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INTRODUCTION

Biomaterials used for treatment of wounds have to allow the development of cells and tissue
regeneration, to be biodegradable and bioresorbable and the antigenic character must be absent.

Type | fibrilar collagen, carrying out all the above conditions, is the most used natural biomaterial.
Moreover, it forms composites with many natural and synthetic polymers, as well as with ceramics.

Collagen based biomaterials are widely used as medical devices, scaffolds for tissue regeneration,
artificial implants, supports for delivery of drags, growing factors or cells. It is used also in genetic therapy.
It is also an active principle, functioning as haemostatic and dressing for wound healing. Being a protein, it
is a substrate for bacteria too. Consequently, to be used for wound healing it must be associated with
antibiotics and/or antiseptics.

The objective of thesis is the preparation of collagen-based biomaterials — hydrogels and porous
matrices — usable as topic delivery systems for the antimicrobial compounds tannic acid and chlorhexidine
digluconate, included individually or as mixtures, intended for healing of wounds of different etiologies.

The dressings must have optimum elasticity to facilitate the intimate covering of wounds, have to
adhere to wounds but to be removed without difficulty to avoid tissue damage, must protect from the
microbes from the environment, must be permeable for water, to prevent dehydration or accumulation of
fluids, have to prevent the formation of excessive granular tissue, must be obtained with any dimension or
thickness, must be non-antigenic and non-toxic, must be sterilizable, must be reservoirs of antibiotics and
must protect against mechanical actions.

Tannic acid, vegetable product, reduces the pain, produces rapid hemodynamic stabilization, limits
secondary infection and diminishes cicatricial tissue. It is also crosslinking agent for collagen.

Chlorhexidine digluconate, antiseptic compound administrated topically, binds on the walls of
bacterial cells, having the unique property of substantivity. Moreover, it destroys fungi and their spors.
Systemic absorption and toxicity are reduced, heling of wounds is more rapid, and compatibility with
antibiotics is good.

Consequently, it is expected that the collagen-based biomaterials containing tannic acid and
chlorhexidine digluconate be useful for curing of wounds of different etiologies.

Chapter 1 presents the role of collagen in cell growing and tissue regeneration, characteristics of
biomaterials, methods for collagen crosslinking, its role and of porous dressings in chronic wound healing.

Chapter 2 contains structure, properties and using of tannic acid in medicine.

Chapter 3 presents structure and properties of chlorhexidine dicluconate as well as the mechanism
of acting to destroy bacteria.

Chapter 4 describes matherial and methods used to characterize hydrogels and matrices.

Chapter 5 starts with characterization of the initial collagen hydrogel and continues with that of the
diluted ones, with 0.9, 1.1 and 1.3% collagen and pH 3.8 and 7.4;1.1% was selected for preparation of
biomaterials. Characterization of hydrogels with pH 3.8 and 5, 10 and 15% tannic acid, with pH 3.8 or 7.4
and 1.82, 4.55 and 9.09% chlorhexidine digluconate and of those containing the mixtures of the two
components and having pH 3.8 from the point of viwes: structural — by FT-IR and UV-DC and rheologic —
by stationary method to determine the flowing properties and dynamic to establish the elastic ones is
discussed in paragraphs 5.3-5.5.

Chapter 6 includes characterization of porous matrices obtained by lyophilization of hydrogels
from previous chapter by FT-IR — to investigate the preservation of collagen native structure and SEM — to
establish matrices’ morphology, which determines the delivery and allow the growing and migration of
cells. The degrees of crosslinking of collagen was appreciated by water absorption and resistance to
digestion with collagenase from Clostridium histolyticum.

Chapter 7 presents the investigation of in vitro delivery of tannic acid from the matrices contaning
tannic acid as well as from those containing all the mixtures between the two antimicrobials in phisiological
conditions, using saline phosphate buffer solution as delivery medium and a modified USP device
(,,sandwich” device). Concentration of delivered tannic acid was determined by UV spectrofotometry.
When the matrices contain only tannic acid, the highest amount is delivered by the matrix containing 10%
and the lowest by that containing 5%, while when they contain mixtures of antimicrobials — by that
containing the minimum amounts of tannic acid and chlorhexidine digluconate (5.00 and1.82%
respectively), that is by the less crosslinked one.

Chapter 8 contines he general conclusions.



1. BIOMATERIAL CHARACTERISTICS OF TYPE | NON-DENATURED COLLAGEN

Biomaterials must allow the development of cells, produce tissue regeneration, be slightly antigenic
or non-antigenic, biodegradable, and bioresorbable.

Type | collagen, the most important natural biomaterial due to its remarkable biocompatibility,
reduced antigenity, [6,7] possibility to control the biodegradation [7] and formation of composites with
many natural and synthetic polymers as well as with ceramics is applied in medicine, pharmacy, cosmetics,
tissue engineering and orthogenesis. [8,9]

To be accepted as biomaterial, the collagen structure must be as closed as possible on that of the

native collagen, of triple helix, characteristic to collagen molecule.
The collagen-based biomaterials may have different forms: hydrogels, membranes, porous
matrices, fibers, tubes or composite materials. [15, 16]

1.1. Role of collagen in cellular development and tissue regeneration

Collagen, as such or associated with other components of the extracellular matrix (ECM), has an
important role in the physiology and behaviour of conjunctive tissue cells. ECM consists of a complex
mixture of proteins: glicosaminoglycans (GAG) and their proteoglycans (PG), adhesive glycoproteins
(laminin, fibronectin, tenascein, nidogen) and fibrous proteins (collagens and elastine), [17] as can be seen
in Figure 1.1.

GAGs

Collagen is a family of proteins characterized by
the repeating of the sequence Gly-X-Y into a-peptide
chain (Gly — glycine residue, X, Y — other amino acid
residue). Capacity to bind compound makes it useful as
support for delivery of drugs, growing factors and cells,
and its anchoring function contributes to the formation
of scaffolds for tissue repairing and regeneration.
[17,21,22] It contributes also to local deposition and
delivery of growth factors, plays a role during organ
development, wound healing and tissue reaper. [18, 25]

Its qualities of biomaterial for cellular
development and tissue repair are supported also by its

Figurae 1.1. Scheme of MEC: HA — hyaluronic acid,
CS — condroitin sulphate, KS — keratin sulphate, PG —
proteoglicans, GAG — gligozaminoglicans

particularities: biodegradability, low immunogenicity
and possibility of its isolation in pure state on a large
scale, which makes it indispensible for medicine,
pharmaceutical, cosmetics or food industry.

1.2. Antigenic character

The collagen immunogenicity is very poor compared to other proteins. The major antigenic
determinants, placed into the telopeptide regions of tropocollagen molecule, [33-35] can be eliminated. But
collagen contains other two types of antigenic determinants: the triple helix and the sequence of amino
acids from a chains situated on fibril surfaces. [36-40] The lower immunogenicity of collagen from fibrils
compared with that from tropocollagen is due to the reduction of the access of antigenic determinants
during the formation of fibrils. [41,42]

The antigenicity of telopeptides from tropocollagen is due to their amino acid composition,
considerably different from that of triple helices, they containing low amounts of tyrosine.

The collagen is the best characterized protein antigen, the antigenic determinants mediating the
formation of humoral anticorps being clearly delimitated. [36,38,39,60] Obtained in aseptic conditions it
present special problems and at physiological ionic strength and pH tends to aggregate at 37°C, in such
condition the stable form being the statistical coils.

The places responsible of antigenicity, found in the short regions of tropocollagen chains, are
vulnerable to the protease; they are also crosslinking places. Localization of antigenic activity into
telopeptides gives the possibility to investigate the fibrillogenesis, haemostatic control and pathologic
defects of collagen.
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1.3. Biodegradability

Collagen, having protein structure, is biodegradable. It is degraded in tissues by catabolic processes
including degradation with specific collagenase and phagocytosis. Collagenase has the unique capacity to
break the a-chains in a single place. Splitting only the main chain, biodegradation with collagenase allows
the evaluation of the degree of crosslinking. The amount of tripsine measures the extent of denaturizing.
The fibrils are degraded from exterior, while the inside molecules become progressively accessible. [74]

Degradation of collagen in vivo is a complex process, its particularities depending on collagen type.
Degradation in vitro is stimulated by incubation with bacterial collagenase, catepsine, pepsin or tripsine.
Such tests allow comparison of similar materials; correlation with in vivo degradation is difficult. [89-92]

1.4. Control of biodegradability by crosslinking

Absorption and biodegradation velocity are adjusted by the supplementary chemical crosslinking of
collagen, [81, 93-98] performed to increase the biomaterial life time and its biological stability.
The native and denatured collagen is crosslinked by physical and chemical treatments.

1.4.1. Crosslinking by physical methods

The crosslinking methods not involving chemical compounds reduce the cytotoxicity risks.

Ultraviolet radiations produce free radicals, concentrated especially into the aromatic rings of
tyrosine and phenylalanine, but prolonged irradiation produces collagen denaturizing and strongly
crosslinked biomaterials can not be obtained. [100] Depending on the presence or absence of water gamma
radiations produce different effects: breaking of chains in its absence and crosslinked in its presence. [100]

Thermal dehydration is performed by heating of solid biomaterials in vacuum at 110°C and 100
torr for some days, [101] conditions eliminating water from molecules and producing chain bonding.

1.4.2. Chemical crosslinking

Chemical crosslinking has the following advantages: reduces the biomaterial antigenity, improves
mechanical and biological stability and, in some forms of treatments, reduces calcification. [101,109] The
treatment reduces material imunogenity [107] and increases resistance to enzymatic degradation [50], but
increases cytotoxicity. [104,108] The most used agents are aldehydes. Carbodiimids crosslink collagen
without interposition of the agent; consequently the collagen does not contain foreign fragments. [109,110]

Crosslinking by ionic bonds is an alternative to the chemical one. It does not generate potential
toxic residues. Polyelectrolyte as kitosan, for example, forms ionic bonds between their amine groups and
carboxyl groups of collagen giving complexes that increase mechanical resistance. [113]

1.5. Role of collagen in wound management

The main function of types I-111 collagen is of scaffold for conjunctive tissues. At the beginning of
healing type Il collagen deposits, while the amount of type | collagen increases during the process. [114]

Type I collagen, besides its role of main component of the cicatricial tissue, has a key role in: [114]
control of inflammatory response at injury and reparation, influencing the cellular mitogenesis,
differentiation and migration; protein synthesis into ECM; synthesis and deliberation of cytokines and
grows factors; interaction between the enzymes remodeling ECM, including matriceal metalloproteinase.

1.5.1. Collagen in healing of chronic wounds

The above interactive process is degraded in chronic wounds. [128] Infection is usually the reason
of chronicity. It varies from microbial colonization increasing to critical contamination and suprainfection.

The extrinsic (diabet or smoking) and intrinsic (oxygen pressure and excessive inflammatory
response) factors can affect directly the collagen metabolism and slow down the healing. [114]

1.5.2. Collagen dressings in wound management

Collagen dressings are advantageous for wound treatment due to its functions in healing: [114,131]
inhibition/deactivation of matriceal proteinases; increasing of fibroblasts production and permeation;
contribution in taking over and biodisponibility of fibronectine; help in protection of leucocytes,
macrophages, fibroblasts, epithelial cells; assistance in maintaining of chemical and thermic micro-medium.



Porous dressings are efficient in healing of wounds of different etiologies. [133-135] Using of

collagen materials are not only clinically efficient, but also from economic point of view. [136-139]
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2. TANNIC ACID

The tannins, widely spread in vegetable products, can be hydrolysable and condensed. [1]
Hydrolysable tannins are esters of sugars, especially glucose, and of phenolic carboxylic acids, as
ic and ellagic. The model compound is tannic acid (TA) — 1,2,3,4,6-penta-O-galoyl-D-glucose. [2]

2.1. Structure and properties

TA is the commercial form of tannin. [5] It is a pentagalloyl glucose — the central part of molecule

— esterified at hydroxyl groups with gallic acid (Figure 3,1). It is hydrolysable tannin. [6, 7]

TA molecular formula is C76Hs2046 and its mass is 1701.2 g.mol ™. [4]

Tannic acids has the following physical properties:
white, yellowish or slightly brown amorphous powders,
inodorous or with slight characteristic odor and strongly
astringent taste, very soluble in water — 2850 g/L, insoluble in
alcohol and acetone, almost insoluble in benzene, chloroform
and ether, decompose without melting above 200°C and is
slightly acids, the pH values ranging between 3 and 6.

