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Abstract

Cationic polymers with primary amine groups that can easily be functionalized
or coupled with substrates by complexation or hydrogen bonding are especially
advantageous in preparing particles for biomedical applications. Poly(vinyl amine)
(PVAm) is a cationic polyelectrolyte containing the highest number of primary
amine groups among any other polymers. Here, we introduce a general method in
synthesizing PVAm microparticles via a surfactant-free water-in-oil emulsion tech-
nique using cyclohexane as the oil phase and aqueous PVAm solution as the dis-
persed phase. PVAm particles were prepared to employ two different bifunctional
chemical crosslinkers, divinyl sulfone (DVS) and poly(ethylene glycol) diglycidyl
ether (PEGGE). The prepared particles were further treated with HCI to protonate
the amine groups of PVAm within particles. The effect of crosslinker types and pH
on the hydrolytic degradation of PVAm particles were also investigated at three dif-
ferent solution pHs, 5.4, 7.4, and 9, to simulate the skin, blood, and intestinal pH
environments, respectively. The blood compatibility of the PVAm particles was
evaluated by in vitro hemolysis and blood clotting assays. Furthermore, antifungal
and antibacterial efficacy of PVAm-based particles and their protonated forms were
tested against C. albicans yeast and E. coli, S. aureus, B. subtilis, and P. aeruginosa
bacterial strains.
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Introduction

Polymers bearing amine groups are restorative materials used in academia and
industry due to their high reactivity, ease of derivatization of the amino groups,
and the cationic nature at specific pHs. Poly(vinyl amine) (PVAm) is a cationic
polyelectrolyte containing the highest number of primary amine groups among
any other polymers. PVAm cannot be directly synthesized, however, from the
implied monomer vinylamine due to its instability [1]. A sustained effort has
been made during the past 50 years to synthesize PVAm from the hydrolysis of
N-vinyl phthalimide, poly(N-vinyl acetamide), etc. Recently, commercially avail-
able N-vinyl formamide has been considered as an essential precursor in the
preparation of poly(vinylamine) [2].

PVAm presents a high affinity for many substances, especially anionic ones,
due to its cationic nature, high hydrogen bonding, and complex formation capac-
ity. Therefore, it is often used in catalysis [3], surface modification [4], metal
complexation [5], paper strengthening [6], wastewater treatment [7], CO, capture
[8], and so on. Biomedical applications of PVAm include its use in gene delivery
and transfection [9, 10], controlled drug delivery [11], and antimicrobial and anti-
bacterial polymers [12, 13].

Cationic primary, secondary, tertiary, and quaternary ammonium groups are
often preferred in antimicrobial cationic polymers. Among these, quaternary
ammonium groups are valuable in terms of reduced pH dependency. In contrast,
polymers carrying primary, secondary, or tertiary ammonium groups have been
shown to exhibit higher antimicrobial effects and low hemolytic activity [14, 15].
In a study conducted by Palermo and Kuroda, it was stated that structures with
primary amine groups showed the highest antimicrobial activity against Escheri-
chia coli and the highest selectivity on red blood cells (RBCs) as compared to
facilities with tertiary amine and quaternary ammonium groups [16]. Therefore,
PVAm represents a promising alternative to other cationic amine-containing pol-
ymers commonly preferred in biomedical applications such as polyethyleneimine
(PED) [17].

Microparticles with high primary amine contents are favorable in biomedical
applications due to the versatility and functionality of the primary amine group.
Hence, various PVAm particles with different sizes and morphologies were
already prepared in microgel [18-20], nano gel [10, 21], and core—shell structures
[22].

The synthesis of linear poly(vinylamine) from polymerization and hydroly-
sis of N-vinyl formamide in acidic and basic conditions was already reported in
the literature, suggesting that acidic hydrolysis generates cationic polymers with
the overall limited conversion due to electrostatic repulsion among ammonium
groups. On the other hand, alkaline conditions develop free amine groups with
almost 100% conversion [23, 24]. Therefore, basic hydrolysis was selected in this
study to transform amide groups into amine groups in a high yield.

In this study, we describe the synthesis of PVAm microparticles using a
surfactant-free water-in-oil emulsion technique by dispersing aqueous PVAm
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solution within cyclohexane oil phase and the crosslinking of PVAm macromol-
ecules in the aqueous phase using divinyl sulfone (DVS) or poly(ethylene glycol)
diglycidyl ether (PEGGE) as bifunctional chemical crosslinkers. PVAm particles
were further treated with HCI to obtain protonated forms of amine groups in the
particle network. Characterization of PVAm-based particles was performed by
optical microscopy, scanning electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FT-IR). Thermal stabilities and fluorescent properties of
PVAm-based particles and their protonated forms crosslinked with either DVS or
PEGGE were examined with thermogravimetric analysis (TGA) and UV/Vis and
fluorescent spectroscopies. The hydrolytic degradation of PVAm particles at pH
values of 5.4, 7.4, and 9 was investigated. The blood compatibility and antifungal
and antibacterial properties against various microorganisms were further tested to
ascertain the potential biomedical utilization of PVAm-based particles.

Experimental
Materials

N-Vinylformamide (NVF, 98%, Aldrich) was used as the monomer, and
2,2'-azobis(2-methylpropionamidine) dihydrochloride (AIBA, 97%, Aldrich) was
used as the thermal initiator to synthesize poly(N-vinyl formamide) (PNVF). Ace-
tone (99.75%, Sigma Aldrich) was used for the precipitation of the prepared PNVF
polymers. Sodium hydroxide (NaOH, pellets ACS/Reag. Ph. Eur., VWR Chemicals)
was used for the basic hydrolysis reaction of PNVF polymer. Divinyl sulfone (DVS,
98%, Sigma Aldrich) and poly(ethylene glycol) diglycidyl ether (PEGGE, M,:500,
99%, Sigma Aldrich) were used as crosslinkers, and cyclohexane (99.8%, Sigma
Aldrich) was used as the solvent medium in the particle preparation. Nutrient agar
and nutrient broth were procured from Merck (Germany) and used as microbial
growth media. Escherichia coli ATCC 8739, Staphylococcus aureus ATCC 6538,
Bacillus subtilis, Pseudomonas aeruginosa, and Candida albicans strains were
obtained from the Microbiology Department of the School of Medicine at Canak-
kale Onsekiz Mart University. Calcium chloride (CaCl,, 99%, Merck) was used for
blood clotting experiments, and sodium chloride (NaCl, 99%, Merck) was used in
the preparation of the physiological saline solution. Double distilled water (DDW,
GFL 2108), 1.6 ps/cm, was used in all experiments unless otherwise specified.

