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Highlights
« This paper focuses on the use of natural phenolic compounds as cross-linking agent.
* Microcarriers of Albumin protein were synthesized with these agents.
« Particle size optimization using Gausian analysis was achived.
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an size distribution while it was 3.56 + 0.71 pm for Quercetin and
ilized microcarrier formations. Average mean particle size distribution

€ very suitable systems for drug targeting and drug delivery to the target tissues or cells by
tissue from undesirable effects in the field of biomedicine [1-5]. Their advantages are
biodegradability, lack of toxicity, non antigenicity, stability from the physical and chemical aspect, and can
be removed from the vascular system by phagocytosis [2-4]. Albumin also has numerous binding sites for
external ligands like antibiotics [2-5] and the size of particles, degree of stabilization, and site of metabolism
are the main factors influencing the extent of metabolism [6].

A bifunctional covalent bonding agent, glutaraldehyde (Figure 1) is extensively used for linking amine
groups of AlbMCs. But its cytotoxicity like asthmatic symptoms, rhinitis, and skin irritation and the rapid
calcification of the glutaraldehyde -treated tissue limit the use of glutaraldehyde [5, 7]. Recently,
glutaraldehyde was described as having a cytotoxic effect on isolated hepatocytes [8].
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Similar phenolic and polyphenolic compounds besides flavonoids constitute one group of plant secondary
metabolites. Condensed and hydrolysable tannins are known as natural polyphenols distributed in plants.
Polymeric flavonoids or proanthocyanidins constitute the main structures of condensed tannins while
hydrolysable tannins like gallotannins and ellagitannins can be hydrolyzed to yield phenolic acids and
carbohydrate. Phenolic acids are also known as hydroxybenzoates and Gallic acid is the main phenolic acid
obtained after hydrolysis [9,10]. Gallic acid (GA) (Figure 1) is found in various products and is known as
natural and nonenzymatic antioxidant [11,12]. Tannic acid (1,2,3,4,6-pentagalloyl-Oglucose) (Figure 1) is
one of the most studied hydrolyzable tannin [13,14]. The basic flavonoid structure consists of two phenyl
groups joined by a three carbon bridge which is open or involved in a heterocyclic ring [15]. Quercetin
(Figure 1) is one representative flavonoid with anti-oxidant, anti-inflammation, and anti-tumor properties.
These effects were greatly the results of the inhibitory action demonstrated againstgfrotein/enzyme
structures in various organisms [13,16-19].
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formation of g0luble and insoluble protein—phenol complexes [20] or precipitate [21]. The chemical basis
of the formation of these complexes are considered to be the result of hydrogen bonding, hydrophobic,
ionic, and covalent depending on the protein and phenolic compound type [22-25]. It was reported that
covalent bonds between phenolic compounds and proteins are more rigid and thermally stable than
hydrogen bounding, ionic, and hydrophobic interactions [20, 25]. Cross-linking of gelatin was done with
natural phenolic compounds caffeic acid (CA) and tannic acid (TA) above pH 9. The gelatin hydrogel’s
molecular mobility cross-linked with phenolic compounds significantly decreased compared with original
gelatin gel [26]. The physical properties of gelatin hydrogels cross-linked with polyphenol extracted
from Fructus Chebulae plant was found to be higher than genipin cross-linked gelatin hydrogels [27].
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Gaussian distribution or Rosin-Rammler distribution is one of the specific representation of the
polydisperse systems which quantifies the variety of sizes by the mean particle radius and the standart
deviation of the radius divided by the mean radius [28]. The Generalized Gaussian (GG) distributions have
found applications in many engineering studies and apllications. The main reason of this result comes from
the flexible parametric form of its probability density function used to modeling many types of physical
phenomena [29].