Due to the free phenolic hydroxyl groups they form
strong hydrogen bonding with proteins and carbohydrates,
resulting complexes. [8] In addition, hydrophobic interactions
Figure 3.1. Structure of tannic acid may contribute to the formation of complexes. [9]




2.2. Using of tannic acid in medicine

In ‘20 TA was introduced to treat grave burns and soon became standard therapy for patients with
burns, [10] due to the significant reduction of toxemia degree and massif decrease of death rate. [11] Its
using presents some other advantages: local precipitation of proteins, which reduces or eliminates pain;
prevention of plasma loss; limitation of secondary infection and diminution of amount of cicatricial tissue.

Antimicrobial activity of TA is well documented: inhibits increasing of many fungi, yeasts, bacteria
and viruses. [14-17] TA presents also some other benefic effects: antimutagenic and anticarcinogenic
activity, [14] induction of apoptosis in animal cell; [18] involving into hialuronidaze system, producing its
destructions in the same way Echinacea does and intensifying its effect, defending the cells from viral
invasion; [19] antioxidant action [18] and inhibition of collagenase activity from Clostridium histolyticum,
preventing degradation of collagen from ECM. [20]

Collagen biodegradability is reduced by stabilization with crosslinking agents. It improves
mechanical properties and reduces enzymatic and thermal degradation, controlling the biomaterial life. [24]

Considering the TA structure and the multitude of functional groups of collagen, hydrogen bonds,
ionic interactions, hydrophobic and covalent bonds may form between the two components. [27]

TA is the tannin having the highest affinity for collagen. [35, 36] Having different hydroxyl and
carboxyl groups, hydrogen bonds form in different points, giving supplementary stability to collagen. [38]

Type | collagen crosslinked with TA presents the following advantages: good enzymatic stability,
higher biocompatibility and better promptness in healing of wounds compared with the native one. [41]

Given its property to inhibit the action of collagenase in ECM, [19] TA is a valuable crosslinking
agent, presenting reduced cytotoxicity, as well as antimicrobial and anti-inflammatory properties. [41]
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3. CHLORHEXIDINE DIGLUCONATE

3.1. Structure and properties

Chlorhexidine (CH), introduced in clinical practice in 1954, [1] is a bisquanide containing two 4-
chlorophenilene rings and two biguanide groups connected by a hexamethylenic chain. [2]

White crystalline powder, having the formula Cz2HsoCIl2N1g, molar mass 505.45 g/mol, melting
temperature 134-136°C, CH is poorly soluble in water (0.8 g/L la 20°C) and can not be used as such for
obtaining of collagen materials. Being a base, it is stable as a salt: [3] digluconate (CHDG), diacetate and
dihydrochloride. The most used in clinical practice is CHDG, especially for skin antisepsis. [4]

Antiseptics destroy the microorganisms or inhibit their growing on living tissues [7, 8] and are
administrated topically. CHDG fulfill generally the conditions imposed for and ideal antiseptic.

CHDG is active over a wide pH range, between 5 and 8, which includes the skin physiological pH.
It is a strong base at this pH and presents the highest activity. [16] Dissociation produces dications with the
positive charges on nitrogen atoms situated at the ends of hexamethylenic bridge. [17,18] Cationic character
makes possible binding on bacterial cell walls of, [19] presenting the unique property of substantivity. [3]

3.2. Mechanisms of antibacterial action

Being soluble in water and strong base at the physiological pH of skin, CHDG is completely
dissociated at this pH, eliberating CH dications. [20] As they are lipophylic, interact with phospholipids and
lipopolysugars from the membranes of bacterial cells al low concentrations, favouring the entrance into
their cell. [21] Antimicrobial efficacy is consequently due to interaction of CH dications with phosphate
and carboxyl groups from the walls of microbial cells. [22] Thus the osmotic equilibrium is altered, the
permeability of cellular walls increased and dications penetrate bacteria, [3] perturbing the metabolic
processes. CH dications indirectly affect the enzymatic function of dehydrogenase and ATP-ase from the
cellular walls. [21] CHDG is bacteriostatic at low concentrations and bactericide at high ones.

CHDG is an efficient antifungal agent, able to destroy not only the fungi, but also their spores. [8]
It is not a sporicid, but forestalls spores development, inhibiting their effect, but not germination. [23]
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4. MATERIALS AND METHODES

4.1. Materials

Type | fibrilar collagen was supplied by the Textile and Footwear Research and Development
National Institute, Leather and Footwear Research Institute branch, INCDTI-ICPI Bucharest.
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CHDG (20% aqueous solution) was purchased from Fargo, Germany.

TA was bought from Sigma-Aldrich, Germany.

GA (25% aqueous solution) was bought from Merck, Germany.

Type | collagenase from Clostridium histolyticum was purchased from Sigma-Aldrich, Germany.

4.2. Methods of analysis

Collagen hydrogels were characterized by rapid physical-chemical methods, FT-IR, UV-CD,
stationary and dynamic rheology and porous matrices by FT-IR, SEM and water absorption. The matrices
with mixtures of AT and CHDG were subjected to enzymatic degradation and evaluation of delivery of TA.

4.2.1. Rapid physical-chemical methods

Rapid methods for characterization of the initial collagen hydrogels include determination of
contents of: dry substance, ash, total nitrogen, proteic substance, fatty mater and pH.

4.2.2. FT-IR spectroscopy

FT-IR was used to identify the functional groups, analysis of the tertiary structure of collagen and
emphasizing of interaction with other compounds (IR 6000 instrument with MKII Golden Gate Single
reflection ATR system, Jasco), spectral range 4000-200 cm'Y).

4.2.3. Circular dichroism

UV-CD was used to emphasize the triple helical structure of collagen from hydrogels. UV-CD
spectra were obtained using a Jasco J-810 spectropolarimeter, within the range 250-195 nm.

4.2.4, Scanning electron microscopy

Matrices were characterized morphologically by scanning electron microscopy (SEM). Recording
of images was done using a Hitachi S-2600N microscope with 4 nm resolution (at 25 kV, in high vacuum
when the detector for secondary electrons was used) and acceleration tension from 0,5 to 30 kV.

4.2.5. Rheological methods

Hydrogel viscosities, their destructuration and restructuration were determined by stationary
rheology and viscoelastic behaviour by dynamic rheology.

Stationary rheological determinations were made using Haake VT 550 reoviscozimeter equipped
with MV 1 sensor system for medium viscosities and RheoWin 4 Thermo Fischer Scientific software.

Dynamic measurements were done with Micro Fourier Transform Rheometer MFR, GBC,
Australia, functioning under squeezing flowing regime.

4.2.6. Absorption of water

Appreciation of crosslinking degrees of matrices and their capacity to absorb biological fluids was
done by water absorption at room temperature.

4.2.7. Enzymatic degradation in vitro

Resistance to digestion with collagenase was studied in physiological conditions, by incubation of
samples in 1pug/mL collagenase solution in saline phosphate buffer solution with pH 7.4 at 37°C, using
collagenase from Clostridium histolyticum, activity 125 U/mg. Degradation was followed for 9 days.

4.2.8. Evaluation of drug delivery

Amounts of TA delivered by matrices were determined using a modified USP device with
“sandwich* cells. TA concentration was measured by UV spectrophotometry, at 276 nm.

5. CHARACTERZATION OF INITIAL COLLAGEN HYDROGELS, CONTAINING
TANNIC ACID, CHLORHEXIDINE DIGLUCONATE AND THEIR MIXTURES

Hydrogels — semisolid colloid systems having aqueous disperse phase and solid disperse medium,
[1,2] are defined as tridimensional networks of hydrophilic polymers able to absorb wide amounts of water
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or biological fluids. [3-5] Soft consistency and high content of water make their properties similar to
tissues. [8] Permeable for the dissolved molecules, they are convenient supports for drug delivery. [9-11]

Consistent collagen solution/gels are tridimensional networks of fibrils randomly interwoven by
hydrogen bonds, ionic interactions and hydrophobic forces. Given the high number of hydrophilic groups
they include huge amounts of water [13] and have weak mechanical properties. Their improving is done by
crosslinking. But the chemical agents produce cytotoxicity and reducing of biocompatibility. [14, 16-20]

The hydrogel properties are determined by the integrity of molecules from fibrils. Thus the
hydrogels must be very pure and their molecules have native conformation. Viscosity is very important,
influencing the crosslinking density, drug delivery velocity and pores’ size.

5.1. Initial hydrogel

Initial hydrogel, extracted from raw calf skin by basic and acid treatments, [23] was characterized
by purity — by the so called rapid methods and by the integrity of triple helices of molecules from fibrils.

5.1.1. Rapid methods of analysis

The rapid methods of analysis include determinations of contents of: dry substance (evaporation at
105°C until constant mass) — 2.67%, total nitrogen (Kjeldahl method) — 0.47/17.6*, proteic substance —
from the total nitrogen (multiplying by 5.67 — factor of transformation of nitrogen in protein) — 2.64/98.88*,
ash (calcination at 600-800°C until constant mass) — 0% and fats (extraction with petroleum ether and
evaporation till constant mass) — 0%, plus pH. The marked values are recalculated for dry substance.

5.1.2. Characterization by circular dichroism

UV-CD spectrum of type | collagen looks like that of poly-L-proline Il: presents an intense
minimum at 200 nm and less intense wider maximum between 220 and 225 nm, assigned to triple helix
conformation [24-27] (Fig.5.1).

Spectrum of collagen from the initial hydrogel, with
% concentration 0.35% in acetic acid 0.1 M la 22°C, using 0.2 mm quartz
R cuvette and a slit of 400 um, has the minimum at 204 nm and
maximum at 221 nm, according to literature. [24-27] Zero point
s elipticity is 213.5 nm, and Rpn — 0.35, higher than reported for similar
conditions (0.10-0.13) [27]. This can be due to a more advanced

= & % = helical packing or to a higher collagen concentration. The

characteristics of spectrum demonstrate that the triple helical
Figure 5.1. UV-CD collagen spectrum  conformation of collagen molecules was not affected and can be used
for obtaining of biomaterials.

5.2. Selecting of concentration of collagen hydrogel for preparation of biomaterials

Amphoteric polyelectrolyte, collagen has positive net charge in acid medium, negative in basic one
and isoelectric range 4.5-5.5. [28] Hydrogel consistency and its interaction with other compounds depend
on pH: viscosity, interactions and stabilities at shear are maximum at pH 2.5-3.5 and at about 7.5.

To select the optimum concentration, hydrogels with 0.9, 1.1 and 1.3% (mass/volume) collagen and
pH 3.8 and 7.4 were prepared.

The rheograms obtained for acid hydrogels at 23°C are represented in Figure 5.2.

The hydrogels have pseudoplastic behaviour
70 and n"increases with collagen concentration.
The hydrogels having pH 7.4 behave

—

// similarly, but n" values are lower.
/ The rheograms show that for 0.9% the slope

—

,,/ . /' reduces at rate of 17 s at both pHs, which means
R that the hydrogels destructurate slightly. The same
f'__/’ thing happens at pH 7.4 for 1.1% hydrogel.

';";' Tt The parameters describing the rheological
i
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c=13% behaviour of hydrogels were determined with the

5 10 15 20 most used models for describing of pseudoplastic
Viteza de forfecare, s behaviour of fluids:

- Ostwald-de Waele, [31] for fluids with no

Figure 5.2. Rheograms for acid hydrogels having
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flow limiting stress:
T=K. /" 5.1)

where 7 is the shear rate, K — consistency index and n — flowing index and
- Herschel-Bulkley: [32]

T= T+ KT (5.2)

where 1, is the stress from which the flowing starts or the flowing limiting stress.

The hydrogels having t, values, the parameters were calculated using relation (5.2). The obtained
values are given in Table 5.2, together with those of viscosities at zero shear rate, no.

