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Abstract: Linear polyethyleneimine (L-PEI) was obtained from the acidic hydrolysis of poly(2-ethyl-
2-oxazoline) and employed in the synthesis of physically crosslinked L-PEI hydrogel, PC-L-PEIH,
chemically crosslinked L-PEI hydrogel, CC-L-PEIH, and cryogels, CC-L-PEIC. The preparation of
L-PEI-based hydrogel networks was carried out in two ways: 1) by cooling the L-PEI solution
from 90 ◦C to room temperature, and 2) by crosslinking L-PEI chains with a crosslinker, glycerol
diglycidyl ether = 20 ◦C for CC-L-PEIC. Furthermore, a polyphenolic compound, tannic acid (TA),
with superior antibacterial, antioxidant, and anti-inflammatory properties as an active biomedical
functional agent, was encapsulated during the synthesis process within L-PEI-based hydrogels and
cryogels, at 10% and 25% (w/w) based on the L-PEI amount. A linear and higher TA release was
observed from physically crosslinked PEI-based hydrogels containing 10% and 25% TA-containing
PC-L-PEI/TAH within 6 h, with 9.5 ± 05 mg/g and 60.2 ± 3.8 mg/g cumulative released amounts,
respectively. A higher antioxidant activity was observed for 25% TA containing PC-L-PEI/TAH with
53.6 ± 5.3 µg/mL total phenol content and 0.48 ± 0.01 µmole Trolox equivalent/g. The minimum
bactericidal concentration (MBC) of PC-L-PEIH and CC-L-PEIC networks against both E. coli (ATCC
8739) and Gram-positive B. subtilis (ATCC 6633) bacteria was determined at 5 mg/mL, whereas the
MBC value of 10 mg/mL for CC-L-PEIH networks against the same bacteria was achieved.

Keywords: linear polyethyleneimine; polyethyleneimine/tannic acid hybrid; antioxidant; antibacterial;
tannic acid release; controllable drug release; hydrogel/cryogel

1. Introduction

Cationic polymers have emerged as significant structures with their use as one of
the go-to materials for environmental applications, where they may be utilized to elec-
trostatically separate negatively charged target components from industrial wastes [1–3].
Accordingly, cationic polymers afford many active groups such as amines, sulfonium, and
phosphonium and more adaptable chain architectures than traditional inorganic cations [4].
Additionally, by properly designing the initial monomeric precursors as well as employing
the post-modification technique, it is possible to manage cationic polymers’ functional
qualities, such as molecular weight, charge distribution, biocompatibility, and so on [5–7].
Polyethyleneimine (PEI), one of the most attractive polycations, is well-recognized for its
versatility and highly positively charged nature in a variety of formulations. Previous
research has demonstrated that PEI is capable of interacting with metal ions and negative
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ions through complexing or neutralization [8]. Furthermore, PEI is compatible with a
variety of substrates and may be applied as functional coatings [9]. Additionally, PEI
has abundant surface amine groups in a linear or branching structure and is commonly
employed in biomedical imaging, gene therapy, as an antibacterial agent, and in controlled
drug release systems [10–13]. For diverse biological applications, PEI has been employed
to generate a variety of organic/organic or organic/inorganic hybrid materials [14–17].

Tannic acid (TA) is a hydrolyzable amphiphilic tannin found in various natural sources
such as gallnuts, grapes, tea, and coffee [18]. TA is an FDA-approved polyphenolic com-
pound and has been safely used as a food additive, bio-sorbent, and animal feed due
to its excellent properties such as metal chelation, antioxidant activity, and polymeriza-
tion [18,19]. A wide variety of therapeutic effects of TA have been reported, including
radical scavenging, anti-inflammatory, neuro-protective, and antiviral effects [20]. More-
over, TA has been proven to target specific cancer cell lines in neoplastic diseases [21]. TA
has high inhibitory effects against certain microorganisms such as yeast, fungi [22], Gram-
positive, and Gram-negative bacteria [19]. These favorable features make TA a promising
pharmaceutical candidate in various biomedical fields [19]. However, clinical applications
of TA have been limited due to its low lipid solubility, low bioavailability, and short dura-
tion. After ingestion, it has poor bioavailability due to its large size, high affinity to bind
plasma proteins, and low lipid solubility [23]. Thanks to its intrinsic structure composed
of hydroxyl and carboxyl groups, TA could interact with organic, inorganic, natural, or
synthetic compounds and hydrophilic and hydrophobic materials via cross-linking [18,24].

Novel drug delivery systems have been designed to deliver TA to improve its biomed-
ical and pharmaceutical applications [21]. For example, TA was combined with anticancer
drug molecules to form nanoparticles [25,26]. These nanocomplexes improved the an-
ticancer activity, showed good cytotoxicity, reduced IC50 values, and increased cellular
uptake of the drugs [24–26]. Tannic acid was proven to preserve its high antioxidant activity
when encapsulated in nanoparticles and exhibited a progressive in vitro release profile as
desired [27]. Previously published studies supported the idea that controllable release of TA
from composites/matrices, and thus sustainable antimicrobial and antioxidant activities,
could be achievable [28].

Here, linear polyethyleneimine (L-PEI) was synthesized via the acidic hydrolysis of
poly(2-ethyl-2-oxazoline) (PEOX) under reflux. Then, the prepared L-PEI was used in the
preparation of physically crosslinked L-PEI hydrogel (PC-L-PEIH), chemically crosslinked
L-PEI hydrogel (CC-L-PEIH), and in a cryogel form (CC-L-PEIC) using glycerol diglycidyl
ether (GDE) as the crosslinker. Moreover, physically and chemically cross-linked L-PEI/TA
hydrogels and cryogels containing 10% and 25% w/w tannic acid (TA) were also prepared
to demonstrate TA release from the prepared networks in a preferred amount and time
course. The comparison of TA release from physically and chemically crosslinked L-PEI/TA
hydrogels and cryogels was done in pH 7.4 phosphate buffer solution (PBS) at 37 ◦C. Also,
the antioxidant properties of L-PEI/TA hydrogels and cryogels were investigated via
total phenol content (TPC) and ABTS+ scavenging assays. Antibacterial properties of
physically and chemically crosslinked L-PEI and L-PEI/TA hydrogels and cryogels against
Gram-negative Escherichia coli (E. coli, ATCC 8739) and Gram-positive Bacillus subtilis (B.
subtilis, ATCC 6633) bacteria were also tested employing macro-dilution and disc diffusion
techniques. The results of this study could serve as primary results for in vivo experiments.

