutki and its active constituent

Botanical name: Picrorhiza kurroa
Family: Plantaginaceae 

Active constituents

Glycosides,1-(4-hydroxy-3-
methoxyphenyl)ethanone, 
1-(4-hydroxy-3-methoxyphenyl)ethanone,
3-phenylprop-2-enoicacid, veronicoside
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that it may be useful as a food supplement and source 
of natural antioxidants for a variety of oxidative stress-
related disorders.62

Anti-inflammatory activity
Picrorrhiza kurroa rhizome is a traditional medicine 

used to treat inflamma tory conditions.63 The active phy-
toconstituent apocynin, found in root extracts, has been 
shown to have anti-inflammatory activities. The fact that 
Picrorrhiza kurroa inhibits edema at a rate of 29.8% indi-
cates that it is an effective anti-inflammatory medication.64

The rhizome extract of Picrorrhiza kurroa considerably 
reduces joint inflammation. It also has anti-inflammatory 
properties against chemically generated inflammation and 
might be considered a high-quality natural analgesic.65

The anti-inflammatory effects and production of throm-
boxane A2 was suppressed by apocynin in a dosage-depen-
dent manner, but the release of prostaglandins E2 and F2α 
increased. Arachidonic acid-induced aggregation of bovine 
platelets was reduced by apocynin, potentially by the re-
duction of thromboxane production.

Immunomodulatory activity
The immunomodulatory activity of Picrorrhiza kurroa 

was investigated, as well as the immunostimulatory activ-
ity of biopolymeric fractions. Biopolymeric fractions have 
been isolated from medicinal plants and used as a source 
of therapeutic agents. The most promising biopharmaco-
logical activities of these biopolymers are their immuno-
modulatory effects. The biopolymeric fraction RLJ-NE-205 
was isolated and purified from the rhizomes of Picrorhiza 
kurroa. An immunomodulatory agent is a type of medicine 
that, depending on its effect on the immune system, can 
either stimulate or suppress the immune system.66 In mice, 
ethanolic extract of Picrorrhiza kurroa leaves was able 
to stimulate humoral and cell-mediated immune system 
components, as well as phagocytosis.67

In another study, Hussain et al. reported that antigen 
non-specific defense was aided by 2 potent anticomple-
mentary polymeric fractions. Those findings support 
the hypothesis that preparations from Picrorrhiza kurroa 
roots may have an impact on immunological processes, 
as the alcoholic extract of the root is more effective than 
the aqueous extract in causing a delayed hypersensitiv-
ity reaction. In mice, the effects of an ethanolic extract 
of each medication on delayed hypersensitivity, humoral 
responses to sheep red blood cells, skin allograft rejec-
tion, and reticuloendothelial system phagocytic activity 
were investigated. Picrorhiza kurroa has been found to be 
an immunostimulant with both cell mediated and humoral 
actions.68

Cardioprotective activity
Nandave et  al. reported that rats given 200  mg/kg 

Picrorhiza kurroa root extract alone showed no signifi-
cant alterations; however, no changes were observed 

in a pre-processed in vivo model when given isoproterenol, 
which induced hemodynamic and left ventricular dysfunc-
tion, lipid peroxidation, and oxidative stress.

In cases of coronary artery disease, the plant’s root ex-
tract provided excellent prevention. Pre-treatment with 
root extract significantly reduced isoproterenol-induced 
oxidative stress. The numerous enzymes involved in lipid 
peroxidation, such as myocardial superoxide dismutase 
(SOD), catalase, and glutathione, block the outflow of myo-
cyte creatine kinase-MB (CK-MB) and lactate dehydroge-
nase (LDH) enzymes. Those findings imply that the root 
extract has potent cardioprotective qualities.69

Conclusions

The findings presented here improve our understanding 
of herbal active chemicals and herbal composite formu-
lae for the treatment and prevention of HCC. Bauhinia 
variegata Linn. and Picrorhiza kurroa have been identi-
fied as sources of active compounds with a wide spectrum 
of pharmacological activities, and have a high potential 
for driving the development of new remedies. They are 
widely used in the traditional healthcare system in India. 
They provide significant protection against a wide range 
of cancers, as well as other diseases.

Despite the  fact that several studies have examined 
the anticancer effects and other qualities of these natu-
ral remedies, no cure for cancer has yet been discovered. 
Because of their anti-HCC and antioxidant properties, 
the plants presented in this review have anticancer poten-
tial. Finally, this article includes information on anticancer 
medicinal plants utilized across the globe. It is crucial that 
novel anticancer drugs produced from medicinal plants 
receive more research attention.
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