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PREFACE

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

When I took over the role of editor-in-chief of “Polymers in Medicine”, I was 
overflowing with new ideas and shared many notions with other members 
of  the  Editorial Board. Yet, the  moment when I  realized that I  really am 
the leader, the person in charge, came a few days later, when I was visited in my 
office by one of my editors. He burst into the room sporting a bicycle helmet and 
a lycra jacket, took off his backpack and produced a file folder with several doc-
uments awaiting my signature. ‘Sir’, he said, ‘Please sign these on the spot, I have 
to visit several other people and places today’. Then I thought: “And so it begins”.

The journal “Polymers in Medicine” has been published since 1971. In the last fifty years, the development 
of natural and synthetic polymers has gained momentum and their application in various fields of medicine, 
pharmaceutics, biotechnology, and veterinary science became widespread. We want to be a part of this sweep-
ing wave, to  make with every published article a  contribution, even if  modest, to  the  progress in  medical 
sciences – hence such progress ultimately leads to helping other people regain their health or stay healthy. 
Medications that can be easily manufactured and better absorbed by the organism, various implants, prosthe-
ses and other medical intervention into human body, not to mention more and more sophisticated medical 
equipment – all such implementations of polymers can become available also in developing countries, thanks 
to constant advancement in scientific research on these materials.

Such a  long publication span, although not comparable to  the most renowned scientific journals from UK 
and USA, obliges the whole editorial staff – and especially the editor-in-chief – to maintain high standards 
in their work. To broaden the international impact of our journal, it will accept manuscripts only in English, 
with the aim of being fully accessible to the international scientific community. The articles written by Polish 
researchers will continue to be accompanied by abstracts in Polish to enable a broader dissemination of our 
content, also within the Polish-language scientific journals and databases.

We started this busy year with the great support of the Rectors’ authorities of Wroclaw Medical University, 
our new members of the Scientific Committee and new Section Editors – please accept my sincere thank you 
for the efforts of joining the Editorial Board. However, we really count on the support of those without whom 
no journal can exist: Authors and Reviewers, coming from the  farthest scientific institutions of  the world. 
We  are all an  international community, in  which the  most important value is  the  development of  science 
to help patients – the mission which will guide the term of the Editorial Board in 2021–2024.

Editor-in-Chief
Prof. Witold Musiał
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Abstract
Background. Pre-gelatinization is one of the most common physical methods of starch modification, 
which involves heating to bring about significant changes in the nature of starch, such as high swelling, loss 
of crystallinity, solubility in cold water, and improved pasting.

Objectives. To evaluate the structural and physicochemical properties of starch from Neorautanenia mitis 
tubers, and determine the effect of pre-gelatinization on the functional properties of this starch.

Materials and methods. Properties of the pre-gelatinized starch (NMPS), such as flow, swelling power, 
hydration capacity, pH, morphology, Fourier-infrared spectroscopy (FTIR), differential scanning calorimetry, 
and pasting characteristics, were compared with those of the native starch (NMNS).

Results. Pre-gelatinized starch had good flow with the angle of repose at 33.69°. Carr’s index was 10.90% 
and 7.50%, and the Hausner ratio was 1.12 and 1.05 for NMNS and NMPS, respectively. Both starches 
had neutral to near-neutral pH (7.00 and 6.04, respectively). The hydration capacity of NMPS (59.00%) 
was about 2 times higher than that of NMNS (25.80%), while the swelling power of NMPS between 40°C 
and 60°C was higher than that of NMNS, and maximum swelling for both starches was observed at 80°C. 
 Morphology showed that NMNS granules were discrete, smooth and spherical, while those of NMPS were 
aggregated, with rough surfaces. The FTIR spectra of both starches showed identical absorption peaks but 
the enthalpy of gelatinization differed for both starches. The pasting properties also varied significantly 
among the starch samples. Native starch had better peak viscosity, breakdown viscosity and pasting tem-
perature, while NMPS presented better trough viscosity, final viscosity, setback viscosity, and pasting time.

Conclusions. The results showed that pre-gelatinized starch from N. mitis tubers possesses high swelling 
and hydration abilities and significant pasting properties, and may be used as a disintegrant in solid dosage 
formulations and in products requiring low viscosities and bond strength.

Key words: physicochemical properties, starch, structural, Neorautanenia mitis, pre-gelatinization
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Background 
Starch is, after cellulose, the most abundant natural carbo-

hydrate found in plants. It can be found in different plant 
parts, including the seeds, roots, stems, leaves, and fruits, 
as  a  ready source of  energy. Being commonly found 
in plants, it is relatively abundant, cheap, safe, degradable, 
and easily modifiable. As such, starch is a material widely 
used in  food, cosmetics and pharmaceutical industries. 
However, starch in its native form has limited application 
in industrial processes because of some of its undesirable 
inherent properties, such as  poor processability, poor 
solubility in  common organic solvents, retrogradation, 
low shear stress resistance, and susceptibility to thermal 
decomposition.1 Modification processes, such as  enzy-
matic hydrolysis, chemical modifications and physical 
modifications, have been employed to develop new func-
tional properties and to improve the inherent properties 
of starch.2

Physical methods of  starch modification, like heat ge-
latinization, are commonly utilized because they do 
not require the  use of  chemicals and thus, are deemed 
safe for human consumption.3 Pre-gelatinization is  one 
of the most popular physical methods of starch modifica-
tion and it involves heating a starch suspension at a tem-
perature below its gelatinization temperature.4 The pro-
cess of pre-gelatinization causes an irreversible disruption 
of the starch granules by reorganizing the hydrogen bond-
ing within them. This process is  responsible for several 
changes in starch properties including high swelling, loss 
of  crystallinity, solubility in  cold water, and improved 
pasting and flow.5 These properties make pre-gelatinized 
starch suitable for many processes in the pharmaceutical 
and food industries.6

Starches from various plant sources have their own 
unique properties that are utilized to  meet specific 
needs. Starch from Neorautanenia mitis is  examined 
in this study. Neorautanenia mitis (A. Rich) Verdcourt 
of the Fabaceae family is a leguminous subshrubby plant 
with a tuberous rootstock. It  is usually found growing 
in  grasslands, bushy lands and open woodlands and 
rocky soils of the central, southern and western regions 
of  Africa.7 Traditionally, this plant was used as  a  fish 
poison and an insecticide, and to treat skin infections, 
syphilis and psychiatric conditions. Experimental stud-
ies have also shown that it possesses acaricidal, antimi-
crobial and antinociceptive properties.8,9

Despite the  therapeutic potentials of  this plant, 
the starch that abounds in its tubers has not been docu-
mented to have nutritional value, nor has it been exploited 
for use as an excipient in the food, cosmetics or pharma-
ceutical industries. However, Olayemi et al. has examined 
the potential of starch from the tuberous roots of N. mitis 
to be used in tablet formulations.10

Objectives 
In view of the fact that the traditional sources of starch 

are overexploited, tubers of  N.  mitis could be used 
as a new source of starch and starch derivatives. There-
fore, the  aim of  this study is  to  prepare pre-gelatinized 
starch from tubers of N. mitis, and evaluate the structural, 
physicochemical and pasting properties of  the modified 
starch, with a view to provide new starch sources with po-
tential functional properties.

Materials and methods 
The  materials used included N.  mitis tubers pur-

chased from Suleja Community Market, Suleja, Nigeria. 
The N. mitis starch was prepared in the NIPRD Labora-
tory (Abuja, Nigeria). All other reagents used were of ana-
lytical grade.

Extraction of starch 

Starch was extracted using a  previously described 
 method.10 Tubers of N. mitis were peeled, washed in wa-
ter and diced. Then, they were soaked in a solution of so-
dium metabisulphite solution (0.75% w/v) for 2  h  and 
ground using a blender. The blended mixture was sieved 
using a muslin cloth and the suspension was centrifuged 
at 1500 rpm for 15 min in a centrifuge (Heraeus Sepatech 
Labofuge Ae, Münster, Germany). The  supernatant was 
discarded and the sediment (starch) was air-dried at room 
temperature for 24  h, and then pulverized in  a  mortar, 
packaged appropriately and stored in a desiccator.

Pre-gelatinization  
of N. mitis native starch (NMNS) 

A previously described method for pre-gelatinization was 
adopted.11 A starch slurry (20% w/v) was prepared in water 
and heated at 55°C in a water bath (Karl Kobb, Dreieich, Ger-
many) with constant stirring for 15 min. The resulting paste 
was dried in an oven (Biobase Biodustry Co. Ltd., Shandong, 
China) at 60°C for 48 h and sieved using a 250-μm sieve mesh. 
The pre-gelatinized starch (NMPS) was stored in an airtight 
container and placed in a desiccator until further use.

Evaluation of NMNS and NMPS 

Morphology 

Starch samples (NMNS and NMPS) were mounted 
on metal stubs, coated with gold and analyzed using a scan-
ning electron microscope (SEM; ASPEX 3020, PSEM  2; 
Field Electron and Ion, FEI Corp, Hilsboro, USA). Images 
of the starch surfaces were obtained at ×1000 magnifica-
tion at a current of 7 mA for 90 s.
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Fourier-transform infrared (FTIR) spectra studies

The starches (NMNS and NMPS) were triturated with 
potassium bromide powder and were made into pellets 
(1 ton/cm2). Infrared (IR) spectra were obtained between 
scanning ranges of 4000 cm−1 and 400 cm−1 from a Mag-
na-IR 560 spectrometer (Perkin Elmer, Waltham, USA).

Gelatinization temperature 

The gelatinization temperature was determined using 
a differential scanning calorimeter (DSC; Model DSC 204 F1; 
Netzsch, Selb, Germany). Starch samples were placed in 
the aluminum pans of the equipment and scanned at be-
tween 60°C and 300°C at a heating rate of 10°C/min under 
constant nitrogen flow.

pH determination 

Slurries (5% w/v) of the starch samples were prepared in 
distilled water and the pH was measured at room temper-
ature (28°C) using a pH meter (Metler Toledo, Greifen see, 
Switzerland). Triplicate determinations were made and 
the average value was recorded.

Swelling power 

Starch slurries (1% w/v) were prepared with distilled 
water and heated in  a  water bath at  40°C for 30  min. 
The dispersions were centrifuged at 1500 rpm for 30 min, 
the  supernatant was discarded, the weight of  the  starch 
paste was determined, and the  swelling power (SP) was 
computed using the equation below:

weight of starch paste
initial weight of dry starch

× 100SP (%) =

This procedure was repeated at 50°C, 60°C, 70°C, 80°C, 
and 90°C for both starch samples.

Hydration capacity 

The method of Kornblum and Stoopak12 was adopted 
to determine the starch hydration capacity (HC). Starch 
dispersions (1% w/v) were prepared with distilled water, 
poured into pre-weighed, stoppered centrifuge tubes and 
shaken intermittently for 10 min. The tubes were allowed 
to  stand for another 10  min at  room temperature and 
then centrifuged at 1500 rpm for 5 min. The supernatant 
was discarded, and the  weight of  the  sediment (hydrat-
ed starch) was determined and used to compute the HC 
as shown below:

initial weight of dry starch
weight of hydrated starch

× 100HC =

Flow properties 

Angle of repose 

The angle of repose was determined using the  funnel 
method. Twenty grams of  starch sample were allowed 
to flow through the orifice of a funnel clamped at a fixed 
height from a  flat surface. The height (h) and radius (r) 
of the heap formed were measured and used to compute 
the angle of repose (A) as shown below:

h
rA = tan–1

Bulk and tapped densities

The  volume occupied by  the  starch samples (50  g) 
in a graduated measuring cylinder was noted as the bulk 
volume and used to  compute the  bulk density [g/mL]. 
In the same way, the volume occupied by the samples af-
ter tapping the measuring cylinder 100 times was noted 
and used to compute the  tapped density [g/mL]. Tripli-
cate determinations were made for each parameter and 
the average value was computed accordingly.

Carr’s compressibility index (CI)  
and Hausner ratio (HR) 

These were computed with data obtained from the bulk 
and tapped densities using the equations below:

tapped density – bulk density
tapped density

× 100CI =

tapped density
bulk density

× 100HR =

True density 

The liquid displacement method was adopted and liq-
uid paraffin was used as  the  displacement fluid. Three 
determinations were made and the  true density (Trd) 
was computed as shown below, where Wp is the weight 
of starch powder, x  is the weight of the bottle and fluid, 
y is the weight of the bottle, fluid and starch powder, and 
SG is the specific gravity of liquid paraffin (0.865 g/mL).

Wp
[(x + Wp) – y] × SG

× 100Trd =

Determination of pasting properties 

The  pasting properties of  the  starches (NMNS and 
NMPS) were determined using a  Rapid Visco-Analyzer 
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(RVA; Perten Instruments, Macquarie Park, Australia). 
The method used previously by Shevkani et al.13 was ad-
opted, but with slight modifications. Starch–water sus-
pensions based on  a  dry starch basis of  25  g  were used 
in monitoring the viscograms of the starches. The differ-
ent batches of suspensions containing NMNS and NMPS 
were tested under similar temperature and time condi-
tions.

Results and Discussion 
The physicochemical properties of NMNS and NMPS 

are displayed in Table 1. The angle of repose is a reflec-
tion of  the  flow ability of a material and values <30° in-
dicate excellent flow, those between 31° and 35° show 
good flow, while values between 36° and 40° and  >40° 
signify that the material exhibits fair and poor flow, re-
spectively.14 This indirect measurement of  the  flow 
properties of  the  starches show that NMNS and NMPS 
had angles of  repose of  38.60° and 33.69°, respectively 
(Table 1), and indicate that pre-gelatinization improved 
flow of the starch powder.

The ability of both starches to deform under pressure 
was computed using CI. Materials with a  CI  ≤  10% are 
considered to have excellent flow, those between 11% and 
15% − good flow, between 16% and 20% − fair, and those 
>25% − poor flow. On the other hand, the measure of ma-
terial cohesiveness, which depicts the  degree of  densifi-
cation, was determined with the HR. Values ≤1.11 show 
that the material is cohesive, and it is less cohesive when 
HR values are between 1.12 and 1.20.15 The CI of NMNS 
was found to  be 10.97% and that of  NMPS was 7.50%, 
while the  HR was 1.12 and 1.05, respectively. These re-
sults indicate that both starches exhibit good flow. How-
ever, the process of pre-gelatinization improved the flow 
characteristics of  NMPS appreciably. The  Trd of  NMPS 
(1.39) was higher than that of  NMNS (0.89), suggesting 
an  increased ability of  NMNS to  promote even packing 
when confined into processing spaces such as  compac-
tion or  tableting dies.16 The  ability of  materials to  flow 

is dependent on the particle size, shape and distribution 
of  the particles in  the material. Disruption of  the  starch 
granules and consequent agglomeration due to  gela-
tinization (Fig. 1) produces voids within and between 
the particles. This reduces the friction between particles 
and allows for better flow, which invariably influences 
the packing behavior of the starches. Adequate/good flow 
is  highly recommended in  high-speed tableting/capsule 
filling machines as  this ensures that the  die cavities are 
uniformly filled, giving rise to tablets/capsules of uniform 
weight and uniform content.

The  pH of  the  starches was 7.00 and 6.04 for NMNS 
and NMPS, respectively (Table 1), and falls with the spec-
ification of  between 4.5 and 7.0 for starch solutions.17 
The near-neutral pH of both starches implies that prob-
lems with irritability in  the  gastrointestinal tract might 
not arise from the  use of  these starches, and therefore, 
they would be desirable for use in  oral formulations.18 
The lower pH of NMPS observed in this study, which may 
be attributed to the modification process, is in agreement 
with a previous report by Azubuike et al.11 that examined 
pre-gelatinized Borassus aethipom starch.

The HC signifies the total amount of water that is re-
tained by  starch gel under defined conditions like pres-
sure or  heat.19 Pre-gelatinized starch was observed 
to  have the  ability to  retain twice the  weight of  water 
retained by NMNS (Table 1), and the HC of NMNS was 
25.80% while that of NMPS was 59.00%. The increase ob-
served in NMPS can be attributed to the loss of crystal-
line association in the granules, leading to more available 
binding sites for water.20 The process of pre-gelatinization 
reduces the molecular weight of starch granules resulting 
in  the ability to attract more water molecules and swell 
as compared to un-gelatinized starches.21 Materials with 
high HCs such as  NMPS have been documented to  be 
useful as disintegrants because of  their increased ability 
to absorb water and swell, which is part of the mechanism 
of action of starch as a disintegrant.22

Swelling is  an  important characteristic that reveals 
the ability of starch granules to absorb water. Investigating 
the swelling behavior of starch within different tempera-
ture ranges is  important as  it evaluates the performance 
of  a  starch under industrial conditions. Table 2 shows 
that swelling power of both starches increased with an in-

Table 1. Physicochemical properties of NMNS and NMPS (n = 3, mean ±SD)

Parameter NMNS NMPS

Angle of repose [o] 38.60 33.69

Bulk density [g/mL] 0.61 ±0.02 0.63 ±0.02

Tapped density [g/mL] 0.69 ±0.01 0.66 ±0.01

Hausner ratio 1.12 ±0.04 1.05 ±0.04

Carr’s index [%] 10.97 ±2.91 7.50 ±0.00

True density [g/mL] 0.89 ±0.07 1.39 ±0.03

Hydration capacity [%] 25.80 ±0.04 59.00 ±0.23

pH 7.00 ±0.11 6.04 ±0.50

SD – standard deviation; NMNS – native starch; NMPS – pre-gelatinized 
starch.

