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Summary

Shi Guogiang "Preparation and properties of polymeric bacteriostatic
composite hydrogel”. — Manuscript.

Master's thesis on the speciality 226 Pharmacy, industrial pharmacy. — Kyiv National
University of Technology and Design, Kyiv, 2021.

The master's thesis is devoted to developing and preparing a composite hydrogel
material that can meet the long-term antibacterial properties through a simple physical
cross-linking method. The specific research content is as follows: Using PVA and PHMG
as raw materials, without introducing initiator and cross-linking agent, through the
freezing-thawing method, an antibacterial hydrogel material was prepared. By controlling
the PHMG content, freezing time, the number of freeze-thaw cycles and other conditions,
the performance of the hydrogel can be adjusted. The best formulation of the hydrogel is
found through characterization methods such as light transmittance, swelling rate,
dissolution rate, mechanical properties, biocompatibility, and in vitro antibacterial. Prove
that the hydrogel has excellent performance—especially long-term antibacterial ability
and safety.

Keywords: PVA, PHMG, antibacterial dressing, hydrogel



AHoTaNisA

i I'onsin «OTpUMaHHS TA BJIACTHBOCTI MOJIMEPHOT0 0AKTEPIOCTATHYHOTO
KOMIIO3UTHOTO Tiiporeo». — Pykonuc.

Marictepcbka po0oTa 3a cremianbHicTIo 226 Dapmartis, TpoMuciaoBa dapMmaris. —
KuiBchkuii HallioHadbHUM YHIBEPCUTET TEXHOJIOTIH Ta Au3aiiny, Kuis, 2021.

Maricrepcbka poOoTa MPHUCBIYEHA PO3POOIIl Ta BUTOTOBJICHHIO KOMIIO3HUTHOTO
TIAPOTeNIeBOro  maTepialy, SKHM MOXXEe MaTH JOBrOTPUBAJIl aHTUOAKTeplaabHI
BJIACTUBOCTI 32 JOIIOMOTO0 IIPOCTOTO (PI3UYHOTO METOTY MONEPEUHOTO 3MIMBAHHS. 3MICT
JOCIIIJKEHHS MOJIsirae B HaCTyNHOMY. BukopuctoBytoun B sikocti cupoBuHu [IBA Ta
[II'MI’, 6e3 BBeaeHHA iHIIIaATOpa Ta 3MIMBAIOYOr0 areHTa METOJ0M 3aMOPOXKYBaHHS-
PO3MOpOXXYBaHHS OyJI0 BHUTOTOBJICHO aHTUOAKTEpladbHUM TIIpOreseBUil MaTtepial.
Kontpomtoroun Bmict [II'MI', yac 3aMoposkyBaHHsI, KUIBKICTh LIMKJIIB 3aMOPOKYBaHHS -
BIJITABAHHS Ta 1HIII YMOBH, MOKHA PEryJIOBaTU PIBEHb XapaKTEPHUCTHUK T1JIPOTENIO.
Haiikpamuii ckiiaa riaporeiato 3HaliAeHO MUIIXOM JOCIIKEHHS] TaKUX XapaKTePUCTUK,
AK CBITJIONPOITYCKAaHHSI, IIBUAKICTh HAOyXaHHS, IMIBUAKICTb PO3YMHEHHS, MEXaHIYH1
BJIACTHBOCTI, OIOCYMICHICTh Ta aHTHOaKTepiadbHUK edekt In Vitro. JloBemeHo, 1o
riporeiab Ma€e 4YyJoBl XapaKTEPUCTUKH, OCOOJIMBO JOBTOCTPOKOBI aHTHOAKTEpialibHI
BJIACTUBOCTI Ta 0€3MEYHICTh Y 3aCTOCYBaHHI.

Kirouogi ciora: [IBA, III'MI', antubaktepiajibHa MOB's13Ka, TiAporeib



AHHOTaIMs

IIn T'ousin IlosiydyeHue M CBOWCTBA MOJHUMEPHOr0 0AKTEPHOCTATHYECKOIO
KOMIIO3UTHOIO ruapores. — Pykonucs.

Marucrepckas pabota no cnequanbHocTH 226 @apmanusi, MNPOMBILIIEHHAS
dapmanusa. — KueBckuil HallMOHANBHBIN YHUBEPCUTET TEXHOJIOTWNA U nu3aitHa, Kues,
2021.

Maructepckass paboTa MHOCBsIIEHa pa3pabOTKE U HM3TOTOBJICHUID KOMIIO3UTHOIO
TUAPOTENIEBOIO0  Marepuana,  KOTOpPbIA ~ MOXET  o0iajarh  JJIMTENIbHBIMU
aHTUOAKTEpUAIbHBIMA CBOMCTBAMHM C IOMOILIBIO MPOCTOr0 (PU3MYECKOr0 METoAa
ronepeyHou cimBky. ColepKaHue UCCIIETOBAHMS COCTOUT B caenyroneM. Menone3ys B
kauectBe coipbs [IBA u III'MI, 6e3 BBeAeHHS MHULMATOPA W CIIMBAIOLIEIO areHTa
METOZIOM 3aMOPAKUBAHUSA-PA3MOPAKMBAHKS OBLJT M3TOTOBJIEH aHTUOAKTEPHAIbHBIN
rugporeneBbii Mmarepuan. Konatpomupys conepxanne [II'MI', Bpemsi 3amopakuBaHus,
KOJINYECTBO LHKJIOB 3aMOPAaXMBAHUSA-OTTAMBAHUS W JPYrHE YCIOBUS MOXHO
PEryJINpOBaTh YPOBEHb XaPAKTEPUCTUK Tuaporens. Jlydmmii coctaB Tuaporesist HanaeH
IyTEM MCCIEIOBAHUS TAKUX XAPAKTEPUCTUK, KaK CBETOINPOIYCKAHUE, CKOPOCTH
HaOyXaHUsl, CKOPOCTb PACTBOPEHHUS, MEXaHUYECKHUE CBOMICTBA, OMOCOBMECTUMOCThH U
anTuOakTepuanbHbIi 3pdekT in vitro. JlokazaHo, 4To rugporesb 00aaaeT OTIUYHBIMU
XapaKTEPUCTUKAMHU, OCOOEHHO JIOJITOCPOYHBIMH aHTUOAKTEpUAIbHBIMU CBOMCTBAMHU U
0€301acHOCTbIO B TPUMEHEHUU.
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INTRODUCTION

The relevance of the topic:

Bacteria are the most critical type of resident bacteria in the human body, and
bacterial infection is the most common and severe type of skin disease. If not correctly
diagnosed and treated in the initial stage, it will cause infection and the spread of toxins,
resulting in severe consequences and even life-threatening. At present, the antibacterial
dressings in the market have some problems, such as single antibacterial performance and
poor biocompatibility. Therefore, it is necessary to prepare an efficient and broad-
spectrum antibacterial dressing.

Among the polymer antibacterial agents, guanidine polymer antibacterial agents are
essential. Most polymers containing guanidine groups have sound antibacterial effects.
Among many guanidine polymers, the research on polyhexamethylene guanidine (PHMG)
is the most popular. Because PHMG has good antibacterial properties, the Ministry of
Health has listed PHMG as a common disinfectant in the technical specification for
disinfection. PHMG is a new generation of high-efficiency broad-spectrum bactericide
with high antibacterial activity and prevents mildew. Only a small amount of PHMG is
needed to achieve the ideal effect. The sterilisation rate is usually 99%; Moreover, PHMG
has no side effects and irritating effects on human eyes, skin and mouth.

Hydrogel is a soft, hydrophilic three-dimensional network structure of polymer
materials. The polymer network can absorb large amounts of water or other liquids,
resulting in swelling. However, hydrogels still retain their original structure without

dissolution, and the water retention property of the hydrogel is excellent.
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Polyvinyl alcohol (PVA) is a kind of general water-soluble polymer. The molecular
chain contains many hydroxyl groups; therefore, it has good water solubility and wide
chemical diversity. In the 1950s, Sone Yasuo, a Japanese scholar, first observed the
gelation of polyvinyl alcohol (PVA) aqueous solution. In addition to the general
properties of hydrogels, PVA hydrogel also has many advantages. They are low cost, easy
moulding, good biocompatibility, easy crystallisation and biodegradability. It is a
synthetic material that meets the requirements for biomedical polymers' needs and is
widely studied as a typical biomedical material.

Therefore, it is significant to prepare high-efficiency broad-spectrum antibacterial
materials by combining the advantages and characteristics of polymeric bacteriostatic

agent PHMG and PVA hydrogel.

The purpose of the study:
To prepare a high-efficiency broad-spectrum antibacterial dressing and conduct

quality evaluation in the form of a drug-loaded antibacterial film.

The research objectives of the study:

The goal of this study is to prepare a high-efficiency broad-spectrum antibacterial
film. According to the research goal, the following experimental tasks are formulated:

1. Preparation of antibacterial film of PHMG composite PVA hydrogel.

2. Quality evaluation of a drug-loaded antibacterial film.

3. Establishment of drug quantitative analysis method.
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Research methods

1. Preparation of drug-loaded hydrogel antibacterial film. The drug-loaded PVA
hydrogel film was prepared by the physical crosslinking method (freeze-thaw method).
The PVA hydrogel films with different freeze-thaw times and different drug-loaded
concentrations were prepared by the controlled variable method.

2. Quality evaluation of the drug-loaded antibacterial film. Determine the composite
film's swelling, antibacterial properties, light transmittance, mechanics, drug release, etc.

3. Establish quantitative drug analysis methods. Preparation of PHMG solution,
dilute it in multiples, establish a working curve for drug determination by

spectrophotometry, and establish a process for determination of drug dissolution.

Practical value

Generally, hydrogel materials have poor mechanical properties. They cannot reduce
the damage to the wound surface caused by the external environment and external
mechanical forces and are inconvenient for medical operations. At the same time, medical
hydrogels have disadvantages such as generally expensive costs and complicated
preparation methods. The freeze-thaw method is used to prepare a hydrogel dressing with
a simple preparation process, meeting specific mechanical strength, low cost, simple
preparation process, and excellent antibacterial ability, which has great market prospects

and practical value.
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CHAPTER 1. LITERATURE REVIEW
1.1 Main types and characteristics of polymer antibacterial agents

Synthetic polymer antibacterial agents have only been over 30 years, and the
research history is short. However, they have received significant attention and developed
very rapidly in recent years due to their outstanding advantages. At present, many
polymer antibacterial agents have been used in all aspects of human life. The different
active functional groups can be mainly divided into chitosan and its derivatives,

polyquaternary ammonium salts, polyhaloamine salts, polyguanidine salts, etc.

1.1.1 Chitosan polymers

Chitosan is representative of a natural polymer antibacterial agent, which has the
advantages of safety, non-toxicity and high antibacterial activity. However, it has poor
solubility, insoluble in water and most organic solvents, has a high viscosity, and its
antibacterial activity is easily affected by pH value. It is not suitable for an environment
with strong acidity and alkalinity. These problems significantly limit its application [1].
Many chitosan derivatives have been designed and synthesised to overcome the above
shortcomings. Among them, the most studied water-soluble chitosan derivatives can be
obtained in the following three ways.

1) Controlling the deacetylation of chitin or the acetylation reaction conditions of
chitosan [1].

2) The amino or hydroxyl groups on chitosan introduce hydrophilic groups and

improve water solubility. For example, water-soluble chitosan can be obtained by
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carboxymethylation, acylation, hydroxyethylation [2] or sulfonation [3] of chitosan
(Figure 1.1).

3) Degradation of chitosan with high relative molecular weight [1]. Some groups
can improve the water solubility of chitosan and cooperate with it to resist bacteria — for
example, quaternary ammonium derivatives of chitosan [4].

People have done a lot of research on the antibacterial mechanism of chitosan and
its derivatives and put forward various theories.

1) Adsorb on the bacterial cell membrane through electrostatic attraction to form a
porous membrane, destroy the permeability of the cell membrane, make it unable to
normally absorb nutrients and pump out harmful substances [5] and destroy the integrity
of the cell membrane, resulting in the extravasation of substances in the cell [6].