Synthesis of PNVF

Synthesis of PNVF polymers was carried out via the free radical polymerization
technique following the literature [23]. Briefly, 5 mL of NVF monomer was dis-
persed in 40 mL of DDW by stirring at room temperature (RT) for about 5 min.
Then, the monomer solution in a round bottom flask was immersed into an oil bath
set at 70 °C followed by the addition of 5 mL of aqueous initiator solution con-
taining 1% AIBA concerning the number of moles of NVF. Polymerization reaction
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proceeded for two h under 800 rpm continuous mechanical stirring at 70 °C. After-
ward, PNVF polymers obtained were precipitated in 1 L of acetone by dropwise
addition of the reaction medium. Finally, the precipitates were dried at 80 °C and
stored in moisture-tight capped tubes until use.

Hydrolysis of PNVF in basic medium

Amide groups of PNVF chains were exposed to hydrolyzation in basic conditions to
yield poly(vinyl amine) (PVAm) polymers in accord with the earlier reports in the
literature with some modifications [24]. In brief, 10% basic PNVF solution was pre-
pared by dissolving 1.0 g of the synthesized PNVF in 9 mL of 2 M NaOH solution.
Then, the reaction medium was transferred into a temperature-regulated oil bath at
80 °C and continued stirring under 500 rpm for four h to trigger PVAm conversion.
Sodium formate (HCOONa), produced as a by-product during the basic hydrolysis
of PNVF, was not removed prior to the synthesis of PVAm microparticles. Subse-
quently, PVAm solution was cooled under running tap water and stored in an amber
glass vial at room temperature (RT).

Synthesis of PVAm particles

The crosslinking of PVAm as particles was achieved in a surfactant-free water-in-oil
emulsion system obtained by dispersing aqueous PVAm solution in cyclohexane and
subsequent addition of two different bifunctional crosslinkers, DVS and PEGGE,
separately to attain two different types of PVAM particles [25]. The PVAm solution
obtained by the basic hydrolysis of PNVF was directly used in the preparation of
PVAm particles. Shortly, 500 puL of 0.1 g/mL. PVAm containing aqueous solution
was added into 50 mL of cyclohexane and homogenized for 1 min at an 8,000 rpm
mixing rate. Then, the solution of 2 mol% DVS based on the mole of NVF was
added into the emulsion and stirred for 10 min at 18,000 rpm at RT. After gravita-
tional precipitation, the DVS-crosslinked PVAm (PVAm-1) particles were carefully
decanted from the cyclohexane/water medium without disturbing the precipitate.
The PVAm-1 particles were washed three times with acetone, and then washed with
ethanol and water for one time each, and finally two times with acetone by cen-
trifugation at 10,000 rpm for 5 min. The by-product of basic hydrolysis of PNVF,
sodium formate, was also removed during the washing steps of the particles. The
purified PVAm-1 particles were then dried with a hot air gun and capped in closed
tubes until further use.

Similar steps were pursued in the synthesis of PEGGE-crosslinked PVAm
(PVAm-2) particles with minor modifications. Concisely, 500 pL of 0.1 g/mL
aqueous PVAm solution was added and dispersed into 50 mL of cyclohexane at
8000 rpm mixing for 1 min. Afterward, 5% PEGGE with respect to the mole of
NVF was added dropwise into the emulsion and stirred at 800 rpm and 50 °C for
two h. The PVAm-2 particles thus prepared were separated from the cyclohexane/
water emulsion by centrifugation at 10,000 rpm for 5 min, then washed, dried, and
stored as described in the preparation of PVAm-1 particles.
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Moreover, for protonation of amine groups of both PVAm-1 and PVAm-2 par-
ticles, 2.0 g of each type of particle was treated with 250 mL of 1 M HCI solution,
then washed with water and acetone twice by centrifugation and dried as described
earlier. The prepared PVAm-1-HCI and PVAm-2-HCI particles were stored in mois-
ture-free tubes for further use.

Characterization

Fourier transform infrared spectroscopy (FT-IR, Perkin Elmer spectrum 100) was
used in the functional group analysis of synthesized PNVF, PVAm, neutral, and
protonated PVAm particles. FT-IR spectra were recorded at 4 cm™' resolution in
4000-650 cm™' wavenumber range via the attenuated total reflectance (ATR)
method.

Thermogravimetric thermogram of the linear PVAm and crosslinked PVAm par-
ticles were taken between 55 and 1000 °C at a heating rate of 10 °C min~! under
continuous N, purge with 100 mL min~' flow rates via a thermogravimetric analyzer
(TGA, SII TG/DTA 6300, Exstar). About 3—5 mg of each sample was placed into
ceramic TGA pans, and the weight loss was determined as a function of temperature.

Zeta potentials of PVAm-1 and PVAm-2 particles at different pH values were
measured by using a zeta potential analyzer (Malvern Zetasizer, Nano ZS series,
Brookhaven Inc.) in 0.1 M NaCl solution in DDW water. The pH of the particle sus-
pension was arranged to 2.0 by using 0.1 M HCI, and the pH was varied in the 2—12
range by the dropwise addition of 0.1 M NaOH.