Table 2. Swelling power [%] of starches at different temperatures

Temperature [°C] NMNS NMPS

40 27.10 55.20

50 27.90 62.10

60 56.00 70.70

70 144.80 112.20

80 148.20 112.50

90 75.50 87.10

NMNS – native starch; NMPS – pre-gelatinized starch.
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crease in temperature up to 80°C, with more pronounced 
swelling occurring at higher temperatures (70°C and 80°C) 
than within lower temperature ranges (between 40°C and 
60°C). Increased swelling at higher temperatures has been 
ascribed to  a  weakening of  the  intrinsic binding forces 
in the amorphous regions of the starch granules at varying 
temperatures.23 Swelling was also found to be higher be-
tween 40°C and 60°C in NMPS than in NMNS. This effect 
can be ascribed to the destruction of the regular structure 
of  the NMPS during pre-gelatinization, which conferred 
on it the ability to imbibe water increased over the tem-
peratures. Swelling was observed to decrease considerably 
at 90°C to 75.50% and 87.10% for NMPS and NMNS, re-
spectively, and can be attributed to  total loss of  granule 
structure and rupture of  the  granules.24 This suggests 
that the maximum swelling temperature for both starches 
is 80°C, and can serve as a guide in determining where and 
how these starches (NMNS and NMPS) can be used.

Microscopic observation of  the  starches using SEM 
revealed that NMNS is  discrete, smooth, non-porous, 
and almost spherical in shape (Fig. 1A), while the shape 
of  NMPS is  non-discrete, gel-like, rough, and irregular 
(Fig. 1B). Granules of pre-gelatinized starch (Fig. 1B) were 
also observed to  be aggregated, which is  due to  granu-
lar disintegration and the  subsequent release of  soluble 
components during the  thermal process of  gelatiniza-
tion. The particle sizes measured with SEM were 16.5 mm 
and 5.9 mm for NMNS and NMPS, respectively. Heating 
starch has been postulated to  affect swelling and rup-
ture of  starch granules, which invariably affects the  size 
of the resulting starch product.25 Furthermore, the heat-
ing process may have caused the loss of the amylopectin 
crystalline region, with the  consequent rearrangement 
of bonds within the granules leading to breakdown, dis-
tortion and loss of granule integrity. These observations 

are in line with similar studies showing the effects of pre-
gelatinization on starch morphology.26,27

The  FTIR spectra of  NMNS and NMPS scanned 
in  the  4000–400  cm−1 range are displayed in  Fig. 2 and 
3, while the  absorption peaks and corresponding peak 
heights for NMNS and NMPS are presented in Tables 3 
and 4, respectively.

Broad bands observed in  both spectra at  about 
3800  cm−1 and 3000  cm−1 correspond to  O–H stretch-
ing of hydrogen bonded hydroxyl groups, which may 
be ascribed to the presence of intra- and intermolecu-
lar hydrogen bonds in the starch granules.28 The spectra 
of NMPS (Fig. 3) shows a stronger, broader O–H stretch 
at about 3800 cm−1 with a peak height of 17.29 (Table 4) 
that is  about 3  times higher than that of  NMNS (6.88; 

Fig. 1. SEM images of native N. mitis starch (NMNS) (A) and pre-gelatinized N.mitis starch (NMPS) (B)

accelerating voltage = 16.0 kV display mag = 1000 16.5 mm accelerating voltage = 16.0 kV display mag = 1000 15.9 mm

A B
200 µm200 µm200 µm

Table 3. Absorption peaks and corresponding heights of native starch

Peak at [cm−1] Peak height

938.40 25.14

1460.80 18.75

1938.40 17.44

2361.60 8.74

3803.20 6.88

Table 4. Absorption peaks and corresponding heights of pre-gelatinized 
starch

Peak at [cm−1] Peak height

938.40 32.23

1460.00 26.83

1930.40 25.34

2362.40 8.45

3802.40 17.29
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Table 3). This can be attributed to the higher swelling ca-
pacity observed for NMPS. Vibrations at 3000 cm−1 and 
2800 cm−1 are characteristic of C–H stretches associated 
with ring hydrogen atoms, and this vibration was observed 
to  be intense in  the  spectra of  NMPS. Previous studies 
have shown that such changes in  modified starches are 
attributed to changes in the ratio of amylose to amylopec-
tin, with a consequent influence on the physicochemical 
properties of the starch.29

Vibrations at  about 2300  cm−1, which represent C–H 
stretch for the  alkane group of  compounds, were found 
to  be similar for both starches (Tables 3,4). Absorption 
peaks at about 1930 cm−1 (Fig. 2,3) correspond to scissors 
vibrations of  O–H bonds as  a  result of  water of  hydra-
tion in  the  starches. However, vibrations in NMPS were 
observed to be stronger as evidenced by a sharper peak. 
Vibrations at about 1460 cm−1 are related to C–H bend-
ing and both peaks were observed to  be more intense 

Fig. 2. FTIR spectra of native N. mitis starch (NMNS)
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Fig. 3. FTIR spectra of pre-gelatinized N. mitis starch (NMPS)
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in NMPS than NMNS. Vibrations at about 930 cm−1 are 
the  skeletal absorptions of α-1,4 glycosidic linkage char-
acteristic of  all polysaccharides, consisting of  COH and 
C–O–C glycosidic stretching and bending.30 These vibra-
tions were observed at the same absorption wave number 
for both starches and depict similarity in the basic finger-
print of both starches. The  last region has been defined 
as the characteristic fingerprint of materials like starches.31

The  results from FTIR spectroscopy show that pre-
gelatinization did not introduce any new functional 
groups. However, this process affected the arrangement 
of  the  molecules in  the  starch particles as  evidenced 
by the shifting of some of the bands.

The  behavior of  NMNS and NMPS when subjected 
to  heat was determined with DSC and the  thermo-
grams are displayed in  Fig. 4. The  thermal properties 
of the starches such as onset temperature, peak tempera-
ture, conclusion temperature, and gelatinization enthalpy, 
among others, are presented in Table 5.

Although starch granules are insoluble in  cold water, 
heat treatment in  the presence of water causes gelatini-
zation, which involves swelling of  the  granules, melting 
of the crystallite double helices, leaching of amylose, and 
consequent disintegration of  the granules.32 This transi-
tional phase of  starch granules is a distinguishing prop-
erty of individual starches that allows for their application 
in industrial processes.

Enthalpy of gelatinization (ΔH) gives an inclusive mea-
sure of the quantity and quality of crystallinity in starch 
granules, and is an indicator of the loss of molecular or-
der within the granule that occurs with gelatinization.33 

In other words, ΔH is related to the energy required to dis-
rupt starch granules and is a reflection of the heat involved 
in breaking the bonds between starch granules. The out-
come of gelatinization is influenced by shape, amylopec-
tin chain length and crystalline portions of the starch.34

Table 5 shows that NMPS has a lower ΔH (5.27) com-
pared to NMNS (6.38). This could be attributed to the fact 
that some double helices in  NMPS may have been dis-
rupted during the process of pre-gelatinization. Therefore, 
lower energy was required to  initiate the  gelatinization 
process of  the  starch granule. Furthermore, weakening 
of  the  starch granules during pre-gelatinization could 
have resulted in early rupture of the amylopectin helices, 
leading to  the observed lower values for onset tempera-
ture (To), conclusion temperature (Tc) and peak tempera-
ture (Tp). Similar results have also been reported regard-
ing some other modified starches.35,36

In addition, since ΔH reflects melting of the crystalline 
region of  the  starch granules, the  low values observed 
for NMPS may also be connected with low crystalline 
association within starch granules, indicating that less 
crystalline portions are present.37,38 The  degree of  crys-
tallinity of  starch is  known to  be directly related to  its 
granule strength, and demonstrates the  extent to  which 
the bond order within the starch molecule is broken and 
melted during the heating process.39 High ∆H shows that 
higher energy is  required to disrupt the bond order be-
cause of the presence of strong bonds between the gran-
ules. However, a  low ∆H, as observed for NMPS, shows 
that lower energy was required to  break the  bonds due 
to the rupture of the starch granules during the process 
of gelatinization.

The  application of  heat in  an  ordered manner and 
the analysis of the obtained viscograms are the measures 
that enable determining the pasting properties. When heat 
is applied to starch, there is a transformation of the gran-
ules from an initial ordered state to a randomized, but dis-
ordered state, which is a result of the swelling of the gran-
ules.40 Starch granules are usually saturated with water, 
but as  heat is  applied, the  granules begin to  swell and 
the water that has been imbibed in the granule aids melt-
ing of the crystal lattice of the starch, thus creating room 
for rapid movement of  water between the  granules and 
within the granules. Subsequently, more water molecules 
bind to  the  starch granules, while the  swelling reduces 

Table 5. Thermal properties of NMNS and NMPS

Parameter Peak height for NMNS Peak height for NMPS

Onset temperature [°C] 31.19 30.58

Peak temperature [°C] 92.40 89.86

Conclusion temperature [°C] 156.89 159.06

Enthalpy of gelatinization [J/(g*K)] 6.38 5.27

∆T (gelatinization temperature range) [°C] 125.70 128.48

NMNS – native starch; NMPS – pre-gelatinized starch.

Fig. 4. Differential scanning calorimeter (DSC) thermogram of native 
N. mitis starch (NMNS) and pre-gelatinized N. mitis starch (NMPS)
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the available water, resulting in physical interactions be-
tween the  granules. These interactions lead to  changes 
in the viscosity of the starch.

The  pasting profiles and properties (derived from 
the viscograms) of NMNS and NMPS are shown in Fig. 5 
and Table 6, respectively. The  pasting properties varied 

significantly among the starch samples. Native starch had 
better peak viscosity, breakdown viscosity and pasting 
temperature, while NMPS presented better trough vis-
cosity, final viscosity, setback viscosity, and pasting time.

The high peak viscosity observed for NMNS (745.33 cP) 
may be due to the nonporous nature of the NMNS gran-

Table 6. Pasting properties of NMNS and NMPS (n = 3, mean ±SD)

Starch 
sample

Peak viscosity
[cP]

Trough viscosity
[cP]

Breakdown
viscosity

[cP]

Final viscosity
[cP]

Setback 
viscosity

[cP]

Peak
time
[min]

Pasting 
temperature

[°C]

NMNS 745.33 ±0.20 250.08 ±0.02 495.25 ±0.13 360.75 ±0.16 110.67 ±0.05 3.80 ±0.13 76.8 ±0.06

NMPS 585.17 ±0.11 407.83 ±0.12 177.33 ±0.02 689.75 ±0.12 281.92 ±0.02 4.67 ±1.02 75.9 ±0.01

SD – standard deviation; NMNS – native starch; NMPS – pre-gelatinized starch.

Fig. 5. Pasting profiles of native N. mitis starch (NMNS) 
and pre-gelatinized N. mitis starch (NMPS)
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ules, leading to a greater volume of water within the crys-
tal lattice and, consequently, a higher viscosity compared 
to  the  NMPS granules. Degradation of  starch granules 
as a result of pre-gelatinization is responsible for reduced 
viscosity against shear stress,41 as  observed in  NMPS. 
The  measure of  peak viscosity, which is  associated with 
the  rate at which granule swelling equals granule break-
down, is slower for NMNS than for NMPS based on the ag-
gregation of granules, as observed from the morphology 
using SEM. Granules of NMPS were more compact than 
those of NMNS and could account for the higher trough 
viscosity observed for NMPS. Trough viscosity reflects 
paste viscosity due to  the  disruption of  starch granules 
upon heating and was observed to  be higher in  NMPS 
than NMNS as a result of the compactness of the granules.

Breakdown viscosity is a measure of the degree of disin-
tegration of gelatinized starch granules during heating.42 
The  already gelatinized NMPS is  thus expected to  have 
a  lower breakdown viscosity than NMNS due to the re-
duction in starch granules available for further disintegra-
tion to take place. The final viscosity indicates the stability 
of  starch pastes to  heat.43 The  results show that NMPS 
exhibited a higher final viscosity (689.75 cP) than NMNS 
(360.75 cP), indicating that pastes from NMPS are more 
stable to heat than those from NMNS. In addition, final 
viscosity reflects the resistance of the starch paste to flow. 
The lower value observed for NMNS suggests its flow ease, 
which could be a  result of  more water molecules avail-
able within the  crystal lattice of  NMNS than in  NMPS, 
while NMPS exhibited a  higher resistance to  shear and 
flow. Such high final viscosity and low breakdown viscos-
ity properties have been described as desirable for many 
food and industrial processes.44

The setback viscosity is exhibited due to recrystallization 
of the amylose molecules in the gel45 and shows the tenden-
cy for retrogradation to occur. Although NMPS, which has 
a higher resistance to flow, would be expected to exhibit low 
setback viscosity because of the disruption of amylose mol-
ecules that took place during the pre-gelatinization process, 
the setback viscosity of NMPS (281.92 cP) was higher than 
that of NMNS (110.67 cP). This could suggest the tendency 
of NMPS to undergo some form of gelling upon cooling, 
a phenomenon that has also been demonstrated when pre-
gelatinized cassava and rice starch were blended together.46 
The  temperature at  which the  viscosity of  the  starch 
material begins to  increase during the  heating process 
is known as the pasting temperature. According to Salman 
et al.,47 high pasting temperature is an indication of a high 
degree of crystallinity of starch molecules. The crystal lat-
tice in  the  NMNS was more ordered than in  the  NMPS, 
which was disoriented due to  pre-gelatinization, thus ac-
counting for NMNS having a slightly higher pasting tem-
peratures. However, the  pasting temperatures of  NMNS 
and NMPS were not significantly different. Visco-analysis 
shows that pre-gelatinization changed the pasting proper-
ties of native starch extracted from the tubers of N. mitis.

Conclusions 
In this study, we have been able to modify starch from 

an  underutilized crop, N.  mitis tubers, by  pre-gelatini-
zation. Pre-gelatinization improved the  flow properties, 
and increased the absorption capacity and SP, as observed 
with other pre-gelatinized starches. However, the  gran-
ule strength was found to decrease. The pre-gelatinized 
N.  mitis starch also exhibited peculiar pasting behavior 
with low viscosities but good thermal stability, as has been 
reported for other pre-gelatinized starches. The findings 
of  the  present study show that pre-gelatinized N.  mitis 
starch may be applicable for food, cosmetics and phar-
maceutical products where high swelling/hydration, low 
viscosity and low bond strength are required. However, 
further research to determine crystallinity and the mo-
lecular weight of the native and pre-gelatinized starches 
may be conducted.
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Abstract
Background. Neomycin is a natural aminoglycoside antibiotic produced by actinomycete Streptomyces 
fradiae. It exerts bacteriostatic and bactericidal activity against Gram-negative bacteria, certain Gram-positive 
bacteria and Mycobacterium tuberculosis. Neomycin inhibits the biosynthesis of bacterial proteins by impairing 
their life functions, leading to death of cells.

Objectives. To examine the effect of molecular weight of polylactide (PLA), the applied stabilizer as well 
as mixing speed used in the encapsulation process on the size of obtained spheres. Examination of the ki-
netics of neomycin release from the obtained PLA spheres and determination of the antimicrobial activity 
of the neomycin-containing spheres against selected strains of bacteria, yeast and fungi have also been 
necessary.

Materials and methods. Polylactide (Mn 3000–40,000 g/mol) was obtained in-house. Other materials 
used in the study were as follows: L-lactic acid (PLLA; Mn 66,500 g/mol and 86,000 g/mol), polyvinyl alcohol 
(PVA) as a stabilizer of emulsion (Mw 30,000 g/mol, 130,000 g/mol; degree of hydrolysis 88%) as well as di-
chloromethane, p.a. and dimethyl sulfoxide (DMSO), p.a. as solvents. Distilled water was obtained in-house. 
Neomycin sulfate was used for encapsulation; phosphate (pH 7.2) and acetate (pH 4.5) buffers were used for 
the examination of the active pharmaceutical ingredient (API) dissolution profile. Antimicrobial activity was 
tested using commercial cell lines and the following media: Mueller–Hinton agar (MHA), Mueller–Hinton 
broth (MHB), yeast extract peptone dextrose (YPD), and potato dextrose agar (PDA).

Results. Neomycin-containing PLA spheres were obtained using an emulsion method. The average molecu-
lar weight of PLA, the average molecular weight of PVA and mixing speed on the size of obtained spheres 
were investigated. Furthermore, the profile of API dissolution from the spheres and antimicrobial activity 
of neomycin-containing spheres against certain strains of bacteria, yeast and fungi were determined.

Conclusions. We demonstrated that efficient encapsulation of neomycin requires spheres of a <200 mm 
diameter.

Key words: encapsulation, polyesters, drug delivery systems
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Background

Controlled-release drug delivery systems (DDS) are 
a modern form of medicines. Compared to conventional 
dosage forms, they are characterized by a long-lasting ther-
apeutic effect, improved biodistribution of active pharma-
ceutical ingredient (API) and minimization of toxic adverse 
reactions.1 As a result, they increase the therapeutic index 
of conventional pharmaceuticals.2 Among the recently de-
veloped DDSs available on the market,3 polymeric spheres 
are distinguished by various applications.4

Neomycin is a natural aminoglycoside antibiotic pro-
duced by the actinomycete Streptomyces fradiae (Fig. 1). 
It has bacteriostatic and bactericidal activity against Gram-
negative bacteria, certain Gram-positive bacteria and 
Myco bacterium tuberculosis.5 Neomycin inhibits the bio-
synthesis of bacterial proteins by impairing their life func-
tions, leading to cell death. Despite its broad spectrum 
of activity, neomycin is rarely used due to its harmful effect 
on the inner ear and kidneys (oto- and nephrotoxicity). 