In the research, the natural phenolic compounds, GA, TA and Quercetin, were selected as cross-
linker/stabilizer of the formation of albiimin microparticles other than synthetic cross-linker glutaraldehyde
due to their bounding capability with proteins or enzymes. So, we aimed to synthesize Albumin
microcarriers in the presence of selected phenolic compounds (GA, TA and Quercetin) as gfabilizer and/or
cross-linking agent. Microcarrier formation was tested for different stabilizer concentratioRs and particle
size diameters were measured under optic microscope. Gaussian size distribution w. liednd phenolic
compound concentrations, which give minimum size distributions were estimate

2. MATERIAL METHOD

2.1. Materials

Bovine serum albumin, Gallic acid, Tannic acid, Quercetin, and hased from Sigma-
er. All other reagents
were of analytical grade. Olive oil was gift from a local pro§ucer. e water was used in the
Itrapure water (18.2 mQ)

obtained from a Millipore Elix 5UV Water Purification zech Republic) and was used
throughout.

2.2. Synthesis of Albumin Microcarriers

Albumin microcarriers were prepared by emu hnique [30-33]. BSA solution of 50 mg/500 pul water
was added dropwise to 50 ml olive gil containing bea ith stirring rate of 2000 rpm. The 0.5 mL solution
of cross linker was dropped slo o stabilize the formed protein droplets allowed to stir for 30 min. Then
the oily phase was discarded after Sa for 10 min at 5000 rpm. The upper phase was removed
and the remaining part wasgwia ether three times to assure oil refinement. Cross-linker

above was also performed by the addition of the synthetic cross-
6 in aqueous solution).

ers was determined by inverted microskope (MOTIC AE30). The diameters of the
approximately” 100 synthesized microcarriers were measured for each cross-linker concentration.
Measurements were repeated at least three times and results were reported as mean =+ standard deviation.

Particle size distributions
Particle size distributions of microcarriers cross-linked with GA, TA, Quercetin phenolic compounds and

GAId were analyzed using MATLAB 7.02 program and statistical analysis was performed by Gaussian
function to describe the normal distributions.
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Statistical analysis

Experimental data were expressed as arithmetic means + SD (n= 3 for all experiments), differences
between groups were considered statistically significant when the probability (p) was less than 0.05.

3. THE RESEARCH FINDINGS AND DISCUSSION
3.1. Synthesis of Albumin Microcarriers (AIbMC’s)

The selected natural phenolic compounds have different molecular weights and water solubility values.
Molecular weights of GA, TA, and Quercetin were 170.12; 1701.20, 302.23 g/mol, respgctively. Water
solubility of GA was 11.9 g/L [34] while TA has the highest solubility with 1 g/0.35 mL (2850 g/L) [35].
Tannic acid concentrations were kept as gallic acid concentrations since it has more hydroxyl groups than
gallic acid in order to avoid unreacted groups since albumin concentration will be kept constant. Quercetin
has the minimum solubility between other phenolic compounds of 60 mg/L at 16°C water solubility [36].
The designed phenolic cross-linker concentrations dissolved in ultrapure r at H value were
given in Table 1.

Table 1. Selected natural cross-linker concentration amounts of
in the synthesis of albumin microcarriers

Natural crosslinkers *C-1 *C-2 *C-5
Gallic acid 11.9¢9/L 9.6 g/L 2.4 g/L
(MW:170.12 g/mol 69.95 mM 56.43 m 22 mM 14.11mM
w.s.:11.9g/L)
Tannic acid 11.9¢g/L 9.60/L 7. 4.8 g/L 2.4 g/lL
(MW: 1701.20 g/mol 6.995 mM 5& mM | 4.232mM 2.822 mM 1.411 mM
w. s.: 2850 g/L)
Quersetin 0.06 mg/m g/ml | 0.04 mg/ml | 0.03 mg/ml | 0.02 mg/mi
(MW: 302.23 g/mol 0.199 mM 0.132 mM 0.099 mM 0.066 mM
w. s.: 60 mg/L)

*C: Concentration; w.s.: water solubi

WEE 2. The measured micro carrier diameters were approximately 100
3olic compound affected the formation of microcarrier and carrier diameter

for9.6,72,4.8,a
gure ZA). Tannic acid aided microcarier formation has the same tendency and 2-5

um stimated for 11.9, 7.2, 4.8, and 2.4 mg/mL TA. microcariers of 4-9.5 um were
foun (Figure 2B). The formation of microcariers in the presence of Quercetin was also
givenin ross-linker, quercetin concentrations for 0.03 and 0.06 mg/mL resulted with the higher
AIbMC’s rs. Glutaraldehyde cross-linker leads to the conformation of microcarriers about 4-5.5 um

diameters.