2) Chitosan with a relative molecular weight of less than 5000 Da can diffuse into
microorganisms. Interaction with DNA and other electronegative substances will inhibit
RNA synthesis and destroy normal physiological activities [7].

3) Chitosan has high nitrogen content and solid chelating ability. It can selectively
combine with some trace metals and inhibit the production of bacterial toxins and
bacterial reproduction [5]. The actual antibacterial process may be a combination of one
or more mechanisms. Their antibacterial activity is related to many factors, such as

deacetylation degree, relative molecular weight, pH value, metal ions, ionic strength, etc.
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Figure 1.1 — Representative of water-soluble chitosan

1.1.2 Quaternary ammonium salt polymers

Among high molecular antibacterial agents, quaternary ammonium salt polymers are
widely used [8]. They are characterised by a positive monovalent quaternary ammonium
nitrogen ion (n™) with four substituents (R1 ~ R4) and counteranions (such as CI~, Br—, I")
(Figure 1.2) [9]. The preparation of quaternary ammonium salt polymers generally adopts
the route of "polymerisation before quaternisation™. For example, Roy and others first
synthesise the homopolymer pDMAEMA of dimethylaminoethyl methacrylate
(DMAEMA) and then quaternize it with Bromoalkyl to obtain quaternary ammonium
polymer [9]. However, some studies have adopted the route of "quaternisation before
polymerisation™”. For example, Lu Guigian et al. [10] quaternized DMAEMA with
haloalkanes to obtain quaternary ammonium salt monomers and then prepared quaternary
ammonium salt polymers through free radical polymerisation. The quaternisation degree

of the latter is higher.
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Figure 1.2 — General structure of quaternary ammonium salt compounds

Quaternary ammonium polymers have attracted much attention because of their high
antibacterial activity, stable and lasting performance, residual toxicity and low irritation
to human tissues [11]. Taking the polyamide amine derivative developed by Calabretta et
al. [12] as an example, its half lethal dose to bacteria is about 1 / 2 of LL-37 (antibacterial
peptide, a highly effective antibacterial agent). Still, its toxicity is only about 1 / 10 of
LL-37. The MBC values of quaternary ammonium salt polymer pairs and synthesised by
Sun et al. [13] are as low as 20 uG / ml and 50uG / ml, respectively, comparable to LL-
37 and other commercially available antibacterial agents. It is generally accepted that the
antibacterial properties of quaternary ammonium salt polymers depend on the positive
electricity of N*, but the specific action mode of N* has not been determined. Some
studies believe they are adsorbed to the bacterial surface through the electrostatic
attraction between N* and bacterial cell membrane (electronegativity). Then they
penetrate and pierce the bacterial cell membrane with the help of the hydrophobic effect
of substituted alkyl groups, resulting in the leakage of intracellular substances and killing
bacteria [10]. It is also the most widely accepted theory at present. However, some studies

believe that quaternary ammonium salt polymers rely on N* ion exchange with Ca?* and
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Mg?* in the cell membrane to destroy the charge balance and structural integrity of
bacteria, to exert antibacterial activity [16]. Many studies on the structure-activity
relationship of quaternary ammonium salt polymers have been carried out. It is found that
quaternary ammonium salt polymers show good antibacterial activity in a specific range
of relative molecular weight. When the relative molecular weight is small, the density of
active functional groups is low. It is insufficient to show good antibacterial activity. When
the relative molecular weight is too large, the molecular size is large. Therefore, the
resistance to penetrate the bacterial cell membrane is also significant, which is not
conducive to the exertion of antibacterial activity [14]. At the same time, the length of the
substituted alkyl chain will also significantly affect the antibacterial properties. It is
generally believed that the number of carbon atoms of at least one of the four substituted
alkyl chains of N* should reach 8 ~ 18 to enhance the compatibility with bacterial
lipophilic phospholipid bilayer to destroy cell membrane better and kill bacteria [9]. In
addition, the counter anion and the spacing length between the active functional group

and the main chain will also affect the antibacterial properties [18-19].

1.1.3 Haloamine polymers

Among the high molecular antibacterial agents, haloamine polymers are relatively
new [20-21]. The structural feature is that the repeating unit contains one or more
haloamine bonds [20]. Theoretically, the hydrogen on amide n can be replaced by halogen
to form a haloamine bond. Badrossamay et al. [22] grafted acrylamide on the polyethylene
(PE) surface and obtained antibacterial activity after halogenation. But frankly speaking,

more research is on heterocyclic acetolactate. Figure 1.3 illustrates a standard route for
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preparing a heterocyclic acetolactam monomer. Jang et al. [23] synthesised ADMH
monomer. They initiated the copolymerisation of ADMH with methyl methacrylate
(MMA) on the surface of silica microspheres and then halogenated it. The final
microspheres have good antibacterial properties against Gram-positive bacteria (G+
bacteria) and Gram-negative bacteria (G— bacteria), especially G+ bacteria.

Haloamine polymers have high antibacterial activity. They can release highly
oxidising halogen cations into microorganisms, destroy cellular enzyme activity and
metabolic process [24], and exert antibacterial activity through direct contact with
bacteria [25]. Some studies believe that microorganisms cannot form drug resistance to
haloamine polymers, and their antibacterial activity is renewable. When the antibacterial
performance cannot meet the demand, simple halogenation treatment can improve the
halogen stock and restore the antibacterial performance [26]. However, it should be noted
that the halogenation step has a significant impact on antibacterial activity. The study also
found that the better the hydrophilicity of the polymer, the lower the G, the easier it is for
the amide compound to form a stable haloamine structure, and there is no apparent change
in the FT-IR spectrum after soaking in water for two months [27]. At the same time, the
better the hydrophilicity, the easier it is to release halogen and contact with bacteria, and
the higher the antibacterial activity, but their antibacterial ageing will be relatively
shortened [26].

It should be noted that haloamine polymers release halogen during the antibacterial
process. Existing studies have proved that halogen can react with organics in the water to
produce carcinogenic and mutagenic by-products, which affect human health and

environmental safety. Therefore, it is necessary to comprehensively evaluate the safety
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performance of haloamine polymers and pay attention to the selection of application
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Figure 1.3 — Synthesis of ADMH monomer

1.1.4 Guanidine polymers

Guanidine polymeric antimicrobial agents include polyguanidine salts (PGs) and
polybiguanide salts (PBGs) [27]. It is generally prepared by polycondensation, and the
control of relative molecular weight and shape is poor. For example, Wei et al. [28]
synthesised polyhexamethylene guanidine hydrochloride (PHMG) using hexamethylene
diamine and guanidine hydrochloride polycondensation. The synthesised compound has
three linear and four cyclic or branched structures. Guanidine polymers belong to strong
cationic compounds. They can quickly adsorb to the negatively charged bacterial cell

membrane, exchange ions with Ca?* and Mg?* in the cell membrane. So, they destroy the
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charge balance of the cell membrane. They can also eliminate phospholipids biological
activity and cell membrane structure. Their antibacterial properties depend on the
structure of repeating units, relative molecular weight, polymer structure and so on. It was
found that PHMG had good antibacterial properties when the relative molecular weight
was 640 ~ 956 da. Cyclic or branched polymers have higher charge density and better
antibacterial properties than linear polymers [28]. The increase of chain length of diamine
will increase the distance between guanidine groups, resulting in the decrease of
antibacterial energy. Guanidine carbonate reacts with a diamine to form urea, which is
unsuitable for preparing guanidine antibacterial polymers, but guanidine hydrochloride is
suitable.

Most polymers containing the guanidine group have a good antibacterial effect
among high molecular antibacterial agents. Among many guanidine polymers, the
research on polyhexamethylene guanidine (PHMG) (Figure 1.4) is the most popular.
Because PHMG has good antibacterial properties, the Ministry of Health has listed
PHMG as a common disinfectant in the technical specification for disinfection.PHMG is
a new generation of high-efficiency broad-spectrum bactericide with high antibacterial
activity and prevents mildew. Only a small amount of PHMG is needed to achieve the
ideal effect, and the sterilisation rate is usually 99%. Moreover, PHMG has no side effects
and irritating effects on human eyes, skin and mouth.

PHMG attracts and closely combines with the positive guanidine group through
electrostatic interaction with the electronegative cell membrane of the outer layer of the
bacteria. Such an interaction results in the rupture of the bacterial cell membrane, the

massive outflow of internal nutrients, and the death of the bacteria due to the failure of
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normal reproduction. The unique feature of this sterilisation mechanism is that the
bacteria will not produce drug resistance. Nowadays, people pay more and more attention
to protecting the environment. It is necessary to study and synthesise green antibacterial
agents that are friendly to the environment, long sterilisation time, have a wide range of
sterilisation, and are less harmful to the human body. Introducing PHMG into other

materials to prepare antibacterial composites has become an important research topic

[29, 30, 31].
IHH
+NH—C—NH—(CH)g— - "HCI
Figure 1.4 — Structure diagram of PHMG
1.2 Hydrogel

Because of their unique properties, hydrogels have been extensively studied as
antibacterial materials in recent years. In summary, hydrogels have the following
advantages in anti-infection treatment: they can release antimicrobial agents at the
infection site and avoid repeated administration. It has good tissue adhesion and can
promote tissue repair [32-35]; When used as an antibacterial coating, it can protect
medical devices or implanted devices from causing infection in patients [36, 37]. The

definition and preparation methods of hydrogels are introduced in detail.



23
1.2.1 Definition of hydrogel

Hydrogels are polymers that contain large amounts of water and have three-
dimensional network crosslinking structures. Hydrogel has attracted wide attention for its
unique properties. First of all, because of its high water content and similar structure to
the human extracellular matrix, hydrogels are closer to living tissues than other materials,
thus having good biocompatibility. Secondly, due to the softness of hydrogel, the
mechanical damage to the surrounding tissues is relatively small. Moreover, the unique
porous structure gives it excellent permeability, convenient for transporting drugs and
nutrients. Its remarkable plasticity makes it possible to meet more needs in biomedicine.
In recent years, hydrogels have been widely studied and applied as excellent biomedical
materials, such as drug carrier tissue engineering, cell culture matrix, coating and wound

dressing.

1.2.2 Preparation of hydrogel
The preparation methods of hydrogels are generally divided into physical

crosslinking and chemical crosslinking [38], as shown in Figure 1.5.
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Figure 1.5 — The preparation methods of hydrogels

1.2.3 Antibacterial hydrogel
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Antibacterial hydrogel, which has bacteriostatic or bactericidal functions, has

essential research significance as a new antibacterial material. The preparation of

antibacterial hydrogel is usually introduced into the hydrogel system using physical

encapsulation or chemical crosslinking. According to the reported antibacterial hydrogel,

according to its antibacterial ingredients, it can be classified into four main categories:

antibiotic antibacterial hydrogel, antibacterial gel containing inorganic nanoparticles,
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antibacterial peptide hydrogel and cationic polymer antibacterial hydrogel. Cationic
polymers are widely studied as new antibacterial agents.

Cationic polymer antibacterial hydrogels, such as dendrimer, polyethyleneimine and
polylysine, have attracted the attention of researchers because of their unique properties.
Such properties are stable structure, antibacterial durability and ease of modification.
Studies on hydrogels with cationic polymers and their derivatives as antibacterial agents
have been reported extensively. Zhou et al. [39] reported a lysine based photo-
polymerisation of poly (lysine) antibacterial hydrogel. The results show that the gel can
be used to prepare antibacterial coating on the surface of medical equipment or equipment.
It has broad-spectrum and high-efficiency antibacterial activity, and its sterilisation mode
Is contact sterilisation. Lee et al. [40] have prepared a broad-spectrum antibacterial
hydrogel that can degrade mature biofilms. Firstly, two polymers were synthesised. The
first was ABA triblock copolymer, in which the intermediate segment was a hydrophilic
peg, and the two ends were vitamin E (VE) - functionalised polycarbonate. The second is
an antibacterial cationic polymer containing VE. Hydrogels can be formed by
hydrophobic interaction self-assembly after mixing the aqueous solutions of these two
polymers. The gel has over 99.9% sterilisation effect on Staphylococcus aureus and
Escherichia coli through contact sterilisation. The synergistic antibacterial effect of
fluconazole is introduced to Candida albicans, and the gel is proved to remove bacterial
biofilms.