The values no increase with collagen concentration at both pHs and are higher at a given
concentration for acid hydrogels. Consistency inices, of 6.5-7.3 times higher for the acid ones, increase with
collagen concentration, and the flowing ones decrease. The sub-unitary values of flowing indices confirm

Table 5.2. Rheological parameters for hydrogels
having shown concentrations and pHs

Hydrogel concentration, noPa | 1 Fas n the pseudoplastic behaviour of hydrogels and
%/ rheologic parameter T increasing of pseudoplasticity with increasing
0.9 1553 16,321 0,394 collagen concentration. _
11 1,857 23,641 0314 Stationary rheological pehawour _sho_ws that
1,3 2,504 29,835 0,259 | the most convenient concentration of the initial from
pH 7.4 the point of view of stability under the action of
(l’r? 8’;‘%3 :25';‘51’2 81221 shearing forces and consistency is 1.1%, both. So
13 1567 4106 0521 the viscosity of slightly basic hydrogel is only half

of the acid one, increasing of concentration is not justified by contribution to viscosity.
5.3. Hydrogels containing tannic acid

TA binding rapidly and firmly on collagen in acid medium, hydrogels with pH 3.8 were prepared.

To establish the optimum amount of TA for crosslinking, 5, 10, and 15% TA was introduced into
the 1.1% collagen hydrogels, reported to the amount of collagen from hydrogel.

The hydrogel containing 5% TA is more opalescent and viscous compared with reference; the one
with 10% looks similar, but opalescence and viscosity are higher. Fragility increases, stirring producing
fragmentation, but at rest becomes again homogenous. At 15% opalescence and viscosity increase, a slight
non-homogeneity appears, fragmentation increases and the time to regain the initial appearance is longer.

The hydrogels were characterized structurally — by FT-IR and UV-CD — and rheological.

5.3.1. Characterization by FT-IR spectroscopy

Non-denatured type | collagen is composed of 20 amino acid residues connected by C-N bonds and
consists of tripeptide oligomeric sequences Gly-X-Y, [33] (Gly — glycine residue, X and Y — residues of
any oter amino acid). This constitutes the primary structure of collagen chain.

Each third position of o-polypeptide chain is occupied by glycine, while proline — Pro and
hydroxiproline — Hyp form 1/3 from the amino acids residues; Gly-Pro-Hyp sequences, characteristic to
collagen, are frequent. Inflexibility of Pro and Hyp stiffen the chain and make impossible the formation of
alpha helix, but favours the spontaneous formation of a helix twisted to the left, of polyproline Il type (PP
I1). [34] The conformation is not stabilized by hydrogen bonds, the groups forming the bonds being in
unfavorable positions. Stability is produced by the steric repulsions of pyrolidine rings from Pro and Hyp.
[34] The helix contains three amino acids residues per step, is more extended than alfa and excludes long
range interactions. The arrangements of primary structures form the secondary structures of segments, and
for collagen of the whole chain. [35]

Three helices twisted to left are twisted to the right, around a commune central axis, forming the
triple helix characteristic to native collagen molecule (tropocollagen), conformation called tertiary
structure, [36-40] stabilized by the hydrogen bonds between chains. Tertiary structures represent the way
of auto-assembling of secondary ones into the three dimensional protein conformation of molecule.

The following bands were identified into FT-IR spectrum of collagen: [42] 1640 and 1660 cm™ —
very intense, due mainly to stretching vibrations of amide C=0 bond, to which the hydrogen bonds coupled
with stretching vibrations C-N also contribute, referred to as amide I; 1500-1600 cm™ — intense, given by
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N-H oscillation vibrations (60% contribution [43, 44]) coupled strongly with C-N stretching from amine,
called amide I1; bands in the region 1400-1200 cm™, assigned to stretching of C-N coupled with in plane
oscillations of N-H from amide bonds, called amide 111. Other bands assigned to amide groups are:
3289 cm™ — N-H stretching coupled with hydrogen bonds — amide A and 2920 cm™ — shoulder, given by
the symmetrical stretching of CH, — amide B. Weaker bands are finding at: 1450 cm™ — CH, oscillation,
1260 cm™® — N-H oscillation coupled with C-N stretching, 1078 si 1021 cm™ — C-O stretching and 804 cm'?
— stretching of molecule skeleton.

Amide I and Il bands being produced by the absorption given by triple helices of collagens, [47]
can be used to establish the preservation of the native structure.

To determine the preservation of native conformation or amount of triple helices present the
following are used: (a) ratios of absorbance of bands amide Ill and CH. oscillation from 1450 cm™,
Aun/Aasso — value 1 or higher shows intact triple helices and lower ones denatured collagen; (b) differences
between the wave numbers of bands amide I and I, (vA; - vAi) — values higher than 100 cm indicating
the presence of denatured collagen. The ratios of absorbance of bands amide | and A, A//Ax, reflect the
extent of crosslinking — the higher the value the more advanced the crosslinking — [48] are also useful.

FT-IR spectrum of collagen from the initial hydrogel within the range 1700-1000 cm™ is presented
in Figure 5.8 by the orange colour. The spectra of the hydrogels containing TA are given also in the Figure.

(=]
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Figure 5.8.
FT-IR
spectra of
collagen
hydrogels:

and with

5%; 10%

and 15%
TA
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The Figure shows weak and wide bands for the reference hydrogel, due to the low concentration of
collagen. Amide | band is find at 1655 cm™, with a prominent shoulder at 1630 cm™ and weaker ones on
both sides, amide Il at1556 cm™ — more intense and 1528 cm™ — weaker, with shoulders at lower wave
numbers, amide 111 at 1240 and 1205 cm™; of CH, group at 1454 cm, with shoulders on both sides, in
agreement with literature [49] (Table 5.4).

Table 5.4. Wave numbers of amide I-111 bands, of CH; oscillation and The base lines of bands being
(VA - vAy) values for reference hydrogel and those with TA difficult to trace, only the differences
TA g | Amide I, [Amide 11, ] Amide 111, CHz  [(vAI-vAy), (VAll - VAu) were used. The value 99
’ cm? cm? cm? stretching, cm cmt cm? shows that the reference does
0 1655 1556 1240 1454 99 not contain denatured collagen.

5 1655 1556 1242 1458 99 TA FT-IR bands are
10 1655 1558 1240 1456 97 different from those of collagen,

15 1657 1556 1240 1456 101 excepting that from 1447 cm, close

to that of CH» group, but it is weak.

The bands amide I-111 and 1454 cm™ have the same wave number as for the native collagen, but
increasing of TA concentration modifies amide 11 band: intensity of that from 1528 cm™ decreases and a
shoulder appear at 1545 cm™.

The differences (VA - vAy;) have values lower than 100 cm™?, excepting 15% TA which is 101 cm™.
Therefore collagen-TA interactions do not affect the characteristic bands of collagen.

5.3.2. Characterization by UV-CD spectroscopy
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The UV-CD spectrum of collagen hydrogel with pH 3,8 is presented in Figure 5.10 (black colour).

Comparing it with that of the initial

collagen some differences can be find: (a) minimum is

flattened; (b) maximum seems to be sharper, but this is due the larger scale from Figure 5.10; (c) minimum
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Figure 5.10. UV-CD spectra of the reference

is displaced towards lower wavelengths; (d) maximum is find
to higher wave lengths; (e) point of zero elipticity has a higher
wavelength; (f) Rpn is high, 3,54 times higher than that
obtained from spectrum from Figure 5.1 of the initial collagen.
Such a high Rpn value was not found in literature, but
only spectra for diluted solutions are reported, under 0.15%,
for which the value range between 0.12 and 0.15. [26, 53, 54]
To establish the reasons for which a spectrum having
the form and characteristics from Figure 5.10 was obtained, a
study on the effect of collagen concentration and opening of
spectropolarimeter slit on characteristics of UV-CD spectrum
was undertaken, the hydrogel used for preparation of the

hydrogel and of those with TA: 5%; 10% si 15% biomaterials being more concentrated.

5.3.2.1. Effect of collagen concentration on UV-CD spectrum

Agueous solutions of molecular collagen were used, with concentrations 0,1-1,0% in 0,1 M acetic
acid, slit opening 400 um and cell thickness 0,2 mm. The obtained results are presented in Figure 5.11.

Increasing of collagen concentration
increases significantly the intensity of maximum,
but is position is preserved, while minimum
displaces significantly towards higher wavelength,

100 +

50 -

Té 01 modifying Rpn values. The point of zero elipticity
S ool Concentratia colagenului: is common, at 214 nm, that is it does not depend on
3 by concentration. The wavelengths of maxima are very
B 9 0 close for concentrations 0.10- 0.67% (221.2-221.6
-150 4 0.16% nm) and becomes 226 nm for 1%. The intensity of
2004 o maximum increases linearly with concentration
between 0.10 and 0.67%, but between 0.67 and

T S e PR A 1.00% the decrease is slighter. Intensities of minima
Lungime de unda, nm vary as follows: increase with collagen

concentration from 0.10 at 0.16%, decrease a bit
Figura 5.11. Effect of increasing collagen concentration  petween 0.16 and 0.31%, more between 0.31 and
on UV- CD spectrum; slit opening — 400 um 0.67% and very slow between 0.67 and 1.00%.
Their positions displace sensible towards lower A
with increasing dilution between 0.67 and 0.10%; at 1% the peak is larger and its right position more
difficult to be established.

The following dependence on concentration results for Rpn from the combination of variations of
positive and negative peaks: slight increase between 0.10 and 0.31% (from 0.15 to 0.25); higher increase
between 0.31 and 0.48% (from 0.25 to 0.70); even higher increase between 0.48 and 0.67% (from 0.70 to
1.9); after 0.67% the increase is reduced again, reaching finally the value 2.4.

5.3.2.2. Effect of slit opening

The characteristics of UV-CD spectrum are altered by opalescence of system. Collagen solutions
are slightly turbid, effect accentuated by concentration. Using very narrow cuvetts and large slit openings
the effect is diminished, but sometimes the dispersive factor can not be reduced sufficiently.

Slit opening has no effect on maximum and point of zero elipticity at collagen concentrations under
0.67%, but at 1% it decreases slightly, with no change of position. The forms, intensities and wide of
minimums are strongly affected for the first five concentrations: the elipticities decrease with increasing
concentration. The form of spectrum modifies significantly at 1% and the same thing is expected at higher
concentrations. Consequently the UV/CD spectrum has the form specific for collagen only at low
concentrations. [24-27] Intensity of the negative peak decreasing and that of the positive one increasing
with rising of collagen concentration, Rpn increases and can exceed unity. Thus, the value 1.24 obtained for
1.1% collagen hydrogel can be considered correct.
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Consequently the existence of the positive and negative peaks at the wavelength specific for
collagen, irrespective of the values of intensities may be suggested as a criterion for existence of the triple
helix conformation of molecules from fibrils for concentrated collagen solutions. The presence of triple
helices can be confirmed by dilution, but only when it is possible.

Coming back to the effect of TA on collagen, the characteristics of spectra given by the hydrogels
containing TA are given in table 5.5

Table 5.5. Wavelengths, elipticities, zero elipticity points and Rpn values for hydrogels H1-H4

Minimum Maximum Points of zero
Hydrogel A, nm 0, mdeg A, nm 0, mdeg elipticity, nm Rpn
H1 199.0 -57.7 225.0 71.7 214.8 1.24
H2 200.8 -24.0 228.6 24.8 218.8 1.03
H3 198.2 -15.0 230.6 8.0 215.2 0.53
H4 199.8 -15.9 232.2 4.1 224.6 0.26

Figure 5.10 shows that all the minima and maxima are more flattened for the hydrogels containing
TA, Rpn values are lower especially at large amounts of TA, and zero elipticity points are displaced
towards higher values compared to those of collagen. Such changes being proofs for partial denaturizing of
collagen, [53, 54] it can be think that the hydrogels contain denatured collagen. But the differences (VA -
vA)) lower than 100 cm* data confirm the proposed criterion for the native collagen conformation.

Considering the effect of turbidity on spectrum, the changes seen for the hydrogels containing TA
can be assigned to increasing of opalescence, hypothesis supported also by the very close spectra of
hydrogels containing 10 and 15 % AT.