The fluorescence measurements of PVAm and PVAm-based particles were con-
ducted in their aqueous solution/suspension by using a fluorescence spectrometer
(Thermo Lumina). The size and morphology of PVAm-based particles were evalu-
ated by optical microscopy (Olympus BX53F) and environmental scanning electron
microscopy (FEI Quanta 200F ESEM) operating at 10 kV. For the SEM measure-
ments, particles were first dispersed in ethanol solution and cast onto carbon grids.

pH-Dependent hydrolytic degradation of PVAm particles

To determine the effect of crosslinker types and pH on the hydrolytic degradation
of PVAm particles, degradation studies were performed at three different pH values
as 5.4, 7.4, and 9 to simulate pH of the skin, blood, and intestinal environments,
respectively. Dry PVAm particles weighing about 30 mg were dispersed in 1.0 mL
of proper buffer solution and transferred into a dialysis membrane (molecular weight
cut off >12,000 Da, Aldrich). The dialysis membranes were then placed in a capped
tube containing 29 mL buffer solutions to make the final volume 30 mL and incu-
bated in a water bath at 37 °C and 350 rpm of agitation during the degradation stud-
ies. The extent of hydrolytic degradation was spectrophotometrically determined
using UV/Vis spectrophotometer (T80 +, PG Instrument Limited) by measuring the
amount of degraded PVAm permeated into the buffer solutions. Previously prepared
calibration curves at pH 7.4 and pH 9.0 buffer solutions at 305 nm were used in the
quantification of degradation. Since the calibration of PVAm could not be made at
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pH 5.4 due to precipitation of the polymer, the degradation of the particles at pH 5.4
was followed from the calibration curve at pH 7.4 by adjusting the pH of the sam-
ple fractions to 7.4. All hydrolytic degradation studies were performed in triplicates,
and the results were given as means with relative standard deviations.

Blood compatibility

Haemocompatibility of PVAm particles was evaluated by in vitro hemoly-
sis and blood clotting assays upon granting the institutional approval from
the Ethical Committee of Canakkale Onsekiz Mart University (2011-KAEK-
27/2020-E.2000045671). The blood was drawn from healthy individuals on volun-
tary donation and collected in EDTA containing hemogram tubes and used within
20 min after donation. The hemolysis and blood clotting assays of PVAm particles
were conducted according to our previous reports [26].

Hemolysis assay

For the hemolysis test, 1 mg/mL concentration was chosen for neutral and proto-
nated PVAm particles. 100 mg of PVAm particles were suspended in 10 mL of
0.9% saline solution, and 1 mL aliquots of this suspension were further dispersed
in isotonic saline solution with a final volume of 9.8 mL. Then, PVAm particles
were interacted with 0.2 mL of isosaline diluted whole blood (blood: saline solution,
2:2.5) and incubated at 37 °C for 1 h. The isotonic saline solution and DDW, 9.8 mL
of each, were, respectively, used as negative and positive controls in the absence of
particles. Following the incubation of samples, 2 mL fractions of 10 mL particle-
blood suspensions were centrifuged at 1340 rpm for 5 min. Afterward, the hemo-
globin content of supernatants was determined by measuring absorbance of the sam-
ples, and the % hemolysis index of the particles was calculated using Eq. 1.

Hemolysis index (%) = (A -A / A positive—Anegaiive) X 100 (1)

sample negative )

where Ag,, is the absorbance of blood containing PVAm particles, A,y and
Apositive are the absorbance of blood incubated with only the isotonic solution and
DDW, respectively.

Blood clotting assay

For the blood clotting assay, 1 mL of 100 mg/mL PVAm particle suspension pre-
pared in 0.9% isotonic saline solution was dropped at the bottom of the 50 mL fal-
con tubes. Then, 3 mL of EDTA containing whole blood was added to 0.24 mL of
0.2 M CaCl, solution while synchronously starting a stopwatch; 0.27 mL of this
suspension was added on PVAm particle-containing falcon tubes. With the 10 min
particle-blood interaction, 10 mL of DDW was added to the falcon tubes and cen-
trifuged at 540 rpm. After the centrifugation, the clots that might be formed as a
result of PVAm particle-blood interactions were separated by carefully transferring
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the supernatant of the samples into 40 mL water in separate falcon tubes. Then, the
samples were incubated for one h in a shaking water bath at 37 °C. After the incuba-
tion period, the absorbance of the samples at 542 nm was recorded, and the % blood
clotting index was calculated according to Eq. 2.

Blood ClOtting index (%) = (Asample/Acontral) x 100 (2)

where A, 1 the absorbance of particle-drug suspension and A is the

0.27 mL blood suspended in 50 mL of DDW.

control

Antimicrobial activity assessment of PVAm particles

Antimicrobial effects of PVAm-HCI as a linear polymer, PVAm-1land PVAm-2 par-
ticles, and their protonated forms were tested against commonly used yeast and bac-
terial strains such as C. albicans (ATCC 10,231), E. coli (gram -, ATCC 8739), S.
aureus (gram+, ATCC 6538), B. subtilis (gram+, ATCC 6633), and P. aeruginosa
(gram -, ATCC 10,145) by broth microdilution method. In the antimicrobial assay,
100, 50, 25, and 10 mg triplicate fractions of each particle were sterilized under UV
light at 420 nm by 3 min exposure and suspended in 10 mL of nutrient broth with a
final concentration of 10, 5, 2.5, and 1 mg/mL. Afterward, 100 pL of microbial sus-
pensions previously adjusted to 0.5 McFarland turbidity were inoculated into growth
media supplemented with PVAm particles (1-10 mg/mL) and incubated at 35 °C
for 24 h. Following the incubation, 100 uL of microbial cultures were seeded on
agar plates, then incubated for 24 h, and viable colonies were counted. Respectively,
potato-dextrose agar and nutrient agar plates were used for the yeast and bacterial
strains, and 0.9% saline solution was used for dilution to count colonies.