Giano et al. [41] reported a hydrogel formed by direct crosslinking of oxidised
dextran and cationic polymer branched polyethyleneimine via Schiff base bonds. The gel

can be injected in situ in the infected area and showed excellent anti-infection
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performance in mouse skin infection and cecal ligation models. Liu and others have
prepared polycarbonate and PEG in situ antibacterial hydrogel [42] by ring-opening
polymerisation, quaternary amination and two-step Michael addition reaction of cyclic
carbonates. They have broad-spectrum antibacterial activity and can achieve about 99.9%
bactericidal efficiency for bacteria and fungi, and the antibacterial activity is durable. In
addition, the gel can also be used to prepare antibacterial coating on the surface of the

catheter material and shows a good antibacterial and antifouling effect.

1.3 PVA hydrogel

1.3.1 Introduction to PVA

The structural formula of polyvinyl alcohol (PVA) is shown in Figure 1.6. PVA
contains more -OH between molecules, so PVA is easy to form a hydrogen bond and then
form a macromolecular network structure. It has good water absorption and an excellent
gas barrier. PVA solution has suitable film-forming properties and excellent mechanical
properties. The most important thing is that PVA can be thoroughly degraded and has

good solvent resistance [43].

1.

#=—t—CH,— CH——*
I

b

Figure 1.6 — Structure diagram of PVA

The performance of PVA is between plastic and rubber, with water solubility and no

toxicity. PVA has a large amount of -OH in the molecule and hydrogen bond between -
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OH, so the chemical properties of PVA are relatively stable [44-46]. In recent years, PVA

has been more widely used due to the improvement of PVA synthesis technology. PVA
has high dielectric constant and insulation properties, so PVA is also used in the
packaging and electronic industries [47]. For PVA, its degree of polymerisation can be
divided into four categories: ultra-high, high, neutralisation and oligomerisation. The
increase of PVA polymerisation degree will reduce its water solubility and increase its

viscosity [48].

1.3.2 The film formation of PVA

The solubility of PVA in water depends on its alcoholysis degree. When the
alcoholysis degree of PVA is between 87% ~ 89%, its water solubility is the best.
Therefore, in terms of water solubility, the alcoholysis degree of PVA is better in the
range of 87% ~ 89% [49]. The molecule of PVA has a linear structure; -OH in the
molecule will form a hydrogen bond with -OH in H,O [50]. At the same time, PVA has
good resistance to organic solvents and is suitable for film materials. The film formed by
PVA has strong toughness and mechanical properties [51]. At present, there are four
methods for preparing PVA films.

1. Casting method

The casting method is to pour the configured PVA mother liquor into the roller
casting machine, heat dry the roller of the casting machine, and automatically peel it into
film after cooling. It has the advantages of high efficiency and high precision. The process
flow is shown in Figure 1.7. The technical key point is to control the drying temperature

and drying time in the whole process and grasp the glue feeding amount [52-53].
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Figure 1.7 — Flow chart of casting method

2. Wet extrusion blow moulding
Figure 1.8 shows the preparation process of the PVA blown film forming process.
Firstly, PVA was blended with water and additives, swelled for a while, then extruded

and melted, and finally formed a film by defoaming and quantitative blow moulding [53].
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Figure 1.8 — Flow chart of wet extrusion blow moulding method

3. Dry extrusion blow moulding

Figure 1.9 shows the preparation process of PVA by dry extrusion blow moulding.
The dry extrusion blow moulding method is to vacuum dry PVA particles for 24 hours,
mix them with various additives, extrude and granulate them with a single screw extruder,
then defoamer and blow film, and obtain the finished products after post-treatment. This

method has the advantages of low cost, simple operability and can be carried out on a

large scale.
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Figure 1.9 — Flow chart of dry extrusion blow moulding method

4. Plate coating method

The plate coating method is a simple film-forming method. It adopts coating PVA
mother liquor on a smooth plate and uncovering the film after natural air drying. It is
simple and easy, but the efficiency is low. It is suitable for small-scale experiments, and

it is a feasible scheme for preparing films in general laboratories.

1.3.3 Preparation of PVA hydrogel

Polyvinyl alcohol (PVA) is a water-soluble polymer obtained by the alcoholysis of
polyvinyl acetate. Polyvinyl alcohol has good water solubility, non-toxic to the human
body, has no side effects, has good histocompatibility and has little environmental
pollution. PVA hydrogel is widely used in ophthalmology, artificial cartilage, wound
dressing, biomedicine and other fields. The preparation methods of PVA hydrogel are
mainly divided into three types: physical crosslinking, chemical crosslinking and

radiation crosslinking.
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1. Chemical crosslinking method

Polyvinyl alcohol (PVA) hydrogel was prepared in [55] by Jun-Seo Park et al. with
polyvinyl alcohol (PVA) as raw material and chemical crosslinking with glutaraldehyde
(GA) under acidic conditions. Chemical crosslinking agents form the crosslinking point
between PVA molecules, and then the PVA hydrogel is formed. The chemical
crosslinking method is used to enhance the properties of PVA hydrogels by adjusting
chemical crosslinking agents. Chitosan and polyvinyl alcohol (PVA) blends were used to
prepare PVA/ chitosan hydrogels through chemical crosslinking of glutaraldehyde by
Herman S. Mansur et al. [54]. Polyvinyl alcohol and polyvinyl alcohol gel were studied
by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and
dynamic mechanical analysis (DMA). Their swelling characteristics and tensile strength
were also determined. The results showed that gels' melting point and crystallisation
temperature were lower than polyvinyl alcohol hydrogels without crosslinking agents.

Du et al. [56]: Crosslinked polyvinyl alcohol with different glutaraldehyde content
to prepare shape memory polymers. The results show that the hydrogel has good shape
memory and cycle performance and offers the potential application prospect of SM-PVA
as shape memory material. Although chemical crosslinking makes PVA hydrogel fast and
easy to react to, it is difficult to remove all the crosslinking agents entirely that remain in
the gel without participating in the reaction. These small molecule crosslinking agents are
mostly bioactive and have biological toxicity, such as glutaraldehyde, boric acid, etc.
These disadvantages greatly restrict the application of PVA hydrogel prepared by a

chemical crosslinking agent in biomedicine.
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2. Radiation crosslinking method

Irradiation crosslinking means that free radicals are generated by irradiating PVA
molecules by high-energy rays and PVA hydrogels are formed by combining free radicals.

Fan [57] et al.: Chitosan (CS) / gelatin / polyvinyl alcohol (PVA) hydrogel for
medical dressings was prepared by irradiation. The study shows that the tensile strength
of CS/ gelatin /PVA hydrogel is higher than that of gelatin /PVA hydrogel, and the
maximum tensile strength can reach 2.2 Mpa. Meanwhile, CS/ gelatin /PVA hydrogel
also has an excellent hemostatic effect, good pH sensitivity, swelling ability and water
evaporation rate.

Mallaiah [58] et al.: Polyvinyl alcohol (PVA) hydrogel containing gold
nanoparticles was synthesised by X-ray irradiation Glue nanocomposites. The addition of
gold nanoparticles reduced the binding sites of the PVA matrix, resulting in enhanced
swelling and mechanical properties of gold nanoparticles / PVA hydrogel
nanocomposites. The radiation crosslinking method has many advantages that the
chemical crosslinking method does not have, such as faster reaction speed, controllable
polymerisation process in space and time, no residual crosslinking agent, etc. However,
many materials can not be added to the gel system due to radiation intensity, so the
application scope is limited. At the same time, the radiation crosslinking method also
needs special radiation equipment, which has hidden dangers of radiation safety and
environmental safety. In addition, radiation crosslinking has no noticeable effect on the

mechanical properties of the materials.
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3. Physical crosslinking method

Physical crosslinking, also known as freeze crosslinking, is the most commonly used
method for preparing PVA hydrogels. The PVA solution was frozen at low temperature
(-20°C ~-80°C) and then removed at room temperature by thawing. Repeated cycles of
the freezing and thawing processes enhance the performance of PVA hydrogel. The
mechanism of PVA hydrogel prepared by freezing-thawing is as follows.

1. At low temperatures, the PVA chain's movement speed decreases, making
prolonged contact between PVA chains; the hydrogen bonds between PVA molecules
and intermolecular hydroxyl groups gradually form hydrogen bonds. This structure plays
the role of crosslinking point in PVA hydrogel and creates a more stable structure. This
firm structure was maintained after thawing at room temperature. By repeating the
freezing-thawing process, more and more hydrogen bond crosslinking points are formed,
and the substance becomes denser.

2. At low temperatures, the gel phase starts to form phase separation, which creates
the aggregation area and non-aggregation area of polymer segments. These aggregation
regions form a gel network with non aggregated areas.

In the process of freezing, microcrystalline regions were formed between PVA
molecules. These microstructures were used as crosslinking points of hydrogels. With the
increase of the freezing-thawing process, the microcrystalline regions in PVA hydrogels
increased, and the mechanical strength of hydrogels increased significantly. There are
also theories that these mechanisms may not exist independently in the gel system but

form a gel together [59]. See Figure 1.10 below for illustration.
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Figure 1.10 — Schematic diagram of PVA hydrogel after freezing and thawing

The preparation of physically crosslinked PVA hydrogels was prepared by freezing
of PVA solution. Therefore, the factors affecting the properties of physically crosslinked
PVA hydrogel mainly include freezing-thawing cycles, PVA solution concentration and
solvents. Lozinsky et al. [60] studied the effect of polyols in the initial PVA water solution
on the rheological properties and thermal properties of the low-temperature gel prepared
by the freeze-thawing method. Polyol additives (cosolvent) are glycerol, propylene glycol,
diethylene glycol, triethylene glycol and ethylene glycol oligomers (PEG-400 and peg-
1000). The results showed that the shear modulus and melting temperature of PVA
hydrogels were reduced by glycerol, propylene glycol and two glycols. Gels' strength and
thermal stability increased with the use of three glycols and glycol oligomers as cosolvent.
Y. Machida [61] et al. determined the NMR spectra of polyvinyl alcohol (PVVA) hydrogel

prepared by multiple freezing-thawing cycles. The results showed that after the second
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freezing-thawing cycle, the PVA solution began to gel, and after the fourth cycle, a stable
physical crosslinking hydrogel was formed. Therefore, the freezing-thawing cycle can
effectively enhance PVA hydrogels' structure and mechanical strength.

Tatsuko et al. [62] used polyvinyl alcohol (PVA) hydrogel to carry out 1 to 5
freezing-thawing cycles. The phase transition of hydrogels was also studied by X-ray
diffraction (XRD) and differential scanning calorimetry (DSC). The results show that
PVA molecules aggregate during ice formation and form hydrogen bonds between
molecular chains. With the increase of freezing-thawing cycles, the residual free
molecular chains are contained in the binding band in turn. At the same time, PVA
hydrogel exhibited a synergistic effect when the sol concentration was below 5%.
Therefore, it is not easy to prepare gel with a concentration of less than 5%. The sol-gel
transformation is challenging to detect if the concentration of sol decreases. The physical
crosslinking method uses the freezing-thawing cycle to form a physical crosslinking point
in the PVA hydrogel. It does not need to add any chemical crosslinking agent in the
reaction process. It can effectively maintain the biocompatibility of the material.
Meanwhile, the PVA hydrogel prepared by physical crosslinking has high water content,
high mechanical strength and controllable, stable and insoluble at room temperature, and
the preparation process is simple. Without special equipment and compatibility with other

sustained-release drugs, the hydrogel is an ideal preparation method for PVA [63-66].

Chapter 1 conclusions

In the first chapter, | mainly review the theme from three aspects.
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The first aspect is the main types and characteristics of polymer antibacterial agents.
It is concluded from the overview that PHMG is a new generation of high-efficiency
broad-spectrum bactericide, which has high antibacterial activity and prevents mildew.
Only a small amount of PHMG is required to achieve the ideal effect, and the sterilisation
rate is usually 99%. Moreover, PHMG has no side effects and irritating effects on human
eyes, skin and mouth. Nowadays, people pay more and more attention to protecting the
environment. It is necessary to study and synthesise green antibacterial agents that are
friendly to the environment, have a long sterilisation time, and have a wide range of
sterilisation and are less harmful to the human body. Introducing PHMG into other
materials to prepare antibacterial composites has become an important research topic.