Therefore, it  is  applied mainly externally in  diseases 
of  the skin, eyes and mucous membranes, or adminis-
tered parenterally in the treatment of septicemia.6 For 
these reasons, efforts have been undertaken to develop 
novel, more valuable forms of neomycin administration 
in an attempt to improve its absorption and minimize its 
toxic adverse effects.7

Polymeric spheres bring hope to current limitations 
related to  the  delivery of  neomycin.8 The  spheres are 
ball-shaped particles, in which the active substance may 
be bound to the polymer matrix (prodrugs), suspended 
therein or adsorbed on their surface.9 The systems for de-
livering antibiotics within a polymer matrix ensure a slow 
release of API to the body,10 which reduces adverse effects 
and increases the therapeutic index of API.11

Polymer spheres used in DDS have diameters of 10–
300 nm. It is believed that small spheres (less than 100 nm 
in diameter) show better biodistribution within the body 
and are less prone to premature degradation by phago-
cytic cells of the immune system.12 However, it should 
be noted that due to the size and structural complexity 
of their molecules, encapsulation of some APIs in polymer 
matrices requires large spheres (over 100 nm in diameter) 
and also long-chain polymers.13 An example of such API 
is neomycin, which is characterized by a complex structure 
of 4 aminoglycoside rings.14

The polymer widely used in DDS is polylactide (PLA), 
a biocompatible and biodegradable aliphatic polyester.15 
Within the organism, it undergoes decomposition to non-
toxic products (carbon dioxide and water) that are readily 
eliminated. Polylactide consists of linearly linked moieties Fig. 1. Neomycin

Streszczenie
Wprowadzenie. Neomycyna jest naturalnym antybiotykiem aminoglikozydowym produkowanym przez promieniowce Streptomyces fradiae. Działa bakterio-
statycznie i bakteriobójczo na bakterie Gram-ujemne, niektóre bakterie Gram-dodatnie oraz na Mycobacterium tuberculosis. Neomycyna hamuje biosyntezę białek 
bakteryjnych poprzez upośledzenie ich funkcji życiowych, prowadząc do śmierci komórek.

Cel pracy. Celem pracy było zbadanie wpływu masy cząsteczkowej polilaktydu (PLA), zastosowanego stabilizatora oraz szybkości mieszania stosowanej w procesie 
enkapsulacji na wielkość otrzymanych sfer. Niezbędne było również zbadanie kinetyki uwalniania neomycyny z otrzymanych sfer PLA oraz określenie aktywności 
antymikrobiologicznej sfer zawierających neomycynę wobec wybranych szczepów bakterii, drożdży i grzybów.

Materiał i metody. Polilaktyd (Mn 3 000–40 000 g/mol) zsyntetyzowano we własnym zakresie. Inne materiały użyte w badaniach to: kwas mlekowy (PLLA) 
(Mn 66 500 g/mol i 86 000 g/mol (Nature Works)), poli(alkohol winylowy) (PVA) jako stabilizator emulsji (Mw 30 000 g/mol, 130 000 g/mol oraz stopień hydrolizy 
88%, Mowiol) oraz dichlorometan (cz.d.a.), dimetylosulfotlenek (cz.d.a.) jako rozpuszczalniki. Wodę destylowaną uzyskano na miejscu. Do enkapsulacji stosowano 
siarczan neomycyny (Sigma–Aldrich); Do badania profilu rozpuszczania API zastosowano bufory fosforanowe (pH 7,2) i octanowe (pH 4,5). Aktywność antymikro-
biologiczną zbadano przy użyciu komercyjnych linii komórkowych i następujących pożywek: agar Muellera–Hinton, bulion Muellera–Hinton, ekstrakt drożdżowy 
z peptonem z dekstrozą i ziemniaczany agar z dekstrozą.

Wyniki. Polilaktydowe sfery zawierające neomycynę otrzymano metodą emulsyjną. Zbadano wpływ średniego ciężaru cząsteczkowego polilaktydu, średniego ciężaru 
cząsteczkowego PVA oraz szybkości mieszania na rozmiar otrzymanych sfer. Ponadto wyznaczono profil uwalniania API ze sfer i aktywność antymikrobiologiczną 
wobec wybranych szczepów bakterii, drożdży i grzybów strzępkowych.

Wnioski. Wykazano, że neomycyna efektywnie enkapsuluje w sferach o średnicy <200 nm.

Słowa kluczowe: enkapsulacja, poliestry, systemy dostarczania leków

 



Polim Med. 2021;51(1):17–24 19

of  lactic acid (LA).16 Since LA exists in 2 enantiomeric 
forms (Fig. 2), it is possible to obtain polymers of various 
configurations at their chiral centers and, thus, different 
physical properties.17 Homochiral PLA that consists solely 
of molecules of either L-lactic acid (PLLA) or D-lactic acid 
(PDLA) is characterized by high mechanical strength and 
long biodegradation time that improves as  the carbon 
chain lengthens. Heterochiral polylactide that contains 
both enantiomers of LA in its structure is more elastic and 
undergoes biodegradation more readily.18 Only the L-iso-
mer of LA is metabolized in the body, while the D-enan-
tiomer may accumulate in tissues leading to acidification 
of the body.19 Therefore, PLLA having a low molecular 
weight and containing several percent of the D-monomer 
is most relevant for pharmaceutical applications.20

The purpose of this study was to examine the effects 
of  the molecular weight of PLA, the applied stabilizer 
as well as the mixing speed used in the encapsulation pro-
cess on the size of obtained spheres. Examination of the ki-
netics of neomycin release from the obtained PLA spheres 
and determination of the antimicrobial activity of the neo-
mycin-containing spheres against selected strains of bac-
teria, yeast and fungi have also been necessary.

Materials and methods

Material

Poly-L-lactide (Mn 3000–40,000 g/mol) used for prepar-
ing the spheres has been obtained in-house. Other materials 
used in the study were as follows: PLLA (Mn 66,500 g/mol 
and 86,000 g/mol (Nature Works, Minnetonka, USA)), 
polyvinyl alcohol (PVA) as a stabilizer of emulsion (Mw 
30,000 g/mol and 130,000 g/mol; degree of hydrolysis 88%, 
Mowiol®; Sigma–Aldrich, St. Louis, USA) as well as dichlo-
romethane, p.a. and dimethyl sulfoxide, p.a. (POCH S.A., 
Gliwice, Poland) as solvents. Distilled water was obtained 
in-house. Neomycin sulphate (Sigma–Aldrich) was used 
for encapsulation; phosphate (pH 7.2) and acetate (pH 4.5) 
buffers (POCH) were used for the examination of the API 
dissolution profile. Antimicrobial activity was tested using 
commercial cell lines and the following media: Mueller–
Hinton agar (MHA), Mueller–Hinton broth (MHB), yeast 
extract peptone dextrose (YPD), and potato dextrose agar 
(PDA) purchased from Merck Millipore (Burlington, USA) 

or BioCorp (Issoire, France). As a control, antibiotic with 
a well-established antimicrobial activity was used – ei-
ther Amphotericin B against yeast and filamentous fungi, 
or Ampicillin sodium salt against bacteria. These were 
purchased from BioShop (Dourges, France).

Preparation of neomycin-containing 
spheres

The neomycin-containing spheres were prepared em-
ploying an emulsion method. At first, the following solu-
tions of polymers having various molecular weights were 
prepared: a 1% wt solution of PLA in dichloromethane and 
0.1% wt solution of polyvinyl alcohol (PVA) in distilled 
water. The PVA solution (100 mL) was placed in a round-
bottom flask immersed in a water bath that was standing 
on a magnetic stirrer (RTC Basic IKA; Sigma–Aldrich) 
and was provided with a temperature controller (ETS-D5 
IKA). The temperature was set at 25°C and the stirring 
speed at 600 min−1 or 1200 min−1. Next, neomycin (5% wt 
relative to PLLA) was added to the above solution. After 
thoroughly mixing the solution and stabilizing experi-
ment conditions, PLLA solution (5 mL) was added drop-
wise within 15 min through a pressure-equalizing drop-
ping funnel, and the obtained suspension of spheres was 
stirred for 1 h at 25°C to evaporate the solvent. The flask 
content was filtered through a 3G sintered glass filter 
funnel and then analyzed using dynamic light scatter-
ing (DLS).

Empty spheres were prepared analogously as the API-
containing spheres, except for the active substance addi-
tion step.

Analytical methods

The size (d – diameter) of the obtained spheres was de-
termined with DLS using Zetasizer Nano Z.S. from Mal-
vern Instruments (Malvern, UK). The measurements were 
performed in polystyrene cuvettes. The UV-VIS spectra 
for determining the dissolution profile and optical density 
of the cultures were recorded using the Synergy H4 micro-
plate reader from BioTek (Winooski, USA).

Release profile

The profile of API release from the spheres was deter-
mined from a calibration curve. The calibration curve 
of the absorbance of the aqueous solution of neomycin was 
measured at a concentration of 0.5 mg/mL, 0.25 mg/mL, 
0.125 mg/mL, and 0.067 mg/mL. The tests have covered 
suspensions of neomycin-containing spheres (without any 
pre-treatment) mixed with the acetate or phosphate buffer 
(1:1 v/v) and the buffers not containing the spheres. Sam-
ples of the solutions were placed in wells of 96-well 200 µL 
NuncTM plates (Thermo Fisher Scientific, Waltham, 
USA) and then incubated at 37°C. At appropriate time 

Fig. 2. Enantiomers of lactic acid
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intervals, absorbance was measured with spectrophotom-
etry at the wavelength of neomycin maximum absorption 
λ = 360 nm.

Antimicrobial activity

Antimicrobial activities of neomycin-containing spheres, 
empty spheres and neomycin were tested against bacteria, 
yeast and filamentous fungi. Inhibitory activity against 
bacteria and yeast was determined using 2 methods: tests 
on a solid medium and in a liquid medium.

The  following microorganisms were used for tests: 
Staphylococcus aureus ATCC 6538, Escherichia coli 
ATCC 8739, Bacillus subtilis ATCC 6633, Salmonella 
typhimurium ATCC 14028 bacteria, Candida albicans 
ATCC 10231 yeast, Aspergillus niger ATCC 16404 mould 
and Colletotrichum coccodes MC 1, Fusarium oxysporum 
M.F. 5, and Fusarium sambucinum M.F. 1 filamentous 
fungi, received from the  IHAR-PIB collection of Plant 
Breeding and Acclimatization Institute (Młochów, Poland).

Preparation of cultures  
of bacteria and yeast

A sterile loop full of material from a single colony of bac-
terium or yeast was used to inoculate 10 mL of liquid MHB 
or YPD medium in a 100 mL Erlenmeyer flask. Cultures 
were incubated overnight (about 18 h) at 37°C, shaking 
at 200 rpm using Benchtop shaker LabCompanion SI-600R 
(Jeio Tech, Daejeon, South Korea). Next, the overnight 
cultures were diluted in fresh medium (MHB or YPD) 
to desire suspension of colony-forming units per mL – 108 

cfu/mL or 105 cfu/mL, based on the previously prepared 
growth curves for each microorganism.

Preparation of the tested solutions

Neomycin, ampicillin and amphotericin were dissolved 
in sterile dimethyl sulfoxide (DMSO) to obtain concentra-
tions of 20 mg/mL. Suspensions of the spheres containing 
the active substance and suspensions of empty spheres 
were added directly to the corresponding medium, without 
any pre-treatment.

Tests of antimicrobial activity  
on a solid medium

Briefly, 100 µL of cell suspension of 108 cfu/mL was distrib-
uted evenly on a suitable medium (MHA for bacteria or YPDA 
for yeast) and allowed to dry. Disks of Whatman paper (5 mm 
in diameter, 3MM; Sigma–Aldrich) were placed on the seeded 
agar plates, and 10 µL of the samples were prepared as above 
(neomycin solution, empty spheres, neomycin-containing 
spheres and control antibiotics, respectively) and the suitable 
solvents were applied to the medium. The samples were in-
cubated at 37°C for 24 h. After incubation, microbial growth 

inhibition zones were measured for the tested samples, pure 
substances and the solvent, and the results were compared 
to the zones of microbial growth inhibition obtained for 
the control antibiotics (for bacteria: ampicillin, for yeast: am-
photericin). Sample activity was determined by measuring 
the diameter of inhibition of the growth zone.

Tests of activity in a liquid medium

Briefly, 100 µL of appropriate medium (MHB for bac-
teria and YPD for yeast) and 20 µL of the tested samples 
(solution of neomycin, empty spheres and neomycin-con-
taining spheres, respectively) were placed in wells of 96-
well plates. Next, 100 µL of microorganisms from the sus-
pension of 105 cfu/mL was added to each well. The plates 
were placed in an incubator shaker (200 min–1) at 37°C 
for 24 h. After 24 h of incubation, optical density (OD) 
of the cultures provided with inhibitors was measured 
using the spectrophotometric method at the wavelength 
λ = 600 nm, and the results were compared to the OD 
of the controls (without the spheres or free antibiotics). An-
timicrobial activity was calculated from the equation (1):

 activity = OD
ODcontrol

× 100% (1)

where:
OD – optical density of a culture of microorganisms with 
the addition of the active substance or spheres and
ODcontrol – optical density of a culture of microorganisms 
without the addition of the active substance.

Tests of activity against filamentous fungi

Briefly, 1 mL of the tested preparation (solution of neo-
mycin, empty spheres or neomycin-containing spheres, re-
spectively) was added to 100 mL of dissolved PDA medium. 
The prepared mixtures were poured into Petri dishes and 
allowed to solidify. Next, mycelial disks (diameter: 6 mm) 
were cut out of  the  actively growing fungal mycelium 
on PDA and transferred onto the Petri dishes containing 
the tested and reference (without the addition of active 
substances) preparations, respectively.21 The Petri dishes 
were incubated at 25°C for 3–5 days, depending on the fun-
gal growth rate. After incubation, dimensions of the zones 
of fungal growth in the presence of special preparations 
were measured. Next, it was compared to those of the ref-
erence samples. The activity of the preparations was cal-
culated from the equation (2):

 activity = dcontrol – d
dcontrol

× 100% (2)

where:
d [mm] – the diameter of the zone of fungal growth in 
the presence of the tested preparation and
dcontrol [mm] – the diameter of the zone of fungal growth 
without the addition of the active substance.
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Results

Preparation of neomycin-containing 
spheres

Effects of molecular weights of PLLA (Mn) and PVA 
(Mw) and the mixing rate on the diameter of neomycin-
containing spheres were examined (Fig. 3,4).

DLS analysis

The size of the obtained spheres was measured using 
the DLS method by determining a relationship between 
light scattering intensity and the  number of  particles 
of  a  certain radius. The  relation between the  fraction 
of particle size and the radius of the particles is shown 
in Fig. 5. In some cases, 2 maxima of particle size distribu-
tion could be seen (Fig. 6).

API release profile

The profile of API release from the PLA spheres was es-
tablished by determining a relationship between absorbance 
(proportional to antibiotic concentration) and incubation 
time of the samples (Fig. 7). The examined spheres had diam-
eters of 150 nm and 200 nm. The measurements were carried 
out in acetate buffer (pH 4.5) and in phosphate buffer (pH 
7.2) to compare release kinetics in the media of various pH.

Antimicrobial activity  
of the neomycin-containing spheres

Tests of activity on a solid medium

Antimicrobial activity of the empty spheres, neomycin 
and neomycin-containing spheres (diameter ca. 200 nm) 

Fig. 7. Profiles of neomycin release from L-lactic acid (PLLA) spheres having 
diameters of 150 nm and 200 nm in the acetate or phosphate buffers

API – active pharmaceutical ingredient.

Fig. 6. Two fractions of spheres of different sizes

Fig. 5. The relationship between the fraction of spheres at a particular size 
and the radius of the spheres

Fig. 4. Diameter of the spheres as a function of the average molecular 
weight of L-lactic acid (PLLA) and the mixing speed (Mw polyvinyl alcohol 
(PVA) 130,000 g/mol)

Mn – number-average molecular weight; Mw  – weight-average molecular 
weight.

Fig. 3. Diameter of the spheres as a function of the average molecular 
weight of L-lactic acid (PLLA) and the mixing speed (Mw polyvinyl alcohol 
(PVA) 30,000 g/mol)

Mn – number-average molecular weight; Mw  – weight-average molecular 
weight.
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against bacteria and yeast has been tested on the solid me-
dium (Table 1). The inhibitory effect of the sample was 
determined by the size of the inhibition of the growth 
zone. An inhibitory effect of DMSO (solvent for neomycin) 
on the tested strains has been excluded.

Tests of activity in a liquid medium

To examine the accuracy of the tests on a solid medium, 
the activity of  the tested preparations against bacteria 
and yeast was examined using a liquid medium (Fig. 8). 
The  toxicity of preparation against a given strain was 
proven by a 50% decrease in OD of  the corresponding 
culture.

Tests of activity against filamentous fungi

The  tests have also examined antimicrobial activity 
against filamentous fungi on  a  solid medium (Fig. 9). 
As in previous cases, neomycin-containing spheres hav-
ing a diameter of ca. 200 nm were used for this purpose, 
with empty spheres serving as a reference sample. A 50% 
cell death was adopted as a threshold of toxicity of a tested 
sample against a given strain.