Results and discussion
Synthesis and hydrolysis of PNVF

Synthesis of PVAm from direct polymerization of vinyl amine monomer is not pos-
sible due to the instability of the monomer. In this regard, various experimental
procedures have been reported in the literature to synthesize PVAm from different
sources [1, 27-29]. Hydrolysis of PNVF in the acidic or basic medium is the com-
monly established method to synthesize PVAm polymers [23]. The base hydroly-
sis of PNVF was reported to accomplish complete conversion of amide groups to
amine groups in 12 h [24], whereas the formation of protonated amines and proton
hydrates were found to be limiting factors in acid-mediated hydrolysis, hence yield-
ing lower conversions. The effect of parameters such as the molar ratio of acid or
base to amide groups and temperature was revealed in detail [24]. Although higher
temperatures yield higher initial conversion rates, the final degree of hydrolysis at
equilibrium was revealed to depend only on acid or base to amide ratios [24]. Like-
wise, the kinetics and modeling of free radical polymerization of NVF were thor-
oughly investigated in bulk and aqueous solution by Gu et al. [23].

@ Springer



7736 Polymer Bulletin (2022) 79:7729-7751

NVE AIBA - (@
H,C=—CH _6(: —C+ +c —c++ HCOONa
| 2n70cC N 12h,80°C
ITH
~CH CH
0/ 0/
(b)
e n v
/1 NH, W/\O%Y o
H,C || CH.
2 (o] 3
DVS Cyclohexane Cyclohexane PEGGE

10 min, RT 2h, 50 °C
OH

PVAm-2 particles

\ ; o ol ) swollen

Fig. 1 a The schematic presentation of synthesis route of PVAm starting from NVF, b synthesis of
PVAm-1 and PVAm-2 particles, and ¢ optical microscope images of PVAm-1 and PVAm-2 particles in
dried and swollen states

In this study, the preparation of PVAm was carried out by hydrolysis of PNVF in
a basic medium with the reaction route presented in Fig. 1a. PNVF was prepared by
free radical polymerization of NVF in the presence of AIBA as initiator at 70 °C,
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and the initial viscosity of the solution appeared to increase after 2 h of polymeri-
zation. The number and weight average molecular weight and dispersity of PNVF
were determined by SEC as 10,750 g mol~!, 31,500 g mol~!, and 2.93, respectively,
as given in Fig. S1. The prepared PNVF polymers were hydrolyzed in basic condi-
tions as described in the literature [24]. The structural characterization of PNVF and
hydrolyzed forms, PVAm was performed by means of 'H and *C NMR spectrosco-
pies in details and reported in our previous study [37]. The degree of hydrolysis was
also determined from 'H NMR spectrum as 98.4% suggesting that most of the NVF
groups were converted into VAm moieties [37].

The FT-IR spectra of NVF molecules, PNVF, and PVAm polymers are given
in Fig. S2. The most distinct characteristic peaks of NVF monomers are observed
at 1666 cm™! for vinyl groups, 1638 cm™! for C=0 of amide groups, and also at
1509 cm™! for N-H bending of amide groups, respectively. On the other hand, the
vinyl peaks at 1666 cm™' were found to disappear in the spectrum of PNVF, as
expected. Additionally, the C=0 peaks from amide groups shifted to 1643 cm™!,
and N-H bending peaks of amide groups shifted to 1519 cm™!, respectively [30].
Moreover, the C=0 peaks of amide groups disappeared in the FT-IR spectrum of
PVAm, and the N-H bending peaks from NH, groups were observed at around
1600 cm™!. These observations were collectively in line with the literature [24].

The difference in thermal stability of PNVF and PVAm polymers upon base
hydrolysis was compared with thermal gravimetric analysis (TGA) and relevant
TGA thermograms given in Fig. S3. The onset of the thermal degradation of PNVF
polymer was observed between 199-236 °C with 31.9% weight loss and continued,
and the second step between 250 and 615 °C with 95.2% weight loss and 4.8% resi-
due was observed heating till 1000 °C. On the other hand, three main thermal deg-
radation stages were observed for PVAm. Briefly, in the first step of degradation,
5.5% weight loss was recorded between 80 and 150 °C, while 60.7% cumulative
weight loss was seen between 290 and 490 °C in the second degradation step. The
third degradation step of PVAm has occurred between 640 and 675 °C, reaching
72.1% weight loss which was slightly increased to 73.7 at 900 °C and 26.3% was the
amount of residue.

Synthesis of PVAm-based particles

The schematic illustration of PVAm particle synthesis is illustrated in Fig. 1b along
with corresponding digital camera images in dry and swollen states in Fig. 1c. The
well-known Michael addition and epoxy-amine reactions were taken place in the
synthesis of DVS and PEGGE crosslinked PVAm particles, respectively. Crosslink-
ing of the amine groups of PVAm chains with the vinyl groups of DVS via Michael-
type addition reaction in basic conditions[26] gave rise to the formation of spherical
PVAm-1 particles in cyclohexane/water medium in only 10 min at RT.

Amine compounds are known to easily react with epoxies, especially primary and
secondary amines are highly reactive toward epoxide groups [31]. It is well accepted
that epoxy reactions with amines follow the SN, mechanism where the nucleophilic
nitrogen atom attacks the carbon atom of the epoxy ring, and then, the hydrogen atom
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from the amine is eventually transferred to the epoxide oxygen to form OH. There-
fore, a primary amine can react two times with two epoxy groups, whereas a second-
ary amine can react only once. Tertiary amines do not react with epoxides, as their
nucleophilicity is low. Therefore, PVAm chains with higher primary amine content in
their structure crosslinked with epoxy groups of PEGGE in cyclohexane at 50 °C. As
seen from the optical microscope images of PVAm-1 and PVAm-2 particles in Fig. Ic,
PVAm-1 particles with 2% crosslinker density were seemed to generate smaller sizes
between 10 and 50 pm, whereas PVAm-2 particles with 5% crosslinker density gained
much bigger sizes in the range of 20—150 um and in hydrated (swollen) forms make the
particle much bigger almost twice of their dried. The difference in the sizes of PVAm-1
and PVAm-2 particles can be attributed to the different mixing rates of the correspond-
ing precursors employed during synthesis (lower stirring rates result in general bigger
particles) as well as the used amounts and the types of the crosslinkers as the crosslink-
ing mechanism and rates can be different for unlike crosslinkers. Moreover, PVAm-2
particles were noticed to possess distorted spherical shapes yet spherical morpholo-
gies. The bigger particle formation of PVAm-2 as compared to PVAm-1 can be due to
the longer chain length, elasticity, and the flexibility of epoxy groups group containing
PEGGE crosslinker in comparison with DVS crosslinker. On the other hand, the use
of different amounts of crosslinker of DVS and PEGGE to obtain PVAm particles can
be explained with observed results. The increase in the amount of DVS resulted in the
formation of PVAm gels instead of PVAm particles. With the increase in DVS amount,
a crosslinked bulk gel was obtained instead of particles. Similarly, as lesser amounts
of PEGGE were used, no particles were obtained. For this reason, 2% DVS and 5%
PEGGE ratios, which are the minimum crosslinker ratios to attained spherical PVAm
particles, were used.