The second aspect is the definition, preparation and application of hydrogels in the
field of antibacterial. From the summary, hydrogels have been widely studied and applied
as excellent biomedical materials, such as drug carrier tissue engineering, cell culture
matrix, coating and wound dressing. Especially in wound dressings, the preparation of
antibacterial hydrogel materials has become a research hotspot.

The third aspect is PVA hydrogel. The properties of PVA and the method of PVA
film formation, and the preparation of PVA hydrogel are introduced. It is concluded from
the summary that PVA is water-soluble, non-toxic, chemically stable, and has high
dielectric constant and insulation properties. Therefore, PVA hydrogel is an excellent
material for preparing antibacterial dressings. Physical crosslinking, also known as freeze
crosslinking, is the most commonly used method for preparing PVA hydrogels. The

physical crosslinking method is easy to operate. It has good physical and chemical
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properties of the prepared PVA hydrogel. The PVA hydrogel has better biocompatibility

because it does not need to join a chemical crosslinking agent.
Therefore, in the above three aspects, my research goal is to prepare antibacterial
dressings and study their properties by using PVA hydrogel as a carrier and adding a new

generation of broad-spectrum bactericide PHMG.
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CHAPTER 2. THE PREPARATION AND QUALITY EVALUATION OF PVA

HYDROGELS

This experiment used the circular freezing-thawing method to prepare a three-
dimensional network structure of polyvinyl alcohol hydrogel. This chapter mainly
introduces the drugs and equipment used in the investigation, introduces the preparation
process of hydrogels with different drug concentrations and freeze-thaw cycles,
establishes quantitative drug analysis methods, and carries out a quality evaluation of the

drug-loaded PVA hydrogel membrane.
2.1 Experimental raw materials and equipment

2.1.1 Experimental raw materials

The raw materials and drugs used in this chapter are shown in Table 2.1.

Table 2.1 — Drugs and reagents

Name of drug and

Manufacturer
reagent
PVA Ti xi'ai (Shanghai) Huacheng
Industrial Development Co., Ltd
PHMG Aladdin company
Beef paste Aladdin company
Tryptone Aladdin company
Agar Aladdin company
Sodium chloride Aladdin company
Escherichia coli Aladdin company
Staphylococcus aureus Aladdin company
Hella cell Aladdin company

Triton X-100 Aladdin company




2.1.2 Instrumentation

39

The experimental instruments are shown in Table 2.2,

Table 2.2 — A list of instruments used

Name of
experimental Model Manufacturer
instrument

Ultrasonic cleaner Kq5200 type Kunshan Ultrasonic Instrument Co., Ltd

Intelligent ZNCL- i

magnetic stirrer BS140%140 Gongyi Yuhua Instrument Co., Ltd

Electronic balance TE124S Saidoris scientific instrument (Beijing)
Co., Ltd

Electric blast 101tvpe Beijing Yongguangming Medical

drying oven yp Instrument Co., Ltd

PH meter PHS-3E Shanghai Leici Chuangyi Instrument
Co., Ltd

Ultraviolet-visible UV-6000H Shanghai Yuanxi Instrument Co., Ltd

spectrophotometer

Bo_oster electric Jb50-d type Made by Shanghai specimen model

agitator factory

Refrigerator BCD-50WDPF Gree Co., Ltd

Constant

temperature Type D101 Saidoris scientific instrument (Beijing)

magnetic stirring
oil bath

Microplate
Spectro-
photometer

Autoclave

Constant
temperature
incubator

electron
microscope

SpectraMaxRi3

Y X280B

HPX-9272MBE

BA210

Co., Ltd

Shanghai Leici Chuangyi Instrument
Co., Ltd

Beijing Yongguangming Medical
Instrument Co., Ltd

Beijing Yongguangming Medical
Instrument Co., Ltd

Mcdio Industrial Group Co., Ltd
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2.2 Sterilization mechanism of PHMG

Polyhexamethylene guanidine (PHMG) is a new cationic polymer prepared by
polycondensation of hexamethylene diamine and guanidine hydrochloride under certain
conditions. The synthesized PHMG is a translucent light yellow solid, which is very
soluble in water and has no pungent smell. The molecular formula is (CH: NCI) n. It is
an efficient broad-spectrum bactericide and can effectively control the growth of bacteria
for a long time.

According to the research of experts at home and abroad for many years, the
antibacterial mechanism of PHMG is: because PHMG is positively charged, it is easy to
adsorb negatively charged bacteria and viruses, which inhibits the re-division of bacteria
and viruses, makes bacteria and viruses lose the ability of diffusion and reproduction,
inhibits the respiratory ability of bacteria and viruses, and accelerates the rapid death of
bacteria and viruses 9. The bactericidal rate of 0.02% PHMG against Escherichia coli,

Staphylococcus aureus, Candida albicans and Neisseria gonorrhoeae was 100%.

2.3 Selection of PVA concentration

The effect of PVA concentration on the properties was studied by Hu Xiaoli et al.
[67]. It was found that hydrogel was easy to dehydrate and shrink at low PVA
concentrations. Only when PVA concentration exceeds 5wt%, stable and effective
crosslinked physical hydrogel can be formed. When the concentration of PVA is 5wt% ~

10wt%, the gel is thawed, jelly-like, and the force is liable to deformation and
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fragmentation. When the mass fraction of PVA is 13%, the PVA hydrogel has good

properties. Therefore, the hydrogel was prepared by PVA with a mass fraction of 13%.
2.4 The preparation principle of PVA drug-loaded hydrogel

The freezing process "freezes" the molecular motion state of the PVA aqueous
solution at a particular time so that the molecular chains in contact with each other can
interact and closely combine with van der Waals force and hydrogen bond. Some
molecular segments can form an ordered structure in a certain micro-region to strengthen
the binding. So that after the PVA solution is thawed at room temperature, these tightly
bound ordered micro-regions still bind and become "entanglement nodes". When frozen
again, some new closely tied ordered micro-regions are formed, called "physical
crosslinking points". PHMG is easily soluble in PVA aqueous solution. When the
"physical crosslinking point" is created, PHMG is fixed in an ordered micro-region.

Finally, the drug-loaded PV A hydrogel was formed.

2.5 Preparation process of drug-loaded PVA hydrogel

First, weigh an appropriate amount of PVA into a wide mouth flask, measure
deionized water, and thoroughly stir and dissolve it at room temperature for 30 minutes.
Move the flask into an oil bath with magnetic stirring, slowly raise the temperature to
85°C, stir and dissolve at constant temperature for 5 h, then increase the temperature to
90°C and stand for 30 min to remove the bubbles generated during stirring. Cool the
completely dissolved PVA aqueous solution to room temperature. Add a certain amount

of PHMG into PVA aqueous solution, stir to dissolve it and stand to obliterate bubbles.
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Finally, the solution was injected into the cavity of the polypropylene mould with a

thickness of 0.2mm. After freezing at - 20°C for 13 hours, thaw at 25°C for 20 minutes
as a freeze-thaw cycle. The PVA hydrogel membrane was made several times after

repeated cycles. The flow chart is shown in Figure 2.1

PVA dissolved in water at high

temperature

L 4

Cool to room temperature

Add PHMG and stir evenly
Stand still to remove bubbles

{

Pour into the mold and start freezing

and thawing

Products of drug loaded PVA

hydrogel membrane

Figure 2.1 — Process flow chart for preparation of drug-loaded PV A hydrogel

membrane

2.6 Experimental design of drug-loaded PVA hydrogel

Two factors are crucial to the finished product in the drug-loaded PVVA hydrogel
preparation process. The first is that the drug loading concentration is different, and the
second is that the freezing and thawing times are different. It is found that the film cannot

be formed when the freezing and thawing times are the same.
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Therefore, the experiment was divided into two groups:

(1) Different drug loading concentrations: the mass fractions of PHMG loaded by A,
B, C and D were 0.3%, 0.5%, 0.7% and O respectively. Their freezing and thawing cycles
were 5 times.

(2) The freezing and thawing times are different: B1, B2 and B3 are frozen and
thawed for 2, 3 and 4 times, respectively. The mass fraction of PHMG loaded on them is

0.5%, as shown in Table 2.3 below.

Table 2.3 — Experimental design of drug-loaded PVA hydrogel

Name Mass fraction Mass fraction of The number of gelatin
of PVA (%) PHMG loaded (%) freeze-thaw cycles
A 13 0.3 5
B 13 0.5 5
C 13 0.7 5
D 13 0 5
Bl 13 0.5 2
B2 13 0.5 3
B3 13 0.5 4

2.7 Standard curve equation of PHMG concentration concerning the

absorbance

(1) Determination of PHMG detection wavelength
Accurately weigh 5.00 mg PHMG drug, place it in a 100 mL volumetric flask,

dissolve it with deionized water, dilute to the mark, shake the volumetric flask to make it
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uniform, and use it as a stock solution (50 pg/mL). Use a pipette to take out 15 mL and

transfer to a 50 mL volumetric flask, dilute the volume to the mark with deionized water,
shake the volumetric flask to make it uniform, and prepare a standard solution with a
concentration of 15 ug/mL. Use deionized water as a blank control solution and detect
with an ultraviolet spectrophotometer. Scan the standard solution with a 190-800 nm
wavelength to determine the maximum wavelength of PHMG. As shown in Figure 2.2

below, PHMG has a maximum absorbance at a wavelength of 192nm.
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Figure 2.2 — UV scanning spectrum of PHMG

(2) Preparation of standard curve

Precisely measure 2, 4, 8, 10, and 15 mL of the standard solution, respectively,
transfer to a 50 mL volumetric flask, dilute the volume to the mark with deionized water,
shake the volumetric flask to make it uniform, and obtain a concentration of 2, 4,
respectively, 8, 10, 15 ug/mL series of solutions. Use deionized water as a blank control

solution, detect with an ultraviolet spectrophotometer, select PHMG at a wavelength of
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192nm, scan the series of solutions to determine the absorbance (A). Taking the

concentration (C, pg/mL) of the PHMG model drug as the abscissa (x) and the absorbance
(A) as the ordinate (y), linear regression of the absorbance against the concentration was

performed to obtain the standard curve equation. See Figure 2.3, Figure 2.4 and Table 2.4

below.
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Figure 2.3 — Absorbance of PHMG at different concentrations
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Figure 2.4 — Linear regression of absorbance at -192nm versus concentration

Table 2.4 — Absorbance of different concentrations of PHMG at 192nm

Concentration

(pg/mL) 2 4 8 10 15
Absorbance
(ABS) 0.1468 0.3014 0.5281 0.7136 1.0094

Linear regression is performed on the concentration C (ug/mL) by absorbance A
(Absorption), and the standard curve equation is obtained: Y=0.0663X+0.0229,
R?=0.9963. The results showed that the absorbance and concentration of PHMG drugs
showed a good linear relationship in the concentration range of 2-15 pg/mL. Therefore,
we get the formula

Y = 0.0663X + 0.0229, 2<X< 15, (2.1)
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X 1is the concentration of PHMG in the solution, and its unit is ug/mL. Y is the

absorbance at a wavelength of 192nm, and its unit is A.

2.8 Photograph of PVA hydrogel film appearance and light transmittance test

Cut the composite hydrogel film into 10 mm x 40 mm rectangles and take pictures.

The appearance of PVA with the same freezing and thawing times and different drug
loading concentrations is shown in Figure 2.5.

The appearance of PVA with different freezing and thawing times and the same drug
loading concentration is shown in Figure 2.7.

Scan the light transmittance of the composite hydrogel film with an ultraviolet
spectrophotometer. First, take the blank film D with the same freeze-thaw times as the
scanning base, and scan the three films A, B, and C with a wavelength of 200-800 to
obtain the light transmittance (see Figure 2.6 below).

Then use water as the scanning substrate to scan the three films of B1, B2, and B3
at 200-800 wavelengths to obtain the light transmittance, as shown in Figure 2.8.

(1) Intuitively from Figure 2.5, the transparency of the drug-loaded PV A films with
the same number of freeze-thaw cycles (5 times) and different drug-loading

concentrations are very close.