Discussion

Preparation of neomycin-containing 
spheres

The effect of the number-average molecular weight, Mn, 
of PLLA, the weight-average molecular weight, Mw, of poly-
vinyl alcohol and stirring speed on the size of obtained 
spheres were examined (Fig. 3,4). In the case of poly-L-lac-
tide with Mn 3000 g/mol and PVA with Mw 130,000 g/mol, 
the diameter of the spheres was minimal (approx. 50 nm). 
On the other hand, larger spheres, 230–300 nm in diam-
eter, were obtained from higher molecular weight polymers 
(Mn 13,000–86,000 g/mol) (Fig. 4).

We found that the effect of the average molecular weight 
(Mw) of polyvinyl alcohol on the diameter of formed spheres 
is associated with the applied mixing speed (600 min–1 

or 1200 min–1). In PVA of Mw 30,000 g/mol, the differences 
in sphere diameters were minor for each mixing speed 
(Fig. 3). At the mixing speed of 600 min–1, the diameter 
of the obtained spheres was in the range of 140–260 nm 
(with 1 exception), while at 1200 min–1, it was in the range 
of 170–230 nm.

According to  the  manufacturer’s data, the  viscosity 
of PVA solutions increases with elevations in Mw (at 20°C, 
the viscosity of a 1% aqueous solution of PVA having Mw 
30,000 g/mol is 4 cP, while for PVA having Mw 130,000 
it  increases to  18 cP). As  a  rule, the  spheres obtained 
at the mixing speed 600 min–1, with the use of PVA hav-
ing Mw 130,000 g/mol, were much smaller (less than 70 nm 
in diameter) than those obtained at  the mixing speed 
1200 min–1 (200–300 nm) (Fig. 4). Therefore, to obtain 
spheres larger than 200 nm, one should appropriately in-
crease the mixing speed.

Table 1. Antimicrobial activity (diameter of inhibition of growth zone) of neomycin, neomycin-containing spheres, empty spheres and amphotericin 
and ampicillin against bacteria and yeast on a solid medium

Drug E. coli S. aureus B. subtilis S. typhimurium C. albicians

Diameter of inhibition of growth zone [mm]

Neomycin 30.0 30.0 36.0 30.0 20.9

Spheres with neomycin 29.0 21.0 32.0 28.0 20.1

Empty spheres 0 0 27.1 0 0

Amphotericin – – – – 13.0

Ampicillin 24.0 26.0 28.0 26.0 –

Fig. 9. Antimicrobial activity (percent of culture growth inhibition) 
of neomycin, neomycin-containing spheres and empty spheres against 
filamentous fungi

Fig. 8. Antimicrobial activity (percent of inhibition of the growth 
of a microorganism) of neomycin, neomycin-containing spheres and 
empty spheres against bacteria and yeast on a liquid medium
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We also observed that the volume of the spheres ob-
tained from PLLA having Mn 3,000 g/mol was presumably 
too small to accommodate a neomycin molecule inside it. 
Hence, PLLA of a higher number average molecular weight 
was used in further investigations.

DLS analysis  
of neomycin-containing spheres

The graph illustrating a relation of the number of same-
size spheres (measured with the DLS method) and their 
radius resembles the Gaussian curve (normal distribu-
tion) (Fig. 5). In some cases, curves showing 2 distinct 
maxima have been recorded (Fig. 6). Two maxima indicate 
the presence of 2 fractions of spheres varying in diameters. 
The spheres from the 1st fraction had a small diameter, 
less than 100 nm, whereas those from the 2nd fraction had 
a much larger diameter, over 150 nm. The graph show-
ing only 1 single maximum of the sphere size that cor-
responds to the diameter of the spheres under 100 nm 
was related to  low stirring speed (600  min–1) for Mw 
of  PVA 130,000  g/mol, independently of  Mn of  PLLA. 
In the case of PLLA of Mn 3000 g/mol, the spheres hav-
ing diameters under 100 nm were obtained using PVA 
of Mw 130,000 g/mol, both at low (600 min–1) and high 
(1200 min–1) stirring speed. Two maxima of the particle size 
distribution, corresponding to diameters of the spheres ca. 
80 nm and 160 nm (Fig. 6), were obtained for PLLA of Mn 
40,000 and 86,000 g/mol, respectively. The observations 
discussed above have suggested that the spheres smaller 
than 100 nm most likely do not contain neomycin, whereas 
the antibiotic is present in the particles having diameters 
over 150 nm.

Profile of neomycin release  
from the spheres

Kinetics of neomycin release from the PLLA spheres was 
examined in an acidic medium (acetate buffer) and nearly 
neutral medium (phosphate buffer). Following the hypoth-
esis that neomycin may be contained in spheres having 
a diameter of at least 150 nm, the examined spheres had di-
ameters of 150 nm and 200 nm. For each size of the spheres, 
the degradation of PLLA associated with neomycin release 
was faster and simultaneously more favorable in the phos-
phate buffer, which is similar to the physiological range. 
This result has been considered more important because 
the pH of the phosphate buffer is more closely resembling 
conditions in the organism. Rates of API dissolution from 
smaller (150 nm) and larger (200 nm) spheres were simi-
lar; however, the amounts of free antibiotic at the start-
ing point were different. The amounts of free neomycin 
outside the  spheres (i.e., in  the  aqueous solution and 
on the surface of spheres) were determined by measur-
ing neomycin concentration at the starting point. A low 

concentration of neomycin at the starting point proves 
a high yield of encapsulation and vice versa. From the API 
dissolution profiles, one could conclude that approx. 
70% of the active substance was encapsulated in 150 nm 
spheres, and approx. 90% in spheres of 200 nm in diameter. 
An increase of neomycin concentration in the solution 
during the experiment, compared to the starting point, 
is a proof of the presence of the antibiotic in the spheres. 
It has been found that the time required to complete dis-
solution of the antibiotic from the polymer matrix is rela-
tively long and reaches approx. 30 h.

Antimicrobial activity  
of the neomycin-containing spheres

Tests of activity on a solid medium

Results of antimicrobial activity against bacteria and 
yeast obtained from tests on a solid medium have confirmed 
that neomycin inhibits the growth of all tested microor-
ganisms. The neomycin-containing spheres have shown 
inhibitory activity against the same strains as the active 
substance, although less distinct. It was shown that poly-
L-lactide, and, more precisely, the product of its hydrolysis, 
i.e., lactic acid and its oligomers (referred to empty spheres), 
inhibit the growth of B. subtilis only (Table 1). It was rec-
ognized that the lower activity of neomycin-containing 
spheres, as compared to the pure substance, represents 
the occlusion of the antibiotic in the polymer matrix. Due 
to the necessity of polymer degradation, the release of neo-
mycin from the spheres requires a longer time. This pro-
cess is advantageous as the slow release of API is the task 
of polymer spheres as DDS.

Tests of activity in a liquid medium

Results of the antimicrobial activity tests against bacteria 
and yeast on a liquid medium were in all cases consistent 
with those from the tests on a solid medium (Fig. 8). How-
ever, the tests in a liquid medium appeared more accurate 
since the differences of activity between the neomycin-con-
taining spheres and free API were larger. Liquid mediums 
provided better availability of the examined preparation 
for the microbial cells, and therefore, they better resemble 
conditions that naturally prevail in living organisms.

Tests of activity against filamentous fungi

The tests determined the characteristics of examined 
preparations against filamentous fungi on a solid medium 
(Fig. 9). Neomycin inhibits the growth of all kinds of fungi 
and its lowest activity is observed against C. coccodes. 
Additionally, neomycin-containing spheres did not show 
toxicity solely against C. coccodes; the free antibiotic was 
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also the least active against this microorganism. It was 
found that LA and its oligomers originating from hydro-
lysis of PLLA (empty spheres) do not show activity against 
any kinds of fungi. As in bacteria and yeast, the neomycin-
containing spheres had weaker inhibitory activity than 
the free antibiotic, which may be attributed to occlusion 
of the neomycin in the polymer matrix and slow degrada-
tion of the polymer. Based on the above observations, it has 
been concluded that the neomycin-containing spheres 
have antimicrobial activity against filamentous fungi.

Conclusions

It  was previously understood that the  most desir-
able spheres for DDS should have minimal diameters 
(<100 nm). On the other hand, due to the size and com-
plexity of the neomycin molecule, its encapsulation re-
quires spheres having diameters over 150 nm. This re-
search shows that efficient encapsulation of neomycin 
requires PLLA of more considerable molecular weight 
(Mn ≥ 13,000 g/mol). Furthermore, in PLLAs of consid-
erable molecular weight, and hence, high viscosity, en-
capsulation should be performed with intense stirring 
(1200 min–1). Inadequate process conditions could result 
in empty spheres (without the antibiotic).

Based on the profile of API dissolution from the PLLA 
spheres, it was demonstrated that the yield of the active 
substance encapsulation in the 200 nm spheres reaches 90% 
and in the 150 nm spheres – 70%. The kinetics of antibiotic 
release was similar for the 150 nm and 200 nm spheres. 
Considering similar release rates and a larger (90%) yield 
of neomycin encapsulation in the larger (200 nm) spheres, 
one could conclude that the larger spheres are more suit-
able for DDS. We also observed neomycin release to be 
faster at nearly physiological pH (7.2) than in an acidic 
medium (pH = 4.5). The total time of neomycin release 
from the spheres is relatively long (approx. 30 h); hence, 
it meets the requirements of DDS.

The  most important achievement of  this study has 
been the preparation of the neomycin-containing spheres 
and the demonstration that they have inhibitory activity 
against bacteria, yeast and filamentous fungi. However, 
it  is weaker than that of the free active substance (con-
trolled release rate).

Up to now, neomycin-containing spheres were not de-
scribed as a dosage form of  this antibiotic. They were 
considering inhibitory activity against microorganisms 
and slow dissolution of neomycin. It may be assumed that 
the application of this DDS would allow for the reduction 
of adverse effects and could possibly enhance the thera-
peutic index of the active substance.
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Abstract
Background. The pH of the skin surface is usually between 5.4 and 5.9 and functions as a barrier against 
bacteria and fungi; thus, the composition of the topically applied drug form may be of high importance for 
proper medication.

Objectives. To evaluate the influence of the measurement conditions in aqueous solutions of ointments, 
creams, and gels, which include polymeric components, on the pH and conductivity results.

Materials and methods. The pH and electrolytic conductivity of aqueous dispersions of commercially 
available ointments, creams and gels were tested and compared to reference vehicles.

Results. The results of the dilution method measurements of the pH and electrolytic conductivity of the oint-
ment preparations are highly diverse, ranging from 5.88 to 6.27, whereas the reference pH for Unguentum 
simplex was between 5.40 and 5.43. Furthermore, the measurements of the pH and electrolytic conductiv-
ity with the dilution method for creams did not provide repeatable results with a small sample size, and 
the pH of commercial preparations was in the range between 5.79 and 6.37, compared to the reference pH 
of 5.23–5.46. However, the dilution method for measurements of the pH and electrolytic conductivity was 
suitable for hydrogel preparations and the obtained results were repeatable in the range of 6.11–6.90, while 
the reference preparations were in the range of 5.19–5.62.

Conclusions. Evaluation methods of the electrolytic conductivity and pH of the preparations applied 
on the skin should be further evaluated; however, the pH of the commercial preparation seems to differ from 
the physiological skin pH, which covers the range of reference preparations.

Key words: polymer, pH, electrical conductivity, gel, ointment
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Background

The pH of the skin surface is usually between 5.4 and 
5.9, and provides a  barrier function against bacteria 
and fungi.1 Medicinal substances are usually delivered 
to the skin in the form of an acid or base, rather than 
a salt, as far as the technological considerations allow. 
Consequently, the penetration of  these drugs through 
the skin is a function of the dissociation constant (pKa), 
along with the pH of the preparation and the pH of the su-
perficial layer of the skin. European Pharmacopoeia con-
tains a chapter on physical testing, including a description 
of the method of pH aqueous solutions and a recommen-
dation for samples to be diluted in distilled water.2 Typi-
cally, fatty formulations before measurement must be 
emulsified in distilled water. Hydrophilic gels and creams 
may be diluted before the measurements and the results 
are recorded after a  certain time. The  measurements 
of  lipophilic ointments may be carried out in an aque-
ous extract obtained by extraction in hot water. Various 
polymers are applied to constitute the drug form, which 
may be crucial for the pH and conductivity conditions 
of the preparation. Moreover, lipophilic ointments often 
contain the long chain alkanes, which are classified usu-
ally behind the polymers, whereas creams and ointments 
are composed using classical macromolecules described 
as polymers. Many topically applied drugs are developed 
on the basis of non-ionic or ionic polymers – for example, 
methylcellulose or polyacrylic acid.

The applied pH tests are diversified. For aqueous so-
lutions of  ointments, different authors propose vari-
ous modes of sample preparation. Popescu et al. mixed 

2 g of ointment sample with 30 cm of water and 5 g of par-
affin in a baker, heated the mixture in a steam bath for 
30 min with occasional stirring, and then assessed the pH 
only after cooling and filtering the sample to remove par-
affin.3 According to Rajasree et al., 1 g of the ointment 
was dissolved in 100 mL of distilled water, left for 2 h, 
and the pH was measured.4 Kenley et al. diluted the cream 
sample before measurement with distilled water at a ratio 
of 1:4.5 Kumar et al. postulate that the direct measurement 
of cream in the layer is 0.5 cm.6 Nesseem recommends 
the preparation of 1 g of cream in 30 mL of distilled wa-
ter with a stable pH of 7.7 Aqueous gels show good per-
formance in topical applications due to the hydrophilic 
nature of the polymers and high dispersibility in water. 
Some authors propose direct examination of  the  pH 
of the hydrophilic gels in undiluted samples.8 Nagaich 
et al. studied the pH of a 1% aqueous gel solution after its 
dissolution in 100 mL of distilled water and incubation 
for 2 h in standard conditions.9 Quiñones and Ghaly dis-
solved 0.3 g of gel in 100 mL of distilled water, protected 
the sample from light for 2 h, and then measured the pH.10 
Other investigators have dissolved the gel in distilled water 
at a proportion of 10% by volume, and the pH measure-
ment was performed in triplicate.11

Objectives

The aim of  this study was to evaluate the  influence 
of  the  measurement conditions in  aqueous solutions 
of ointments, creams and gels, which include polymeric 
components, on the pH and conductivity results.

Streszczenie
Wprowadzenie. Odczyn na powierzchni skóry wynosi zwykle 5.4–5.9. Wartość ta wpływa korzystnie na funkcje barierowe skóry wobec bakterii i grzybów. 
W konsekwencji skład postaci leku stosowanej miejscowo na skórę może mieć duże znaczenie dla wyników terapii.

Cel pracy. Ocena wpływu warunków wykonywania pomiarów w wodnych rozproszeniach maści, kremów i żeli, zawierających składniki polimerowe, na wyniki 
pH i przewodnictwa.

Materiał i metody. Zbadano pH i przewodnictwo elektrolityczne wodnych dyspersji maści, kremów i żeli dostępnych na rynku, oraz porównano te wartości 
z preparatami odniesienia.

Wyniki. Wyniki pomiarów pH i przewodności elektrolitycznej preparatów maści metodą rozcieńczania są bardzo zróżnicowane, w zakresie 5.88–6.27, podczas 
gdy referencyjne pH dla maści prostej wynosiło 5.40–5.43. Również pomiary pH i przewodności elektrolitycznej metodą rozcieńczania w przypadku kremów nie 
dają powtarzalnych wyników, kiedy stosuje się niewielką ilość próbek. Odczyn pH preparatów handlowych zawiera się w przedziale 5.79–6.37, w porównaniu do 
odniesienia 5.23–5.46. Metoda rozcieńczania pomiaru pH i przewodności elektrolitycznej wydaje się być odpowiednia dla preparatów hydrożelowych: uzyskane 
wyniki dla preparatów handlowych są powtarzalne w zakresie 6.11–6.90, a dla preparatów odniesienia w zakresie 5.19–5.62.

Wnioski. Metody oceny przewodności elektrolitycznej i pH preparatów podawanych miejscowo na skórę wymagają dalszej oceny, jednak pH preparatów handlowych 
wydaje się odbiegać od fizjologicznego pH skóry, które obejmuje zakres preparatów referencyjnych.

Słowa kluczowe: polimer, pH, przewodnictwo elektryczne, żel, maść
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Materials and methods

Materials

The following ointments were used: 1) Unguentum sim-
plex  consisting of white petrolatum and anhydrous lanolin 
in a ratio of 90:10, prepared in-house using certified phar-
macopoeial components (US); 2) a protective ointment 
with vitamin A containing 800 IU/g of retinol palmitate 
with white petrolatum and Palsgaard 0291 as an emul-
sifier (UA); 3) the zinc ointment containing zinc oxide 
on a base of hydrophilic petrolatum (UZ). The assessed 
creams included: 1) cream base Hascobaza with hydrocar-
bons, emulsifiers, and typical polar solvents (CH); 2) cream 
with 0.5% of hydrocortisone acetate with white petrolatum 
(CA); 3) 1% cream with clotrimazole (CC). The following 
aqueous gels were assessed: 1) 0.5% methylcellulose gel 
(GM); 2) gel with 100 mg/g of ibuprofen lysine salt, with 
macrogol and polyacrylic acid (GI); 3) gel with 8.5 mg/g 
of sodium heparin, using a base of neutralized acrylic acid 
polymer (GH).