2. Materials and Methods
2.1. Materials

Poly(2-ethyl-2-oxazoline) (PEOX, Mn:50000, PDI 3-4, Sigma Aldrich, St. Louis, MO,
USA), hydrochloric acid (HCl, 37%, Carlo Erba, Val-de-Reuil, France), and sodium hy-
droxide (NaOH, 99%, AFG Bioscience, Northbrook, IL, USA) were used for the synthesis
of linear polyethyleneimine (L-PEI). Glycerol diglycidyl ether (GDE; Technical grade;
Sigma Aldrich, Tokyo, Japan) was used as a crosslinker for the preparation of chemically
crosslinked L-PEI-based hydrogels and cryogels. Tannic acid (TA, 99%, Sigma Aldrich,
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Bornem, Belgium) was used as an active drug ingredient. In the antioxidant activity tests,
Folin-Ciocalteau phenol reagent (FC, 2N, Sigma-Aldrich, Buchs, Switzerland) and sodium
bicarbonate (NaHCO3, 99%, Sigma-Aldrich, Saint Louis, MO, USA) were used for the TPC
test, and 2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS+,
98%, Sigma-Aldrich, Markham, ON, Canada) and potassium persulfate (KPS, 99%, Carlo
Erba, Val-de-Reuil, France) were used for the TEAC test. For the antimicrobial activity tests,
Gram-negative bacteria Escherichia coli (E. coli, ATCC 8739) and Gram-positive bacteria
Bacillus subtilis (B. subtilis, ATCC 6633) were obtained from the Microbiology Department
of the School of Medicine at Canakkale Onsekiz Mart University. As bacterial growth
medium, nutrient agar (NA, Condolab, Madrid, Spain), and nutrient broth (NB, Merck,
Darmstadt, Germany) were used as received.

2.2. Synthesis of L-PEI

The synthesis of L-PEI was carried out via hydrolysis of PEOX under acidic conditions
by following the literature [29]. In brief, 10 g of PEOX were weighed and added to a 250-mL
round-bottomed flask containing 50 mL of water. After that, 50 mL of a 36% concentrated
HCl solution was placed on the prepared solution of PEOX in 50 mL of water and stirred at
room temperature for 10 min. The flask was then placed in a previously heated magnetic
stirrer to 100 ◦C with a reflux setup and stirred at 800 rpm for 14 h. Finally, the obtained
blurred solution was placed into 400 mL of ice-cold water and stirred until it became a
transparent solution. Then, the ice-cold 4 M NaOH solution was dropwise added to this
solution. The obtained precipitation has a pH range of 10–11, confirming the essential
nature of L-PEI chains. The L-PEI was precipitated with centrifugation at 10,000 rpm and
4 ◦C for 10 min. The precipitated L-PEI was washed with water two times. Lastly, the
obtained L-PEI was dried in a freeze-dryer for two days and stored in closed tubes for
further usage.

2.3. Synthesis of L-PEI-Based Hydrogels and Cryogels
2.3.1. Synthesis of Physically Crosslinked L-PEI and L-PEI/TA Hydrogels

The synthesis of physically crosslinked L-PEI, PC-L-PEIH, and TA-containing L-PEI/TA
(PC-L-PEI/TAH) hydrogels was carried out according to the literature with some modifica-
tions [29]. Firstly, 1 g of L-PEI was dissolved in 7.5 mL of water at 90 ◦C under continuous
stirring at 500 rpm, and 2.5 mL of a 1 M NaOH solution was added to the reaction medium.
On the other hand, the prepared TA solutions, at 10% and 25% w/w according to the
weight of L-PEI, in 2.5 mL of 1 M NaOH, were added drop-by-drop to the L-PEI solutions
(7.5 mL in water) at 90 ◦C under continuous stirring at 500 rpm and stirred for 5 min more
at 90 ◦C. Finally, the prepared L-PEI and L-PEI/TA solutions were placed into plastic straws
(7 mm in diameter) and cooled to room temperature. Finally, the prepared PC-L-PEIH

and PC-L-PEI/TAH were cut into similar shapes and sizes and dried in a freeze-dryer.
Before the drying process, all PC-L-PEI-based hydrogels were swilled out once to remove
unreacted reactants. The prepared PC-L-PEI/TAH containing 10 and 25% w/w TA were
named PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2, respectively.

2.3.2. Synthesis of Chemically Crosslinked L-PEI, L-PEI/TA Hydrogels, and Cryogels

For the synthesis of chemically crosslinked L-PEI (CC-L-PEIH) hydrogels, the prepared
L-PEI solutions at a concentration of 0.1 g/mL in 10 mL of 0.25 M NaOH were dissolved
at 90 ◦C and stirred at 500 rpm. Then, 0.237 mL of GDE (5% mol ratio relative to the
L-PEI repeating unit (-CH2CH2NH-, 43 g/mol) was added to the reaction medium after
observing the clear L-PEI solution, and after vortexing for 30 s, it was quickly placed on
plastic pipettes of 7 mm diameter. The plastic pipettes were kept at room temperature for
24 h for the completion of crosslinking reactions.

The same method was used for the synthesis of chemically crosslinked L-PEI (CC-L-
PEIC) cryogels. Plastic pipettes were placed into a freezer at −20 ◦C and kept there for 24 h
to complete crosslinking reactions.
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Moreover, the chemically crosslinked L-PEI/TA hydrogel (CC-L-PEI/TAH) and cryo-
gel (CC-L-PEI/TAC) were also prepared as mentioned above. For this purpose, 1 g of
L-PEI was dissolved in 7.5 mL of water at 90 ◦C, and the prepared TA solutions in 2.5 mL
of 1 M NaOH solutions (TA contents are 10 and 25% w/w with respect to the weight
of L-PEI) were added dropwise to the L-PEI solutions and stirred for 5 more minutes at
90 ◦C. Next, 0.237 mL of GDE (5% mol ratio relative to the L-PEI repeating unit) was
added to the reaction medium, and after vortexing for 30 s, it was quickly placed on plastic
pipettes (7 mm in diameter). The plastic pipettes were kept at room temperature for 24 h
for the formation of CC-L-PEI/TAH and placed into the freezer for the preparation of
CC-L-PEI/TAC, separately.