What is sure is the fact that increasing of TA concentration displaces slightly the minimum towards
higher values, decreases visibly the intensity of maximum, increases its wavelength and decreases Rpn.

5.3.3. Characterization by stationary rheological behaviour

Stationary rheological behaviour allows determination of consistency and plasticity of disperse
systems, [55] properties allowing predicting of hydrogels behaviour on application on skin, of technique of
application and of behaviour at the application place. Viscosity determines the displaying on skin, Kinetics
of delivery of active compounds contained and stasis time.

The rheograms recorded for the reference hydrogel and those containing TA when the shear rates
were increased and decreased, on a large range of rates to establish the shearing sensitivity, rates at which
restructuration begins and regaining of structure are presented in Figures 5.16-5.19.
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Figure 5.16-5.19. Rheograms of hydrogels: a — reference and with b —5%, ¢ — 10% and 15% TA

The rheogram of reference shows flowing at low stress, ideal elastic behaviour at low shears, than
pseudoplastic, destructing at about 10 s and continuing at higher stresses, abrupt reducing of slope at about
300 s?, then again ideal plastic behaviour. Reduced resistance to shear is due to low concentration of
collagen. Reducing of share rates the rheogram is placed under the previous one, meaning that the structure
is not regained completely. Hysteresis loops appear, showing that the hydrogel is thixotropic.

The effect of crosslinking on rheological behaviour is emphasized in Figures 5.17-5.109.

The consistency of hydrogels, their resistance at shearing and thixotropy increase with amount of
TA. Restructuration is reduced for 15% TA, suggesting the surpassing of amount needed for crosslinking.

Determination of n, by linearization of dependences apparent viscosity-shear rate shows the
presence of two lines for each hydrogel, intersecting at 10 s™. This means that destructing start at the same
rate for each hydrogel. The higher slopes at higher rates demonstrate the increase of pseudoplasticity. 1,
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values determined from lines obtained at low shear rates and are given in Table 5.6. The hydrogel with 10%
TA is the most viscous, supporting the hypothesis that 15% exceeds the amount for crosslinking.
The influence of TA on flowing capacity was emphasized by flowing indices, calculated with

Ostwald-de Waele equation, (Table 5.6.).

Table 5.6. Dynamic viscosities and flowing indices for samples
H1-H4 obtained with increasing and decreasing shear rates

Hydrogel | Increasing shear rates | Decreasing shear rates The hydrogel restructuration, determined

Mo, Pas n Mo, Pas n from rheograms recorded reducing the shear rates
H1 9.80 0.43 3.80 0.46 (Table 5.6), shows n,values smaller than those
H2 1.86 0.35 3.73 0.50 | obtained increasing them. Hydrogel containing
H3 2.55 0.42 537 044 | 15% TA restructures the slowest. The flowing
H4 19.17 0.41 0.98 0.79 | indices are in agreement with viscosity values.

5.3.4. Characterization by dynamic rheological behaviour

Dynamic rheological measurements have no effect on structure of the systems subjected to
determinations. The values of storage or elasticity moduli, G’, and loss or viscosity ones, G”, at low
deformation amplitude as the material response be linear viscoelastic, allow the determination of elastic and
viscous contributions to viscoelastic behaviour: large G’ values indicate the preponderance of elastic
properties, while large G” — prevalence of viscous ones. Their values allow the distinction between non-
crossilnked and crosslinked systems: both moduli are high and the curves giving their dependence on
frequency are almost parallel for highly crosslinked systems; [55] for non-crosslinked no relation exists.

The dependences of G’ and G” on ® from Figure 5.22 show: (a) G’ > G” for all the hydrogels, that
is their behaviour is preponderantly elastic; (b) the differences of moduli at a given frequency increase with
TA amount; (c) both increase practically linearly with w; (d) the lines representing the moduli dependences
are parallel for each hydrogel, excepting the reference one, showing that it is crosslinked very slight; (e)
hydrogel with 10% TA has the highest G’ si G” values (is the most elastic and viscous), which means that it
has the highest crosslinking degree; (f) hydrogel with 15% TA is less elastic and less viscous, that is less
croslinked than that with 10%, because of the slight denaturizing of collagen produced by the excess of TA.
Consequently, the most suitable amount of TA to crosslink the collagen from hydrogel is 10%.
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Figura 5.22. Dependences of G’ si G” on ®
for hydrogels H1-H4

The apparent viscosities, n*, at a given frequency,
v, are given by the corresponding G”/v ratios multiplied by
2n. Values thus obtained depend linearly on angular
frequencies and the slopes depend on TA amount: reference
hydrogel has the lowest slope, it increases a little for 5 and
10% TA and is situated between the previous two at 15%.
Extrapolating at 1 rad/s (0.16 Hz) the following values were
obtained: 19.08 Pa.s for the reference, 39.80 Pa.s for the
hydrogel containing 5% TA, 56.09 Pa.s for that with 10%
and 52.83 Pa.s for 15%. The value for the last hydrogel is
lower than that for 10% because of the excess of TA, which
probable affects slightly the native collagen.

Then, values are much higher than those obtained
from stationary measurements.

The highest value was obtained for the hydrogel with 10% TA, as in the case of dynamic

viscosities, which destructs less under the action of shear stress. This means that it is the most consolidated.
The results support the hypothesis of slight denaturizing produced by the excess of TA.

5.4. Hydrogels containing chlorhexidine digluconate

Such hydrogels were prepared with acid — 3,8 and slight basic pH — 7,4, [56, 57] CHDG being
active at pH 5-8, [58] with maximum activity at the physiologic pH of skin. [59] The following amounts of
CHDG reported to the amount of collagen from hydrogel were introduced: 1.82, 4.55 and 9.09%. The
hydrogels having sight basic pH are too fluid and glutaric aldehyde (GA) as crosslinking agent was
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introduced to increase consistency. Three series of hydrogels were prepared: (a) with pH 3.8, (b) with pH
7.4 and (c) pH 7.4 and 0.15% GA. They were characterized by the methods used for those containing TA.

5.4.1. Characterization by FT-IR spectroscopy

FT-IR spectra of the reference hydrogels with pH 3.8 and 7.4, of that having the last pH but
crosslinked with 0.15% GA and of hydrogels containing CHDG are presented in Figure 5.25.

Increasing of pH reduces significantly the intensities of all bands due to a slight phase separation in
slight basic hydrogels, which reduces collagen concentration; crosslinking with GA produce no change.
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Comparing CHDG spectrum with that of collagen, commune bands are seen only within the range
3750-2750 cm™ and amide | band. The ratios Ai/Awso can be used to establish the effect of CHDG on
conformation of collagen. The ratios Ai//Aa, measuring the extent of crosslinking, can be also calculated.

The wave numbers obtained for the acid hydrogels are presented in Table 5.7.

Table 5.7. Wave numbers of bands amide I-111 and A, CH2 oscillation, ratios Amn/Awso and Ai/Aa and differences of frequencies
amide | and Il for acid hydrogels

CHDG, %| Amide I, Amide Il, | Amide IlI, CHoy, Amide A, (VAI - VA1), cm?t
cm? cm? cm? cm? cmt Aun/Aaaso AlAA
0 1639 1543 1238 1450 3298 0.96 1.38 96
1.82 1641 1541 1234 1448 3298 1.88 1.29 100
4.55 1639 1543 1234 1446 3298 2.15 1.28 96
9.09 1639 1542 1234 1446 3298 1.21 1.29 97

The wave number of bands is preserved in the presence of CHDG. The bands of hydrogels
containing 4.55 si 9.09% CHDG superpose. Consequently CHDG interacts slightly with collagen.

Aun/Aaaso ratios range between 0.96 (reference) and 2.15 (hydrogel with 4.55% DGCH); differences
(VA - vA)) are under 100 cm™*, demonstrating that no hydrogel contains denatured collagen.

Ai/An ratios show that the reference is less crosslinked. CHDG reduces it a bit, due to the binding
of CH dications on carboxyl groups of collagen. Their number being very low at pH 3.8, the crosslinking is
very weak. Thus, CHDG does not affect collagen conformation, but reduces slightly crosslinking. [56, 57]

5.4.2. Characterization by UV-CD

UV-CD spectra were recorded only for the reference hydrogel and those containing 4.55% CHDG
(Figure 5.27). [56, 57]
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The reference hydrogel spectrum is very similar to that of
1% collagen solution from Figure 5.10, but the negative peak is better
outlined and more intense and the Rpn ratio is higher. This can be
explained by the reducing of flexibility of collagen molecules due to
their supramolecular association in fibrils.
Correlating with the results obtained by FT-IR it can be
concluded that the acid medium favours association.
Introduction of CHDG reduces the intensities of both peaks
——————————— — more of the positive peak and less of the negative one — and
Llungime de unda, nm consequently reduces the Rpn value. CHDG distorts collagen slightly
Figure 5.27. UV-CD spectra for hydrogels with or produces the_ increasing of r_nolecules’ flexibility. Considering also
pH' 38 and: + 0: = 4.55% DGCH the results obtained by FT-IR, it can be concluded that CHDG

reduces slightly the supramolecular association, by its interposing between fibrils, increasing thus the
flexibility at the molecular level. The micro zones consisting of fibrils crosslinked with CHDG, which are
more fluid, alters a little the hydrogel structure creating the aspect of slight discontinuity.

Elipticitate, mgrd

5.4.3. Characterization by stationary rheologic behaviour

The rheograms recorded for the reference acid hydrogel and the three amounts of CHDG at low

shear rates, ranging between 0.1 and 20.4 s, are presented in Figure 5.30. [56, 57]
Introducing 1.82% CHDG the viscosities
-oe . iEcrease“slightly at IIovt;/ Ishear ra'ies,kv;hich lr}neans
0] |-v-E — that collagen is slightly crosslinked with CH
== /-/ — dications. Shear rates higher than 10.2 s destruct
the hydrogel. Increasing the amount of CHDG, the
rheograms are placed under that of reference.
Consequently the increasing of amount of CHDG
decreases viscosities: the weight of crosslinking
with dications increases with CHDG concentration
and crosslinking by hydrogen bonds decreases. The
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Figure 5.30. Rheograms of acid hydrogels containing: ~ CHDG affects similarly the dynamic
B-0:D-1,82: E—455 F—9,09% CHDG viscosities. The hydrogel with 1.82% CHDG is the

most viscous, followed by reference and by that
with 4.55%. The rheological parameters were calculated with Herschel-Bulkley equation (Table 5.10).

Table 5.10. Rheological parameters for reference acid
collagen hydrogels and with CHDG

CHDG concentration, %/ The obtained values show that CHDG does

. To, PA K, Pa.s" n . s

rheologic parameter not affect 1, and flowing indices. [56, 57] The
0 0986  27.582  0.272  ahove finding demonstrates that collagen hydrogel
i'gé 8'325 gg'gﬁ 8'532 becomes discontinuous when the CHDG
' ' ' ' concentration increases.
9.09 0.959 25.704 0.276

5.4.4. Characterization by dynamic rheologic behaviour

Dependences of G’ si G” on frequency is represented in Figure 5.33 for acid reference hydrogels
and those containing CHDG. [56, 57]
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Moduli increase with frequency for all the
hydrogels and decrease when CHDG concentration
increases. G’ values are 2.5 to 2.9 times higher than
G”’, which means that elasticity prevails on viscosity.
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Table 5.11. Viscosity of reference hydrogel and
of those containing CHDG

Viscosity, Pa.s
S S S A v=05st v=140s?
v, s 0 12.188 0.116

) ) 1.82 10.047 0.107
Figure 5.33. Dependences of G’ and G”on v for acid 455 11.487 0.108

" — — " — 1 m— 0,
hydrogels 0,4-182,8-4555i=-9.09% DGCH 9.09 11.468 0.110

Differentiation of curves for the used amounts of CHDG is a proof of slight crosslinking of
collagen with CH dications, interactions also emphasized by the other methods. The viscosities at minimum
(0.5 s) and maximum (140 s?) frequency calculated with equation (5.3) are given in Table 5.11.