Methods

Aqueous dispersions of the ointments were prepared 
using 5 g of the ointment and the addition of 45 mL of dis-
tilled water. The closed flask was then heated in a water 
bath at 70°C with frequent shaking. After macroscopic 
homogenization of the components, shaking was contin-
ued for another 5 min. Dispersions were then cooled and 
filtered through a medium porosity filter. Aqueous disper-
sions of creams and gels were produced with 5 g of formu-
lation supplemented with 45 mL of distilled water, so that 
the weight to volume ratio of the mixture was 1:10.

The mixture was dispersed to obtain a homogenous 
suspension or solution. The aqueous solutions prepared 
this way, with the dilution of 1:10, were subject to poten-
tiometric and conductometric measurements. During 
the measurements, the samples were diluted with distilled 
water to the value of 1:20, 1:30, 1:40, and 1:50, and were 
also studied.

The pH was tested using the pH-meter from Meratronik 
(type 517; Warszawa, Poland) with a combined electrode 
SAg P201 and temperature compensator Pt-100. Each 
sample test was performed 5 times, and 2 samples were 
evaluated in parallel. A stabilization time of 3 min was 
applied before every measurement.

The electrolytic conductivity tests were performed using 
the conductivity device CC-505 from Elmetron (Zabrze, 
Poland). Each sample measurement was performed 5 times, 
and 2 samples were performed in parallel. A stabilization 
time of 2 min was applied, and each test was conducted 
at room temperature.

Results

The pH and conductivity values 
of ointment-type preparations

As shown in Fig. 1 in the column graph, the pH of the ref-
erence ointment base (US) with a dilution of 1:10 ranged 
from 5.40 to 5.43, while for the dilution of 1:50 it was be-
tween 5.10 and 5.31 (Fig. 1A). The electrolytic conductivity 
of the US with the dilution of 1:10 was 12.35–13.39 µS/cm.

Figure 1C presents the pH of the ointment with vita-
min A (UA) after dilution with distilled water at a ratio 
of 1:10 – it ranged between the values of 6.10 and 6.33. 
When we increased the dilution to 1:20, the pH slightly 
decreased to  the  range of  6.04–6.23. As  we  diluted 
the samples further (1:30, 1:40 and 1:50), the average pH 
value ranges were 6.07–6.14, 6.02–6.14 and 5.88–6.15, 
respectively. Interestingly, the lowest (1:10) and highest 
(1:50) dilutions showed a wide range of pH values in the in-
vestigation of the UA ointment, while the 1:30 dilution 
showed low variability. The Student’s t-test showed sta-
tistically significant differences of the pH measurements 
between the 2 samples performed at a 95% confidence 
interval (95% CI).

The average value of electrolytic conductivity of UA 
in  the  1:10 dilution presented significant differences 
in  both samples (I  and II), ranging from 18.41  µS/cm 
to 94.06 µS/cm (Fig. 1D). At the higher dilution of 1:20, 
the pH values decreased by almost 50% and ranged from 
10.19 µS/cm to 41.44 µS/cm. In the 1:30, 1:40 and 1:50 
dilutions of the ointment sample, the average conductivi-
ties decreased, and were, respectively, 7.28–30.16 µS/cm, 
5.87–23.42 µS/cm and 5.14–19.85 µS/cm. The highest re-
sult, characterized by the greatest variation, was observed 
in the lowest dilution of 1:10. The remaining results were 
more uniform.

The average pH of the UZ at a dilution of 1:10 repre-
sented a narrow range of 6.27–6.28 (Fig. 1E). The 1:20 dilu-
tion resulted in decreased values (6.04–6.11). This decrease 
was consistently shown in further dilutions, as the 1:50 
dilution reduced the pH values to a range of 5.90–6.01. 
The decreasing pH values were characterized by a slightly 
increased variability.

The conductivity value of UZ in the 1st dilution with 
distilled water (1:10) was in the range of 19.00–24.62 µS/cm 
(Fig. 1F). With higher dilutions – 1:20 and 1:30 – the values 
were, respectively, 11.01–13.37 µS/cm and 8.00–9.55 µS/cm. 
In further successive dilutions of UZ at ratios of 1:40 and 
1:50, the average electrolytic conductivity values were simi-
lar – in the range of 6.49–7.52 µS/cm and 5.47–6.45 µS/cm, 
respectively. The Student’s t-test analysis did not show 
any significant statistical differences between the results 
of  the  electrolytic conductivity study using a  95%  CI. 
Similar to the pH study of the UZ, the result that was 
most different from the rest was obtained with the lowest 
dilution (1:10). This result, however, was characterized 
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by the largest spread, in comparison to the rest. The other 
results showed the downward trend, similar to the results 
identified in the pH values of UZ.

The pH and the conductivity  
of oil/water (o/w) cream-type preparations

The pH of the model base of o/w cream CH was 5.23 
and 5.46 for dilutions of  1:10 and 1:50, respectively 
(Fig. 2A), whereas the electrolytic conductivity, as shown 
in Fig. 2B, was in the range of 44.46–44.66 µS/cm and 
23.62–24.24 µS/cm, respectively.

After diluting with distilled water at a ratio of 1:10, the av-
erage pH values of CC were fairly divergent at 5.79 and 6.29 
(Fig. 2C). With respect to the 1:20 sample dilution, values 
of both series slightly increased, respectively, to 5.86 and 6.37. 

In sample I, the average values of the pH obtained slightly 
increasing values along with the increasing dilution (1:30, 
1:40 and 1:50); specifically, they were 5.81, 5.86 and 5.91, 
respectively. In sample II, we observed minimal reductions 
in pH following dilution – to 6.37, 6.36 and 6.35, respectively. 
The spread of the values was also similar, which may prove 
the lack of homogeneity of the studied cream. Moreover, 
the obtained results provided information on the repeat-
ability of the study, regardless of the dilution ratio.

The  average values of  the  electrolytic conductivity 
in both samples were similar at every stage of the study 
(Fig. 2D). At  the  1:10 dilution, the  results were in 
the  range of  15.46–16.24  µS/cm. At  dilutions of  1:20, 
1:30 and 1:40, the value of the measured parameter was 
in  the  range of  12.17–13.49  µS/cm, 9.42–10.06  µS/cm 
and 7.72–8.21 µS/cm, respectively. The highest diluted 

Fig. 1. Parameters of pH (A) and conductivity (B) of the assessed formulation – simple ointment (USP, Ph. Eur.) (US). The Y-bars represent standard deviation 
(SD); n = 5. I – 1st batch of measurements, II – 2nd batch of measurements; parameters of pH (C) and conductivity (D) as a function of concentration 
of dispersed preparation of the protective ointment with vitamin A containing 800 IU/g of retinol palmitate with white petrolatum and Palsgaard 0291 
as an emulsifier (UA), parameters of pH (E) and conductivity (F) as a function of concentration of dispersed preparation of the ointment-containing zinc 
oxide on the base of hydrophilic petrolatum (UZ). The black (●) and white (○) dots represent 1st and 2nd batch of measurements, respectively
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sample (1:50) displayed an average electrolytic conductivity 
value of 6.88–7.04 µS/cm. These results showed a similar 
downward trend that was seen above in present research. 
The broadest range of the obtained results was observed 
with the 1:10 and 1:20 dilutions, whereas the 1:30, 1:40 and 
1:50 dilutions displayed a much narrower range.

The distribution in the test results of the pH of the aque-
ous solution of cream with hydrocortisone (CA) was similar 
in both samples. The 1:10 dilution pH values ranged be-
tween 5.87 and 5.89. Further dilution (1:20, 1:30, 1:40, and 
1:50) of the CA led to values of 5.99, 5.96, 5.98, and 6.01, 
respectively. In sample II, the 1:30 and 1:40 dilutions exhib-
ited pH values of 6.12, and reached 6.15 in the 1:50 dilution 
(Fig. 2E). The analysis of the CA pH test results showed 
that, contrary to data from the studies of other prepa-
rations, the lowest pH values occurred in the 1st dilution 

of 1:10. In the other studied preparations, this value was 
the highest. These results showed a rising trend that sig-
nificantly deviated from the results obtained in the 1st dilu-
tion. The values obtained for the dilutions of 1:30, 1:40 and 
1:50 showed a rather large spread in comparison to the re-
sults obtained for the 1:10 and 1:20 dilutions.

The results of the conductivity measurements showed 
slight differences (Fig. 2E). Initially (1:10), the  con-
ductivity was 10.03–10.26  µS/cm, and this decreased 
to  7.16–7.50  µS/cm in  the  1:20 dilution. Further dilu-
tions of the CA (1:30, 1:40 and 1:50) displayed the fol-
lowing results: 5.62–5.77 µS/cm, 4.60–4.86 µS/cm and 
4.07–4.16 µS/cm, respectively (Fig. 2F). Based on these 
data, we can conclude that conductivity values decreased 
in response to increasing dilutions with a relatively low 
amount of variability.

Fig. 2. Parameters of pH (A) and conductivity (B) of the assessed formulation – cream base (CH). The Y-bars represent standard deviation (SD); n = 5. I – 1st 
batch of measurements, II – 2nd batch of measurements; parameters of pH (C) and conductivity (D) as a function of concentration of dispersed preparation 
of 1% cream with clotrimazole (CC), parameters of pH (E) and conductivity (F) as a function of concentration of dispersed preparation of cream with 0.5% 
of hydrocortisone acetate with white petrolatum (CA). The black (●) and white (○) dots represent the 1st and 2nd batch of measurements, respectively
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The pH and conductivity  
of hydrogel-type preparations

Results of the pH measurements of the dilution of ref-
erence preparation (GM) with methylcellulose 1:10 were 
in the range of 5.61–5.62, whereas after the highest dilution 
(1:50) the values ranged between 5.19 and 5.24 (Fig. 3A). 
The  electrolytic conductivity of  the  1:10 dilution was 
in the range of 4.99–5.05 µS/cm, while it was in the range 
of 2.86–2.90 µS/cm in the 1:50 dilution (Fig. 3B).

Average pH values of the gel preparation with 100 mg/g 
of  ibuprofen lysine salt, with macrogol and polyacrylic 
acid (GI), ranged between 6.78 and 6.84 (Fig. 3C). At di-
lutions of 1:20, 1:30, 1:40, and 1:50, the pH of the tested 
sample slightly increased and showed a rising trend: 6.85–
6.86, 6.86–6.88, 6.88–6.89, and 6.89–6.90, respectively. 
The smallest value of the studied parameter was obtained 

at the 1:10 dilution, and this dilution displayed the largest 
range as well.

The  average results of  the  five-time measurements 
of the electrolytic conductivity of GI indicated significantly 
higher values, in comparison to the previously analyzed 
data (Fig. 3D). The results for the samples diluted 1:10 were 
in the range of 1133.80–1240.0 µS/cm. In further dilutions 
(1:20, 1:30, 1:40, and 1:50), electrolytic conductivity values 
decreased (666.40–695.80 µS/cm, 446.00–476.20 µS/cm, 
348.00–361.80 µS/cm, and 281.00–283.60 µS/cm, respec-
tively). A downward trend was observed following dilution, 
together with a range narrowing. The highest values were 
observed for the lowest (1:10) dilution.

The pH values for the gel preparation with heparin sodium 
salt (GH) increased on every step of dilution in both sam-
ples. This increase was significant, as each dilution resulted 
in a change of approx. 0.1 of a pH unit. In appropriate dilutions 

Fig. 3. Parameters of pH (A) and conductivity (B) of the assessed formulation – methylcellulose gel (GM). The Y-bars represent standard deviation (SD); n = 5.  
I – 1st batch of measurements, II – 2nd batch of measurements; parameters of pH (C) and conductivity (D) as a function of concentration of dispersed 
preparation of gel with 100 mg/g of ibuprofen lysine salt, with macrogol and polyacrylic acid (GI), parameters of pH (E) and conductivity (F) as a function 
of concentration of dispersed preparation of gel with 8.5 mg/g of sodium heparin, on the basis of the neutralized acrylic acid polymer (GH). The black (●) 
and white (○) dots represent 1st and 2nd batch of measurements, respectively
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– 1:10, 1:20 and 1:30 – the pH values were in the range 
of 6.11–6.14, 6.32–6.33 and 6.43–6.44, respectively, while 
in the 1:40 and 1:50 dilutions, the average pH values were 
at 6.54 and 6.62 (Fig. 3E). The lowest values of pH for the GH 
samples were observed in the 1:10 dilution, and further dilu-
tions caused a rising trend. Overall, the span of the obtained 
results was narrow, and the highest values were observed 
in the distilled water dilution of 1:50.

The electrolytic conductivity data for GH are presented 
in  Fig. 3F. The  1:10 dilution values were in  the  range 
of 223.20–232.40 µS/cm, determined based on five-time 
measurements. With the increase in dilution to 1:20, the av-
erage results of  the electrolytic conductivity decreased 
to the range of 120.60–123.40 µS/cm. In further dilutions, 
the average electrolytic conductivity value was in the range 
of, respectively, 81.40–84.40 µS/cm, 56.80–63.30 µS/cm and 
44.60–51.00 µS/cm. The highest electrolytic conductivity 
value of GH was observed in the lowest dilution of 1:10, and 
these values decreased with subsequent dilutions. The nar-
rowest span was shown by the values in the 1:20 dilution.

Discussion

In the study of the ointment, which analyzed separate 
samples for the  same preparation, diversified pH and 
electrolytic conductivity results were clearly observed. 
In the preparation of the US, we observed a slight decrease 
in pH and electrolytic conductivity along with sample di-
lution. The greatest variability was observed in the UA. 
The wide changeability concerned both, the pH and the elec-
trolytic conductivity. Due to the large amounts of lipophilic 
substances, UA hardly underwent dispersion in the aqueous 
environment. Numerous clumps of lipophilic substance 
were observed. In the case of UZ, we also noted high diversi-
fication of the results between successive samples in the pH 
measurements. Furthermore, a slightly smaller variability 
between sample measurements was observed in the study 
of electrolytic conductivity of UZ. This may result from dif-
ferent aqueous base numbers applied respectively in the UA 
and in the UZ. They are, respectively, 10 and 250. In the UA, 
white petrolatum was used with a low aqueous number, 
which does not favor particle hydrophilicity of the lipophilic 
substrate. The substrate in UZ, which contains the hydro-
philic petrolatum with a high aqueous number, can be easily 
dispersed in water. No information was found on the influ-
ence of the Palsgaard 0291 used in the UA on the change 
of the aqueous number of petrolatum.

In the studies on the pH and conductivity of creams, 
we showed a clear difference between particular measure-
ment series, particularly in the case of the ointment studies. 
In the case of CH, no pH changes were observed with dilu-
tion increasing from 1:10 to 1:50. Conductivity tests of this 
substrate showed that increased dilution significantly re-
duces its electrolytic conductivity. Particularly, large diversi-
fication between the measurement series was noted during 

the study of the pH in the case of CC; however, the diversity 
of results within one sample was small. This may reflect 
the heterogeneity of the parts of preparation squeezed from 
the tube, that were collected for testing. In the case of CA, 
a deviation of the obtained pH values was also present, but 
not to the same degree as observed in the ointments. The di-
versity of the results of the tested creams may be the out-
come of their lipophilic nature. In studies on the electrolytic 
conductivity, significant changes were observed in the vari-
ous dilutions. This may represent the so-called system-
atic error, which can result from the applied measurement 
method or other environmental influences. It should be 
emphasized that in the cream preparations, the diversity 
of the electrolytic conductivity results between the samples 
was smaller when compared to the ointment preparations.

In the gel preparation case studies, we noted a smaller di-
versity in the results. The values of the results were higher 
compared to  those obtained for the ointment creams, 
and were nevertheless characterized by uniformity. For 
GM, the pH and electrolytic conductivity measurements 
displayed a clear decline with dilution. Results of the pH 
and electrolytic conductivity measurements for GI and 
GH showed slight differences, which can be categorized 
as a random error. These do not have a significant impact 
on the final measurement result, and their cause is un-
known – likely a significant effect on the obtained results 
can be exerted by the composition of gel preparations, 
whose main component is water, while they contain little 
active substance and polymer.

Comparing the  pH and conductivity changes in  re-
sponse to dilutions in the case of creams, we observed 
that the pH in particular samples was variable; however, 
the results of conductivity measurements were repeat-
able. Thus, further research should include conductivity 
as an auxiliary measurement allowing the quantitative as-
sessment, comparable with the preparations of the cream 
type. The diversity of the pH values in the successive cream 
measurements, in the context of repeatable conductivity 
measurement results, requires further study. The forma-
tion of the balance between the concentration of ions con-
nected with the emulsion system and the concentration 
of free ions in the solution likely occurs in the emulsion 
systems. This balance, however, does not reflect the con-
centrations of aqueous ions responsible for the pH.

Conclusions

The  results of  the  dilution method measurements 
of the pH and electrolytic conductivity of the ointment 
preparations are highly diverse. Furthermore, the measure-
ments of the pH and electrolytic conductivity using the di-
lution method in the case of creams do not give repeatable 
results when a small number of samples is used. Conversely, 
the dilution method for the measurement of the pH and 
the electrolytic conductivity is suitable for the hydrogel 
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preparations based on polymeric materials, and the ob-
tained results are repeatable. The methods of evaluation 
of the electrolytic conductivity and pH of the preparations 
applied on the skin should be further evaluated. The pH 
of the commercial preparations appears to be different from 
the physiological pH of the skin, which covers the range 
of reference preparations.
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Abstract
Natural polymers have been commonly applied in medicine and pharmacy. Their primary function is to en-
hance drug delivery, tissue regeneration or wound healing, and diagnostics. Natural polymers appear promis-
ing for photodynamic protocols, including photodiagnosis (PDD) and photodynamic therapy (PDT). Currently, 
the most challenging issue with natural polymers is to appropriately select the most effective material 
regarding the type of cancer treated. The technological achievements enable functionalization of natural 
polymers by specific antibodies, or enhancement using fluorescent or quantum dot markers for diagnostic 
applications. This review will discuss the types and properties of natural polymers and available applications 
of PDD and PDT which seem to be promising in cancer treatment. Treatment of neoplastic diseases is still 
a challenge for both physicians and scientists, so the search for alternative methods of treatment and diagnosis 
based on natural materials is relevant.