The structural compositions of PVAm-1 and PVAm-2 particles were assessed by ele-
mental analysis, and the elemental composition of the particles are given Table 1. The
percentage of crosslinking of PVAm-1 particles was calculated based on percentage of
sulfur (S) element that directly comes from the crosslinker, DVS, and the percentage of
nitrogen (N) that is present in the PVAm-1. Hence, the percentage of crosslinking of
PVAm-1 particles was found to be 11.8% by using Eq. 3 based on moles of DVS used
in PVAm-1 particle. However, the crosslinking degree of PVAm-2 could not be calcu-
lated due to the lack of any distinguishable atom in PEGGE’s structure.

% Crosslinking = Xpys/ Xpys + Ypyam—1) X 100 3)

where x is the mole of DVS calculated by using x=S% /32.07, and y is the mole of
PVAm-1 calculated by using y=N% /14.01.

SEM studies also reveal that PVAm-1 particles crosslinked with DVS main-
tain their spherical shape under vacuum and more rigid particles with fairly round

Table 1 Elemental analysis

N Sample C% H% N% S%
results of f PVAm-1 and
PVAm-2 particles PVAm-1 31.8 5.62 9.09 278
PVAM-2 408 7.15 10.6 -
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sizes were attained as shown in Fig. 2a. On the other hand, PVAm-2 particles
crosslinked with PEGGE resulted in bigger and flattened particles mostly appear-
ing in agglomerated forms in their dry state, as revealed in Fig. 2b. The flexibility of
PEGGE crosslinker due to the existence of ethylene oxide groups, pertinently makes
PVAm-2 particles softer more elastic in comparison with DVS crosslinked PVAm-1
particle.

The surface charge is directly related to the surface properties of PVAm particles
and its existence and the magnitude of zeta potential determines the potential use of
PVAm particles in applications such as antibacterial materials or adsorbents. There-
fore, the change in surface charges of PVAm-based DVS and PEGGE crosslinked
particles was investigated between pH 1-12, and the corresponding graph is shown

30
(c) —H—PVAm-1 particles
201 --&--PVAm-2 particles
% o4 & 10.23
g0 ! N
5 3 6 9/\51*@_,42
g 10| pH
& 9.55
=
wn
-20
-30

Fig.2 SEM images of a PVAm-1, and b PVAm-2 particles, and ¢ the change in surface charges of
PVAm-based particles at various solution pHs
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in Fig. 2c. It was observed that both PVAm-1 and PVAm-2 particles were positively
charged at all bodily fluid pHs, e.g., 1, 7.4 and around 8. Moreover, PVAm-1 par-
ticles were positively charged up to pH 9.5, whereas PVAm-2 particles were posi-
tively charged up to pH 10.2. Therefore, the isoelectronic points (IEP) of PVAm-1
and PVAm-2 particles were determined as pH 9.5 and 10.2, respectively, state the
fact that these particles are positively charged <IEP of the corresponding particles
rending them possible bacteriostatic and/or antibacterial properties.

The FT-IR spectra of PVAm-1 and PVAm-2 particles, their corresponding pro-
tonated forms, as well as linear PVAm polymers are compared in Fig. 3a. The N-H
bending and N-H stretching peaks were observed around 1600 and 3400 cm™!,
respectively, for linear PVAm and they were also seen in PVAm-1 and PVAm-2
particles with slight shifts. For PVAm-1 particles, the N-H bending peaks were
observed at 1658 cm™! and the characteristic peaks of DVS at 1123 and 1294 cm™!
due to S=O stretching vibrations were present. For the PVAm-1-HCI particles, the

Linear PVAm polymers (a)

]
m

PVAm-1 particles

S —

PVAm-1-HCl particles

=

T%

PVAm-2 particles

PVAm-2-HCI W
W | |
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)
100 ===
, (b)
Linear PVAm polymers
80~
~ -
< 60 \\\/ PVAm-1 particles
© ~.
O R .
= N ..\ > PVAm-2 particles
NS -
L L~ N
0 O ST
PVAm-2-HCI partic]e% RN TN TN
20 N
PVAm-1-HCl particles AN
0 100 200 300 400 500 600 700 800 900

T(C)

Fig.3 a FT-IR spectra and b TGA thermograms of linear PVAm, PVAm particles, and their protonated
forms
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N-H stretching from protonated amine groups was observed at 1618 cm™' together
with characteristic peaks of DVS crosslinker [32]. Moreover, in FT-IR spectrum
of PVAm-2 particles, the C-O stretching and O-H bending from secondary alco-
hol groups due to PEGGE crosslinking of PVAm chains were observed at 1098 and
948 cm™! [33], and the amine peaks shifted to 1608 cm™! from 1582 cm™! after pro-
tonation of PVAm-2 particles. The FT-IR analysis of the PVAm, PVAm particles,
and their protonated forms clearly confirms incorporation of the DVS and PEGGE
crosslinkers into PVAm chains directly proving the formation of crosslinked PVAm
particles in one pot surfactant-free water-in-oil emulsion as it was also supported by
the optical microscopy images.