Microcarrier diameters synthesized with the highest GA concentration were bigger than microcarriers
synthesized with other GA concentration values. Lower GA amounts have closer particle diameters. The
same tandency was observed in case of TA cross-linker. Particle diameters were increased for 9.6 g/L TA
and the particle diameter changes were seemed to be narrowed at higher TA concentration of 11.9 g/L. The
formations of microcarriers was also carried out by the addition of quercetin and the effect of concentration
can be observed. Low quercetin concentrations showed higher differences in particle sizes. The synthetic
cross-linker, GAId interacted with albumin protein leaded to the formation of highly uniform microparticle
diameter range (Figure 2D).
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Microcarrier Diameter Distribution for Gallic Acid
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Microcarrier Diameter Distribution for Quercetin
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Glutaraldehyde stabilized AIbMC’s

The results indicate that cross-linker/stabilizer concentration cause differentiation in particles sizes. So,
more thorough interpretation, Gaussian analysis has been done to predict better analysis of microcarrier
size distributions and to determine the optimum concentrations of natural cross-linkers. The formed
AIbMC'’s of each phenolic compound concentration was analyzed by MATLAB program and Gaussian
distribution of each concentration value was plotted. The mean sizes of the microcarriers were given in
Table 2.

Microcarrier mean particle size diameter was calculated as 9.28 + 2.04 um when GA concentration was
11.9 g/L (69.95 mM) and mean particle diameter ranged between 4.93 — 15.44 um. GA concentration of
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9.6 g/L (56.43 mM) resulted with 1.54 — 7.07 um mean particle range and 3.62 + 0.99 um average mean
particle size. Other GA concentration, 7.2 g/L (42.32 mM) leaded to 4.95 + 1.27 um average mean particle
size with 2.77 pm minimum and 8.66 pm maximum mean diameters. Mean particle size range from 2.16
pm to 5.25 pm and average particle size diameter of 3.35 £ 0.71um was found for GA concentration of 4.8
g/L (28.22 mM). The minimum GA concentration was 2.4 g/L (14.11 mM) and diameter of calculated
average particle size was calculated as 4.57 £ 1.3 pm of 2.17-10.15 um mean particle range. The results
indicate that minimum size diameter range was obtained for 4.8 g/L (28.22 mM) GA concentration. Other
phenolic compound, TA was used to form AIbMC’s for each concentration. Particle sizes were investigated
like GA size distributions and 3.71 + 0.69 um average particle size was calculated again for concentration
of 4.8 g/L. (2.822 mM) Minimum mean particle size was 2.31 pm and maximum mean particle size of 5.55
um was estimated. The reported results of TA have the minimum size distributi GA and TA

0.2 g/L (0.066 mM) Quercetin concentration and average mean particle dia : :
calculated after Gaussian function analysis of the particles. Again, Querg® n of 0.2 g/L
(0.066 mM) can be selected as the optimum concentration value when thigflavogoid struct

is of spnthesized AIbMC’s

cross-linked with Gallic acid, Tannic acid, and Quercetin

AIbMC’s cross- *(. *(~.
linked with ¢l c-2
Gallicacid  [9.28 +£2.04 um|3.62 = 0.99 um
Tannicacid  [4.16 £0.73 um|6.01 £ 1.25 um 9 um|4.31 +0.98 um

Quarsetin 545+1.14 um|3.72 £ 0.48 20 £+ 0.83 um|3.56 £ 0.71 um
*C: cross-linker concentration; values represent the means o§three independent replicates =+ standard deviations, (p<0.05)

*C-5
1 um[4.57 £ 1.30 um

Synthetic cross-linker glutaraldehyde st
5.12 £ 0.50 pm of 3.86 pym minimum and 6.13 pm
particles for phenolic compounds @A, TA, Quercetin,
in Figures 3 and 4, respectively. \

C’s average mean particle diameter was estimated as
imum mean particle sizes. Gaussian distributions of
synthetic cross-linker glutaraldehyde were given
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. @Stable microstructures. Molecular dynamic simulation and spectral
techniques wer i aite the interaction between gallic acid and lysozyme. It was found that the
formation of a s lex afl hydrogen bonding and hydrophobic interactions are the main driving
forces obtained from ts of spectroscopy [37]. It can be said that the formation and size of
microgdfriets Weregé:ted y the molecular weight of phenolic compound: 3.35 pm (GA) < 3.56 um