Finally, the chemically crosslinked L-PEI and L-PEI/TA hydrogels and cryogels were
cut into similar shapes and sizes and dried in the freeze dryer. Before the drying pro-
cess, all chemically crosslinked hydrogels and cryogels were swilled out once to remove
unreacted reactants. The prepared CC-L-PEI/TAH and CC-L-PEIC, containing 10% and
25% w/w TA, were denoted as “−1” and “−2” respectively, as mentioned in physically
crosslinked hydrogels.

2.4. Characterization

A fourier transform infrared radiation (FT-IR, Nicolet iS10, Thermo, Waltham, MA,
USA) spectrometer was used for the assessment of the functional group of all L-PEI hydro-
gels and cryogels via the attenuated total reflector (ATR) technique in the wavenumber
range of 4000–650 cm−1.

A thermogravimetric analyzer (TGA, SII TG/DTA 6300, Seiko, Tokyo, Japan) was used
for the comparison of the thermal stabilities of the prepared L-PEI-based hydrogels and
cryogels. For this purpose, a certain amount of sample (3–5 mg) was placed into a ceramic
TGA cuvette and heated up to 100 ◦C to remove water or moisture from the structure
under a 20 mL/min N2 gas flow. After that, the samples were heated up to 700 ◦C with a
10 ◦C/min heating rate under a 20 mL/min N2 gas flow.

Swelling % (S%), porosity % (P%), pore volume % (PV%), and gel yield % values of the
prepared L-PEI-based hydrogels and cryogels were calculated with the following equations.

S% = [(Ws − Wd)/Wd] × 100 (1)

P% = [(Ws − Wsq)/Ws] × 100 (2)

VP% = (Wch − Wd)/(Wd × dch) × 100 (3)

Gel Yield% = (Wproduct/Wreactant) × 100 (4)

where “Ws” is the weight of swollen, “Wd” is the weight of dry, “Wsq” is the weight
of squeezed forms of L-PEI-based hydrogels and cryogels, and “Wch” is the weight of
L-PEI-based hydrogels and cryogels in cyclohexane. In addition, “Wproduct” is the weight
of synthesized L-PEI-based hydrogels and cryogels, whereas “Wreactant” is the weight of
precursors in the preparation of L-PEI-based hydrogels and cryogels.

2.5. TA Release from L-PEI/TA Hydrogels and Cryogels

The release of TA from the prepared L-PEI/TA hydrogels and cryogels was carried out
in a PBS solution at pH 7.4 and 37 ◦C. For this purpose, certain amounts of 10% and 25%
w/w TA containing L-PEI/TA hydrogels and cryogels were placed into dialysis membranes
with 2 mL of PBS, and dialysis membranes were placed into erlenmeyers containing 98 mL
of pH 7.4 PBS, separately. After that, the erlenmeyers were placed into a shaking bath at
37 ◦C, and the released TA amount was determined from the calibration curve of TA in pH
7.4 PBS at 275 nm wavelength at various time intervals via a UV-Vis spectrophotometer
(SP-UV300SRB, Spectrum, Quanzhou, China). The measurements were done in triplicate,
and the results were given as average values with standard deviations.
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2.6. Antioxidant Properties of L-PEI-Based Hydrogels and Cryogels

To investigate the antioxidant properties of tannic acid containing L-PEI-based materi-
als, they were separately put into fresh 20 mL of PBS solution in tubes and kept at 37 ◦C
for 3 h. Then, the supernatant solutions were taken from the tubes and read by a UV-Vis
spectrophotometer at 275 nm to determine the released amount of tannic acid content.

2.6.1. Total Phenol Content Assay

The total phenolic contents of the prepared materials were measured using the Folin–
Ciocalteu (FC) method described by Kowalczyk et al. [30]. First, 100 µL of samples at
certain concentrations (obtained after a 3-h release time) were reacted with 1.25 mL of a
0.2 N solution of FC reagent for 4 min. After this, 1 mL of a 0.7 M sodium bicarbonate
solution was added to this mixture and kept in the dark condition for 2 h. Then, the total
phenol content of the prepared materials was measured using a UV-Vis spectrophotometer
(T80+ PG Instrument) at 760 nm. The antioxidant activity results of the samples were
expressed by using a calibration curve of gallic acid as µg/mL gallic acid equivalent. The
analysis was performed twice, and the values were given as the mean values.

2.6.2. ABTS+ Scavenging Assay

The antioxidant capacities of prepared materials were also measured by ABTS+ scav-
enging assay in accordance with the literature [30]. An ABTS+ radical solution was prepared
by mixing 3 mL of 2.45 mM potassium persulfate aqueous solution with 9 mL of 7 mM
ABTS+ aqueous solution, and the mixture was kept in the dark for 16 h in a cool place. The
stock of ABTS+ was diluted with PBS to obtain an absorbance value of 0.7 ± 0.05 at 734 nm.
After this, 3000 µL of diluted ABTS+ solution was reacted with various amounts of these
suspensions (50–400 µL) for 6 min. At the end of 6 min, the values with a 20−80% reduction
of the blank absorbance at 734 nm were determined. Trolox equivalent antioxidant capacity
(TEAC) values were determined against the Trolox standard curve and defined as “µmol
Trolox equivalent/g.” The test was repeated three times, and the values were given as
averages with standard deviations.

2.7. Antimicrobial Activity Tests of L-PEI-Based Hydrogels and Cryogels

The antimicrobial properties of L-PEI-based hydrogels and cryogels were determined
by the macro-dilution method and a zone of inhibition experiment against E. coli (ATCC
8739) and B. subtilis (ATCC 6633) as Gram-negative and Gram-positive bacteria, respectively,
by following the previous procedures [31,32]. Reisner and Woods discovered that only
seven microorganisms cause 85–90% of all clinically reported illnesses, with E. coli being
responsible for almost half of all infections [33]. Also, B. subtilis bacteria in patients with
compromised immune status have been reported to cause infections such as bacteremia,
endocarditis, pneumonia, and septicemia [34]. Prior to testing, L-PEI-based hydrogels and
cryogels were sterilized for 10 min under the UV light (λ = 420 nm).