The TGA thermograms of PVAm-1, PVAm-2 particles and their HCI treated
forms are compared in Fig. 3b to see the change in thermal stability after crosslink-
ing and protonation of the prepared PVAm particles. The degradation profile of
PVAM-1, PVAm-2, and their corresponding protonated forms were revealed some
differences. It was observed that both PVAM-1 and PVAm-2 particles were shown
three degradation steps, whereas their corresponding protonated forms showed 2
degradation steps. In addition, all PVAM-1, PVAM-2 and their corresponding proto-
nated forms almost stable up to 180 °C. Also, almost 75.4 and 80.4% weight losses
were observed at 900 °C for PVAM-1 and PVAM-2 particles, whereas 95.3 and
96.3% weight losses were observed 900 °C for PVAM-1.HCI and PVAM-2.HCI par-
ticles, respectively.

Thermal decomposition of PVAm polymers, PVAm-1, and PVAm-2 particles
exhibited almost similar thermal degradation profiles. Likewise, PVAm-1-HCI
and PVAm-2-HCI particles also shared similar decomposition patterns. As seen in
Fig. 3b, the thermal stability of all PVAm-1, PVAm-2 particles are lower, whereas
their corresponding protonated forms are higher than linear PVAm polymer suggest-
ing that crosslinking of PVAm chains with DVS and PEGGE increased the ther-
mal stability due to the covalent bonding of the polymer chains during the particle
preparation process. On the other hand, the lower thermal stability of the protonated
PVAm particles in comparison with neutral particle forms might be attributed to
the instability coming from electrostatic repulsions among protonated amine groups,
and also the generated amine salts may trigger different chain scission in polymer
chains and changes in their distribution during the protonation process [34].

Moreover, it is reported that the amine group-containing polymer chains might
exhibit fluorescent properties in cases where there are abundant number of amine
groups on the polymer chains and the polymer has a linear structure rather than
hyperbranched [35, 36].

A detailed study covering the tunable fluorescent properties of prepared PVAm
chains from acidic and basic hydrolysis of PNVF chains was reported by our group
[37]. Therefore, the excitation and emission spectra of linear PVAm, PVAm-1, and
PVAm-2 particles prepared in this work were analyzed accordingly and given in
Fig. 4. The maximum emission intensity of linear PVAm polymers was found to be
at 378 nm with 310 nm of excitation wavelength at 700 V of PMT voltages. Like-
wise, the neutral and protonated PVAm-1 and PVAm-2 particles have exhibited exci-
tation and emission peaks. As shown in Fig. 4a, the maximum emission intensity of
PVAm-1 particles appeared at 377 nm with 310 nm of excitation wavelength, while
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Fig.4 Fluorescent properties of a neutral and protonated PVAm-1, and b PVAm-2 particles with linear
PVAm polymers, and c their digital camera images under daylight, and d UV light at 366 nm

for the PVAm-1-HCI particles, maximum emission and excitation wavelengths were
redshifted to 416 nm and 336 nm, respectively, at the same PMT voltages.

The excitation and emission spectra of linear PVAm, neutral, and protonated
PVAm-2 particles are plotted in Fig. 4b. The maximum emission intensity peaks of
PVAm-2 particles were recorded at 389 nm with the excitation of 310 nm at 700 V
of PMT that showed shift upon protonation and exhibited emission at 419 nm upon
excitation at 340 nm. Linear PVAm, PVAm-1, PVAm-2 particles, and their respec-
tive protonated forms were visualized under daylight and UV light at 366 nm, and
their digital camera images are provided in Fig. 4b, c, respectively.

This behavior that the fluorescent intensity of linear PVAm was decreased after
crosslinking of the polymer chains is in good agreement with the observations in
literature [35, 36]. Upon crosslinking both the number of free amine groups and
linearity of the PVAm polymers were decreased with the incorporation of the
crosslinkers into the polymer structure. Moreover, the emission and excitation wave-
lengths of PVAm particles as well as their protonated forms were acquired signifi-
cant redshifts (increase in wavelengths) as compared to linear PVAm and behaved in
between the neutral and protonated particle forms. Also, it has been reported that the
increase in the chain length decreases the fluorescence intensity due to the quench-
ing effect of longer chains [38]. Therefore, the difference in chain lengths between
DVS and PEGGE used as crosslinkers may affect the molecular intra-chain mobil-
ity of PVAm-based particles and cause a decrease in fluorescence intensity after
particle preparation. In addition, the redshift observed in the UV and fluorescence
spectrum of PVAm-1 and PVAm-2 particles after protonation can be explained by
the enhanced charge transfer character of PVAm-1.HCl and PVAm-2.HCI upon pro-
tonation [39]. The difference in the molecular structure of DVS and PEGGE and
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their size also can contribute different to the flurosnecen properties of PVAm-1 and
PVAm-2 particles. Consequently, both of the protonated PVAm particles attained
relatively higher intensities with respect to neutral PVAm particles as obviously
apparent in fluorescence spectra and digital camera images of the particles.

Degradation of PVAm particles

The hydrolytic degradation kinetics of crosslinked structures is known to depend
on several factors such as pH, temperature, type, and density of crosslinker used
and can be finely tuned by controlling these parameters [40]. Therefore, the in vitro
hydrolytic degradation of PVAm-1 and PVAm-2 particles at pH 5.4, pH 7.4, and
pH 9.0 was investigated at 37 °C by monitoring the amount of degraded PVAm by
means of UV-Vis spectroscopy, and the corresponding results are demonstrated in
Fig. 5a, b, respectively. While PVAm-1 and PVAm-2 particles were found to be sta-
ble up to 80 h at pH 5.4, a linear degradation profile had been observed for both
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Fig.5 Hydrolytic degradation profiles of a PVAM-1 and b PVAm-2 particles at different pHs
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particles at pH 7.4 and 9.0 up to 56 h. Then, hydrolytic degradation has shown to be
progressed at a slower pace up to 80 h.