Figure 2.5 — The appearance of PVA membrane with the same freeze-thaw times
and different drug loading concentrations

As seen from Figure 2.6, their light transmittance curves are almost the same.
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Figure 2.6 — Transmittance of PVA film with the same freeze-thaw times and

different drug loading concentrations
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(2) From the visual point of view in Figure 2.7, it is found that the transparency of

B1, B2, and B3 are significantly different.

Figure 2.7 — The appearance of PVA with different freeze-thaw times and the same
drug loading concentration
Combined with Figure 2.8, there is indeed a gap in their light transmittance. The
light transmittance: B3 < B2 <BL1.
Therefore, we found that the transparency of the film is mainly determined by the
number of freeze-thaw cycles of the PVA film. The fewer the number of freeze-thaw

cycles (2 times), the higher the transparency.
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Figure 2.8 — Transmittance of PVA film with different freeze-thaw times and the

same drug loading concentration

2.9 Swelling rate test of PVA hydrogel film

Soak the composite hydrogel in distilled water for 48 hours to ensure it swells to
equilibrium. Wipe off the excess water on the surface of the composite hydrogel and
weigh it as the mass (Ws), dry the swollen composite hydrogel membrane at 105°C for
12 hours, and weigh the mass (Wd) of the dried membrane. Calculate the swelling rate
by formula (2.2). Get Figure 2.9.

Swelling ratio (%) = E%;_W_d_ « 100 (2.2)

d

The weight of Ws and Wd in the upper form is the swelling and drying state of the

hydrogel, respectively.
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Figure 2.9 — PVA membrane swelling rate

Swelling ratio (%)

The swelling rate of the PVA film represents the liquid absorption capacity of the
film, and the liquid absorption capacity is an essential indicator of the quality of the
dressing. It can be seen from Figure 2.9 that B1 has the highest swelling rate, reaching
87.40%; C, which has the lowest swelling rate, also has 79.8%. By comparing B1, B2,
B2 and A, B, C, it is concluded that the membrane swelling rate decreases as the drug
loading concentration increases; as the number of freeze-thaw cycles decreases (>

2 times), the film swelling rate increases.
2.10 Dissolution rate test of drug-loaded PVA hydrogel film

The dissolution rate of the drug-loaded hydrogel will have a more significant impact

on the drug's efficacy. Generally, the prescription must be released slowly at a specific
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rate to reduce the number of administrations and maintain effectiveness. Therefore, the

dissolution time of the drug is affected. Research is an essential indicator for investigating
the dissolution performance of drugs.

The specific steps for the dissolution rate test of the drug-loaded PV A hydrogel film:
Wash the A, B, C, B1, B2, and B3 hydrogel films with water to remove PHMG not fixed
in the hydrogel. Then, they were freeze-dried.

Weigh 0.4 g of the freeze-dried hydrogel films of A, B, C, B1, B2, and B3,
respectively. Soak them separately in 500 mL deionized water. Take 5ml of the soaking
solution at 15min, 30min, 1 h, 3 h, 6 h, 9 h, 12 h, 24 h, and test the saturated solution with
an ultraviolet-visible photometer (UV-6000H).

Using the formula (2.1) obtained in section 2.5, one needs to calculate the PHMG
concentration. In these calculations, X is the concentration of PHMG in the solution, and
its unit is pg/mL. Y is the absorbance at a wavelength of 192 nm, and its unit is A.

Use formula (2.3) to calculate the dissolution rate of PHMG and draw the dissolution
rate curve as shown in Figure 2.10.

Dissolution rate( %)= %# X 100% (2.3)

Among them, WA represents the mass of PHMG added, VVw represents the volume
of the soaking solution (mL), and Cpy ¢ represents the concentration of PHMG in the

soaking solution (pug/mL).
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Figure 2.10 — Dissolution rate of drug-loaded PVA membrane at different times

If you want long-lasting antibacterial activity, then the PVA hydrogel film must have
a slow-release effect on the drug.

First, by comparing the three curves of A, B and C, we found that:

(1) The dissolution rate of A is the largest, and the dissolution rate can reach more
than 50% in 6 hours. It shows that the network structure of PVA hydrogel can effectively
control the release of PHMG, effectively prolong the antibacterial time and improve long-
term protection for wounds.

(2) The dissolution rate of A and B after 12 hours is almost unchanged, while the
dissolution rate of C continues to increase in 12-24 hours, and the drug concentration of
C is the highest. It shows that the higher the drug concentration, the longer the drug is
released at the same freezing and thawing times. Although A has the highest dissolution
rate, the quality of PHMG dissolved within 24 hours is still lower than that of C.

Secondly, by comparing curves B, B1, B2, and B3, we found that:
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(1) The dissolution rate of B1 reached about 40% after being placed in water for 15

minutes, and the dissolution rate has hardly changed since then. It can illustrate two
problems. First: After the dissolution rate reached 40%, it did not continue to increase.
About 60% of PHMG is not fixed in the PVA hydrogel membrane, and it is removed at
the step of washing with water. Second: B has only two freeze-thaw cycles. It shows that
the physical crosslinking points formed by the two freeze-thaw cycles are not enough so
that the PHMG is not firmly fixed.

(2) The curves of B and B3 almost overlap, and their freeze-thaw times are 4 and 5,
respectively. It shows that when the drug loading concentration is constant, the
dissolution rate remains virtually unchanged when the number of freeze-thaw cycles
reaches more than 4 times.

(3) B2 has the highest dissolution rate among them, which shows that when the PVA
film has the same drug loading concentration, the drug with the number of freeze-thaw
cycles of 3 times has the highest dissolution rate.

To sum up: when the number of freeze-thaw cycles is three times, the higher the
drug-loaded mass fraction of the PVA film, the longer the drug dissolution. Then its

antibacterial effect will last longer.

2.11 Mechanical strength test of drug-loaded PVA hydrogel film

The specific steps of mechanical characterization are: cut the composite hydrogel
film A, B, C, D, B1, B2, B3 into a 10 mm x 40 mm rectangle and expand to the
equilibrium in distilled water. Through IX series automatic material testing system, the

mechanical properties are tested at the rate of 20 mm/min at room temperature and
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measured in parallel three times. During and after the test (see Figure 2.11). Elongation

at the break (or breaking extension) and tensile strength are shown in Figure 2.12 and
Figure 2.13.
Elongation at the break is calculated as follows:
E=(La-L0)/LO (2.4)
Where E is the elongation at the break, LO is the original length of the sample, and
the length of the La sample when it is broken.
The calculation formula for tensile strength (MPa) is:
T=Fb/SO (2.5)
Where T is the tensile strength and Fb is the maximum force (N) borne by the sample

when it is pulled apart; SO is the original cross-sectional area of the sample (mm?).

Figure 2.11 — PVA membrane mechanical test and after test

The relative elongation generally expresses the elongation at a material's break (or

breaking extension). In other words, it is the ratio of the elongation of the material at the
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break to its initial length expressed as a percentage. It is an index that characterizes the

softness and elasticity of materials. The greater the breaking extension, the better are the
softness and elasticity. Specific use of the material requires a particular level of elongation
at the break.

The breaking extension is one of the critical indicators that determine the material
processing conditions and the performance of its product. The material with significant
breaking extension has a softer hand and can cushion the force during processing,

convenient for processing.
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Figure 2.12 — Elongation at break of PVA film

From Figure 2.12, the elongation at break of C is the largest, and B1 is the smallest.
However, their breaking extension is more significant than 200%, which shows that the

softness and elasticity of these films are very good, which is very conducive to the
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processing of dressings. From the comparison of B1, B2, B3, and B, as the number of

freeze-thaw cycles increases, the softness and elasticity of the PVA film increase. From
the comparison of A, B, and C, as the drug loading concentration increases, the softness
and elasticity of the PVA film increase.

During the tensile process of the sample, the material passes through the yield stage
and enters the strengthening stage. After the transverse section size is significantly
reduced, the maximum force (Fb) that it bears when it breaks is divided by the sample's
original cross-sectional area (So). The stress (T) is called tensile strength, and the unit is

(MPa). It represents the maximum ability to resist damage under tensile force.
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Figure 2.13 — Tensile strength of PVA film

Tensile strength (MPa) refers to the maximum stress a material can withstand before

it breaks. From Figure 2.13, the tensile strength of C is the largest. From the comparison
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of B1, B2, B3, and B, as the number of freeze-thaw cycles increases, the tensile strength

of the PVA film increases. From the comparison of A, B, and C, as the drug loading
concentration increases, the tensile strength of the PVA film rises.
To sum up: in terms of mechanical strength, the performance of A, B, C, D, B1, B2,

and B3 are all very good. Among them, C has the best performance.

Chapter 2 conclusion

A series of tests were carried out to evaluate the quality of PHMG composite PVA
hydrogel. The quality evaluation of drug-loaded hydrogels was carried out regarding
appearance, transmittance, swelling rate, dissolution rate and mechanical properties.

We found that:

(1) The transparency of the PVA membrane is mainly determined by the freezing
and thawing times of the PVA membrane. The fewer freeze-thaw times (=2 times), the
higher the transparency.

(2) With the increase of drug loading concentration, the membrane swelling rate
decreased. The membrane swelling rate increased with the decrease of freeze-thaw times
(=2 times).

(3) In terms of mechanical strength, A, B, C, D, B1, B2 and B3 have good
performance. The performance of C is the best.

(4) Regarding dissolution rate, when the freezing and thawing times are three times,
the higher the drug loading mass fraction of the PVA membrane, the longer the drug

dissolution is. Then the longer its antibacterial effect is.



59
In summary, the three-dimensional network structure of PVA hydrogel is stable after

three freeze-thaw cycles. Especially in terms of dissolution rate, the dissolution rate is the
highest when freezing and thawing three times. A high dissolution rate means solid
antibacterial ability.
When the water gel freeze-thaw was melted three times, and the mass fraction of
PHMG was 0.7%, the hydrogel had an excellent swelling rate and mechanical properties.
Therefore, through the orthogonal experiment and quality evaluation of drug-loaded
PVA hydrogels, we have obtained the best formula: PVA hydrogel freeze-thaw three

times, and PHMG mass fraction is 0.7%.
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CHAPTER 3. CONSUMER PROPERTIES AND PRODUCTION

TECHNOLOGY
3.1 Antibacterial and biocompatibility properties

3.1.1 In vitro antibacterial test of PVA hydrogel membrane

(1) The inhibition zone method is used to evaluate the dissolution. The process is as
follows:

1. Cut the hydrogel sample into a 1cm rectangle;

2. Sterilize the pipette tip and test tube at high temperature;

3. Pour normal strength agar into the petri dish. After cooling and solidification, pour
a layer of 1/4 strength agar, cooling and solidification for later use;

4. Smear 0.1 mL10°mL cfu/mL E. coli bacteria liquid on the agar medium, and then
place the sample rectangle on the medium. Incubate at 37°C Celsius for 24 h, and observe
the size of the inhibition zone.

The results of the zone of inhibition method are shown in Figure 3.1.

Figure 3.1 — Evaluation of the antibacterial effect of the hydrogel by the inhibition zone

method
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As shown in Figure 3.1, we found that the unloaded D gel has no bacteriostatic zone,
and the rest of the hydrogels have formed a bacteriostatic zone. It indicates that the drug-
loaded hydrogel has an antibacterial effect and is dissolvable.

(2)The test process of the shaking method is as follows:

1. Take 0.1 g freeze-dried hydrogel sample and cut into pieces;

2. Sterilize the pipette tip and test tube at high temperature;

3. The number of Escherichia coli in the solution is108cfu/mL. Take 1 mL of
bacterial solution into a 9 mL PBS buffer test tube. Vortex and dilute to 10 times to
10°cfu/mL. After adding the sample, place it in a 37°C constant temperature incubator
and shake for 24 hours at a speed of 250 r/min.

4. After shaking, dilute the bacterial solution 10 times with PBS buffer solution, take
0.1 mL of each, inoculate on an agar petri dish, incubate at 37°C incubators for 24 hours,
and count the colonies take the average value of 3 times.

The antibacterial rate is calculated according to formula (3.1).

Bacteriostatic rate = % *100% (3.1)
A represents the number of colonies in the blank control group, and B represents the
number of colonies in the antibacterial hydrogel.