2.7.1. Macro-Dilution Assay

Fresh 24 h cultures of E. coli and B. subtilis strains were suspended in 5 mL of nutrient
broth (NB) liquid growth medium and mixed with a mini-shaker to adjust to 0.5 McFar-
land’s standard containing 108 CFU mL−1 (colonies forming units). Then, 50, 100, and
200 mg of sterilized L-PEI-based hydrogel and cryogel samples were weighed and placed
into 10 mL of NB in tubes to obtain 5, 10, and 20 mg/mL concentration samples, respec-
tively. After this step, 100 µL of bacterial suspensions were added into tubes and incubated
at 35 ◦C for 18–24 h. After the incubation, the broth media in the tubes were diluted with
0.9% physiological saline solution to count the colony numbers. Then, 100 µL of diluted
broth media containing bacteria were seeded onto nutrient agar solid growth medium
and kept at 35 ◦C in the incubator for 24 h. Finally, the bacterial growth was evaluated by
counting the colonies.
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2.7.2. Zone of Inhibition Experiments

To determine the zone of inhibition of the prepared L-PEI-based hydrogel and cryogel
samples, 100 µL of E. coli and B. subtilis suspensions containing approximately 108 CFU
ml−1 were poured onto nutrient agar solid growth medium in 90 mm petri dishes and
spread. Immediately, sterilized L-PEI-based hydrogel and cryogel samples weighing exactly
1.5 mg were gently placed onto nutrient agar, and the petri dishes were incubated at 35 ◦C
for 24 h. After the incubation, samples were carefully removed from the plates, and zone
diameters of inhibition were measured. Antibacterial activity assays were repeated twice
on plates.

3. Results and Discussion
3.1. Synthesis and Characterization of L-PEI-Based Hydrogels and Cryogels

For the synthesis of linear polyethyleneimine (L-PEI)-based hydrogels and cryogels,
L-PEI was synthesized following the method reported by Soradech et al. [29]. For this
purpose, L-PEI was obtained from the hydrolysis of PEOX in acidic conditions at 100 ◦C.
The possible reaction was illustrated in Figure 1a. The removal of the propionaldehyde
group from the polymer chains of PEOX in the presence of HCl and the hydrolysis of
nitrogen provide for the formation of L-PEI chains [35,36]. The prepared L-PEI chains were
used as a precursor to synthesize L-PEI-based hydrogels and cryogels. Earlier, Soradech
et al. synthesized physically crosslinked PEI cryogels via freeze-thaw technique with
intramolecular NH . . . N hydrogen bonds [29].
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In this paper, three types of L-PEI-based materials were synthesized: physically
crosslinked L-PEI hydrogels (PC-L-PEIH), chemically crosslinked L-PEI hydrogels (CC-L-
PEIH), and chemically crosslinked L-PEI cryogels (CC-L-PEIC). The schematic presentation
of the preparation of L-PEI-based hydrogels and cryogels is illustrated in Figure 1b,c
respectively. The prepared PC-L-PEIH was physically crosslinked with NH . . . N hydrogen
bonding, as reported in the literature [29]. On the other hand, the chemically crosslinked CC-
L-PEIH and CC-L-PEIC structures were crosslinked with GDE via ring-opening reactions,
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as reported in the literature [8]. The amine groups of L-PEI chains reacted with the
epoxy groups of GDE, and CC-L-PEIH and CC-L-PEIC structures were prepared at room
temperature and −20 ◦C, respectively. The digital camera images of PC-L-PEIH, CC-
L-PEIH, and CC-L-PEIC structures are also given in Figure 1d–f respectively. Cryogels
are a special type of common hydrogel with interconnected, super porous structures,
higher flexibility, elasticity, and mechanical strength, and fast response capabilities to
environmental stimuli [37]. Therefore, cryogels are commonly used in tissue engineering,
biomolecule separation, enzyme immobilization, etc. [38].

To confirm the synthesis of L-PEI from PEOX and the preparation of PC-L-PEIH, CC-
L-PEIH, and CC-L-PEIC structures, FT-IR spectra are given in Figure 2a. It was clearly
seen that the most distinct peak was the amide carbonyl vibration at 1633 cm−1 on the
FT−IR spectrum of PEOX. Also, the disappearance of this peak after hydrolysis in acidic
media and the observed peak at 3276 cm−1 which is attributed to NH stretching vibration,
show the successful conversion of PEOX to L-PEI [35]. The FT−IR spectrum of PC-L-PEIH

structures overlapped exactly with the FT-IR spectrum of L-PEI chains, as expected. There
was also an NH stretching vibration peak at 3271 cm−1 that was clearly seen in CC-L-PEIH

and CC-L-PEIC structures. There were also two new peaks observed at 1155 and 1060 cm−1

which are assigned to C−O stretch and −OH bending vibration as a result of crosslinking
with GDE [8].
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Figure 2. The comparison of (a) the FT−IR spectrum and (b) the TGA thermograms of PEOX, L-PEI
chains, and L-PEI-based hydrogels and cryogels.

The comparisons of the thermal behaviors of PEOX, L-PEI chains, and L-PEI-based
hydrogels and cryogels are given in Figure 2b. It was seen that the PEOX started to degrade
around 320 ◦C, and between 320–380 ◦C a 75% weight loss was observed. The degradation
of PEOX continued slowly between 385–550 ◦C with a 92% cumulative weight loss. On
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the other hand, the L-PEI chains started to degrade between 150–190 ◦C with 13% weight
loss and continued to degrade between 240–330 ◦C with 54% and 340–590 ◦C with 92%
cumulative weight losses, respectively. It was also observed that the prepared PC-L-PEIH

started to degrade at 150 ◦C, with a weight loss of 42% at 330 ◦C and a second degradation
step between 360–570 ◦C, with a cumulative weight loss of more than 99%. On the other
hand, the chemically crosslinked CC-L-PEIH and CC-L-PEIC were almost thermally stable
up to 230 ◦C and 280 ◦C, respectively, and showed similar degradation profiles, which
were two-step degradations between 240–350 and 290–350 ◦C with 63% and 57% weight
losses, respectively, and 460–590 ◦C and 450–580 ◦C with >99% cumulative weight losses,
respectively. It can be concluded from TGA thermograms of PEOX, L-PEI chains, and L-
PEI-based hydrogels and cryogels that the chemical crosslinking of L-PEI chains to produce
CC-L-PEIH and CC-L-PEIC increased the thermal stability of L-PEI chains with almost no
degradation at more than 200 ◦C levels.