Hydrolytically PVAm-1 particles exhibited 21.8 +2.9% weight loss in 56 h and
ended up with total of 22.3+1.4% weight loss at pH 7.4 in 80 h. Similarly, at pH
9, PVAm-1 particles showed 17.4+2.9% and 18.3+2.1% weight loss in the speci-
fied time periods. In the same way, PVAm-2 particles were found to be stable for
80 h at pH 5.4 with no significant degradation. On the other hand, at pH 7.4 and
9.0, PVAm-2 particles displayed 29.9 +£0.9% and 16.6 +0.7% weight losses in 56 h,
respectively, and continued to degrade slowly up to 80 h with final weight losses of
30.3+1.0% and 19.2+1.2%, respectively. The stability of PVAm-1 and PVAm-2
particles at pH 5.4 can be explained with the higher inter- and intra-hydrogen bond-
ing capabilities of PVAm chains, as the protonated amine groups can readily and
more strongly interact with the unprotonated amine groups and with the crosslinkers
in comparison with unprotonated or lesser protonated amine groups. On the other
hand, the higher degradation % of both PVAm-1 and PVAm-2 particles at pH 7.4
than pH 9.0 can be attributed to the greater swelling ability of cationic polymers at
lower pH values [41].

Consequently, it can be inferred from the degradation data that both PVAm-1 and
PVAm-2 particles are stable in acidic conditions but more susceptible to degrada-
tion in neutral rather than basic conditions. PVAm-2 particles degrade more than
PVAm-1 particles in both neutral and basic conditions. So, it can be assumed that
although DSV and PEGGE have different chemical structures, they both resulted in
the similar degradation pattern at the same pH conditions.

Blood compatibility of PVAm particles

Blood compatibility is an essential prerequisite for in vivo applications of micro/
nanomaterials such as drug delivery, gene therapy, wound dressing and so on [42].
Polyelectrolyte cations are known to interact with the lipid membranes of cells and
due to their high charge density and induce hemolysis in red blood cells (RBCs)
[43—46]. In vitro haemocompatibility of neutral and protonated PVAm particles
was evaluated at 0.01, 0.1, and 1 mg/mL concentrations by measuring their hemo-
lytic and blood clotting behaviors, and the respective graphs are given in Fig. 6a, b,
respectively. Neutral and protonated PVAm particles were found to induce hemol-
ysis on RBCs in a concentration-dependent manner. At the highest applied con-
centration of 1.0 mg/mL, PVAm-1 and PVAm-2 particles caused 68.0+8.5% and
53.0+ 1.3% hemolysis, whereas PVAm-1-HCIl and PVAm-2-HCl particles exhibited
58.9+1.1% and 61.7 +0.5% hemolysis, respectively. At this concentration (1.0 mg/
mL), neutral and protonated PVAm particles were found to be detrimental to RBCs.
On the other hand, the hemolysis induction of both neutral and protonated PVAm
particles at 0.1 and 0.01 mg/mL concentrations was found to fall into clinical safety
margins with less than 5% hemolysis. Accordingly, PVAm-1 and PVAm-2 particles
with 1.0+0.1% and 1.6+0.1% hemolysis ratios were obtained at 0.1 mg/mL par-
ticle concentration and at 0.01 mg/mL particle concentration, they were found to
induce 0.1+0.1% and 1.04+0.1% hemolysis, respectively. As the concentration of
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Fig.6 Assessment of in vitro a hemolysis and b blood clotting behaviors of neutral and protonated
PVAm particles at 0.01, 0.1, and 1 mg/mL concentrations

PVAM-1-HCIl and PVAm-2-HCI particles increased from 0.01 mg/mL to 0.1 mg/
mL, the hemolysis % values of 1.4+0.1% and 1.9+0.2%, respectively, were
changed to 1.4+0.1% and 0.9 +0.2%. Accordingly, for the PVAm-1 and PVAm-2
particles and their protonated forms can be used at>0.1 mg/mL in blood contacting
applications.

Blood clotting index is another means of compatibility evaluation on particle-
blood interactions. Basically the degree of clotting was quantified by measuring
the extent of hemoglobin content of RBCs that was captured during the course of
clot formation [26]. Test samples were assessed using a blood control that contains
only blood solution in water, and clotting activity of samples was interpreted accord-
ing to reference blood. PVAm particles were observed to exert slightly coagulative
effects at 1.0 mg/mL concentration upon interaction with the whole blood. PVAm-1
PVAm-2 particles and their protonated forms, respectively, resulted in 67.0+9.0%,
66.3+1.3%, 66.3+11.7%, and 66.8+1.7% blood clotting indices in comparison
with reference blood control. On the other hand, at 0.1 mg/mL concentrations of
PVAm-1 and PVAm-2 particles and their protonated forms showed, respectively,
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96.4+4.5%, 954+1.5%, 93.0+0.5%, and 97.2+1.3% blood clotting indices,
whereas at 0.01 mg/mL concentrations, 97.9+9.0%, 97.0+1.0%, 95.2+4.0%,
and 98.5+1.0% blood clotting indices were calculated, respectively. The process
of blood coagulation is a complex mechanism regulated by intrinsic and extrinsic
pathways. In order to determine the mode of action for PVAm-based particles, more
specific assays should be performed to estimate proper dosing schemes for in vivo
applications. Consequently, PVAm-based particles were found to be compatible to
blood up to 0.1 mg/mL concentrations. The increase in particle concentration, e.g.,
to 1.0 mg/mL caused highly hemolytic and slightly coagulative effects as revealed
by in vitro hemolysis and blood clotting assays. It should be also be noted that in
addition to the use of suitable particle concentration range, the haemocompatibility
of micro/nano assemblies and particles can also be tuned by the introduction of bio-
compatible molecules such as carbohydrate moieties to lower the toxicity induced
by carrier materials [45, 47].