Key words: photodynamic therapy, anticancer therapy, natural polymers, photodynamic diagnosis

Streszczenie
Naturalne polimery są powszechnie stosowane w medycynie i farmacji. Ich podstawowym zadaniem jest 
lepsze dostarczanie leków, regeneracja tkanek i gojenie ran oraz diagnostyka. Naturalne polimery są obie-
cujące w protokołach fotodynamicznych, w tym fotodiagnostyce (PDD) i terapii fotodynamicznej (PDT). 
Jednak największym wyzwaniem jest odpowiedni dobór optymalnego i skutecznego materiału pod kątem 
wybranego typu nowotworu. Osiągnięcia technologiczne umożliwiają funkcjonalizację naturalnych polime-
rów przez specyficzne przeciwciała lub wzmocnienie za pomocą znaczników fluorescencyjnych lub kropek 
kwantowych do zastosowań diagnostycznych. W niniejszej pracy przeglądowej omówiono i podsumowano 
ostatnie dane dotyczące rodzajów i właściwości naturalnych polimerów oraz ich możliwe zastosowania w PDD 
i PDT, które wydają się obiecujące w leczeniu chorób nowotworowych. Leczenie chorób nowotworowych 
wciąż jest wyzwaniem zarówno dla lekarzy, jak i naukowców, zatem poszukiwanie alternatywnych metod 
leczenia i diagnozowania w oparciu o naturalne materiały jest wciąż aktualne.

Słowa kluczowe: terapia fotodynamiczna, diagnostyka fotodynamiczna, naturalne polimery, terapia 
przeciwnowotorowa
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Introduction

Cancer remains a worldwide health problem and is one 
of the pathologies with the most severe impact on global 
health. Despite advances in knowledge on recent techno-
logical improvements, the mechanisms of recurrence and 
metastasis, progression, and development of these can-
cers remain unclear.1,2 Current treatments such as surgery, 
chemo- and radiotherapy are not effective and have side 
effects. Photodynamic therapy (PDT) and diagnosis (PDD) 
are still promising and alternative treatment options for 
cancer. Early detection of cancer, particularly at a curable 
stage, is an essential factor to effectively reduce mortality 
rates.3 Unfortunately, conventional imaging technologies, 
including ultrasonography (US), computed tomography 
(CT) or magnetic resonance imaging (MRI), provide only 
anatomical and physiological information.4 Their limita-
tions include a lack of possibility for distinction of ma-
lignancies from benign lesions. Moreover, nonspecific 
distribution throughout the body, fast metabolism and 
other side effects affecting individual’s comfort need to be 
taken into consideration. Similar drawbacks are associated 
with conventional chemotherapy. Issues of drug resistance 
development and poor bioavailability need to be taken 
into account as well.5 Thus, PDT or PDD combined with 
natural polymers for the enhanced photosensitizing agent 
delivery may represent an excellent alternative therapy 
for controlling malignant diseases. This therapy is based 
on the photosensitizer (PS) molecule application, which 
is excited by the light in an established wavelength and, 
after excitation, can react with oxygen. This reaction gen-
erates reactive oxidant species (ROS) such as singlet oxy-
gen, hydroxyl radical and hydrogen peroxide superoxide 
anion radical, leading to an oxidative imbalance in cells. 
The oxidant species attack many molecules in cells, in-
cluding nucleic acid proteins, and lipids. The ROS cause 
severe changes in the physiological mechanism of signaling 
cascade or gene expression regulation and lead to cell death 
by apoptosis, necrosis or autophagy. The type of death 
depends on different conditions (PS, localization of PS, 
energy applied, and individual tumor resistance).6–8

The PDT involves the photosensitized oxidation of bio-
molecules which may undergo 2 mechanisms (type I and 
type II). Type I involves the light energy being transferred 
from excited molecules to biomolecules through electron/
hydrogen transfer. It is involved in the damage of specific 
biomolecules and the initiation of radical chain reactions. 
In type II, the excitation energy is transferred to molecular 
oxygen, leading to the formation of highly electrophilic 
singlet oxygen that directly causes damage to membranes, 
proteins and DNA. The consequence of PDT critically 
depends on the intracellular efficiency of the PS. The avail-
able PSs can be engaged in both PDT mechanisms with 
various activities. These activities can be divided into 
the following groups depending on their solubility: hydro-
phobic, hydrophilic and amphiphilic.9 However, in clinical 

practice, another classification into short-acting, interme-
diate-acting and long-acting PSs is utilized.10 The primary 
“weapon” of PDT against cancer is its ability to promote 
protein damage and membrane destruction; therefore, 
it  is crucial to optimize the cytotoxic efficiency of this 
anticancer strategy. Furthermore, a higher degree of PS 
accumulation in cancer cells usually causes more cyto-
toxic effects.11,12 Free radicals and singlet oxygen formation 
provoke a secondary effect of lipid peroxidation, resulting 
in leakage out of the membrane.6 The PS is one of the 3 de-
cisive elements of PDT, the other 2 being from light and 
oxygen.13 Because of their photochemical properties and 
uptake efficiency, only a few PSs have official approval for 
clinical application – mainly, porfimer sodium (Photofrin), 
mTHPC (Foscan), talaporfin sodium (NPe6, Laserphyrin), 
SnEt2 (Purlytin), veteprofin (Visudyne), and motexafin 
lutetium (LuTex).14,15 Numerous investigations have fo-
cused on a better characterization and development of PS 
with higher wavelengths, allowing for deeper penetration, 
a phenomenon known as the 2nd generation of PSs. The 3rd 
generation of PSs is the most effective in targeting can-
cer cells. These PSs are directed by antibodies or loaded 
in nanocarriers.16 The PDT can be involved in 3 crucial 
mechanisms of cancer tissue destruction. In the 1st one, 
cancer cells are killed directly by the damaging action 
of ROS induced by PS excitations, leading to cell death 
through necrosis or apoptosis.8 Photodynamic therapy can 
also lead to indirect tumor destruction through damage 
of tumor vasculature, which obstructs the supply of oxy-
gen, nutrients and vitamins, as well as to the activation 
of the immune system that stimulates inflammation and 
an immune response against tumor cells.9,17,18

The PDT may also be improved through connection with 
other anticancer therapies such as chemo- or radiotherapy 
and electropermeabilization of cancer cell membranes.19–21 
Currently, PDT has been used to treat various cancers, 
such as skin, lung, bladder, breast, brain, ovarian, etc., 
in preclinical models and clinical investigations. Photo-
dynamic reaction may also find use as a method of early 
cancer diagnosis, and as such is named photodynamic 
diagnosis (PDD). The PDD includes exciting and detecting 
tissue fluorescence from an earlier administered photosen-
sitizing drug and illustrating diagnostic conclusions from 
the signals achieved. Finally, other non-cancer illnesses can 
also be treated by PDT, such as dermatological, mouth and 
cardiovascular diseases.22–24

Types of polymeric materials

Natural polymers, called biopolymers, are structures 
created in the life cycle of plants, fungi, bacteria, or ani-
mals. Most of the biopolymers found in nature are pro-
duced by a highly energy-efficient process termed molecu-
lar self-assembly. Overall, the driving forces of this process 
display structural compatibility through non-covalent, 
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weak interactions and chemical complementarity.25,26 
Biopolymers are assigned into the following groups: poly-
peptides, polysaccharides and polynucleotides. In particu-
lar, polysaccharide-based polymers exhibit high stability, 
biodegradability, biocompatibility, and a lack of toxicity.27 
Different biopolymers such as pullulan, dextran, alginate, 
chitin, chitosan, albumin, hyaluronic acid (HA), gelatin, 
and guar gum are used for the creation of nanocarriers 
for drug delivery, especially in cancer drugs.28 It has been 
shown that some biopolymers have an anti-tumor effect 
themselves.27 For example, chitosan can induce membrane 
disruption in tumor cells and induce apoptosis. Biopoly-
mers are also applied as a foundation to which drugs can 
be attached and delivered to  targeted cells, which can 
result in less drug loss and lower toxicity for the whole 
organism.27 Moreover, proteins are used for drug delivery 
systems. For instance, collagen is used in ophthalmology 
as a component of  the drugs delivery system – gelatin 
is easily cross-linkable and forms valuable hydrogels, and 
these are used to create matrices in tissue engineering.25 
Likewise, albumin is used as a matrix in endovascular drug 
delivery systems.29

Collagen

In human tissues, the structural and biochemical sup-
port of cells is given by the external cellular matrix (ECM). 
The structure of the ECM is formed by a three-dimen-
sional (3D) collagen scaffold to which adhesive glycopro-
teins and proteoglycans are attached.30 Collagen is an es-
sential ECM component and one of the most beneficial 
scaffolding materials in tissue engineering. Apart from 
the fact that it  is very well tolerated and biodegradable, 
its presence promotes the attachment and proliferation 
of the host cells. It also has good mechanical properties.27 
Collagen proteins are made of triple helices which oligo-
merize into fibrils by self-assembly. Currently, 29 types 
of collagen have been identified, and differ based on the 3 
chains that make up their triple helix.25 The most com-
mon type of collagen is collagen I, which can be found 
in tendons, skin and bones. Type II collagen dominates 
in intervertebral discs, cartilage and cornea.31

The sources of collagen type I for in vitro studies are 
bovine skin, bovine Achilles tendons and rat tails, while 
collagen type II is mainly obtained from articular carti-
lage.25 An alternative to obtaining collagen is its laboratory 
production using genetic engineering techniques devel-
oped by the Fibrogen company.32 Collagen obtained in this 
way is characterized by a defined composition and lower 
immunogenicity. The hierarchical organization of the col-
lagen scaffold ensures excellent mechanical properties 
and supports cell adhesion. Its limitation is sensitivity 
to elevated temperature and gamma radiation. Despite 
the above limitations, collagen structures have found wide 
application in skin regeneration therapies. Collagen hydro-
gels that bind fibroblasts are a respectable substitute for 

the skin. By using different cross-linking collagen assem-
blies, it is possible to influence the tensile strength and bio-
degradability of the entire structure. Furthermore, these 
collagen hydrogels containing fibroblast cells are used 
to heal chronic wounds. Growth factors secreted by fibro-
blasts positively affect wound regeneration, while the col-
lagen structure itself protects it against contamination.25 
An example of a commercial collagen hydrogel dressing 
is Apligraf®.33 Freeze-drying collagen solutions produce 
collagen sponges with pore diameters ranging from 50 µm 
to 200 µm. Such structures can be enriched with other 
ECM structures like fibronectin or glycosaminoglycans.34 
This modification improves the rate of cell adhesion and 
promotes their proliferation. These products are perfect 
for the treatment of extensive burn wounds. Other uses 
of collagen are nerve regeneration, tendon regeneration, 
bone regeneration, and intervertebral disc regeneration.25

Elastin

Elastin is another significant and important compo-
nent of the ECM. It is a hydrophobic, fibrillar, structural 
protein found in connective tissue, and the main compo-
nent of tendons, ligaments, lung tissue, and walls of larger 
blood vessels. Remarkably, tissues abundant in elastin are 
capable of regaining their original size and shape follow-
ing stretching or compression.25 The elastin maturation 
process is called elastogenesis. Ripe elastin is a highly 
solid biopolymer, and its half-life is approx. 40 years.35 
Its biomedical application concerns skin repair processes 
and the reconstruction of blood vessels.36 Elastin is often 
combined with collagen to create an environment with 
adequate mechanical strength, and to promote cell adhe-
sion and proliferation.25 A technique for producing re-
combinant elastin has also been developed in a way that, 
depending on the temperature, can assume a disordered, 
fully hydrated or organized and cross-linked structure. 
These modified elastins are used in eye regeneration, bone 
regeneration or vascular grafting.37

Silk

Although the human body does not naturally produce 
silk, structures based on it are used in tissue engineering 
to regenerate liver tissues, bones, blood vessels, cartilage, 
ligaments, and cornea. The structure of silk shows excep-
tional mechanical properties, surpassing even synthetic 
materials.38 Natural silk fibers mainly consist of fibroin 
fibers stuck together with sericin. Fibroin is a protein from 
the scleroprotein group; its chains are mostly composed 
of glycine (about 40%), alanine, serine, and tyrosine. Seri-
cin (silk glue), in turn, is a protein that binds fibroin fibers 
together. It contains serine, glycine and aspartic acid resi-
dues. Silk is produced by various arthropods. Furthermore, 
the leading natural producer of this biopolymer is the mul-
berry silkworm Bombyx mori.39 Also noteworthy is the fact 
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that in order to use silkworm-derived silk as a biomaterial, 
removal of sericin must be performed to ensure biocompat-
ibility. Nevertheless, this negatively affects the biomaterial 
features.40 With the use of genetic engineering techniques, 
it is possible to create silk-based chimeric proteins with de-
sirable properties on a large scale and with low variability 
of the obtained biopolymer.41 Various forms of silk-based 
biopolymers are currently produced, including hydrogels, 
fibers, foams, and meshes. Silk is also combined with other 
materials, such as elastin or peptides with antimicrobial 
properties, to increase its usefulness. Silk-based materials 
have also been shown to promote cell attachment, pro-
liferation and differentiation of fibroblasts, osteoblasts, 
osteoclasts, and mesenchymal stem cells.39

Marine biopolymers

Marine organisms are a  powerful source of  highly 
functional polymer structures that create 3D scaffolds 
with high mechanical strength.25 These structures are 
increasingly used as  scaffolds in  tissue engineering. 
The main building materials of marine biopolymers are 
carbonate and calcium phosphate, but they also con-
tain an admixture of an organic component in the form 
of proteins. Three types of collagen exist in sea sponges, 
along with human growth factor analogs. The main ma-
rine producers of biopolymers used in bone tissue engi-
neering are corals, sea sponges, cuttlefish, and starfish.42 
Finally, trace elements such as strontium, fluorine and 
magnesium present in the inorganic part of these struc-
tures are of key importance for the  induction of bone 
mineralization.43

Marine organisms are also a rich reservoir of biopoly-
mers used in the engineering of soft shells. These include 
HA, alginate and chitosan. Hyaluronic acid is a high molec-
ular weight water-soluble polysaccharide and it is mainly 
derived from the ECM of cartilaginous fish. It is a linear 
polymer composed of alternating 1-4-D-glucuronic and 
1-3-N-acetyl-D-glucosamine residues.44 Hyaluronic acid 
exhibits viscoelastic properties, and because of this, is used 
to regenerate synovial fluid, treat rheumatoid arthritis 
and wounds, and to create skin substitutes.25 Modifica-
tions of HA are also used to reduce its solubility and slow 
its quick biodegradation. These modifications include 
esterification and combination with collagen, gelatin 
or chitosan.45

Alginate is a polysaccharide that builds the cell walls 
of brown algae. It consists of unbranched mannuronic and 
guluronic acid chains connected by  glycosidic bonds.46 
The main useful property of alginate is its gelling ability, 
which is why it is used to form wound dressings. Gelling of al-
ginate helps absorb wound exudate and promote healing.47

Chitosan is a product of  the deacetylation of chitin, 
a polymer that builds crustaceans. The structure of chi-
tosan consists mainly of D-glucosamine (70–90%) and 
N-acetyl-D-glucosamine (10–30%) chains that are linked 

by glycosidic bonds. Due to its antibacterial, moisturiz-
ing and hemostatic properties, chitosan is widely used 
in wound products.48

Nanocarriers based 
on biopolymers

Biopolymers are used to create systems for the effec-
tive and safe delivery of drugs to specific tissues. Using 
nanoencapsulation, it is possible to modulate the physi-
cochemical and pharmacological properties of the trans-
ferred substances,49 increase the stability and bioavail-
ability of drugs, while simultaneously reducing their side 
effects.50 The gelling and bioadhesive properties of bio-
polymers are used to form hydrogels to deliver anti-cancer 
compounds. The phenomenon of the sol-gel process, which 
is temperature-dependent, is exploited when administer-
ing the drug in a liquid form with the subsequent forma-
tion of a 3D matrix at the body temperature (ca. 37°C). 
The adhesive properties promote the appropriate residence 
time of the drug in the matrix, which allows for avoiding 
the side effects of conventional systemic administration 
of therapeutics. Paclitaxel nanoformulation (PTX) with 
endogenous serum albumin is currently the first-line treat-
ment in metastatic breast cancer, pancreatic cancer and 
advanced non-small cell lung cancer.49 This high-pressure 
homogenization procedure favors the reversible non-co-
valent albumin-PTX bonds and the formation of 130-nm 
nanoparticles (NPs). The drug accumulates more effi-
ciently in solid tumors in this form due to the interaction 
between albumin particles and gp60 glycoprotein.51 Pre-
viously, Yoshioka et al. developed a hydrogel based on so-
dium alginate with an admixture of hydroxyapatite for 
the controlled release of the cytostatic.52 These hydrogel 
structures retain a high degree of structural integrity and 
release the bound drug at an appropriate rate.49 Further-
more, Ruel-Gariépy et al. have developed a chitosan-based 
hydrogel loaded with cytostatic, which was administered 
to the sites after tumor resection to inhibit its regrowth. 
The starting material was the patented formula of chitosan 
and β-glycerophosphate that undergoes a sol-gel transfor-
mation after reaching body temperature.53 This chitosan-
based hydrogel is a promising strategy to avoid the draw-
backs of systemic chemotherapy, providing relatively high 
local drug concentrations. Moreover, chitosan itself has 
a pro-apoptotic effect, inhibits the glycolytic pathway and 
modulates the activity of macrophages, leukocytes, and 
interleukin (IL)-1 and IL-2.53