Moreover, the S%, P%, PV%, and gel yield % values for PC-L-PEIH, CC-L-PEIH, and
CC-L-PEIC networks were also calculated and summarized in Table 1. The PC-L-PEIH,
CC-L-PEIH, and CC-L-PEIC networks swelled in 1 h, 3 h, and 1 min, respectively. The
S% values for PC-L-PEIH, CC-L-PEIH, and CC-L-PEIC networks were also calculated as
512 ± 54, 976 ± 107, and 1154 ± 142%, respectively.

Table 1. Swelling rate (S%), porosity (P%), pore volume (Vp), and gel yield % of physically and
chemically crosslinked L-PEI networks.

Materials S% P% PV% Gel Yield%

PC-L-PEIH 512 ± 54 51 ± 4 34 ± 3 95 ± 2%
CC-L-PEIH 976 ± 107 19 ± 2 7 ± 1 96 ± 1%
CC-L-PEIC 1154 ± 142 63 ± 5 57 ± 2 96 ± 1%

The P% values for PC-L-PEIH, CC-L-PEIH, and CC-L-PEIC networks were calculated
as 51 ± 4, 19 ± 2, and 57 ± 2%, whereas the PV% values were calculated as 34 ± 3, 7 ± 1,
and 57 ± 2%, respectively. Moreover, the gel yield % of all L-PEI-based networks was
calculated to be more than 95%. It is apparent that the chemically crosslinked hydrogels
and cryogels have a higher swelling degree than the physically crosslinked hydrogels. On
the other hand, the P% value of chemical crosslinked hydrogel (CC-L-PEIH) was less than
PC-L-PEIH hydrogel and as expected CC-L-PEIC cryogel had the highest P% value, 63 ± 5.
The PV% values were also similar to the P% values. Furthermore, the gel yield % values of
the prepared hydrogel materials were high and calculated at about 96%.

3.2. Synthesis and Characterization of L-PEI/TA-Based Hydrogels and Cryogels

The synthesis of TA-containing L-PEI-based hydrogels and cryogels was also prepared
as mentioned above. The TA solutions, at 10 and 25% w/w in 2.5 mL of 1 M NaOH
solution (based on L-PEI), were added to L-PEI solutions, and both physically and chem-
ically crosslinked L-PEI/TA hydrogels and cryogels were synthesized. The schematic
presentation of the preparation of PC-L-PEI/TAH, CC-L-PEI/TAH, and CC-L-PEI/TAC is
illustrated in Figure 3a. For the preparation of PC-L-PEI/TAH, intramolecular hydrogen
bonds between NH . . . O or N . . . HO play an active role. On the other hand, the chem-
ically crosslinked CC-L-PEI/TAH and CC-L-PEI/TAC structures were crosslinked with
GDE, due to the reaction of the epoxy ring with both -OH and -NH [8,32]. The prepared
CC-L-PEI/TA hydrogels and cryogels can also be presumed to be copolymeric networks
due to the crosslinking of L-PEI and TA molecules with each other [39,40]. The digital
camera images of the PC-L-PEI/TAH-2, CC-L-PEI/TAH-2, and CC-L-PEI/TAC-2 networks
were also given in Figure 3b–d. It was clearly seen that the color of networks darkens with
increasing amounts of TA, confirming the presence of higher amounts of TA in the network.
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The FT−IR spectra and TGA thermograms of L-PEI/TA-based networks were also
compared in Figure 3e,f, respectively. When the FT−IR spectra of L-PEI/TA-based net-
works are examined in Figure 3e, the most prominent peaks observed that were different
from the FT−IR spectra of L-PEI-based bare network structures were C−O vibration at
1200 cm−1 and C−OH stretching (ring) between 1370–1390 cm−1, respectively. Moreover,
the comparison of the thermal stabilities of PC-L-PEI-TAH-2, CC-L-PEI/TAH-2, and CC-
L-PEI/TAC-2 networks is given in Figure 3f. In a comparison of the thermal degradation
profiles of PC-L-PEI-TAH-2, CC-L-PEI/TAH-2, and CC-L-PEI/TAC-2 networks, it was
clearly seen that chemically crosslinked L-PEI/TA networks were thermally more stable
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than physically crosslinked forms. However, in comparison with the thermal stability of
their TA-free forms, adding TA molecules to the structure slightly increased the thermal
stability of L-PEI-based networks.

3.3. TA Release from L-PEI/TA-Based Hydrogels and Cryogels

The controllable release of TA can be very important because of the well-known radical
scavenging, anti-inflammatory, neuro-protective, and antiviral effects, as well as its fairly
good antimicrobial properties against various microorganisms such as yeast, fungi, or
bacteria [19,20,22]. Therefore, the release study of TA from the prepared L-PEI/TA-based
networks at pH 7.4 PBS at 37 ◦C was investigated, and corresponding graphs are given
in Figure 4. The TA release from PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2 at pH 7.4 PBS
at 37 ◦C is presented in Figure 4a. The linear and rapid releasing of TA from both PC-L-
PEI/TAH-1 and PC-L-PEI/TAH-2 networks was observed up to 6 h with 9.5 ± 0.5 mg/g
and 60.2 ± 3.8 mg/g, respectively, which were equal to 10 and 25% of the TA content
of PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2. Interestingly, a second linear TA release was
observed from both PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2 networks between 17–29 h,
with 39.6 ± 3.9 mg/g (40% of TA content) and 107.9 ± 8.2 mg/g (43% of TA content),
respectively. Moreover, the TA release from PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2 slightly
continued up to 91 h with 45.6 ± 3.0 mg/g and 123.8 ± 7.5 mg/g cumulative releases of
TA, which were almost 50% of the TA content of related networks, respectively.
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networks in pH 7.4 PBS at 37 ◦C.
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On the other hand, a lesser amount of TA release was observed from CC-L-PEI/TAH-1
and CC-L-PEI/TAH-2 at pH 7.4 PBS at 37 ◦C, and the corresponding graph is given in
Figure 4b. The linear release of TA from CC-L-PEI/TAH-1 and CC-L-PEI/TAH-2 networks
was observed up to 2 h with a release amount of 4.4 ± 0.1 mg/g (4% of TA content) and
17.8 ± 3.0 mg/g (7% of TA content). Then, the release of TA from CC-L-PEI/TAH-1 and
CC-L-PEI/TAH-2 networks slightly continued up to 91 h, with the release of almost 6% and
10% of TA content from relevant networks. Similarly, the TA release from CC-L-PEI/TAC-1
and CC-L-PEI/TAC-2 networks was also calculated and found to be less than the releasing
amount of TA from physically crosslinked L-PEI/TA networks but also higher than the
chemically crosslinked L-PEI/TA hydrogel networks. It can be clearly seen from Figure 4c
that the linear releasing of TA from CC-L-PEI/TAC-1 and CC-L-PEI/TAC-2 networks was
exhibited up to 4 and 5 h with 10.3 ± 0.4 mg/g (10% of TA content) and 21.9 ± 1.0 mg/g (9%
of TA content), respectively. Also, another slow linear release was also observed between
4–29 h for CC-L-PEI/TAC-1 networks with 15.9 ± 1.1 mg/g cumulative release of TA, and
38.1 ± 1.1 mg/g cumulative TA release was observed from CC-L-PEI/TAC-2 networks
after a slow linear release between 5–53 h.