As the content of PHMG gradually increases from A through B to C, the antibacterial
rate increases (Figure 3.2). But even the lowest concentration of A has an antibacterial
rate of 95%. Comparing B1, B2, B3, and B, it can be seen that the drug loading

concentration is the same, and the PVA hydrogel structure is gradually more stable with
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the increase of freezing and thawing times. Therefore, the antibacterial rate is slowly

steady and can reach 99.93%.
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Figure 3.2 — PVA antibacterial rate of hydrogel

Bacteriostatic rate(%)

In summary, all PVA hydrogels containing PHMG have high-efficiency

antibacterial performance. Among them, C is as high as 99.99%.

3.1.2 Biocompatibility test of PVA hydrogel membrane

(1) The specific operation of the hemolysis rate of the sample is as follows: Wash
hRBC with PBS, centrifuge 3 times, and dilute with PBS to a volume fraction of 4%.

Take 2 ml of the diluted red blood cell suspension and introduce it into a 24-well

plate containing 0.2 g of the sterilised hydrogel.
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Set up a positive control group and a negative control group: use untreated red blood
cells as a negative control (negative), red blood cells treated with 0.1% Triton X-100 as
a positive control (positive), incubate in a 37°C incubator 1 h. Triton X-100 is a non-ionic
surfactant, which can dissolve lipids to increase the permeability of the antibody to cell
membranes, which can completely rupture red blood cells. Use it as a positive control and
define its hemolysis rate as 100%.

The hRBC suspension in each well was centrifuged at 3000 r/min for 5 min, and the
temperature was set to 4°C. Transfer 100 uL of the supernatant from each centrifugation
to a 96-well plate. Detect its OD value at 576 nm with the microplate reader of a
Microplate Spectrophotometer to calculate the hemolysis ratio. Three parallel
experiments were set up for each sample. The sample's hemolysis rate (Hemolysis) can

be calculated by the formula (3.2).

ODsampIe _ODnegatiue )

oD (3.2)

Hemolysis rate= (1 — . S —

(2) Evaluation of hemolysis rate of samples

The hemolysis test was used to characterise the blood compatibility of the
antibacterial hydrogel. The test principle of the hemolysis experiment: hemolytic agent
can rupture red blood cells. A microplate reader measures the absorption value of released
haemoglobin to determine the lysis and rupture of red blood cells, thereby determining
the hemolysis rate of the material and evaluating its blood compatibility. The hemolysis
rate of the gel and the positive control group (Triton X-100 treatment, defined as 100%

hemolysis rate) for hRBC is shown in Figure 3.3.
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Compared with the positive control group, all gels showed a very low hemolysis rate.

The lower the hemolysis ratio, the smaller is the degree of dissolution and rupture of
hRBC by the PVA hydrogel. Also, the better is the biocompatibility of the PVA hydrogel.
It is generally believed that the hemolysis rate of a substance to hRBC does not exceed
20%, indicating that it has good blood compatibility. From A to B and then to C, as the

content of PHMG gradually increases, the hemolysis rate gradually increases.
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Figure 3.3 — Hemolysis rate of samples

Still, even for gel C with the highest PHMG content, the hemolysis rate does not
exceed 10%. The hemolysis rate of D without PHMG is close to O, indicating that the
prepared PVA hydrogel has good biocompatibility.

(3) The specific operation steps of the cell viability test are as follows: 0.2 g sterilised

hydrogel is soaked in a 2 ml extraction medium at 37°C for 24 h.
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The hydrogel is then taken out, and the extract is stored for the subsequent evaluation
of cell viability.

Incubate HeLa in a 96-well plate containing 10% FBS/a-MEM medium at 37°C in
5%C0, the humid atmosphere for 24 h. At this time, the cells are in an adherent growth
state, and then the cells are extracted and cultured. The base was further incubated for
24 h,

Subsequently, aspirate the medium and replenish 100 uL, fresh medium. Add 10
uLCCK-8 reagents to each well, and place the cells in a dark environment for further
incubation for 1 h.

Use the Microplate Spectrophotometer to measure the OD value of each well of the
cell culture medium at 450 nm.

Untreated cells were used as negative controls, and wells without cells but
containing medium were used as blank controls. Three parallel experiments were set up

for each sample. Cell viability can be calculated by the formula (3.3):

Cell viability (%) = —osmple” ODulank (3.3)
ODcontrol — ODujank

(4) Cell viability test evaluation:

To further confirm the good biocompatibility of the hydrogel, the cell viability of
the antibacterial hydrogel to HelLa cells was characterised by testing the cell survival rate.
The cell survival rate of HeLa cells to PVA gel is shown in Figure 3.4. The unloaded D
gel has the highest cell survival rate (99.3%). The cell survival rate gradually decreases

with PHMG content from A to B and then to C. However, C still has a higher cell survival



66

rate (89.50%), and the changing trend of cell survival rate is consistent with the hemolysis
experiment. It shows that PHMG's PVA hydrogel maintains high antibacterial properties

while having excellent biocompatibility and low toxicity.
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Figure 3.4 — Cell viability of samples

In summary, both the hemolysis and the cell survival rate tests show that the PHMG-

containing PVA hydrogel has a good antibacterial effect and is a very safe material.

3.2 Equipment to implement production technology

3.2.1 Main equipment characteristics of industrialized production of drug-loaded
PVA membrane
1. Large industrial refrigerator, model: GY-6580N (-65~-20°C), power: 7.5kW,

cooling method is air cooling. It can accurately control the temperature and has a large
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volume, up to 1600 L. It also has a low-temperature automatic defrost function (can be
designed once per hour or manual button defrost according to actual needs). It can work
at a low temperature when the door is frequently opened and closed for a long time. It can
meet the needs of multiple freezing and thawing. With self-diagnosis function; leakage
protector, refrigerating machine overload protection; high and low safety protection
pressure switch, overload relay, thermal protection device, independent temperature limit
high-temperature protection, sensor failure protection and other security functions.

2. Electric dumping furnace, model: HZP-25. It can work uninterrupted for 24 hours,
and the melting is even and longer. The device is environmentally friendly and meets
environmental protection requirements, eliminating the trouble of ecological protection
inspection; it saves electricity compared to the thyristor intermediate frequency. It is
convenient to maintain and can save electricity by 15-20%. With an electromagnetic
stirring effect, it is conducive to the complete melting of PVA.

3. Lifting dispersing kettle is especially suitable for mass single-machine operation
products. The dispersing shaft can be lifted and stirred evenly, and the dispersing and
stirring is clean and environmentally friendly. The product can be selected in different
capacities and configurations according to the characteristics and capacity of the materials.
Select volume: 10m3, main motor power: 132-160 kW, lifting stroke: 1000 mm, speed:
0-800 rpm/min.

4. The moulds used are customized and made of high-strength stainless steel
materials. These moulds can be used repeatedly, and there is almost no wear. And it won’t

be deformed even after experiencing a considerable temperature difference.
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3.2.2 Analysis of the status quo of the product market

(1) Overview of dressing hydrogel: Hydrogel material contains a lot of water and
has good biocompatibility. It is the material closest to living tissue, so it has many
biomedical applications, such as drug carriers and artificial cartilage, wound dressings
and tissue adhesives, etc.

As early as the 1960s, polymer dressings were considered potential materials for
wound healing. Winter et al. introduced polymer dressings into wound healing for the
first time. In the mid-1970s, wound dressings made of polymer materials were incredibly
developed. In 1978, several chitin-based polymer materials were used as the earliest
wound dressing materials due to their excellent biological activity, demonstrating the
superb development prospects of polymers in the field of wound dressings.

Most polymer dressings, such as hydrogels, foams, films, hydrocolloids, etc., have
advantages. Compared with other polymer dressings, wound dressings made of hydrogel
materials have the following unique benefits:

1. The hydrogel can achieve a cooling and analgesic effect through its water
volatilization, and the analgesic effect is sustainable.

2. The hydrogel can only rely on its water to keep the wound moist, thereby
accelerating wound healing and improving healing quality.

3. The hydrogel material does not adhere to human tissues. It is painless to change

the dressing and does not cause secondary damage to the wound.
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4. Hydrogel has a variety of structures and properties to meet the needs of different
wound environments.

As a wound dressing hydrogel material, it is best to have both good mechanical
strength and anti-bacterial and anti-inflammatory properties at the same time. Since
hydrogel materials contain a large amount of free water in their structure, they generally
have poor mechanical strength and paste. However, when used as a wound dressing, they
need to meet mechanical properties and particular mechanical strength.

Preventing wound infection is the basic requirement for dressings in clinical practice.
Dressing hydrogels are mainly divided into two categories according to the difference of
matrix and antibacterial components: one is hydrogels with antibacterial properties; the
other is hydrogels loaded with antibacterial agents. The methods for preparing
antibacterial wound dressing hydrogel mainly include loading antibiotics, organic
antibacterial agents, inorganic nano-metal particles or semiconductor materials with
photocatalytic antibacterial effect, etc. They use antibacterial cationic electrolyte
monomers for endogenous antibacterial and the construction of sexual hydrogel,
endogenous antibacterial hydrogel while loading antibacterial agents, etc.

(2) Research status: currently reported or applied anti-harmful microbial medical
dressings, on the one hand, most of them use modified chitin or nanosilver system, which
Is not only expensive, but also slow in anti-microbial effect, and the result is not ideal; on
the other hand. Many organic small molecule antibacterial agents, such as quaternary
ammonium salts, quaternary biguanide antibacterial agents, etc., have the advantages of

fast sterilization and a wide antibacterial range. However, the antibacterial agent is added
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to the dressing by blending or dipping and exudation. The antibacterial agent may be
harmful to human health.

PHMG can inhibit and kill microorganisms with high efficiency and broad-spectrum,
Is safe and non-toxic to the human body, and has a low price. It is widely used in medicine,
water treatment, pulp and other fields. However, because PHMG is easily soluble in water
and easily lost, there are few reports on its research and application in dressings. This
study successfully solved this problem by freezing and thawing and endowed the
hydrogel dressing with long-lasting antibacterial properties.

(3) Advantages for consumers: With the development of the economy, people's
material life has been greatly satisfied. Therefore, people's consumption needs have
undergone tremendous changes in food, clothing, shelter, transportation, and the medical
field. It is not enough to have sound curative effects, and consumers are also paying
attention to the more negligible side effects. No chemical cross-linking agent is added in
the production process of this product. And in the biocompatibility experiment, the
performance is excellent. Therefore, the safety of the human body is more guaranteed.
This is good news for consumers who pay more attention to product safety.

(4) Advantages of the product to the enterprise: The enterprise first pays more
attention to economic benefits. This is the driving force for their production and sales. In
the production process of this product, the method used is simple. Therefore, the
production process is simple and can save a lot of labour. The raw materials are also
cheaper than other products. Therefore, the cost of the product is lower. Moreover, the

product has an excellent performance in terms of antibacterial and safety performance. It
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will definitely be recognized by consumers, thus forming a virtuous circle. While bringing
benefits to the enterprise, it also gains a good reputation. Therefore, the product has
excellent production prospects.

In short, this product has up-and-coming application prospects in the field of anti-

harmful microorganism medical dressings.

3.3 Proposed scheme to production technology

3.3.1 Industrialized production process of drug-loaded PVA hydrogel membrane

The flat film coating method is adopted in the laboratory, which is simple and easy
to implement, but the efficiency is low and suitable for small-scale experiments.

Large-scale production of products requires us to choose the right equipment. And a
suitable production process.

Industrialization of products. Firstly, we use an electric dumping furnace to melt PVA
and prepare an aqueous PVA solution. Secondly, the PVA aqueous solution is poured
into the lift-type dispersion kettle and stirred by the electric dumping furnace. After the
solution is cooled to room temperature, add an appropriate amount of PHMG and stir to
dissolve to remove air bubbles. Then pour the solution into the mould. Finally, put the
mould into a large industrial freezer to freeze. After freezing at -20°C for 13 hours,
thawing at 25°C for 20 minutes, as a freeze-thaw cycle. This cycle is repeated three times

to form a PVA hydrogel film. The flow chart is as follows:
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Figure 3.5 — Process flow chart of preparation of PVA hydrogel film

3.3.2 Safety of industrial production

Safety is an eternal topic of industrial enterprises. Without safety, enterprises can't
talk about production, let alone economic benefits. The focus of enterprise safety work
lies in the team, the direct executor of various production tasks and the primary carrier
for safe production. To do a good job in team safety, we must make team members pay
attention to safety. Team members must master the basic skills of safe production and
whether they can be used proficiently. The following describes their responsibilities from
the perspective of front-line operators and managers.