Watanabe et  al. have developed a  HA nanoparticle-
loaded PTX that was embedded in a hydrogel based on col-
lagen. Researchers observed that highly transducing breast 
cancer cells were very susceptible to the above hydrogel, 
which was explained by  the  release of cytostatic from 
nanostructures under the influence of metalloproteinases 
(MMPs) released by cancer.54
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Biodegradability and non-toxicity are the essential fea-
tures of innovative drug delivery systems. The use of gell-
ing and adhesive properties of various polysaccharides and 
proteins to obtain a formulation using a local bioactive 
compound is a reasonable strategy to maximize the thera-
peutic effectiveness of different molecules.49

Natural polymer-based delivery 
of photosensitizers

Although numerous platforms exist for enhanced drug 
distribution, natural polymers seem to be promising in PS 
delivery. The main aim for PSs encapsulation is to improve 
the stability of hydrophobic PSs, protect the cargo and 
facilitate drug activity by longer release.9,55,56 The other 
crucial issue is the enhanced permeability and retention 
(EPR) effect, where tumor vasculature is efficiently used 
in nanomedicine. However, in solid and low vascularized 
tumors, PSs delivery is still challenging.57,58 This problem 
can be solved with natural and biodegradable polymers, 
which are easily eliminated from the body. In the photody-
namic procedures, polymeric nanocarriers were prepared 
from natural polymers, such as albumin, HA or chitosan.59 
Wacker et al. used human serum albumin (HSA) as a drug 
carrier system for 5,10,15,20-tetrakis (m-hydroxyphenyl) 
porphyrine (mTHPP) and 5,10,15,20-tertrakis (m-hy-
droxyphenyl) chlorin (mTHPC). They examined the ef-
ficacy of these nanosystems against human leukemia cells. 
The previously performed study revealed that PSs were 
efficiently delivered and induced an  increased singled 
oxygen generation in photodynamic protocols.60 In an-
other study, bovine serum albumin (BSA) nanospheres 
were developed for the treatment of human esophageal 
carcinoma (Eca-109). These nanospheres synchronously 
encapsulated Au2Se/Au core–shell nanostructures and sig-
nificantly increased PS efficiency in cancer phototherapy.61 
Portilho et al. also used BSA for nanosphere preparation 
and encapsulation of zinc-phthalocyanine tetrasulfonate 
(ZnPcS4-AN). Nanospheres were tested on in vivo model 
(Swiss albino mice) with breast cancer. That study indi-
cated that nanosphere administration may inhibit tumor 
growth and necrotic cell death, with no side effects.62 

The other type of polymers used in PDT is chitosan-
based material. Chitosan is a biocompatible polysaccharide 
carrier that is an excellent material for producing highly 
biocompatible chlorin e6-loaded chitosan NPs. Ding et al. 
verified NPs in vitro and observed that PDT efficiency 
of Ce6-loaded CNPs considerably improved, in contrast 
to free Ce6, based on MTT and flow cytometry (FCM) 
assays.63 Kardumyan et al. chose a different approach; 
they used the presence of chitosan in a model reaction 
of tryptophan photo-oxidation. In their study, various por-
phyrins were used: disodium salt of 3,8-di (1-methoxy-
ethyl) deuteroporphyrin IX, and sodium salts of chlorin 
e6, 5,10,15,20-tetraphenylporphyrin, and f luorinated 

tetraphenyl porphyrin-5,10,15,20-tetrakis (pentafluoro-
phenyl) porphyrin. Physicochemical studies indicated that 
PSs in the presence of chitosan exhibited higher photo-
catalytic activity. In the case of PSs solubilized addition-
ally in Pluronic F127, higher efficiency of singlet oxygen 
generation was observed.64 

Chitosan NPs were also implemented for the early diag-
nosis of cancer. It was reported that MRI contrast agents 
loaded in chitosan nanosystems can be of use in cancer 
imaging.65 Further studies by Wang et al. documented 
the application of chitosan particles in photothermal ther-
apy (PTT). Authors developed chitosan polymers with gold 
nanorods for stabilization, and these nanosystems dem-
onstrated improved stability and biocompatibility in hu-
man colon HT-29 cancer cells.66 In other research, ara-
chidyl chitosan (chitosan oligosaccharide-arachidic acid; 
CSOAA)-based self-assembled nanoprobes were used for 
cancer MRI imaging. Here, NPs were labeled with Cy5.5 
and tested on head and neck cancer cell lines (Hep-2 and 
FaDu). In comparison to the commercially applied con-
trast agents, these chitosan-based probes revealed better 
effects.67 Li et al. showed that micelles based on the chi-
tosan might be effective in PDT as well. Authors used 
Photosan as a photosensitive cargo for the in vitro therapy 
on human pancreatic cancer cells (Panc-1). The research-
ers discovered that Photosan-DA-Chitosan micelles dem-
onstrated a strong photocytotoxic effect in their specific 
cell model, and provoked an increased release of ROS.68

Hyaluronic acid can also be used for nanoparticle cre-
ation. It is known that HA-based nanosystems are quickly 
captured by  reticuloendothelial system (RES),59 which 
is a part of the immune system and includes phagocytic 
cells such as monocytes and macrophages.69 Currently, 
surface modification of HA with poly(ethylene glycol) 
(PEG) is the most encouraging method to lower RES up-
take.59,69 Moreover, hyaluronan may affect tumorigenesis 
by converting an alternative energy source to glucose for 
malignant cells.70 Wang et al. used HA-based polymeric 
micelles for targeted delivery of protoporphyrin IX (PpIX) 
for photodynamic therapy toward human lung cancer cells 
(A549).71 In Table 1 below, a collection of the combinations 
of natural polymers and PSs used on in vitro and in vivo 
models is shown.

Conjugated nanoparticles

Nanoparticles, natural and synthetic, conjugated with 
targeting ligands of the representative cancer cells (e.g., 
antibodies, peptides, organic molecules) or anticancer 
drugs, which can be encapsulated by the NPs or attached 
directly, significantly enhancing the localization specific-
ity and cytotoxic drug delivery, while minimizing toxic-
ity.5,72,73 Furthermore, NPs can target other structures 
(e.g., vessels) and components of  the  cancer environ-
ment.74 They also enable detection of pathological changes 
at the molecular and cellular level in cellular processes 
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of the living cell without disturbing them; e.g., genetic 
mutations, protein overexpression or dysregulation, and 
cancer cells proliferation and metabolism. Moreover, 
Chen et al. emphasized the revolutionizing importance 
of theragnostic NPs for the future of treatment manage-
ment.16 This multifunctional system is based on 1 NP 
simultaneously linked with diagnostic agents and thera-
peutic compounds. The solution enables the use of tar-
geted therapy while monitoring its progress. According 
to these advantages, the use of  ligand-conjugated NPs 
in molecular imaging or as a drug delivery system indi-
cates that the method may represent a promising solution 
in cancer therapy and diagnosis.

Basing the production of these NPs on natural polymers 
ensures high biocompatibility, biodegradability, non-tox-
icity, and lack of immunogenicity.5 Additionally, the pres-
ence of specific protein binding sites and functional groups 
on their surface can improve target transport or tissue en-
gineering protocols for efficient binding with therapeutic 
compounds or characteristic ligands.75,76

Among the NPs widely used in biomedical imaging, 
there are silver (AgNPs) and gold NPs (AuNPs), quantum 
dots conjugated NPs, and iron oxide NPs (ION). Recently, 
natural cellulosic polymers have found use in the formu-
lation of silver NPs (AgNPs).77,78 A few methods of AgNPs 
synthesis exist, including biological, chemical and physi-
cal. Unfortunately, each of them is limited by several fac-
tors, such as solvent contamination, toxic reducing agents 
or particle aggregation. Abdellatif et al. investigated meth-
ylcellulose (MC), hydroxypropyl methylcellulose (HPMC) 
and ethylcellulose (EC).77 The obtained results showed 
that cellulosic polymers might act as an efficient reducing 
agent for AgNPs production. The AgNPs based on natural 
polymers exhibited no aggregation and the MC, HPMC 
and EC negative charge enhanced NP stability. Recently, 
Zhou et al. reviewed the use of natural polymers, such 
as chitosan, lignin, cellulose, and sugarcane bagasse pulp 

in the production of carbon dots (CDs).79 They appeared 
as high-potential green replacements for conventional 
high-potential quantum dots (QDs) due to improved bio-
compatibility and great photoluminescence (PL).

The  available literature sources report an  extensive 
analysis of ligand-conjugated NPs based on natural poly-
mers, and present promising candidates to improve can-
cer therapy with reduced toxicity. Among them we can 
distinguish: chitosan-based NPs loaded with doxorubicin 
(DOX)78,80 and curcumin81; alginate-based NPs loaded 
with docetaxel (DXL),82 paclitaxel (PXL)83 or DOX84; and 
dextran-based NPs loaded with DOX.85,86 Moreover, NPs 
used to increase stability or improve delivery and uptake 
of microRNAs and siRNAs by tumor cells are currently 
in the spotlight.87–89

Conclusions

In conclusion, this review serves as a summary of the ap-
plication of natural polymers in nanocarriers for drug 
delivery. Natural materials used in nanosystems are favor-
able because of biodegradability, limited side effects and 
improved bioavailability. In PDT, the usability of nanosys-
tems based on natural polymers can solve one of the prob-
lems which involves restrictions in application of vari-
ous PSs because of their low water solubility. The latest 
nanotechnology research demonstrates the high potency 
in surface functionalization, which aims to selectively de-
tect and destroy cancerous tissues. Thus, natural polymers 
in anticancer therapies appear to be suitable and promising 
for clinical applications.
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Table 1. Natural polymers in photodynamic therapy (PDT) procedures in vitro and in vivo

Type of nanocarrier Photosensitizer Model in vitro/in vivo

Chitosan nanoparticles62 chlorin e6 human lung
adenocarcinoma (A549) and human liver cell 

(L02)

HSA as a drug carrier system59 for 5,10,15,20-tetrakis (m-hydroxyphenyl) 
porphyrine (mTHPP) and 5,10,15,20-tertrakis 

(m-hydroxyphenyl) chlorin (mTHPC)

human leukemia cells
(Jurkat)

BSA-nanospheres61 zinc-phthalocyanine tetrasulfonate (ZnPcS4-
AN)

Swiss albino mice with breast cancer

BSA – nanospheres with Au2Se/Au core–shell60 zinc phthalocyanine (ZnPc) human esophageal carcinoma (Eca-109)

Arachidyl chitosan (chitosan oligosaccharide-arachidic 
acid; CSOAA)-based self-assembled nanoprobes66

Cy5.5 head and neck cancer cell lines (Hep-2 and 
FaDu cells)

Amphiphilic chitosan derivative (photosan-DA-Chit) 
micelles67

photosan human pancreatic cancer cells (Panc-1 cells)

Hyaluronic acid-b-poly (d,l-lactide-co-glycolide) 
copolymer (HA-b-PLGA micelles)70

protoporphyrin IX (PpIX) human lung cancer (A549 cells)

HSA – human serum albumin; BSA – bovine serum albumin.
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Abstract
Poly(glycerol sebacate) (PGS) is an aliphatic polyester which attracted significant scientific attention in recent 
years due to its vast potential in biomedical applications with regard to tissue engineering. It has been pre-
sented in the literature in the form of 2D films, porous scaffolds or nonwovens, to name just a few. Moreover, 
various applications have been proposed as a component of composite materials or polymer blends. Its physi-
cochemical properties can be significantly adjusted by means of synthesis and post-synthetic modifications, 
including cross-linking or chemical modification, such as copolymerization. Many scientists have discussed 
PGS as a new-generation polymer for biomedical applications. Its regenerative potential has been confirmed, 
in particular, in tissue engineering of soft tissues (including nerve, cartilage and cardiac tissues). Therefore, 
we must anticipate a growing importance of PGS in contemporary biomedical applications. This brief review 
aims to familiarize the readers with this relatively new polymeric material for tissue engineering applications.

Key words: tissue engineering, biomaterial, PGS, biomedical application, poly(glycerol sebacate)
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Introduction

There are multiple biocompatible polyesters developed 
for biomedical applications including poly(L-lactide), 
polycaprolactone or  polyglycolide.1 Among the  afore-
mentioned polymers, we  can indicate a  new emerging 
one: Poly(glycerol sebacate) (PGS). Poly(glycerol sebacate) 
is an excellent candidate for biomedical applications thanks 
to  its physicochemical properties including its elasto-
meric capabilities,2 cross-linking potential,3 biodegrabil-
ity4 and biocompatibility5 displayed in several in vitro and 
in vivo studies. Substantive research has been carried out 
on the field of PGS applications in various areas, especially 
biomedicine. The gradual increase in the annual number 
of papers regarding PGS is presented in Fig. 1.

PGS: structure, synthesis, 
properties, and forming techniques

The PGS was first reported in terms of biomedical ap-
plication by Wang et al.6 However, the described polymer 
was investigated in  the aliphatic copolymers synthetic 

study by Nagata et al. in 1999.7 The PGS is an elastomeric, 
biodegradable polyester material, most commonly de-
rived from dicarboxylic sebacic acid and glycerol through 
polycondensation.

Prepolymer synthesis

Commonly, PGS is obtained as a prepolymer (pPGS) 
which is subject to further structural modification, cur-
ing, blending, and forming. Each synthetic method results 
in different polymer structure. We can outline the most 
popular approaches in pPGS synthesis:

• reduced-pressure polycondensation,
• enzymatic synthesis and
• microwave-assisted polymerization.
Introduced in 2002,6 reduced-pressure polycondensation 

is undeniably the most trending synthetic pathway of ob-
taining pPGS.2,4,5,8–15 It consists of synthesis at elevated 
temperatures for a certain period of time in the inert gas 
atmosphere, combined with the  subsequent reduction 
in pressure, most commonly to around 40 mTorr.

However, polycondensation in atmospheric pressure has 
been reported as well.7,16,17 The major difference in utiliz-
ing pressure is the propagation of inter-molecular bonding 
(i.e., cross-linking). Decreased pressure in combination with 
increased temperature in the 2nd stage of polymer synthesis 
results in the aforementioned cross-linked structure. Some-
times this stage may be delayed due to the process limitation 
(e.g., during porous scaffold formation cross-linking is post-
poned to the moment when scaffold is partially formed18).

Also noteworthy, reduced-pressure polycondensation 
is also mostly used as a technique for the synthesis of PGS 
copolymers (i.e., poly (glycerol-sebacate)-co-polyethylene 
glycol19 or poly(glycerol-sebacate)-co-polycaprolactone20).

In the enzymatic synthesis, the most commonly encoun-
tered catalyst is Candida antarctica lipase B (CALB), which 
is utilized to obtain PGS.21,22 Perin and Felisberti reported 
a correlation between CALB selectivity and acyl migra-
tion phenomenon, which causes branching during the PGS 
polycondensation.22 The enzymatic synthesis is performed 
at slightly elevated temperature and has proven to produce 
polymer with increased linearity.21

Streszczenie
Poli(sebacynian glicerolu) (PGS) jest poliestrem alifatycznym, który w ostatnich latach skupił na sobie zainteresowanie wielu zespołów badawczych głównie ze 
względu na potencjał w zastosowaniach biomedycznych, w tym w inżynierii tkankowej. W literaturze jest opisywany, między innymi, w postaci dwuwymiarowych 
filmów, porowatych scaffoldów oraz włóknin. Ponadto, w niektórych przypadkach, naukowcy proponują wykorzystanie PGSu jako składnika kompozytów bądź 
mieszanin polimerowych. Właściwości fizykochemiczne poli(sebacynianu glicerolu) mogą być optymalizowane zarówno za pośrednictwem metody oraz parametrów 
syntezy, jak i poprzez modyfikacje post-syntetyczne takie jak sieciowanie, modyfikacja chemiczna lub kopolimeryzacja. Badacze przedstawiają PGS jako polimer nowej 
generacji do zastosowań biomedycznych. Jego potencjał regeneracyjny został potwierdzony w inżynierii tkanek miękkich (w tym tkanek nerwowych, chrzęstnych 
i sercowych). Jest więc kwestią czasu jego szerokie wykorzystanie we współczesnych rozwiązaniach z pogranicza biomedycyny. Ten artykuł przeglądowy stawia 
sobie za cel przybliżenie zastosowania poli(sebacynianu glicerolu) w inżynierii tkankowej.

Słowa kluczowe: inżynieria tkankowa, biomateriały, PGS, zastosowania biomedyczne, poli(sebacynian glicerolu)

 

Fig. 1. Number of scientific publications regarding poly(glycerol sebacate) 
in years 2002–2021. Source: Web of Science database. Data gathered 
on May 19, 2021
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Microwave radiation has also proven to  shorten 
the prepolymer synthesis time before the cross-linking 
stage occurs.23 Moreover, it  helps to  obtain homoge-
neous polymer mixture or dispersion (e.g., when form-
ing composites).3 The most commonly encountered ap-
proach consists of  interval microwave irradiation (e.g., 
1 min 650 W with 10 s interval24). In terms of backbone 
architecture, microwave synthesis can lead to  more 
branched structures in comparison to conventional melt 
polycondensation.25

The  described synthetic approaches are presented 
graphically as a synthetic pathway in Fig. 2.