In general, linear release was observed for all physically and chemically crosslinked
L-PEI/TA hydrogels and cryogels; however, the observed linear release time showed
variability depending on the crosslinking type. The physically crosslinked L-PEI/TAH

networks released more TA linearly than both the chemically crosslinked L-PEI/TAH

and L-PEI/TAC networks. This can be explained by the ready degradation of hydrogen
bonds between L-PEI and TA molecules, whereas chemical crosslinking via covalent bonds
prevents the release of TA from CC-L-PEI/TA networks. On the other hand, it was also
observed that the time for linear TA release and the released amounts of TA from CC-L-
PEI/TAC networks were higher than CC-L-PEI/TAH networks. This can also be explained
by the interconnected super-porous structure of cryogels.

3.4. Antioxidant Properties of L-PEI/TA-Based Hydrogels and Cryogels

The antioxidant activities of L-PEI/TA-based networks were investigated via total
phenolic content (TPC) and ABTS+ scavenging assays. The concentrations of the super-
natant solutions of L-PEI/TA-based networks taken in the first three hours of the TA release
and the supernatant solutions of PC-L-PEI/TAH-1, PC-L-PEI/TAH-2, CC-L-PEI/TAH-1,
CC-L-PEI/TAH-2, CC-L-PEI/TAC-1, and CC-L-PEI/TAC-2 were measured at 12.2, 48.5,
3.1, 12.3, 5.1 and 12.6 mg/mL, respectively. The results of the FC values and TEAC of the
L-PEI/TA-based networks are given in Table 2.

Table 2. Antioxidant activity of L-PEI-based materials, TPC value, and TEAC (determined as the
antioxidant activity of the released TA from the materials within 3 h at 37 ◦C).

Samples Concentration
(mg/mL)

TPC
(µg/mL)

TEAC
(µmole TE/g)

PC-L-PEI/TAH-1 12.17 24.28 ± 2 0.29 ± 0.01
PC-L-PEI/TAH-2 48.51 53.64 ± 5.3 0.48 ± 0.02
CC-L-PEI/TAH-1 3.08 8.94 ± 1.45 0.05 ± 0.01
CC-L-PEI/TAH-2 12.32 25.46 ± 4 0.26 ± 0.01
CC-L-PEI/TAC-1 5.10 8.25 ± 1.9 0.04 ± 0.01
CC-L-PEI/TAC-2 12.57 23.07 ± 2.5 0.24 ± 0.03

As seen in Table 2, the concentration of TA solution prepared from the released TA so-
lutions from the PC-L-PEI/TAH-1, PC-L-PEI/TAH-2, CC-L-PEI/TAH-1, CC-L-PEI/TAH-2,
CC-L-PEI/TAC-1, and CC-L-PEI/TAC-2 networks directly affected the antioxidant proper-
ties of the system, as expected. The antioxidant equivalent capacities of PC-L-PEI/TAH-
1, PC-L-PEI/TAH-2, CC-L-PEI/TAH-1, CC-L-PEI/TAH-2, CC-L-PEI/TAC-1 and CC-L-
PEI/TAC-2 were calculated as 24.28 ± 2, 53.64 ± 5.3, 8.94 ±1.45, 25.46 ±4, 8.25 ± 1.9 and
23.07 ± 2.5 µg/mL gallic acid equivalent, respectively, while TEAC values were 0.29 ± 0.01,
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0.48 ± 0.02, 0.05 ± 0.01, 0.26 ± 0.01, 0.04 ± 0.01 and 0.24 ± 0.03 µmol TE/g, respectively.
Both TPC and TEAC test results affirmed that the L-PEI-based materials have prominent
antioxidant properties that can be useful in various bio-medicinal applications, e.g., in the
reduction of oxidative stress.

3.5. Antibacterial Properties of L-PEI and L-PEI/TA-Based Hydrogels and Cryogels

The antimicrobial activities of the prepared L-PEI and L-PEI/TA-based networks were
investigated by means of a broth macro-dilution test and zone of inhibition experiments
against Gram-negative bacteria, E. coli, and Gram-positive bacteria, B. subtilis. In the
macro-dilution test, the lowest concentration values with no turbidity observed in tubes
were determined as the minimum inhibitory concentration (MIC). Moreover, the lowest
concentration values that decreased the number of organisms by >99.99% were determined
as the minimum bactericidal concentration (MBC). MIC and MBC values of prepared L-PEI
and L-PEI/TA-based networks are represented in Table 3.

Table 3. Minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC)
values of L-PEI-based materials against E. coli and B. subtilis strains.