At the lower frequency CHDG produces first a slight decrease of viscosity, than a slight increase.
When the frequency is maximum the value are very close and lower than that of the reference.
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5.5. Hydrogels containing tannic acid and chlorhexidine digluconate

TA was not used as crosslinking agents for collagen hydrogels containing CHDG.

Secondary polyphenolic metabolite, TA has antimicrobian properties both in vivo and in vitro. [60].
Introduced in collagen hydrogels, it functions as crosslinking agent and antimicrobial.

Crosslinking the collagen fibrils by physical forces, TA can diffuse at the wound surface. The two
compounds may interact at pH 3.8 by hydrogen bonds and ionic forces, because of the very low number of
carboxylic groups existing in collagen at such a pH. They can act individually or synergistically.

Collagen hydrogels with TA and CHDG and composition from Table 5.12 were prepared. [61]

Table 5.12. Compositions and abbreviations of hydrogels with pH 3.8 containing TA and CHDG

TA, % 5 10 15 5 10 15 5 10 15
CHDG, % 1.82 1.82 1.82 4.55 4.55 4.55 9.09 9.09 9.09
Abreviation H5 H6 H7 H8 H9 H10 Hi11l H12 H13

The hydrogels are more opalescent than those with TA. Opalescence and viscosities increase both
with TA and CHDG concentration. Hydrogels’ homogeneity also decreases, but — kept at 4°C — suffer no
syneresis even after three months. Starting with 4.55% CHDG the hydrogels include air bubble that can not
be eliminated because of the high viscosity. They affect hydrogel characterization.

5.5.1. Characterization by FT-IR spectroscopy
FT-IR spectra of hydrogels with 1.82% CHDG and 5, 10 and 15% TA are presented in Figure 5.36.

Very similar with those of acid
hydrogels containing only TA and having
bands practically at the same wavelength,
the spectra show that collagen-TA
interaction is higher than collagen-
CHDG.

The band wavelengths and
differences required for characterization

] of collagen are given in Table 5.13.

"o s o s a0 ks o s fem 10k The differences are lower than

@ ©
o 8
@ e}

— 1493
— 1456

1400

1337
—1283
— 1240
—1205
— 1082
— 1040

1
Figure 5.36. FT-IR spectra of hydrogels containing 1.82% DGCH 1001(:m for hydrogels PS and P6 and 1_01
reference and with: 5%0; 10% si 15% TA cm™ for P7. Thus, no hydrogel contains

denatured collagen.

Table 5.13-5.15. Wave numbers of bands amide I-111, CH; stretching and values of differences (vA - vAn)
for hydrogels H1 and H5-H13
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Hydrogel Amide I, Amide 11, Amide IlI, C_Hz (VA - vA)ecm?
cm?t cm?t cm?t stretching, cm
1
H1 1651 1556 1238 1454 95
H5 1655 1556 1240 1456 99
H6 1651 1556 1240 1454 95
H7 1657 1556 1240 1454 101
H8 1659 1556 1240 1454 103
H9 1651 1556 1240 1454 95
H10 1651 1556 1240 1454 95
H11 1657 1556 1242 1456 101
H12 1653 1556 1240 1454 97
H13 1651 1556 1240 1456 95

Spectra of hydrogels H8-H10 look similar to previous ones, which means that interactions do not
depend significantly on amount of CHDG. The bands have the same v values, excepting amide | for the
hydrogel with 5% TA, displaced towards higher v values, but even this contains no denatured collagen.

The bands amide | and Il preserve their forms and positions for the last series, but amide Il splits
up: a new band appears for 10% TA at 1541 cm™ and its intensity increases with TA concentration. It is
assigned to interactions of —OH groups of TA with amide ones of CHDG, [63,64] that become perceptible
at higher concentrations of both compounds. The CH; band also modify: a weak shoulder at 1470 cm* for
10% TA can be seen, more intense for 15%, assigned to interactions of hexamethylene bridges of CHDG
with the hydrophobic groups of TA.

The wave numbers of the bands for hydrogels H1 and H11-H13 from Table 5.13-5.15 show that the
value of the difference is 101 cm™ only for P11. Consequently the hydrogels are free of denatured collagen.

FT-IR spectra demonstrates that the band amide Il splits at higher concentrations of TA and
CHDG, a new band appear at 1541 cm™ and a shoulder on CH; group band at 1470 cm™, that is TA-CHDG
interactions appear; none of hydrogels contains denatured collagen and they can be used as biomaterials.

5.5.2. Characterization by UV-CC spectroscopy
UV-CD spectra for the hydrogels containing TA and CHDG are presented in Figures 5.39-5.41.
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Figure 5.39. UV-CD spectra for Figure 5.40. UV-CD spectra for Figure 5.41. UV-CD spectra for
hydrogels H1 and H5-H7 hydrogels H1 and H8-H10 hydrogels H1 and H11-H13

Their aspects are similar with those of hydrogels with TA (fig. 5.9), as in the case of FT-IR spectra,
but some differences can be seen. Characteristics of spectra from Fig. 5.39-5.41 are given in Tab. 5.16-5.18.

Table 5.16-5.18. Wavelength, elipticities, zero elipticity points and Rpn values obtained for hydrogels
Hland H5-H13 from Table 5.12.

Hydrogel Minimum Maximum Zero eI_ipticity Rpn
A, nm 0, mdeg A, nm 0, mdeg point
H1 199.0 -57.7 225.0 717 214.8 1.03
H5 200.2 -23.4 229.4 24.3 218.2 1.04
H6 199.4 -56.1 231.2 14.7 215.8 0.26
H7 198.8 -34.8 233.0 8.1 217.2 0.23
H8 200.0 -32.6 229.6 22.8 215.2 0.70
H9 200.0 -22.2 232.6 9.6 216.8 0.43
H10 201.0 -33.0 225.0 7.9 217.6 0.24
H11 201.0 -21.0 230.6 9.9 221.6 0.47
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H12 200.6 -21.6 234.0 5.8 220.0 0.27
H13 199.8 -34.5 228.6 3.7 217.2 0.11

Differences for 1.82% CHDG can be seen starring with 10% TA: A of minimum, its wide and
elipticity are very close to those of reference; maximum is less outlined, A closer to that of hydrogel with
10% TA and elipticity almost double; zero elipticity points are close and Rpn half of the hydrogel with TA,
due to the increasing of intensity of minimum. All the above are produced by the increase of turbidity and
slight phase separation. Intensities of minimum and maximum decrease for 15% TA, but Rpn values remain
very close. When CHDH concentration was increased to 4.55% the spectra from Figure 5.40 were obtained:
minimum wavelength is very close to that of the reference, but their heights are different and intensity is the
highest for the hydrogel with 15% AT. Maximum displaces toward higher A when TA concentration
increases, excepting that with 15% TA, which regain the value for the reference; the heights decrease
continuoasly. Zero elipticity point increases with TA concentration and Rpn values decreases. The
decreasing of intensities of both peaks, of Rpn value and displacing towards red of zero elipticity points are
considered evidences for partial denaturizing of triple helices. [53, 54] But heir responsible of these changes
are opalescence, slight phase separation and air bubble. Considering the above proposed criterion for the
native conformation of collagen in concentrated collagen solutions/hydrogels, it can be concluded that they
do not contain denatured collagen.

Spectra from Figure 5.41 are very close for 5and 10% TA, while for 15% the maximum is more
flattened. The values from the Table 5.16-5.18 show that the differences of minima are very small for
hydrogels with 5 and 10% TA, but A of maxima is the highest for hydrogel with 10% TA and its intensity is
1.7 lower than of hydrogel with 5%. Zero elipticity points are close and Rpn decreases with TA amount.

If the criterion proposed in paragraph 5.3.2 for the presence of native conformation of collagen is
accepted, it can be asserted that no hydrogel contains denatured collagen, as FT-IR also shows.

5.5.3. Characterization by stationary rheological behaviour

The hydrogels containing 1.82% CHDG and the three amounts of TA are more opaque and more
non-homogenous that those containing only TA. The most transparent and homogenous is that with 5% TA,
very similar with reference. Viscosity at rest seems to increase significantly when TA amount increases.

The rheograms obtained when the shear rates are first increased within the range 0-100 s, in which
destruction is insignificant, are presented in Figure 5.42 for the reference hydrogel and H5-H7.

The Figure demonstrates the following: [61]

80 TA increases viscosities by crosslinking; t, values are
70- low, that is they flow easily; they behave ideal plastic
o T at low shear rates, than pseudoplastic; destruction of

a, A structure stars at 10 s and ceases after 20 s*; after 20
i S o o i s all have the same viscosities.

o 0 J3 . o, © 0 Linearization of dynamic viscosities gives
ool Te 07 o also two lines for each hydrogel, which intersect at 10
& o H5 s™.The obtained n, values are given in Table 5.19.

20'%5 ~ Ho The dynamic viscosities of hydrogels with

109 i CHDG and TA are higher than that of the reference,

0 . , . . , but lower than the corresponding ones containing TA

0 2 oo ® 10 due to interaction AT-DGCH, and increase with TA
v, s amount, which shows that 15% TA is not an excess.

The rheograms obtained with reducing shear
Figure 5.42. Rheograms of hydrogels H1 and H5-H7 rates show that hydrogel with cu 1.82% CHDG and
obtained with increasing shear rates 5% TA — the most homogenous — restructures the

most rapidly, followed by the one with 10%.

The dynamic viscosities are significantly reduced compared with that obtained with increasing and
decrease when TA concentration increases: the more crosslinked hydrogels need more time to regain the
structure. The flowing indices vary with viscosities conversely.

Hydrogels with 4.55% CHDG look very similar to those from the previous series, but are more
viscous at rest and contain air bubbles. Hydrogel with 10% TA is the most viscous, followed by H8.
Viscosities become very close at rates exceeding 20 s.

Linearization of viscosities shows also two lines for each hydrogel, intersecting at 10 s* too. The
dynamic viscosities (Table 5.19-5.21) are lower than for 1.82% CHDG, because a larger part of TA is
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consumed and collagen is less crosslinked. They increase for 5 and 10% TA, but decrease for 15%,
probably because of the higher amount of TA-CHDG associates having lower viscosity, which interpose
between fibrils. Thus, the hypothesis is supported by the close values of viscosities of the other hydrogels.

Table 5.19-5.21. Dynamic viscosities and flowing indices for hydrogels
H1 and H5-H13 obtained with increasing and decreasing shear rates

Increasing of shear rates | Decreasing of shear rates The flowing indices are given

Hydrogel Mo, Pas n N, Pas n in Table 5.19-5.21. They decrease with
a1 9.80 043 3.80 0.46 TA concentration increase.
H6 1521 0.48 4.45 0.46 TA restructure more when the shear
H7 20.72 0.30 389 0.47 rate are decreased; that with 15% TA
H8 15.51 0.47 8.02 0.39 regains its structure less than
H9 16.66 0.55 7.91 0.39 reference, due to the greater number of
H10 11.93 0.49 1.64 0.62 TA-CHDG associates.
H11 21.17 0.28 6.62 0.41 The dynamic viscosities are 2
H12 14.85 0.42 5.07 0.41 to 7.5 times lower than that obtained
H13 9.11 0.70 3.82 0.51

with increasing shear rates (Table 5.19-5.21). The low value of hydrogel P10 is supported by the high value
of flowing index from the same Table, which shows that the hydrogel containing 15% TA flows most easy.

Hidrogels with 9.09% are DGCH the most opalescent, the less homogenous, seem the most viscous
at rest and contain the most and the biggest air bubbles.

At the minimum shear rates n* values increase in the order: H13 < H12 < H11; this relation
continues until about 10 s*. Above this value H13 becomes more viscous and the values for the others
become close. This can be explained by the orientation of TA-CHDG associates in the direction of stress,
which favours the interaction between fibrils. The contribution of air bubble must be added to this: they can
not leave the space between sensor cylinders at low shear rates, while at high rates a part leaves the
hydrogel due to its lower viscosity. The values in Table 5.19-5.21 show that, indeed, H13 has the lowest
viscosity and H11 the highest.

When CHDG concentration is 9.09% the hydrogels with 5 and 15% CHDG recover the best.