Antimicrobial activity assessment

To determine antifungal and antibacterial efficacy of PVAm-based particles, C.
albicans yeast and E. coli, S. aureus, B. subtilis, and P. aeruginosa bacterial strains
were exploited as the model organisms substantially used in laboratory assessment
of antimicrobial activity. Minimum inhibitory concentration (MIC) is described as
the lowest concentration of particles that bacterial growth media exhibiting clear
appearance such as turbidity of the present bacteria cannot be distinguished with
naked eyes. Minimum bactericidal concentration (MBC) on the other hand is the
lowest concentration of an antimicrobial agent that prevent visible growth of bacte-
ria in both specified period of incubation time and after subculturing of the inocu-
lum, exerting 99% killing efficiency. The MIC score of antimicrobial materials is of
significant importance; hence, it is mostly used as a complementary indication to
MBC and helps to adjust the proper dosing schemes in the treatment of pervasive
microbial infections [48]. Polyelectrolytes of amine polymers are known to possess
a broad spectrum of antibacterial efficiency depending on the charge density and
hydrophobicity of the chosen polymers [45, 46, 49]. PVAm particles and their pro-
tonated forms were tested against the aforementioned microbial organisms and the
MIC and MBC scores of the tested particles are summarized in Table 2. PVAm-1-
HCI and PVAm-2-HCI have performed expectedly higher antibacterial and antifun-
gal efficiency in comparison with neutral PVAm particles. The MBC score of all
the samples was determined to be 10 mg/mL for all the bacteria and yeast cultures,
excepting neutral PVAm-1 and PVAm-2 against C. albicans that possessed mini-
mum fungicidal concentration (MFC) of 20 mg/mL.

The MIC scores of PVAm-1-HCI and PVAm-2-HCI particles were 2.5 mg/mL for
all bacteria and yeast strains. MIC values of gentamycin as a model antibiotic drug
for C. albicans yeast strain and E. coli, B. subtilis, S. aureus for P. aeruginosa bac-
teria were reported to be 0.0025 mg/mL, 0.008 mg/mL, 0.004 mg/mL, 0.01 mg/mL,
and 0.004 mg/mL, respectively [50-54]. Compared to PVAm-1-HCl and PVAm-
2-HCl, PVAm-1 and PVAm-2 had higher MIC values against bacterial and fungal
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Table2 MIC and MBC values of PVAm HCI as a polymer and PVAm-based particles against E. coli
(gram -) S. aureus (gram+), B. subtilis (gram+) and P. aeruginosa (gram -) as bacteria and C. albicans
as fungi strain

Particles PVAm HCI PVAm-1 PVAm-1-HC1 PVAm-2 PVAm-2-HCI
Organisms MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
E. coli 0.25 0.5 5 10 2.5 10 5 10 2.5 10
P. aeruginosa  0.25 0.5 5 10 2.5 10 10 10 2.5 10
S. aureus 0.25 0.5 5 10 2.5 10 5 10 2.5 10
B. subtilis 0.25 0.5 5 10 2.5 10 5 10 2.5 10
C. albicans 0.25 0.5 10 20 2.5 10 10 20 2.5 10

*All concentrations for MIC and MBC are mg/mL

strains. The higher MIC value refers to the higher concentration of a material that
is required to be effectively used as an antimicrobial agent. Protonation caused ele-
vation in the antimicrobial efficacy of particles as it increased the cationic charge
density on the particle surface. PVAm-HCI polymer possessed the lowest values for
both MBC as 0.5 mg/mL and MIC as 0.25 mg/mL with respect to antimicrobial
activity on the five mentioned cultures. The linear polymer form is much more effec-
tive as compared to the particle forms of PVAm in terms of antimicrobial and anti-
fungal efficacy owing to the fact that they are more flexible and have higher degrees
of freedom (multiple contact points) to interact with the microorganisms enabling a
linear polymer to destroy the membrane of both bacterial and fungal organisms more
easily. As it is reported, the increased surface area is more effective for antibacte-
rial studies [55]. Thus, contact area of a loose and flexible polymer was found more
effectual in comparison with the particles owing to surface area of free polymer
chains is much than the particles. On the other hand, the particle can still damage
the membrane of microorganisms, with higher initial concentrations. Additionally,
PVAm polymer and oligomers are expected to form when the particles degrade as
elaborated before leading to long term antimicrobial effect of PVAm particles. Fur-
thermore, antimicrobial activity of PVAm particles can be further increased either
by adjusting the hydrophobicity through chemical modifications, e.g., substitutions
with quaternary ammonium compounds of varying alkyl chains, or by increasing the
molecular weight of PVAm polymers via adjusting the degree of polymerization of
precursor PNVF polymers [45, 46, 56].

Conclusions

DVS and PEGGE crosslinked PVAm-based particles with highly flexible 3D mor-
phology and low crosslinking density were synthesized in a surfactant-free water-
in-oil emulsion system. PVAm particles and their protonated forms were revealed
to possess fluorescent properties, although the intensity of the particle forms was
lower than the linear precursors. 3D network morphology imparted by crosslinking
can provide a useful basis for imaging applications and fluorescent properties of the
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particles can be enhanced by entrapment/conjugation of contrast agents as well as
carrier for different active agents. Both formulations of PVAm particles were hydro-
lytically degraded in physiological pH environments and lost 20-30% of their weight
depending of medium pHs. All forms of PVAm particles were found to be compat-
ible to blood interactions depending on concentration of particles at<0.1 mg/mL
particle concentration. Furthermore, PVAm particles especially the protonated form
showed bacteriostatic properties which is very important in the prevention of bac-
terial infections making them useful for such applications against common yeast,
gram-positive and gram-negative bacterial strains. Moreover, the availability of the
abundant numbers of amine groups in PVAm particles make them versatile tools to
be coupled with innocuous molecules or biopolymers to deliver enhanced biological
applications rendering higher biocompatibility (lower toxicity), antioxidant and anti-
bactericidal activity, bioimaging, drug delivery, and so on. The amine functional-
ity of PVAm networks makes them highly versatile and multifunctional alternatives
toward a broad spectrum of applications include wastewater treatment, antimicrobial
coatings on medical devices, surfaces, or hygiene products.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00289-021-03874-9.
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