Bacteria E. coli B. subtilis

Antimicrobial
Materials

MIC
(mg/mL)

MBC
(mg/mL)

MIC
(mg/mL)

MBC
(mg/mL)

PC-L-PEIH 5 5 5 5
PC-L-PEI/TAH-1 5 5 5 5
PC-L-PEI/TAH-2 5 5 5 5

CC-L-PEIH 5 10 5 10
CC-L-PEI/TAH-1 20 ND 5 20
CC-L-PEI/TAH-2 10 ND 5 ND

CC-L-PEIC 5 5 5 5
CC-L-PEI/TAC-1 ND ND 20 20
CC-L-PEI/TAC-2 10 ND 5 20

As seen in Table 3, the MIC and MBC values of PC-L-PEIH, PC-L-PEI/TAH-1, and PC-
L-PEI/TAH-2 were found to be 5 mg/mL against both Gram-negative and Gram-positive
bacteria strains. The MIC values of CC-L-PEIH were assessed at 5 mg/mL, and the MBC
values were determined at 10 mg/mL against both E. coli and B. subtilis. The MIC values
of CC-L-PEI/TAH-1 were found to be 20 mg/mL against E. coli, whereas the MIC and
MBC values of the same material were determined to be 5 and 20 mg/mL, respectively,
against B. subtilis. MIC values of CC-L-PEI/TAH-2 were 10 and 5 mg/mL against E. coli
and B. subtilis, respectively. The MIC and MBC values of CC-L-PEIC were 5 mg/mL against
both bacteria strains. The MIC and MBC values of CC-L-PEI/TAC-1 were 20 mg/mL
against B. subtilis, whereas CC-L-PEI/TAC-1 did not show any antibacterial effect against
E. coli up to 20 mg/mL concentrations. MIC values of CC-L-PEI/TAC-1 against E. coli and
B. subtilis were 10 and 5 mg/mL, respectively, whereas the MBC value was 20 mg/mL
against B. subtilis. It is apparent that PC-L-PEIH-based materials and CC-L-PEIC showed
the highest antimicrobial activity of all prepared materials within 24 h of incubation. The
higher antibacterial activity profile of prepared cryogels could be attributed to the much
more rapid release of TA from the cryogel matrices. In general, it can be inferred that
prepared L-PEI-based antimicrobial materials were more efficient against Gram-positive
bacteria than Gram-negative bacteria. In the macro-dilution test, the inhibition of bacterial
growth was also measured and illustrated in Figure 5.
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Figure 5. Antibacterial activities of PC-L-PEI H-based materials against (a) E. coli (b) S. aureus, CC-L-
PEI H-based materials against (c) E. coli (d) S. aureus, and CC-L-PEI C-based materials against (e) E.
coli (f) S. aureus are illustrated as bacterial growth numbers (log colony forming units (CFU)/mL).

In the macro-dilution test, the growth inhibitory effects of the prepared materials at
5, 10, and 20 mg/mL concentrations were evaluated within 24 h of incubation. Hence,
the observed antibacterial effects were directly related to the released amount of TA from
the materials. Materials with a rapid TA release profile were expected to exhibit higher
antibacterial activity. The results are illustrated in Figure 5 as the number of bacteria
colonies for Gram-negative E. coli and Gram-positive B. subtilis bacteria strains. As can
be seen in Figure 5a,b, PC-L-PEIH, PC-L-PEI/TAH-1, and PC-L-PEI/TAH-2 samples, even
at 5 mg/mL concentration, killed >99% of both bacteria strains and were determined
as MBC. As shown in Figure 5c,d, CC-L-PEIH at 5 mg/mL concentration killed 50% of
both bacteria strains and was determined as the MIC value, whereas the same material
at 10 mg/mL killed >99% of both strains and was determined as the MBC value. CC-
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L-PEI/TAH-1 at 20 mg/mL and 5 mg/mL, inhibited the growth of E. coli and B. subtilis
strains, respectively, by 50% and were defined as MICs; the same material at 20 mg/mL
caused toxicity on bacterial cells against B. subtilis and was calculated as the MBC. CC-
L-PEI/TAH-2 at 10 and 5 mg/mL inhibited bacterial proliferation by 50% against E. coli
and B. subtilis, respectively, as seen in Figure 5c. As shown in Figure 5d,e, CC-L-PEIC,
even at a concentration of 5 mg/mL inhibited bacterial growth and reproduction 100%
against both bacteria strains and was determined as the MBC value. Despite the fact that
CC-L-PEI/TAC-1 did not show any significant antibacterial activity against E. coli up to
20 mg/mL, the same material at 20 mg/mL inhibited bacterial growth by 100% against
B. subtilis as illustrated in Figure 5f. For E. coli, 280 CFU/mL formation at 10 mg/mL
was detected in the medium containing CC-L-PEI/TAC-2, while 107 CFU/mL of bacteria
formed in the control group of CC-L-PEI/TAC-2 at 5 and 20 mg/mL inhibited the growth
of B. subtilis by 50% and 100%, respectively. The experimental results of the macro-dilution
test confirm the MIC and MBC values detected on nutrient broth-containing tubes.

On the other hand, zone of inhibition tests were performed to investigate the antibac-
terial effects of dry (lyophilized) hydrogel/cryogel composites, weighing 1.5 mg, on solid
growth media at a 24 h incubation time, and zone diameters (mm) are given in Table 4.

Table 4. Inhibition zone diameters (mm) of L-PEI-based materials against E. coli and B. subtilis strains.

Materials
Zone Diameter (mm)

E. coli B. subtilis

PC-L-PEIH 10 ± 0.5 10 ± 1.5
PC-L-PEI/TAH-1 16 ± 0.5 21 ± 0.5
PC-L-PEI/TAH-2 14 ± 0.5 12 ± 1.2

CC-L-PEIH 3 ± 0.5 5 ± 0.5
CC-L-PEI/TAH-1 5 ± 0.5 11 ± 1
CC-L-PEI/TAH-2 4 ± 0.5 12 ± 0.5

CC-L-PEIC 3 ± 0.5 1 ± 0.5
CC-L-PEI/TAC-1 2 ± 0.5 6 ± 1
CC-L-PEI/TAC-2 7 ± 0.5 11 ± 0.5

As seen in Table 4, the zone diameters of PC-L-PEIH, PC-L-PEI/TAH-1, and PC-L-
PEI/TAH-1 were 10 ± 0.5, 16 ± 0.5, and 14 ± 0.5 mm against E. coli, whereas they were
10 ± 1.5, 21 ± 0.5, and 12 ± 1.2 mm against B. subtilis, respectively. Zone diameters of
CC-L-PEIH, CC-L-PEI/TAH-1, and CC-L-PEI/TAH-2 were 3 ± 0.5, 5 ± 0.5, and 4 ± 0.5 mm
against E. coli, whereas they were 5 ± 0.5, 11 ± 1, and 12 ± 0.5 mm against B. subtilis,
respectively. The zone diameters of CC-L-PEIC, CC-L-PEI/TAC-1, and CC-L-PEI/TAC-2
were 3 ± 0.5, 2 ± 0.5, and 7 ± 0.5 mm against E. coli, while they were 1 ± 0.5, 6 ± 1,
and 11 ± 0.5 mm against B. subtilis, respectively. The results of the zone of inhibition
experiments are also given in Figure 6, along with images of the zones that appeared on
the nutrient agar medium.