Consequently stationary rheological behaviour suggests the formation of TA-CHDG associates at
high concentrations of components, less viscous than the rest of hydrogel, which produces the aspect of
non-homogeneity.

5.5.4. Characterization by dynamic rheological behaviour

Dependences of storage and loss moduli on angular frequencies are given in Figures 5.51-5.53.
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Comparing with the data for hydrogels containing TA, similitude and differences are finding.

Similitude: G’ for hydrogels with TA are higher than that of the reference; all the G’ values are a
little higher than G” on the whole ® range; both moduli increase linearly with ; differences between
moduli at a given frequency are the higher the higher the amount of TA; lines giving the dependences of G’
are parallel with those for G” for each hydrogel, as expected for crosslinked systems, excepting for H1, for
which the values are close at low ®.

Differences: the hydrogel with 15% TA has the highest values G’ and G”, not the one with 10% as
in the case the CHDG is absent (a part from TA is consumed by CHDG and it is not in excess compared to
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the amount requires for crosslinking); the hydrogel with 10% TA flows even easier than the reference one,
especially for o higher than 100 rad/s. In this case the optimum amount of TA is 15%.

Increasing the amount of CHDG at 4.55% the dependences on TA concentration and o from Figure
5.52 are obtained for G’ and G”. The values are a little higher than for the previous series, the lines giving
the dependence of G’ and G” on ® remain parallel for each hydrogel and the values for 10 and 15% TA are
close, that is CHDG contributes also to crosslinking. Crosslinking is optimum both for 10 and 15%.

The maximum amount of CHDG gives the dependence of moduli on frequency from Figure 5.53.
The hydrogel containing 9.09% CHDG and 15% TA (H13) has the highest elasticity; those containing 5
and 10% TA have lower and closed elasticities. The lines giving the dependences of moduli on ® remain
parallel for the hydrogels with 5 and 10% TA, but for 15% the parallelism disappears, probably because of
the larger amount of TA-CHDG agglomerates, emphasized also by the stationary rheological behaviour.

The dependences of viscosities on o for each series of hydrogels are strictly linear and they
decrease with increasing of o practically in the same way in each series. The values obtained by
extrapolation at the frequency of 1 rad/s from Table 5.22 varies within the series as in the case of those
obtained by stationary measurements: increase with the amount of TA, but are much higher than those
obtained from stationary measurements, due to the fact that the hydrogels are not destructed.

Table 5.22. Dynamic viscosities of hydrogels H5-H13 at the angular frequency of 1 rad/s

Hydrogel H5 H6 H7 H8 H9 H10 H11l H12 H13
1, Pa.s 41.6 43.4 58.2 41.0 81.2 66.7 66.0 76.9 58.6

CHDG increases the viscosities of hydrogels containing the same amount of TA, excepting the one
with 15%, for which increases at first, than decreases for 9.09%, because of the great number of TA-CHDG
associates, which hinder crosslinking with TA and — being less viscous — reduce viscosity.
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6. CHARACTERIZATION OF POROUS MATRICES CONTAINING TANNIC ACID,
CHLORHEXIDINE DIGLCONATE OR THEIR MIXTURES

Collagen matrices are largely applied in medicine: scaffolds in tissue engineering, [6] haemostatic

and protection material for wounds and the new formed tissue, [6, 7] systems for inclusion and delivery of
cells, proteins, nucleic acids and drugs. [8-11]

6.1. Matrices containing tannic acid

6.1.1. Characterization by FT-IR spectroscopy

Spectra of the reference and of matrices containing 5, 10 and 15% TA are given in Figure 6.1.
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FT-IR spectrum of the reference matrix presents all the collagen bands, [18] excepting the shoulder
at 2920 cm* (amide B), [20] which is superposed with another shoulder at 2957 cm™.

The v vales for the reference and matrices containing TA and (vA-vA) are given in Table 6.1.

The v vales of bands amide | and 1l for the reference matrix are a little lower than for hydrogel, but
the others are the same. The following bands from complex band amide Il are observed in the reference
spectrum: 1338 cm™ — very weak, 1277 cm™ — shoulder, 1237 and 1203 cm™ — shoulders, according to
literature. [22-24] The value (VA - vAy), of 84 cm™, shows the absence of denatured collagen.

Figure 6.1 reveals that TA produces the following modifications: (a) Intensities of bands amide A
decrease, due to the bonding of TA on collagen and reducing of number of hydrogen bonds between fibrils.

(b) Sub bands of the band amide Il are found at 1336-1332, 1278-1276, 1235-1231 and 1202-1200
cmt and their intensities modify with increasing of TA concentration: 1335 cm™ increases slightly its
intensity, but they are the same for 10 and 15%; intensity of shoulder of reference at 1277 cm* decreases

Table 6.1. Wavenumbers of bands amide A, I-111, CH; stretching and differences (vA: - vAy) for
matrices with specified TA concentrations

TA, %  Amide A, | Amide I, |Amide Il, | Amide Ill, | CH stretching, | (vA - vAy), cm™
cm? cm? cm? cm? cm?
0 3301 1629 1545 1237 1451 84
5 3292 1630 1542 1235 1448 88
10 3291 1630 1539 1232 1447 91
15 3291 1631 1539 1231 1447 92

and disappears in the matrix with 15% TA. The reference band at 1237 cm™ displaces towards lower v, but
its intensity is preserved. Shoulder intensity at 1203 cm™ increases: it becomes a band at 5% TA, for 10%
its intensity is comparable with that at 1237 cm™, and for 15% is more intense. Transformation of shoulder
at about 1200 cm™ in band and increase of its intensity are due to crosslinking with TA. (c) Intensities of
reference bands at 1080 and 1031 cm™ modify: the second, less intense, becomes more intense than the first
for 10 and 15% TA. Differences (VA - vAy)) increase with TA concentration, but are lower than 100 cm™.

The slight displacing of bands amide A, Il and Ill towards lower wave numbers, increasing of
intensity of band from 1200 cm™ from the complex band amide Il and decreasing of intensity of band
amide | when TA is introduced can be associated with collagen crosslinking by such forces.

6.1.2. Characterization by SEM

SEM, emphasizing the agglomeration of fibrils and changing of pore size, allow the establishing of
crosslinking extension. SEM images of reference matrix and of those with TA are given in Figures 6.3a-d.

The Figure 6.3a shows lamellar matrix for reference, with elongated pros crossed by collagen
fibrils, 100-500 um length and 50-150 um wide. There are also annular pores, with dimensions varying
from 100 to 200-230 um, interconnected by collagen fibers and fibrils about 0.3-8.0 um thick.

The lamellar structure is absent into the hydrogel containing 5% TA (Figure 6.3b), pores are
annular and flattened, with dimensions of 40-220 um. The difference of morphology is due to higher
viscosity of the hydrogel containing 5% TA, which produces larger ice crystals.

26



¢ — 100x d —100x

Figure 6.3. SEM images 100x of matrices: a — reference and with b — 5%; ¢ — 10%; d — 15% TA

When TA concentration is double the pores become annular, their large sizes are 350-500 um and
small ones 100-250 um and matrices contain large compact zones of collagen, due to crosslinking with TA.

The aspect of matrices with 15% TA is non-homogenous (Figure 6.3d) with pores and compact
zones of collagen, determined by the more advanced crosslinking. The small pores and compact zones
support the affirmation that TA in excess affect slightly the collagen conformation.

6.1.3. Characterization by water absorption

The remarkable capacity of collagen matrices to absorb water is given by the great number of
hydrophilic groups: amide, carboxyl and hydroxyl. [30] Swelling in aqueous media is very important for
their using as dressings, providing the hydration of tissue surface and delivery of the drug. Swelling with
biological fluids is the first obligatory step in matrix degradation.

The results for water absorption, expressed as ratio of mass of absorbed water and that of initial
matrix (g/g), are presented in Figure 6.5 for matrices M1-M4, with a detail inside. [18]

The highest amounts of water are absorbed by the reference matrix (curve B). It absorbs vey much
within the first 70 min, becoming more and more gelatinous, less between 70 and 100 min, and in 120 min

it loses the integrity. Water absorbed by the

matrix  obtained from the hydrogel

» " containing 5% TA is by far more reduced.
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6.1.4. Characterization by digestion with collagenase

Collagenase, the most used enzyme for in vitro digestion of collagen, [34] splits the chains, leaving
the intermolecular bonds intact. This is why the method is used to evaluate the degree of crosslinking.

Digestion was done in physiological conditions — saline phosphate buffer solution with pH 7.4 and
37°C. [18] The matrices with TA serve as references for those containing TA and CHDG.

The matrices that do not contain TA disappear in about 30 min. If they contain 5% TA the integrity
and form is preserved for about 240 min, than disintegrate in highly swollen fragments. Doubling the
amount of TA matrices are undivided for 24 h, and the fragments formed by further disintegration are
bigger than for the previous matrices. For 15% TA the matrices resist for 9 days, the last day of
observation. Samples preserve the initial form, but their volume is much higher. [18]

6.2. Matrices containing chlorhexidine digluconate
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6.1.1. Characterization by FT-IR spectroscopy

FT-IR spectra of the reference and of matrices containing CHDG obtained from hydrogels having
pH 3.8 and 7.4, the last in the absence and presence of GA, are presented in Figure 6.6. [16]
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FT-IR spectra are grouped in two classes: with intense bands —matrices resulted from acid
hydrogels and pretty weak and very close — matrices obtained from slight basic hydrogels.

Matrices obtained from acid hydrogels, discussed farther, have very close intensities for bands
amide I and Il are, but different for amide I1l. The values of characteristics of spectra are given in Table 6.2

The Table demonstrates that CHDG does not modify the positions of collagen bands.

CHDG increases the ratios A/Auaso, that is it stabilizes the helices. The values much higher than
unity must not be taken as a measure of consolidation of triple helices, the bands being large and the errors
for the base lines high. But the tendency of increasing of ratios with increasing amount of CHDG is real.

Table 6.2. Wavenumbers of bands amide I-I1l, A and CH stretching, ratios Aii/Aiaso and Ai/Aa and
differences (vA - vAy) for the reference and containing CHDG matrices

DGCH, | Amide | Amide | Amide | Amide | CHystretching, | Ain/Auaso AJAL | (VA= VA, cm?t
% Aem? | I,em?® | 1,em?t | 1M, em? cm? oA
pH 3.8
0 3293 1639 1542 1234 1446 1.98 1.27 97
1,82 3300 1637 1543 1238 1450 2.00 1.37 94
4,55 3298 1639 1542 1234 1446 2.08 1.36 97
9,09 3298 1637 1543 1238 1450 2.15 1.37 94

The ratios Ai/Aa, measure of crosslinking, increase slightly with CHDG concentration, due to slight
crosslinking of collagen with CH dications and forming of micro zones crosslinked by weaker forces.

Decreasing of intensity of band amide | can be due to the slight increase of interactions by hydrogen
bonds in collagen, that is to a slight crosslinking, shown also by the slight increase of ratios Ai/Aa.

7.2.2. Characterization by SEM

SEM images of the reference matrix and of those resulting from the acid hydrogels containing 1.83
and 4.55% CHDG are presented in Figure 6.7a-c. [16]
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Figure 6.7. SEM images 200x of matrices obtained from acid hydrogels: a — reference;
b — with 1.82 % and ¢ — with 4.55% CHDH

Introduction of 1.82% CHDG gives the image from Figure 6.7b: the matrix is lamellar, but the
lamellae are thicker and the distances lower, resulting pores of lower size. The thickening of lamellae are
due o the crosslinking of fibrils with CH dications. Increasing the CHDG concentration to 4.55% modifies
morphology more — Figure 6.7c: lamellae are closer, and thin lamellae and small pores prevail.