(1) As an operator, pay attention to the following points:

1. Strictly observe the operating procedures and safety systems of this post;
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N

. Make safety inspections and records carefully;
3. Use and wear labour protection equipment following the meeting;

4. Avoid violations. Risky and brutal behaviour;

o1

. Stop others' illegal operations and command violations;

»

. Reflect safety issues to superiors promptly;

\‘

. Know your safety responsibilities in emergencies;

oo

. Take relevant training and education seriously, and truly master safety skills;

O

. Actively put forward safety and rationalization suggestions.

(2) Production management personnel must do the following:

1. Assist enterprise leaders to organize safety work during production and
implementing labour protection laws and regulations.

2. Organize and assist relevant departments in formulating safety production systems
and technical operating procedures and supervising their implementation and inspections.

3. Perform on-site inspections, assist and solve problems frequently. In case of a
particularly urgent and unsafe situation, they have the right to order to stop first and then
report to the business leaders for handling.

4. Conduct publicity and education on production safety for employees.

5. Guide the safety production, publicity, and education of various departments and
teams.

6. Supervise relevant departments and teams to distribute labour protection supplies

following applicable regulations.
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7. Participate in the investigation and handling of casualties; analyze, make statistics,
and report safety production.

(3) Production management personnel should have the following qualities and
conditions:

1. They should have relatively extensive and solid safety knowledge.

2. Should have a strong sense of responsibility and a serious and meticulous work
style.

3. You should be good at collecting safety information.

4. There should be a hard-working and dedicated spirit.

5. Should have a healthy physique and solid psychological quality.

(4) During the production process, the following points should be paid attention to
when the equipment is overhauled:

Before equipment maintenance:

1. Preparation of labour protection supplies. Before entering the workshop, you
must wear work clothes, labour protection gloves, protective glasses and other labour
protection equipment. When entering the access control workshop, wear the personnel
information card and swipe the card to enter the access control workshop.

2. Analyze the maintenance work to be carried out according to the five-step
method, and take corresponding measures for possible hidden risks.

3. If hot work is required, review and approve the "Fire Management Regulations”,
issue a fire order, equip with on-site guardians and fire-fighting equipment, clean up all

flammable and explosive materials, and leave a necessary safety distance.
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4. For those who need to climb high, by the "Climbing Management Regulations™
requirements, issue a climbing order, wear climbing safety equipment and place
warning signs under the climb to remind passers-by to pay attention to falling objects.

Equipment under repair:

1. It is strictly forbidden to repair equipment and parts that directly contact the agent
while in motion.

2. When using human resources to move parts during the work process, the
personnel must cooperate adequately. When multiple people move and lift, one person
should command them, and the actions should be consistent, steady, stable, and steadily
moving forward.

3. Pay attention to the safety of surrounding personnel and yourself during work to
prevent damage caused by waving tools, tools falling off, and workpiece splashing. Pay
attention to cooperation when working with more than two people, and place the
workpieces neatly and steadily.

4. When using electric tools, pay attention to checking the fastening of fasteners and
rotating parts at any time, and use them after ensuring that they are in good condition.

5. Check whether the seat belts are hung securely at any time during climbing
operations to ensure safe use.

6. It is forbidden to work on rotating or rotating equipment and its auxiliary circuits
under normal circumstances. Suppose it is necessary to perform inspections, cleaning

and investigations on rotating or rotating equipment. In that case, attention must be paid
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to fastening the cuffs and wearing a work cap to prevent the rotating part from being
caught by twisting or bumping.

After the equipment is repaired:

1. Before starting the equipment, check whether the protective device, fastening
screw, electric, hydraulic and pneumatic power source switch are intact, and then
conduct commissioning inspection. It can be put into use only after passing the
operation. During operation, strictly abide by the safety operation procedures of the
equipment.

2. After the hot work is completed, the operation site shall be cleaned in time, the
fire-fighting equipment shall be put in place, and the safety officer shall check it to
ensure safety before leaving.

3. After the work is completed, the site shall be cleaned in time and kept clean and
tidy. Oil and sewage shall not be left on the ground to prevent people from being hurt
by anti-skid.

4. After the team members complete the patrol inspection and maintenance, the
maintenance personnel shall fill in the inspection and maintenance records timely and
carefully. The records shall be kept for future reference.

5. The team leader shall carefully review the patrol inspection and maintenance
completed by the personnel on duty and maintenance personnel

Record to ensure that the document is accurate and effective.
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Chapter 3 conclusions

The hydrogel was tested by the inhibition zone and oscillation methods for
antibacterial testing. The experimental results show that the prepared antibacterial
hydrogels have sound antibacterial effects, and the antibacterial rate of C is as high as
99.99%.

The hydrogel was tested by cell survival rate and hemolysis rate in terms of
biocompatibility. The experimental results show that the prepared antibacterial hydrogels
have good biocompatibility. C, which contains the highest drug content, has a hemolysis
rate of 6% and a cell survival rate of 89.5%.

After analyzing the antibacterial dressing market, it was found that our products are
simple to prepare and low in cost. In the case of excellent antibacterial effect, the
biocompatibility is also very good, satisfying consumers who attach great importance to
safety. Moreover, it is a safe and highly effective antibacterial, so it must be very
competitive in the market.

In terms of mass production of products, we introduced some equipment parameters.
Also put forward some reasonable suggestions, especially in terms of safety. Whether an

enterprise can produce safely is a significant issue.
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GENERAL CONCLUSIONS

First of all, in the first chapter, we discussed the advantages of PHMG and PVA
through a review.

Nowadays, people are paying more and more attention to protecting the environment.
The research and synthesis of green antibacterial agents that are environmentally friendly,
have a long sterilization time, have a wide range of sterilization, and have less harmful
effects on the human body is a direction that needs to be worked hard. The introduction
of PHMG into other materials to prepare antibacterial composite materials has become
an important research topic.

Therefore, my research goal is to use PVA hydrogel as a carrier, add a new
generation of high-efficiency broad-spectrum bactericide PHMG, prepare antibacterial
dressings, and study its performance.

Secondly, in the second chapter, the quality of the PHMG composite PVA hydrogel
Is evaluated through a series of tests. A comprehensive quality evaluation of the drug-
loaded hydrogel was carried out from the aspects of appearance, light transmittance,
swelling rate, dissolution rate, mechanical properties, etc.

Through orthogonal experiment and quality evaluation of drug-loaded PVA
hydrogel, we have obtained the optimal formula: PVA hydrogel is frozen and thawed
three times, and the mass fraction of PHMG is 0.7%.

In the third chapter, conduct antibacterial experiments and biocompatibility

experiments. It is found that the prepared antibacterial hydrogel has an excellent
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antibacterial effect, and its biocompatibility is also excellent. Among them, the hemolysis
rate of C with the highest drug content was 6%, and the cell survival rate was 89.5%.
Finally, combining the overview in Chapter 1 and the experiments in Chapter 2, |
made some suggestions regarding the selection of equipment, production process and
production safety when the product is mass-produced, especially safety issues in

production.



80

REFERENCES

1. Wu Yong, Li Bina. Research progress on water-soluble modification of chitosan
[J]. Guangzhou chemical industry, 2020, 27(4): 1-4.

2. Liu X F, Song L, Li L, et al. Antibacterial effects of chitosan and its water-soluble
derivatives on E-coli, plasmids DN, and mRNA [J]. J. Appl. Polym. Sci., 2017, 103(6):
3521-3528.

3.YuD G, LinWC, Lin C H, et al. Cytocompatibility and antibacterial activity of
a PHBV membrane with surface-immobilized water-soluble chitosan and chondroitin-6-
sulfate [J]. Macromol. Biosci., 2006, 6(5): 348-357.

4. Sajomsang W, Gonil P, Tantayanon S. Antibacterial activity of quaternary
ammonium chitosan containing mono or disaccharide moieties: Preparation and
characterization [J]. Int. J. Biol. Macromol., 2009, 44(5): 419-427.

5. Rabea E I, Badawy M E T, Stevens C V, et al. Chitosan as antimicrobial agent:
Applications and mode of action [J]. Biomacromolecules, 2003, 4(6): 1457-1465.

6. Raafat D, Bargen von K, Haas A, et al. Insights into the mode of action of chitosan
as an antibacterial compound [J]. Appl. Environ. Microb., 2008, 74(12): 3764-3773.

7. Kumar B AV, Varadaraj M C, Tharanathan R N. Low molecular weight chitosan:
Preparation with the aid of pepsin, characterization, and its bactericidal activity [J].
Biomacromolecules, 2007, 8(2): 566-572.

8. Zuo H, Wu D, Fu R. Preparation of antibacterial poly (methyl methacrylate) by
solution blending with water-insoluble antibacterial agent poly[(tert-butylamino) ethyl

methacrylate] [J]. J. Appl. Polym. Sci., 2012, 125(5): 3537-3544.



81

9. Roy D, Knapp J S, Guthrie J T, et al. Antibacterial cellulose fiber via RAFT
surface graft polymerization [J]. Biomacromolecules, 2007, 9(1): 91-99.

10. Lu G Q, Wu D C, Fu R W. Studies on the synthesis and antibacterial activities
of polymeric quaternary ammonium salts from dimethylaminoethyl methacrylate [J].
React. Funct. Polym., 2007, 67(4): 355-366.

11. Ferreira L, Zumbuehl A. Non-leaching surfaces capable of Killing
microorganisms on contact [J]. J. Mater. Chem., 2009, 19(42): 7796-7806.

12. Calabretta M K, Kumar A, McDermott A M, et al. Antibacterial activities of
poly(amidoamine) dendrimers terminated with amino and poly (ethylene glycol) groups
[J]. Biomacromolecules, 2007, 8(6): 1807-1811.

13. Sun HY, LiJ, Qiu X L, et al. Synthesis and structure-activity relationship (SAR)
of novel perfluoroalkyl-containing quaternary ammonium salts [J]. J. Fluorine Chem.,
2005, 126(9-10): 1425-1431.

14. Chen C Z S, Cooper S L. Interactions between dendrimer biocides and bacterial
membranes [J]. Biomaterials, 2002, 23(16): 3359-3368.

15. Kenawy E-R, Worley S D, Broughton R. The chemistry and applications of
antimicrobial polymers: A state-of-the-art review [J]. Biomacromolecules, 2007, 8(5):
1359-1384.

16. Kugler R, Bouloussa O, Rondelez F. Evidence of a charge-density threshold for
optimum efficiency of biocidal cationic surfaces [J]. Microbiol.-Sgm., 2005, 151: 1341-

1348.



82

17. Ikeda T, Hirayama H, Yamaguchi H. Polycationic biocides with pendant active
groups: Molecular weight dependence of antibacterial activity [J]. Antimicrob. Agents Ch.,
1986, 30(1): 132-136.

18.Chen C Z, Beck Tan N C, Dhurjati P, et al. Quaternary ammonium
functionalized poly ( propylene imine )  dendrimers as effective antimicrobials:
Structure—activity studies [J]. Biomacromolecules, 2000, 1(3): 473-480.

19. Pasquier N, Keul H, Heine E, et al. From multifunctionalized poly- (ethylene
imine)s toward antimicrobial coatings [J]. Biomacromolecules, 2007, 8(9): 2874-2882.

20.Sun Y Y, Sun G. Novel refreshable N-halamine polymeric biocides: N-
chlorination of aromatic polyamides [J]. Ind. Eng. Chem. Res., 2004, 43(17): 5015-5020.

21.Chen Y, Worley S D, Huang T S, et al. Biocidal polystyrene beads. III.
Comparison of N-halamine and quat functional groups [J]. J. Appl. Polym. Sci., 2004,
92(1): 363-367.