It was determined that certain materials diffused to the nutrient agar surface at a
higher rate than other materials after 24 h of incubation. As shown in Figure 6, CC-L-
PEI/TAC-2 compared to CC-L-PEI/TAC-1 samples and PC-L-PEI/TAH-1 compared to
PC-L-PEI/TAH-2 samples provided larger zone diameters. This is consistent, considering
the faster tannic acid release profiles of PC-L-PEI/TAH-1 and PC-L-PEI/TAH-2. The spread
of antimicrobial materials on the agar surface resulted in a larger zone diameter. In addition,
similar to the results of the macro-dilution test, the prepared materials were more effective
against the Gram-positive bacteria B. subtilis than Gram-negative bacteria E. coli. It can be
said that even a relatively small amount of prepared L-PEI-based materials, e.g., 1.5 mg,
can create significant inhibition zones, which is quite promising.
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Today, nosocomial infections and antibiotic resistance have become serious problems.
Resistance to many first-line antimicrobial agents has been reported, especially in the
treatment of infections caused by the E. coli pathogen [41]. This highlights the need
for agents that can be used as alternatives to currently used and frequently prescribed
antibiotics. Prepared antimicrobial materials, especially PC-L-PEIH, PC-L-PEI/TAH-1, and
PC-L-PEI/TAH-2, were highly effective against both Gram-negative and Gram-positive
bacteria strains. Moreover, all the prepared materials gave promising results due to their
rapid release and thus high antibacterial effect within 24 h. Therefore, prepared L-PEI and
L-PEI/TA networks are candidates to be used in various applications in the biomedical
field, such as in storage boxes of surgical instruments used by medical personnel or in
environments where microorganisms can easily reproduce, such as denture containers.

4. Conclusions

The synthesis of L-PEI via the hydrolysis of PEOX in acidic conditions was successfully
carried out. The disappearance of C = O amide vibrations at 1633 cm−1 and the appearance
of N-H stretching vibrations at 3276 cm−1 confirmed the successful synthesis of L-PEI.
After that, the prepared L-PEI was used to prepare physically and chemically crosslinked
hydrogels and cryogels. The physically crosslinked PC-L-PEIH networks were formed with
hydrogen bonds between NH . . . N. On the other hand, GDE was used as a crosslinker for
the preparation of chemically crosslinked CC-L-PEIH and CC-L-PEIC networks with epoxy-
amine reactions. The gel yield % values for each L-PEI-based network were calculated
at more than 95%. The higher S%, P%, and PV% values were observed for CC-L-PEIC

networks due to their interconnected, super porous structure. Moreover, the physically
and chemically cross-linked L-PEI/TA hydrogels and cryogels containing 10% and 25%
TA (w/w) with respect to L-PEI chains were prepared and shown to exhibit controllable
TA release in pH 7.4 PBS at 37 ◦C. It was revealed that the physically crosslinked PC-L-
PEI/TAH-1 and PC-L-PEI/TAH-2 networks resulted in linear TA release up to 6 h with
9.5 ± 0.5 mg/g, and 60.2 ± 3.8 mg/g, and also a second long-term release was observed
between 17–29 h of release time with a release amount of 39.6 ± 3.9 mg/g (40% of TA
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content), and a 107.9 ± 8.2 mg/g (43% of TA content) TA, respectively. On the other hand,
the release amounts of TA from chemically crosslinked CC-L-PEI/TAH and CC-L-PEI/TAC

networks were found to be lesser in comparison to PC-L-PEI/TAH networks, due to the
crosslinking of both L-PEI and TA. The cross-linking of TA molecules to each other and to
L-PEI chains prevented higher TA release from the structures. Moreover, the antioxidant
activities of L-PEI/TA based networks were investigated via total phenolic content (TPC)
and ABTS+ scavenging assays from released TA in pH 7.4 PBS at 37 ◦C in 3 h. It was
observed that the higher release attained for the PC-L-PEI/TAH-2 network showed higher
antioxidant activity as 53.64 ± 5.3 µg/mL gallic acid equivalent and 0.48 ± 0.02 µmol
TA/g, respectively. On the other hand, depending on the released TA amount in pH 7.4
PBS at 37 ◦C in 3 h, all samples showed antioxidant activity. The MBC of prepared PC-L-
PEIH and CC-L-PEIC networks against both Gram-negative E. coli and Gram-positive B.
subtilis bacteria was determined at 5 mg/mL, whereas 10 mg/mL for CC-L-PEIH networks
against the same bacteria from the macro-dilution assay was attained. On the other hand,
the calculated inhibition zone diameters for L-PEI and L-PEI/TA-based networks from
the disc diffusion method showed that the increase in the amount of TA in L-PEI-based
networks increased the zone diameters. The higher inhibition zone diameters against Gram-
negative E. coli, and Gram-positive B. subtilis bacteria were determined to be 16 ± 0.5 and
21 ± 0.5 mm for PC-L-PEI/TAH-1 networks, respectively. The release of therapeutically
effective concentrations of pharmaceuticals showed the viability of the physically and
chemically crosslinked L-PEI-based networks as prospective drug carriers. Additionally,
the use of various buffer solutions at various pH values for the release study can result
in more sustained drug release. Owing to their antioxidant capabilities and controllable
release profile, L-PEI-TA-based cryogels are promising materials to be used as plasters,
dermal patches, or other scaffolds for covering certain wound types on the skin. The results
of this study could be used for future in vivo experiments.
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