6.3. Matrices containing tannic acid and chlorhexidine digluconate

6.3.1. Characterization by FT-IR spectroscopy

Spectra of matrices are presented and discussed at constant amounts of CHDG.
FT-IR spectra of matrices M5- M7 are presented in Figure 6.11. [18]

Figure 6.11.
FT-IR spectra
2 of matrices
3 with 1.82%
CHDG and:
P1-0; P5—
5; P6-10and
P7-15% TA
Wave numbers of bands amide A, I-111 and CH> and differences (vA, - vAy) are given in Table 6.3.
Table 6.3.-6.5. Wave numbers of bands amide A and I-111, CH> stretching and differences (vA, - vAy) for matrices
containing all the combination between the three amounts of TA and CHDG
Matrix | TA, % | Amide A, Amide |, Amide I, | Amide Ill, |CH: stretching,| (vA, - vA), cm?
cmt cm? cmt cm? cm?
M1 0 3301 1629 1545 1237 1451 84
M5 5 3294 1629 1541 1236 1448 88
M6 10 3296 1631 1539 1234 1447 92
M7 15 3292 1630 1539 1233 1447 91
M8 5 3299 1631 1538 1233 1447 93
M9 10 3299 1631 1538 1235 1448 93
M10 15 3299 1631 1537 1231 1447 94
M11 5 3306 1631 1539 1237 1449 88
M12 10 3303 1632 1539 1235 1448 92
M13 15 3297 1631 1536 1234 1447 91

Spectra of matrices containing 1.82% CHDG and 5, 10 si 15% TA are very similar to that
of matrix M1 in the frequency range 4000-1400 cm?, in which the bands amide A, B, | and Il as well as
CHj stretching are find. Slight decrease of intensities and slight displacing towards lower frequency of band
amide A can be seen only for 10 and 15% TA. Intensities of bands modify in the range 1400-1200 cm, but
their positions remain the same: shoulder at 1203 cm™ becomes band and its intensity increases with TA
amount, as for matrices with TA. They are a little more intense compared with the last ones, probably due
to the blocking of a small part of TA by CHDG, which reduces crosslinking. Changing of band intensities
with TA amount in the range 1120-1000 cm™ are similar to those for matrices containing only TA. The
above results demonstrate that TA interacts stronger with collagen than with CHDG, and a part of it
interacts also with CHDG. Differences (vA - vA;) are the same as for matrices containing TA, that is they
do not contain denatured collagen.

At 4.55% CHDC changes are the same when TA concentration increases, but the decreasing of
intensities are higher, especially when the matrix contains 10% TA — Table 6.3.

Differences (VA - vA)) are a little higher compared to the previous matrices, but all remain lower
than 100 cm™, which means that they do not contain denatured collagen.
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Changing brought by doubling the amount of CHDG (9.09%) are similar with the previous ones.
As a characteristic, the intensities of all the bands are very close when the matrices contain 10 and15% TA.

The frequency of bands for matrices containing 9.09% CHDG is given also in Table 6.3-6.5.
Differences (VA - vAy) show that matrices M11-M13 contain no denatured collagen.

Concluding, the collagen matrices containing all the combinations between 5, 10 and 15% TA and
1.82, 4.55 and 9.09% CHDG contain no denatured collagen and they can be used as wound dressings.

6.3.2. Characterization by SEM

SEM images of matrices with 1.82% CHDG and 5, 10 and 15% TA are presented in Fig. 6.14.a-c.
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Figure 6.14. SEM images 100 x of matrices containing 1.82% CHDG and: a—5, b—10and ¢ —15% TA

Compared with those containing TA, they have smaller and less regular pores.

The aspects of matrix surfaces containing 5.05% CHDG and TA are similar to previous ones and
present the same tendency of slight decreasing of pore size with TA amount. The matrices become more
compact when TA concentration increases.

The amount of 9.09% CHDG gives the matrices having the images from Figure 5.16.
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Figure 6.16. SEM images 100x of matrices containing 9.09% DGCH and: a—5, b — 10 and ¢ — 15% AT

So the aspect is not modified compared with the previous ones, pore sizes are less uniform and, at
the last two concentrations of TA, they are smaller, because of the stronger crosslinking.

Concluding, the most suitable ratio between the two antimicrobials from the point of view of size
and uniformity of pores is 10% TA/5.05% CHDG, conclusion detached also from other properties.

6.3.3. Characterization by absorption of water

The curves giving the amounts of water absorbed by the matrices obtained from the hydrogels
containing 1.82% CHDG and the three amounts of TA within 24 h are presented in Figure 6.14. [18]
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g matrix with 10% TA absorbs the maximum
amount within 24 h, but it is lower than when
o the matrix does not contain CHDG.
BER jmf I Consequently ~ CHDG reduces  the
hydrophilicity of matrices crosslinked with TA.
0 200 400 600 800 1000 1200 1400 1600 When the hydrogels from
Timp, min which the matrices were obtained contain
455% CHDH, the absorption curves look
Figure 6.14. Amounts of water absorbed by matrices with similar, but the absorbed amounts are higher,
1.82 % CHDG and: ® —5; e — 10 and A — 15% TA comparable with those of matrices containing
TA. The highest amount is absorbed by the
matrix with 10% TA, followed by that with 5%. The explanation for increasing of matrices hydrophilicity
for 4.55% CHDG is that this is the optimum amount of CHDG to be combined with TA.
Increasing the amount of CHDG at 9.09% preserves the appearance of curves, but the absorption
depend inversely on the amount of TA under 120 min: the most water is absorbed by the matrix with 15%
TA, followed by that with 10%, and the less that with 5% TA. Between 4 and 24 h the order of absorption
is: matrix with 15% TA absorbs more tan that with 5%, while that with 10% absorb the lowest amount. All
the matrices are less hydrophobic than those with 4.55% CHDG, but more hydrophobic than those with
1.82%. The difference of absorptions after 24 h is small.
Consequently it can be said that the most convenient amount of CHDG to be combined with the
three amounts of TA seems to be 4.55%, and among them, the combination 10% TA-5.05% CHDG.
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6.3.4. Characterization by digestion with collagenase

The simultaneous presence of the two antimicrobials in the collagen matrices increases
spectacularly the resistance to digestion with collagenase. Thus, all the matrices resist 9 days (the last day
of observation), excepting that with 5% TA and 1.82% CHDG, which — in the last day — are fragmented
into 2 or 3 pieces. This demonstrates once more that CHDG crosslinks also collagen, or at least it binds the
collagen fibrils, increasing thus resistance to digestion. The matrices with 9.09% CHDG and 5 and 10% TA
preserve their form, while the edges of those containing 15% TA are eroded a little. This is in accordance
with the previous observations that 15% TA surpasses the amount required for crosslinking and the excess
affects collagen. [18]
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7. DELIVERY OF TANNIC ACID FROM MATRICES

Due to physical, chemical and immunological properties, biocompatibility, absence of toxicity,
weak antigenity, capacity of recovery and haemostatic action collagen is a support for many drugs. [10-13]
TA binds with collagen by hydrogen bonds, [24] electrostatic forces, [25] hydrophobic interactions
[26] and covalent bonds. [27] Crosslinking can be modulated by the amount of TA introduced. [28]
Supposing that the collagen matrix is a homogenous polymeric support, the drug — dissolved or
suspended — can be free or bound. The matrix being porous, the free drug diffuses and is released
immediately, while the one partially immobilized is released steadily, depending on the diffusion of the
biologic fluid as well as on the progress of swelling and matrix erosion. The prolonged delivery is favoured
by the porosity and the tridimensional structure of the matrix. [32, 33] The kinetics of delivery is influenced
also by the chemical treatment applied to matrix, as well as on modification of its porosity or density. [34]
The kinetic equation describing the delivery of drugs has the general form:

mdm., = kt" (7.1)

where my is the amount of drug delivered at time t, m., — total amount of drag contained by support, m/m,, —
fraction of delivered drug, k — Kinetic constant and n — delivery exponent, indicating the mechanism of
delivery: (a) if n has the value 0.5 the drug diffusion rate is much lower than that of relaxation of support,
delivered amount is proportional to square root from releasing time and delivery is governed by the Fick
law; the model which describes the behaviour was elaborated by Higuchi; (b) when n is equal to 1 the drug
diffusion rate is much higher than that of relaxation of support, delivered amount is proportional with
releasing time and is described by the zero order model; (¢) if n ranges between 0.5 and 1 the drug diffusion
rate is of the same order of magnitude as that of relaxation of support, delivery is based not only on
diffusion but is associated with other mechanisms, and the model describing it was elaborated by Ritger-
Peppas. [30, 35, 36] For porous supports that do not swell the value of n is lower than 0.5 and an extension
of Peppas model is used, called the power law model, for which n ranges between 0 and 1.

Releasing of TA was determined in vitro in physiological conditions: saline phosphate solution
with pH 7.4 as delivery medium and 37°C. TA interacting wit CHDG by hydrogen bonds and hydrophobic
forces, [37] the delivery from the two categories of matrices must be discussed separately.

7.1. Delivery from matrices containing tannic acid

TA concentration was measured by UV spectrophotometry, from the values of absorbance of
maximum from 276 nm, using the calibration curve previously drawn. [38]

The amounts delivered by the matrices obtained from the hydrogels containing the three amounts of
TA, expressed as percentages from the total amount introduced, are presented in Figure 7.2.
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The curves have the same appearance: until
about 240 min the delivered amount increases
o practically linearly with time, than it is reduced and
®1 =0 after 500 min tends to a plateau. The highest amount
is delivered by the matrix containing 10% TA, which
support the hypothesis that 10% TA is enough to
104 crosslink the collagen. The excess denatures it and
increases the number of functional groups; thus TA is
20 more strongly bound on collagen and less is delivered.
Delivery data were introduced in the models
0 — describing delivery kinetics, and the values obtained

0 100 200 300 400 500 600 700 for correlation coefficients are given in Table 7.1.
Time. min The values show that data are the best
Figure 7.2. TA cumulative delivery curves fromthe  correlated by the Ritger-Peppas model, as expected
collagen matrices with: B —5; C — 10 and D — 15% TA  for porous matrices, for which — besides diffusion of

drug and relaxation of support — other phenomena, as

swelling of matrix interfere in delivery. The firs order model can be valid only during the first minutes.

The kinetic parameters k and n calculated using the Ritger-Peppas model are presented in Table
7.2, together with the maximum delivered amounts measured (at 660 min) — c.

100 4

60

Acid tanic, %

Table 7.1. Values of correlation coefficients obtained Table 7.2. Kinetic parameters calculated with
using mentioned models Ritger-Peppas model for matrices with TA
TA % Higuchi Zero order Ritger-Peppas % AT k, min-" n Cm, %0
’ Model model model 5 0,711 0,734 79,54
5 0.9700 0.9702 0.9924 10 1,113 0,685 90,00
10 0.9794 0.9568 0.9916 15 0,961 0,698 84,28
15 0.9775 0.9562 0.9902

The Table shows that the values of delivery coefficients are very close for the matrices containing
10 and 15% TA, probably due to the close values of the crosslinking degrees. Consequently some other
phenomena taking place when the matrices are introduces into the delivery solution contribute also to
delivery, the most important being swelling, which probable controls the delivery. The results are in
accordance with those obtained by absorption of water, which are very close for these two matrices.

7.2. Delivery from matrices containing tannic acid and chlorhexidine digluconate

The delivery of TA from matrices containing all the combinations between TA and CHDG was
determined similarly, and the delivered amounts expressed analogous. Correlation coefficients were
calculated with the same equations and delivery parameters with Ritger-Peppas, which also describe the
best delivery. Curves presenting regularities at constant TA concentrations, they are discussed separately.

7.2.1. Delivery from matrices with 5% tannic acid

Cumulative delivery curves of TA from matrices with 5% TA and DGCH are given in Figure 7.3.

The regions of linear increase of amounts of TA with time in the first 240 min are replaced by
exponential ones. The higher the percentage of CHDG, the lower the amount of TA delivered, becoming
considerably smaller for the matrix with maximum amount of CHDG. The results are in agreement with
dynamic viscosities of hydrogels from which the matrices were obtained. This suggests that diffusion of TA
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Figure 7.3. TA delivery cumulative curves from matrices
with 5% TA and B — 1.82, C — 4.55 and D — 9.09% DGCH

through the hydrogel formed by swelling of matrices

play an important role in its delivery.

The values of correlation coefficients for
kinetic equations are close to unity for Ritger-Peppas
equation too, as can be seen from Table 7.3.