Cross-linking and branching  
of the polymer chain

A thorough PGS branching characterization method 
by means of 1H NMR spectrum was introduced by Perin 
and Felisberti.22 This method allows for an easy and ef-
fective structural characterization of prepolymer before 
subsequent cross-linking or modification. In-depth struc-
tural analysis conducted by means of 1H NMR allows for 
an in-depth definition of the pPGS structure. Namely, one 
can outline the presence and abundance of specific glic-
erydic units in the polymeric chain and therefore, analyze 
the topology of the molecular chain.22,26 This method can 
be utilized to determine the linearity of the obtained PGS 
by confirming the presence of 2 individual linear units. 
As described in the previous section, various synthetic 
approaches result in different branching degree, degree 
of esterification or simply degree of polymerization.

One can distinguish cross-linking techniques depending 
on the utilized agent. The most popular pathway to form 
intermolecular bonding is thermal cross-linking. It can 
be performed for a shorter period of time at higher tem-
perature (taking into consideration degradability of PGS) 
or longer (even several days) in a lower range of tempera-
tures (120–150°C).27,28 The cross-linking temperature and 
time considerably influence the degree of cross-linking and 
thus, the mechanical properties of the polymer.

Chemical cross-linking of pPGS can take effect by com-
pounds such as methylene diphenyl diisocyanate (MDI) 
or hexamethylene diisocyanate (HDI). They can be intro-
duced to pPGS prior to the curing process in order to in-
crease the cross-linking degree, tensile stress and Young’s 
modulus.13,17

There is a broad array of structural modifications which 
introduce photocurable groups to the prepolymer (e.g., 
methacrylate groups12). Modified polymeric backbone 
can be further subjected to irradiation resulting in pho-
tocured structures. Therefore, we consider an irradiation 
as another agent capable of cross-linking poly(glycerol 
sebacate).12,14,26,29

PGS polymer properties

Until now, PGS has been seen as a material that resem-
bles soft tissues.17,30 Thanks to the endogenous character 
of sebacic acid and glycerine,5,6,25 PGS and PGS-based 
composites are recognized as biocompatible.14,31 The PGS 
is  obtained as transparent or slightly yellow polyester (de-
pending on the presence of oxygen during the reaction).

Fig. 2. Synthesis options for poly(glycerol sebacate) (PGS)
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The structural analysis of  the PGS performed using 
Fourier-transform infrared spectroscopy (FTIR) confirms 
the presence of all important bonds and functional groups, 
including polar hydroxyl, terminal carboxyl groups, ester 
bonding, and aliphatic backbone.27

In terms of physicochemical characteristics, PGS is con-
sidered an elastomeric material. Tests on tensile strength 
performed on PGS strips divulged an elastomeric character 
of the polymer by the presence of the characteristic stress-
stain curve.6 According to literature reports, PGS exhibits 
Young’s modulus in the range of 0.12–0.5 MPa, a tensile 
strength of 0.27–0.50 N/m2, and an elongation at break 
of 180–274%.6,23,32 Moreover, the polymer is considered 
hydrophilic with a water contact angle around 70–80°.20,33 
At body temperature (~37°C: the temperature of potential 
biomedical applications) it is fully amorphous.6,23

In addition, the prepolymer (pPGS) is soluble in many 
readily available organic solvents, such as 1,3-dioxolane, 
tetrahydrofuran, ethanol, isopropanol, and N,N-dimeth-
ylformamide, dioxane. This makes it easy to process using 
a variety of techniques.6

Processing techniques  
of PGS and PGS-based materials

Poly(glycerol sebacate) has proven to be readily pro-
cessable using various techniques. The simplest of them 
is to give it the suitable shape using in-mold polymeriza-
tion combined with cross-linking.6,27 However, in addi-
tion to  the  target shape, several other factors must be 
considered when designing the  material for potential 
tissue engineering applications. These include porosity, 
mechanical properties and biocompatibility. When dis-
cussing PGS processing, one should also note that the pre-
polymer form is mostly processed (in non-cross-linked 
form). Cross-linking is one of the last steps that stabilizes 
the properties of the product. Some of the most commonly 
used techniques for poly(glycerol sebacate) processing are 
described below.

Solvent casting

The solvent casting method is the most commonly used 
method of producing materials based on PGS. It consists 
of the following steps: 1) dissolving the polymer in a sol-
vent (in the case of PGS – dissolving the non-cross-linked 
prepolymer); 2) pouring the solution into a prepared mold 
or vessel (e.g., Petri dish); and 3) evaporating the solvent, 
and cross-linking of the product.

In the case of PGS and PGS-based materials, the most 
commonly used solvents are dimethylformamide 
(DMF),13,34,35 tetrahydrofuran (THF)2,5,17 and dimethyl 
carbonate (DMC).36 The solvent casting method is often 
supported by the particulate leaching technique. The aim 
of this treatment is to obtain larger pores optimal for cell 
growth and development. For this purpose, solid particles 

are introduced into the polymer solution and washed out 
of the material after the cross-linking step. Lee et al. used 
25–32-µm grounded salts as porogens, which after the pro-
duction of the final element were washed out in water bath.14

The PGS-based materials made by solvent casting are 
very often subjected to  a  freeze-drying process in  or-
der to remove solvent residues from the structure.9,37,38 
The solvent casting method has also been used to modify 
PGS by  introducing a  filler into the system.2,35 For ex-
ample, Gaharwar et al. introduced 1% wt of carboxyl func-
tionalized multi-walled CNTs into the solution of PGS 
(in THF). These authors proved that, thanks to interaction 
between the filler and polymer matrix, the obtained mate-
rial is characterized by much better mechanical param-
eters and resistance to degradation than unmodified PGS.2

Thermally induced phase separation method

The thermally induced phase separation (TIPS) method 
is based on the induction of phase separation in the liquid-
liquid or liquid-solid system.39 The standard PGS manu-
facturing process using this method can be divided into 
4 stages: 1) dissolving the prepolymer in a solvent (e.g., 
dioxane40); 2) freezing the system; 3) freeze drying – subli-
mation under reduced pressure of the polymer-lean phase 
(solvent); and 4) cross-linking. The product obtained using 
the TIPS method, after curing, takes the form of an elastic 
foam. An example is shown in Fig. 3.

The TIPS method is used, i.a., to produce chemically 
cross-linked PGSU.40,41 Hexamethylene diisocyanate (HDI) 
is used as a cross-linking agent. It  reacts with the hy-
droxyl groups of PGS to form a chemically cross-linked 
poly(glycerol sebacate urethane) (PGSU).

Fig. 3. PGS porous scaffolds with inorganic filler obtained using TIPS 
method (source: own research)
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Particulate leaching

The particulate leaching technique is most often used 
in parallel with other methods of PGS-based material fab-
rication. The use of solid porogens with specific geometry 
and particle size allows for the strict control of porosity 
of the biomaterial. This is important primarily for proper 
cell development. The size of the pores is also a very im-
portant factor in determining the ability to infiltrate cells 
deep into the scaffold.

Two approaches are mainly used in  the  production 
of PGS-based materials using the particulate leaching 
technique. The 1st of  them is described in more detail 
above. It  is  based on  the  solvent casting method.9,37,42 
It consists of the following steps: 1) filling the mold with 
solid porogen particles; 2) flooding the porogen bed with 
PGS and solvent solution; 3) evaporating the solvent and 
cross-linking the product; and 4) washing out the porogen. 
The 2nd frequently used approach is to mix the prepolymer 
directly with the porogen particles without the use of a sol-
vent.31,43 The rest of the procedure is similar.

The most commonly used porogens are sodium chloride 
particles (NaCl).9,36,42 Depending on the size of the target 
pores, the salt is ground and filtered prior to the process. 
Pashneh-Tala et al. have previously used sucrose as a po-
rogen.11 The advantage of both compounds is their good 
solubility in water, and thus, the possibility of non-inva-
sive removal of solid particles from the system using just 
distilled or deionized water (H2O) baths.36,42 In addition 
to water, ethanol is used to wash the final product in order 
to remove unwanted post-process residues (e.g., residues 
of a cross-linking agent or oligomer fractions).44

Electrospinning

Electrospinning can be defined as a spinning fiber form-
ing process based on an electrohydrodynamic phenom-
enon that uses electrostatic force to draw continuous fi-
bers in the form of a liquid jet, from a polymer solution 
or melt.45 Typically, the product made using this method 
is in the form of a nonwoven mat of randomly ordered fibers.

When discussing the processing of PGS by electrospin-
ning, it should be noted that the form of the prepolymer 
is processed. As with other methods, cross-linking is car-
ried out only in the final stage of material production.

Scientific reports show that it is practically impossible 
to process PGS itself using the electrospinning technique. 
The main reason for this is its low molecular weight, result-
ing in the absence of entanglements.46,47 This problem can 
be solved in several ways. One example is the electrospin-
ning of PGS with a carrier polymer (e.g., PVA48), which 
is removed from the system after the process (by leach-
ing). Another interesting approach is the electrospinning 
of PGS as a biocomponent in a blend with another polymer 
(i.e., poly(lactic acid) (PLA)46,47 polycaprolactone (PCL)49 
or poly(methyl methacrylate) (PMMA)50).

An important aspect is the selection of an appropri-
ate solvent for the preparation of the polymer solution. 
Fakhrali et al. produced PGS/PCL fibers using various sol-
vents (i.e., acetic acid, acetone, N,N-dimethylformamide, 
formic acid).49 The studies have shown that the selection 
of an appropriate solvent has an impact on the morphology 
of the fibers and their diameter.

3D printing methods

Three-dimensional printing includes a group of com-
puter-assisted techniques to  enable the  production 
of 3D models. The starting material is applied to the work 
area in a layer-by-layer manner and solidified using various 
physical factors.

The literature presents a handful of approaches to 3D 
printing of PGS-based materials. Singh et al. used the ste-
reolithography method to manufacture the Nerve Guid-
ance Conduits, taking into account the ability to cross-link 
PGS with UV radiation.13 A similar approach was used 
by Wang et al., who utilized digital-light-processing-based 
3D printing for the production of nature-inspired dou-
ble network (DN) from poly(glycerol sebacate) acrylate 
(PGSA).29 A completely different method was proposed 
by Yeh et al.,who used extrusion-based 3D printing of ac-
rylated poly(glycerol sebacate) (Acr-PGS) to manufacture 
the scaffold with elastic properties.51

Others

In  addition to  the  methods described above, several 
other methods of fabrication and processing of PGS-based 
materials have been developed. These include, i.a., gyros-
pinning52 and micromoulding53 techniques. Such broad 
processing possibilities allow for a more complete use of 
the PGS application potential.

Degradation and biodegradation

The degradation behavior of PGS is a desirable charac-
teristic for tissue engineering applications which aim for 
stimulating cell proliferation with the goal of eliminat-
ing the scaffold from the organism. The time needed for 
the complete dissolution of the PGS implant in the in vivo 
conditions is small and was determined to be 60 days.6 
Its exact length depends on many factors. It was clearly 
shown by Pomerantseva et al. that curing time, which 
greatly affects cross-linking PGS degree, affects in vivo 
degradation time.4 Bulk materials need more time for de-
composition in comparison to porous structures utilized 
as the cellular scaffolds. It naturally indicates the latter 
as potential candidates for bone tissue engineering ap-
plications in terms of biodegradation time.40 However, 
the degradation of the material caused by environmental 
factors such as oxygen or moisture applies to the biological 
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systems as well. Therefore, in vitro and in vivo biodeg-
radation studies of the PGS-based scaffolds are of vital 
importance on the field of tissue engineering applications.

Biocompatibility and cytotoxicity 
assessment

To consider any material for biomedical applications, its 
biocompatibility has to be proven and supported by rel-
evant studies. Within the International Union of Pure and 
Applied Chemistry (IUPAC) definition, biocompatibility 
is an ability to be in contact with a living system without 
producing an adverse effect.54 Wang et al., while first re-
porting on biomedical applications of PGS, clearly took 
that property into consideration. Moreover, they noticed 
that the ideal scaffold for tissue implantation should be 
biodegradable and resemble properties of the extracellu-
lar matrix (ECM) in its physicochemical aspects.6 Bone 
defects after injuries, bone tumor resections or  infec-
tions need to be supplemented by implants. The problem 
often faced in modern medicine and tissue engineering 
is to find a proper material that does not provoke rejec-
tion, is not limited in quantity and shape, and has specific 
mechanical properties similar to natural bone or even re-
placeable by one. If it is biodegradable and promotes bone 

development (i.e., material is osteoinductive), it can be 
replaced by a natural bone after application in humans. 
Often to fulfil those restrictive criteria, the implant mate-
rial needs to be complex and modified.

Following this line of reasoning, many materials based 
on PGS with an admixture of other compounds (poly-
mers, mineral apatites or others) are manufactured. For 
example, a study on the PGS/PCL blend of porous scaffolds 
for cartilage tissue engineering was conducted and showed 
successful results in terms of biocompatibility.55 The in vi-
tro degradation time, adhesion and proliferation abilities 
were investigated on bone marrow-derived mesenchymal 
stem cells (BMSCs) and articular chondrocytes (ACCs). 
The weight loss rate of PGS/PCL scaffolds was significantly 
slower than that of pure PGS stent, which shows that PCL 
was responsible for prolongation of the degradation time. 
Moreover, PCL helped increase stiffness (evaluated with 
uniaxial mechanical test). Synthesized PGS/PCL material 
was analyzed using scanning electron microscope (SEM), 
as well as BMSC and ACC cell distribution. Cell morphol-
ogy detection was observed using confocal microscope. 
As a result, authors obtained a biocompatible, composite 
material with favorable mechanical strength and appropri-
ate biodegradability. Materials combining poly(glycerol 
sebacate) with polycaprolactone have also been studied 
by other scientists, showing a great potential for soft tissue 

Table 1. Brief literature review of biological evaluations on poly(glycerol sebacate) (PBS)-based materials for tissue engineering

PGS-based material 
composition

Potential 
application Biological material Results summary Reference

Biomimetic poly(glycerol 
sebacate)/polycaprolactone 
blend scaffolds

cartilage tissue 
engineering

bone marrow-derived 
mesenchymal stem cells 

(BMSCs) and articular 
chondrocytes (ACCs)

Promising scaffold, biocompatible, prolonged 
degradation time and increased stiffness, 

cytocompatibility with both BMSCs and ACCs in vitro. 
BMSCs successfully underwent chondrogenesis 

on the PGS/PCL scaffolds.

55

Porous hyaluronic acid (HA)/
PGS-M composite scaffold

bone tissue 
engineering

human adipose-derived 
stem cells (hADSCs)

Acceptable biocompatibility and mechanical 
properties, material stimulated hADSC cell 

proliferation and differentiation.

18

PGS neural 
reconstruction

Schwann cells PGS had no deleterious effect on Schwann cell 
metabolic activity, attachment, or proliferation, and 
did not induce apoptosis in vivo. PGS demonstrated 
a favorable tissue response profile compared with 

PLGA, with significantly less inflammation and fibrosis 
and without detectable swelling during degradation.

5

Poly(ε-caprolactone)/
poly(glycerol sebacate) 
electrospun scaffolds

cardiac tissue 
engineering

bone marrow-derived 
stroma, ST2 cells

Homogenous and defect-free fiber mats from PCL 
and PGSP or PGSMXL were successfully electrospun. 

The mechanical properties of the fiber mats were 
higher compared to native human myocardial tissue.

56

Microfibrous core−shell mats 
made of polycaprolactone 
(PCL)−PGS with heparin 
immobilized on the surface 
of the scaffold

tissue 
engineering

human umbilical vein 
endothelial cells

Controlled degradation of the scaffold, structural 
integrity and mechanical support, increased elasticity, 
maintaining the mechanical properties of the tissue-

engineered construct.

57

PGS macroporous scaffolds with 
extensive micropores

soft tissue 
engineering

NIH 3T3 mouse embryonic 
fibroblast cells

Surface supports cell adhesion and proliferation. 
Mechanical properties are suitable for soft tissue 

engineering.

8

Shape-memory ternary scaffolds 
based on PGS and poly(1,3-
propylene sebacate) and 
immobilized kartogenin

cell-free cartilage 
repair

bone marrow-derived 
mesenchymal stem cell 

(BMSC)-specific

Scaffolds exhibited shape-memory properties good 
potential for minimally invasive implantation.

9
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engineering.56,57 This brief review of the biological evalu-
ation conducted on  PGS-based materials is  presented 
in the Table 1.

The PGS-based systems for tissue engineering consti-
tute a diverse range of potential applications supported 
by biological evaluation. It positions PGS as a candidate 
for future-generation biomaterial suitable for a variety 
of biomedical purposes.

Conclusions

Poly(glycerol sebacate) is an emerging polymeric mate-
rial for biomedical applications. With plenty of synthetic 
pathways followed by multiple cross-linking possibilities, 
the material proves to be a contestant for contemporarily 
utilized polymers for biomedical applications like PCL 
or PLA. The wide spectrum of applicable forming tech-
niques broadens the possibilities of  implementing this 
particularly interesting polyester in regenerative medi-
cine. One has to take into consideration its drawbacks 
including low molecular weight distribution of prepolymer 
or its high rate of biodegradability. However, PGS displays 
the properties that modern regenerative medicine is cur-
rently searching for.
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