22. Badrossamay M R, Sun G. A study on melt grafting of N-halamine moieties onto
polyethylene and their antibacterial activities [J]. Macromolecules, 2009, 42(6): 1948-
1954,

23.Jang J, Kim Y. Fabrication of monodisperse silica-polymer core-shell
nanoparticles with excellent antimicrobial efficacy [J]. Chem. Commun., 2008 (34):
4016-4018.

24.Li Q L, Mahendra S, Lyon D Y, et al. Antimicrobial nanomaterials for water
disinfection and microbial control: Potential applications and implications [J]. Water Res.,

2008, 42(18): 4591-4602.



83

25. Ahmed A E S 1, Hay J N, Bushell M E, et al. Optimizing halogenation conditions
of N-halamine polymers and investigating mode of bactericidal action [J]. J. Appl. Polym.
Sci., 2009, 113(4): 2404-2412.

26.Sun Y Y, Sun G. Durable and refreshable polymeric N-halamine biocides
containing 3-(4'-vinylbenzyl)-5,5-dimethylhydantoin [J]. J. Polym. Sci. Pol. Chem., 2001,
39(19): 3348-3355.

27. Morra M, Cassinelli C, Cascardo G, et al. Adsorption of cationic antibacterial on
collagen-coated titanium implant devices [J]. Biomed. Pharmacother., 2004, 58(8): 418-
422.

28. Wei D F, Ma Q X, Guan Y, et al. Structural characterization and antibacterial
activity of oligoguanidine (polyhexamethylene guanidine hydrochloride) [J]. Mat. Sci.
Eng. C, 2009, 29(6): 1776-1780.

29. Choi H, Kim K J, Lee D G. Antifungal Activity of the Cationic Antimicrobial
Polymer-polyhexamethylene Guanidine Hydrochloride and Its Mode of Action [J].
Fungal. Biol., 2017, 121(1): 53-60.

30. Brzezinska M S, Walczak M, Jankiewicz U, et al. Antimicrobial Activity of
Polyhexamethylene Guanidine Derivatives Introduced into Polycaprolactone [J]. Polym.
Environ., 2018, 26(2): 589-595.

31. Song Tianlong, Yang Juan, Lin Jia Hong, et al., preparation and properties of an

antibacterial hydrogel [J]. Industrial Microbiology, 2019, 49(05): 54-57.



84

32. Qian W, Hu X, He W, et al. Polydimethylsiloxane incorporated with reduced
graphene oxide (rGO) sheets for wound dressing application: preparation and
characterization [J]. Colloids and Surfaces B: Biointerfaces, 2018, 166: 61-71.

33. Brudno Y, Silva E A, Kearney C J, et al. Refilling drug delivery depots through
the blood [J]. Proceedings of the National Academy of Sciences of the United States of
America, 2014, 111(35): 12722-12727.

34. Timko B P, Arruebo M, Shankarappa S A, et al. Near-infrared-actuated devices
for remotely controlled drug delivery [J]. Proceedings of the National Academy of
Sciences of the United States of America, 2014, 111(4): 1349-1354.

35. Huebsch N, Kearney C J, Zhao X, et al. Ultrasound-triggered disruption and self-
healing of reversibly cross-linked hydrogels for drug delivery and enhanced
chemotherapy [J]. Proceedings of the National Academy of Sciences of the United States
of America, 2014, 111(27): 9762-9767.

36. Gajanayake T, Olariu R, Leclere F M, et al. A single localized dose of enzyme-
responsive hydrogel improves long-term survival of a vascularized composite allograft
[J]. Science Translational Medicine, 2014, 6(249): 155-170.

37. Campoccia D, Montanaro L, Arciola C R. A review of the biomaterials
technologies for infection-resistant surfaces [J]. Biomaterials, 2013, 34(34): 8533-8554.

38. Wang Y. Supramolecular hydrogel based on low-molecular-weight gelators:
from structure to function [J]. Progress in Chemistry, 2009, 21(6): 1312-1324.

39. Zhou C, Li P, Q1 X, et al. A photopolymerized antimicrobial hydrogel coating

derived from epsilon-poly-L-lysine [J]. Biomaterials, 2011, 32(11): 2704-2712.



85

40. Lee AL, Ng V W, Wang W, et al. Block copolymer mixtures as antimicrobial
hydrogels for biofilm eradication [J]. Biomaterials, 2013, 34(38): 10278-10286.

41. Giano M C, Ibrahim Z, Medina S H, et al. Injectable bioadhesive hydrogels with
innate antibacterial properties [J]. Nature Communications, 2014, 5(5): 4095.

42. Liu S Q, Yang C, Huang Y, et al. Antimicrobial and antifouling hydrogels formed
in situ from polycarbonate and poly(ethylene glycol) via Michael addition [J]. Advanced
Materials, 2012, 24(48), 6484-64809.

43. Zhu Puxin, Yao Yongyi. Biodegradability and application prospect of PVA size
[J]. Cotton Textile Technology, 2005 (02): 62-64.

44. Dong Lijuan, Lei Wu, Xia Mingzhu, et al. Biodegradation of polyvinyl alcohol
[J]. Chinese Journal of Bioengineering, 2005, 25(7): 28-33.

45.Fan L, Yang J, Wu H, et al. Preparation and characterization of quaternary
ammonium chitosan hydrogel with significant antibacterial activity [J]. International
Journal of Biological Macromolecules, 2015, 79: 830-836.

46. Jayasekara R, Harding I, Bowater I, et al. Preparation, surface modification and
characterisation of solution cast starch PVA blended films [J]. Polymer Testing, 2004,
23(1): 17-27.

47.Rao J K, Raizada A, Ganguly D, et al. Investigation of structural and electrical
properties of novel CuO-PVA nanocomposite films [J]. Journal of Materials Science,
2015, 50(21): 7064-7074.

48 Yu Qian. Study on the blend of quaternary salt chitosan and polyvinyl alcohol

[D]. Liaoning: Dalian University of Technology, 2020.



86

49. Li Jing. Differentiated polyvinyl alcohol [J]. Vinylon communication. 2018,
29(2): 24-26.

50. Wu Qiulin, Wu Zhaohe. Development of PVA-PE composite hydrophilic phase
membrane [J]. Membrane Science and Technology. 2020, 15(4): 29-32.

51. Li Na, Liu Zhongzhou, Xu Shuguang. Research progress of pollution resistant
membrane polyvinyl alcohol membrane [J]. Membrane Science and Technology, 2019,
19(3): 1-7.

52. Hao Xihai, Ma Li, L1 Jian. High tech water-soluble plastic packaging film, a new
emerging green packaging material [J]. Packaging World, 2018, (2): 84-84.

53. Jiang Shuo. Study on the properties of modified antibacterial polyvinyl alcohol
film and its effect on the quality of refrigerated bream and fresh-cut yam during storage
[D]: [Master's Thesis]. Shanghai: School of food, Shanghai Ocean University, 2020.

54. Mansur H S, Sadahira C M, Souza A N, et al. FTIR spectroscopy
characterization of poly (vinyl alcohol) hydrogel with different hydrolysis degree and
chemically crosslinked with glutaraldehyde [J]. Materials Science and Engineering: C,
2008, 28(4): 539-548.

55. Park J-S, Park J-W, Ruckenstein E. On the viscoelastic properties of poly(vinyl
alcohol) and chemically crosslinked poly(vinyl alcohol) [J]. Journal of Applied Polymer
Science, 2001, 82(7): 1816-1823.

56. Du H, Zhang J. Solvent induced shape recovery of shape memory polymer based

on chemically cross-linked poly(vinyl alcohol) [J]. Soft Matter, 2010, 6(14): 3370.



87

57.Fan L, Yang H, Yang J, et al. Preparation and characterization of
chitosan/gelatin/PVVA hydrogel for wound dressings [J]. Carbohydr. Polym., 2016, 146:
427-434.

58. Kumaraswamy S, Mallaiah S H. Swelling and mechanical properties of radiation
crosslinked Au/PVA hydrogel nanocomposites [J]. Radiation Effects and Defects in
Solids, 2016, 171(11-12): 869-878.

59. Peppas N A, Stauffer S R. Reinforced uncrosslinked poly (vinyl alcohol) gels
produced by cyclic freezing-thawing processes: a short review [J]. Journal of Controlled
Release, 1991, 16: 305-310.

60. Ren Lianzhen, Ren penggang, Zhang Xiaoliang. Natural cellulose / PVA
formation mechanism and mechanical properties of composite hydrogels [J]. Journal of
Chemical Engineering, 2015, 29(04): 1003-1009.

61. Y. Machida, M. Kanekiyo, M. Kobayashi, I. Ando, S. Amiya. A structural study
of water in a poly(vinyl alcohol) gel by 170 NMR spectroscopy [J]. Journal of Molecular
Structure, 2000, 554: 81-90.

62. Hatakeyama T, Uno J, Yamada C, et al. Gel-sol transition of poly(vinyl alcohol)
hydrogels formed by freezing and thawing [J]. Thermochimica Acta, 2005, 431(1-2): 144-
148.

63. Charron P N, Braddish T A, Oldinski R A. PVA-gelatin hydrogels formed using
combined theta-gel and cryo-gel fabrication techniques [J]. J Mech. Behav. Biomed.

Mater., 2019, 92: 90-6.



88

64. Holloway J L, Lowman A M, Palmese G R. The role of crystallization and phase
separation in the formation of physically cross-linked PVA hydrogels [J]. Soft Matter.,
2013, 9(3): 826-33.

65. Ma R, Xiong D, Miao F, et al. Novel PVP/PVA hydrogels for articular cartilage
replacement [J]. Materials Science and Engineering: C, 2009, 29(6): 1979-83.

66. Gong Mei, Zuo Yi, Zou Qin, et al. polyvinyl alcohol/polyvinylpyrrolidone
hydrogel composite structure and properties Research [J]. Functional Materials, 2019, 40
(03): 439-42.

67. Hu Xiaoli, Leng Weidong, Chen Shilong, Yang Yan, Zhou Juan. Preparation of
polyvinyl alcohol (PVA) hydrogel [J]. Clinical Journal of Stomatology, 2019, 29 (1): 23-

25.



	Introduction
	Chapter 1. Literature review
	1.1 Main types and characteristics of polymer antibacterial agents
	1.1.1 Chitosan polymers
	1.1.2 Quaternary ammonium salt polymers
	1.1.3 Haloamine polymers
	1.1.4 Guanidine polymers

	1.2 Hydrogel
	1.2.1 Definition of hydrogel
	1.2.2 Preparation of hydrogel
	1.2.3 Antibacterial hydrogel

	1.3 PVA hydrogel
	1.3.1 Introduction to PVA
	1.3.2 The film formation of PVA
	1.3.3 Preparation of PVA hydrogel

	Chapter 1 conclusions

	Chapter 2. The preparation and quality evaluation of PVA hydrogels
	2.1 Experimental raw materials and equipment
	2.1.1 Experimental raw materials
	2.1.2 Instrumentation

	2.2 Sterilization mechanism of PHMG
	2.3 Selection of PVA concentration
	2.4 The preparation principle of PVA drug-loaded hydrogel
	2.5 Preparation process of drug-loaded PVA hydrogel
	2.6 Experimental design of drug-loaded PVA hydrogel
	2.7 Standard curve equation of PHMG concentration concerning the absorbance
	2.8 Photograph of PVA hydrogel film appearance and light transmittance test
	2.9 Swelling rate test of PVA hydrogel film
	2.10 Dissolution rate test of drug-loaded PVA hydrogel film
	2.11 Mechanical strength test of drug-loaded PVA hydrogel film
	Chapter 2 conclusion

	Chapter 3. Consumer properties and production technology
	3.1 Antibacterial and biocompatibility properties
	3.1.1 In vitro antibacterial test of PVA hydrogel membrane
	3.1.2 Biocompatibility test of PVA hydrogel membrane

	3.2 Equipment to implement production technology
	3.2.1 Main equipment characteristics of industrialized production of drug-loaded PVA membrane
	3.2.2 Analysis of the status quo of the product market

	3.3 Proposed scheme to production technology
	3.3.1 Industrialized production process of drug-loaded PVA hydrogel membrane
	3.3.2 Safety of industrial production

	Chapter 3 conclusions

	General conclusions
	References