Table 7.3. Correlation coefficients calculated using
specified models for matrices with 5% AT and CHDG

% DGCH Higuchi Zero order Ritger-Peppas
model model model
1,82 0,9960 0,9329 0,9974
4,55 0,9919 0,9424 0,9959
9,09 0,9911 0,9506 0,9973

Table 7.4. Kinetic parameters given by Ritger-Peppas
model for matrices containing 5% AT and CHDG

% DGCH K, min™ n Cm, %
1,82 2,548 0,562 94,28
4,55 1,789 0,601 84,89
9,09 1,289 0,618 69,40

Delivery exponents from Table 7.4, calculated with Ritger-Peppas equation, are lower than for the
matrix with the same amount of TA, with very close values for those containing 4.55 and 9.09% CHDG.

The maximum amounts of TA, given in the same Table, decrease with increasing of CHDG
amount, due to the increase of hydrogels viscosities when amount of CHDG is higher (Tables 5.19-5.21).

7.2.2. Delivery from matrices with 10% tannic acid

Cumulative delivery curves of TA from the matrices containing 10% TA are given in Figure 7.4.
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Table 7.5. Values of correlation coefficients obtained for
matrices with 10% TA and 1.88, 4.55 and 9.09% CHDG

CHDG, Higuchi Zero order Ritger-Peppas
% model model model
1.82 0.9876 0.9547 0.9957
4.55 0.9810 0.9685 0.9968
9.09 0.9939 0.9444 0.9977

Table 7.6. Kinetic parameters obtained with Ritger-Peppas model

for matrices with 10% AT and DGCH

Figure 7.4. TA delivery curves for matrices with 10%

TA and: B-1.82,C-4.55and D -9.09% DGCH

% DGCH k, min™ n Cm, %
1.82 1.405 0.630 80.85
4,55 0.862 0.689 73.15
9.09 1.878 0.600 89.74

Delivery curves are placed similar with the previous ones only for 1.82 and 4.55% CHDG, while
that for 9.09% is placed above the first two. Therefore the highest amounts of TA are delivered by the
matrix containing the most CHDG, followed by that with 1.82%. The positions of curves are in agreement
with viscosities of hydrogels from which matrices were obtained, the most viscous being the hydrogel with
4.55% CHDG. Thus, diffusion of TA through the hydrogel formed by swelling plays important role.

The values of correlation coefficients obtained with the kinetic models are closest to unity for
Ritger-Peppas model also, as can be seen from Table 7.5.

Delivery coefficient has the highest value for matrix with 4.55% CHDG (Table 7.6).

7.2.3. Delivery from matrices with 15% tannic acid

Cumulative delivery curves of TA from the matrices containing 15% TA are given in Figure 7.5.
The Figure shows that the higher the amount of CHDG the higher the amount of TA delivered.
Delivered amounts are in agreement with hydrogels’ viscosities from which matrices were obtained.
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90 - Table 7.7. Correlation coefficients obtained for

804 =g matrices with 15% TA and CHDG
04 2% 9% DGCH | Higuchi | Zero order | Ritger-Peppas
o 607 model model model
s 50 1,82 0,9852 0,9633 0,9963
8 40 4,55 0,9920 0,9419 0,9959
§ 30 9,09 0,9952 0,9387 0,9976
ig: Tabelul 7.8. Kinetic parameters obtained with Ritger-
Peppas model for matrices with 15% AT and DGCH
(') 1(')0 2(')0 3('JO 4(')0 5(')0 6(')0 7(')0 % DGCH k %/minn n Cm %
Timp, min 1,82 1,041 0,628 60,06
4,55 1,434 0,601 68,33

Figure 7. TA delivery cumulative curves from matrices with

9,09 2,002 0,577 82,21

15% TA and: B -1.82, C—4.55and D — 9.09% DGCH

Correlation coefficients have the highest values calculated with Ritger-Peppas model (Table 7.7).

Values of delivery coefficients, calculated with Ritger-Peppas model, are given in Table 7.8.

The amounts of TA delivered increase with increasing of CHDG concentration, TA binding on the
antibacterial compound being weaker than on collagen, as specified above.
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8. GENERAL CONCLUSIONS

The rapid methods of characterization show that initial hydrogel contains sufficiently pure collagen
to be used for preparation of biomaterials, and UV-CD spectrum that the native conformation is preserved.

The optimum concentration of collagen in hydrogel to prepare biomaterials — hydrogels and porous
matrices — determined from stationary rheological properties, is 1.1%, the hydrogel having both convenient
consistency and stability under the action of shear forces.

Characterization of hydrogels
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Obtaining of collagen hydrogels containing the antimicrobial compounds tannic acid or/and
chlorhexidine digluconate, intended for healing of dry wounds, having the characteristics:

- native conformation of collagen molecules;

- sufficient consistency to be applied and remain on wound;

- sufficient elasticity to be stretched on wound without breaking.

1. Hydrogels containing TA. FT-IR spectra show change of amide Il band due to collagen-TA
interactions: increasing of TA concentration decreases intensity of band at 1528 cm™ and a shoulder
appears at 1545 cm, assigned to crosslinking. TA in used concentrations does not denatured collagen.

Intensities of minima, maxima and Rpn values from UV-CD spectra decrease visibly when TA
concentration increases, but the wavelengths remain practically unchanged, which signify that the
hydrogels do not contain denatured collagen. It was demonstrated that the high Rpn value obtained for
hydrogels are due to high concentration of collagen and hydrogel opalescence and not to denaturizing. The
criterion for recognizing the native structure of collagen in concentrated solution/hydrogels was
established: the existence of maximum and minimum at wavelengths specific to collagen, irrespective
of the values of intensity, that is of Rpn values.

The hydrogels remain pseudoplastic and thixotropic but are more viscous, properties increased by
TA concentration. The hydrogel containing 10% TA has the most consolidated structure.

Elasticity prevails, characteristic increased by TA. Both moduli increase linearly with angular
frequency and the line giving their variation are parallel, confirming crosslinking with TA. The most elastic
and viscous is the hydrogel containing 10% TA, tat is the most crosslinked. 15% TA exceeds the amount
required by crosslinking and affects a bit collagen.

2. Hydrogels containing CHDG. CHDG does not modify the positions of collagen FT-IR bands,
conclusion supported by the differences between the wave numbers of bands amide I and Il (< 100 cm®).
The ratios Amn/Awso > 1, that is the denatured collagen is absent. Ai/Ax ratios decrease, which means that
crosslinking by hydrogen bonds is reduced slightly due to ionic interactions of carboxyl groups with CH
dications.

UV-CD. CHDG reduces the maxima and modifies less the minima, does not denatured collagen but
produces a slight phase separation, more reduced in acid medium, because of the lower number of
dissociated carboxyl groups at pH 3.8. Collagen is not denaturized.

The hydrogels have pseudoplastic behaviour with limiting flowing stress. Dynamic viscosities
decrease slightly with increasing of CHDG concentration, consistency indices are a little reduced in each
series, and flowing indices are a bit increased.

Elastic and viscous contributions depend on CHDG concentration and pH: in acid medium both
moduli decrease slightly when CHDG is introduced and elastic component prevails; in weakly basic
medium the values are higher for both moduli.

3. Hydrogels containing TA and CHDG. TA-CHDG interactions in acid medium are identified in
FT-IR spectra only at the maximum concentration of CHDG: the band amide Il splits and a new band at
1541 cm™ appears. A shoulder on the methylene stretching band can also be seen. The intensities of both
increase when TA concentration is raised. Values Ai/Auso > 1 and differences between the wavenumbers
of bands amide I and 11 < 100 cm™, so they do not contain denatured collagen

UV-CD Spectra look very similar to those of hydrogels containing TA. Flattening of maxima and
minima are increased by CHDG concentration, but their positions and zero elipticity points displace
insignificantly. The minimum Rpn value — 011 — was obtained for the hydrogel containing the maximum
amounts of both components.

Stationary rheology suggests formation of TA-CHDG associates, especially at high concentrations
of both components. Viscosity of hydrogel containing 15% TA is lower than that of the one with, probable
because of the associates forming between TA and CHDG. Chlorhexidine dications form with collagen
associates with lower viscosity, which create the aspect hydrogels non-homogeneity.

Dynamic rheology shows that the hydrogels are preponderantly elastic. The two components
increase with TA concentration. The hydrogel containing maximum amounts of TA and CHDG has

maximum elasticity and that with 9.09% CHDG and 5% TA maximum viscosity.
Characterization of matrices

Obtaining of porous collagen matrices containing the antimicrobial compounds tannic acid
or/and chlorhexidine digluconate, intended for healing of moist wounds, having the characteristics:
- native conformation of collagen molecules;
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pore size able to assure growing and migration of epithelial cells;
good capacity to absorb biological fluids;
satisfactory resistance to degradation.

1. Matrices containing TA. FT-IR spectra show slight displacing of bands amide A and Il
towards lower wave numbers, increasing of band intensity at 1200 cm™ from the complex band amide Il1
and the decrease of intensity of band amide | when TA is introduced, changing associated with crosslinking
of collagen by TA by hydrogen bonds. The differences of wave numbers of bands amide | and Il increase
when TA concentration increases, but remain lower than 100 cm™, that is TA does not denatured collagen.

SEM. Lamellar morphology characteristic to collagen matrices disappears, the pores are annular
and relatively elongated, their size vary within large limits, increase with TA concentration, having compact
collagen zones as a result of crosslinking. Pore sizes are suitable for development and migration of cells.

Amounts of water absorbed decrease with increasing of TA percentage, from about 90 g/g for the
matrix with 5% AT to 65 g/g for that with 15% in 24 h. The values are very close for 10 and 15% TA,
suggesting similar crosslinking degrees. Consequently 10% TA is enough for collagen crosslinking

Digestion with collagenase from Clostridium histolyticum in physiological conditions shows that
matrice resistance increases with rise of TA content; those with 10 and 15% TA are undivided after 9 days.

2. Matrices containing CHDG. CHDG does not modify the of FT-IR bands of collagen. Ratios
Am/Awuso > 1 and wave number differences of bands amide | and Il < 100 cm™ show that they do not
contain denatured collagen. Ratios Ai/Aa suggest that CHDG reduces slightly crosslinking by hydrogen
bonds, due to crosslinking with chlorhexidine dications.

SEM. The lamellar morphology is preserved for 1.82% CHDG obtained from acid hydrogel, while
for the other concentrations it is not. If prepared from slight basic hydrogels, pores and fibril agglomerates
are larger, collagen-CHDG interactions being stronger. Pores allow growing and migration of cells.

3. Matrices containing TA and CHDG. FT-IR spectra show that collagen-TA interactions are
stronger than collagen-CHDG. The differences between wave numbers of bands amide I and Il < 100 cm™.
Consequently they do not contain denatured collagen and can be used as dressings for wound healing.

SEM. Pores are smaller, more elongated and irregular when both components are present; matrices
contain agglomerates that increase with component concentrations. Consequently CHDG crosslinks also
collagen, producing denser tridimensional networks. Their sizes allow cell development and migration.

Absorption of water is reduced by increasing TA concentration, but CHDG has also a slight
decreasing effect, that is it crosslinks also collagen. Absorption capacity remained acceptable.

Digestion of matrices demonstrates that presence of the two antimicrobials increases highly
resistance to digestion with collagenase, meaning that both components crosslink collagen. Only the matrix
containing the lowest amounts of antimicrobials — 5% TA and 1.82% CHDG — does not resist, presenting 2-
3 fragments in the 9" day. Consequently the both component contribute to collagen crosslinking.

Delivery of tannic acid from matrices

It was determined using a modified USP device (sandwich).

Matrices containing TA. Cumulative amounts of delivered TA increase linearly with time within
the first 4 h, than the slope decreases steadily, tending to a plateau. Delivery is described by the Ritger-
Peppas model. This demonstrates that, besides diffusion, some other phenomena contribute to delivery, the
most important and probable being swelling. The largest amount is delivered by the matrix containing 10%
TA and the lowest by that with 5%.

Matrices containing TA and CHDG. The linear portions disappear from the delivery curves, they
being exponential over the whole range of time on which the measurements were made (11 h). Delivery
kinetics is described also by the Ritger-Peppas model, proving that swelling of matrices contribute to
delivery.
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