71 uRL (TA). These effects are in agreement with a study reported previously for similar

can be easi eract with protein molecule : tannic acid > ellagic acid > gallic acid. [38]. It was also
reported that’tannin-protein chemistry besides concentration, protein isoelectric point, pH, and ionic
strenght of the solution is a factor in the formation of protein-tannin complex [20]. The concentrations of
GA were selected between 69.95-14.11 mM, while ten times fewer than GA concentrations were applied
for TA (6.995-1.411 mM. The least amounts of Quercetin, 0.199-0.066 mM, were used to form cross-linked
albumin structures. In the literature, the phenolic compound concentrations was kept lower than 70 mM
for natural cross-linkers of pentagalloyl glucose, ellagic acid and gallic acid for the investigation of
interactions with bovine serum albumin. The analysis of the interactions of gallotannin (1,2,3,4,6-penta-O-
galloyl-g-D-glucopyranose), and two simple phenolic compounds gallic acid and ellagic acid were
performed by Circular Dichroism (CD) measurements. The structural changes at low concentrations (50
puM) cause slight changes in the secondary structure of the protein [39].
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4. RESULTS

Microparticles based on the biodegradable polymer, bovine serum albumin (BSA), have been extensively
investigated because of their excellent biocompatibility and biodegradability. In recent years, a continued
interest in BSA microparticles has been carried out for the other types of crosslinking agents due
cytotoxicity effects of synthetic compounds. We carried out experiment on protein microcarrier formation
in the presence of three different phenolic compounds. It was found that phenolic compounds/cross-linkers
interacted with protein structure depends on their molecular weights and concentrations. The molecular
weights of natural compounds and concentrations of hydroxyl groups on phenolic structures dominates the
formation of chemical interactions, which might also come from conformational changes of proteins.
Particle size distributions, statistically analysed by Gaussion function gave importapt insignts on
microstructure formation and cross-linker/stabilizer effect. Finally, the results of microe@Nger formations
and particle size distributions showed that natural phenolic compounds can be prefeged as
stabilizer, which can provide additional beneficial properties of natural phenolic ¢

ACKNOWLEDGEMENTS
The authors would like to thank Mugla Sitki Kogman University, Research Support and Funding Office for
funding this project with Project Number 20/108/08/1/2 and Prof. Dr. Hakan Ayhan for his insightful
suggestions and careful reading of the manuscript.

CONFLICTS OF INTEREST

No conflict of interest was declared by the authors.

REFERENCES

[1] Ramaiah, B., Nagaraja, S.H., Kapénigo
azithromycin concentration in lun
delivery: lung targeting efficiency in albin
24(14): 1-11, (2016).

a, U.G., Boggarapu, P.R., Subramanian, R., “High
bovine serum albiimin microspheres as targeted drug
ice”, DARU Journal of Pharmaceutical Sciences,

., Zoabi, A., Kumar, V. B., Abu-Rezig, R., Hassner, A., Gedanken, A.,
g”Separation of Racemic Tryptophan with Sonochemically Prepared Egg Albumin

Journal of Controlled Release, 157(1): 4-28, (2012).

[6] Thakkar, H., Kumar, R., Sharma, A., Mishra, K., Chuttani, K., Murthy, R.R., “Albumin
Microspheres as Carriers for the Antiarthritic Drug Celecoxib”, AAPS PharmSciTech, 6(1): E65-73,
(2005).

[71 Damink, L.H.H.O., Dyjkstra, P.J., Luyn, M.J.A.\V., Wachem, P.B.V., Nieuwenhuis, P., Feijen, J.,
“Glutaraldehyde as a Crosslinking Agent for Collagen-based Biomaterials”, Journal of Materials
Science: Materials in Medicine, 6: 460-472 (1995).



(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[21]

[22]

Sultan DUMAN, Oguz AKPOLAT, Fatma AYHAN/GU J Sci, 37(4): x-x (2024)

Pinheiro, A., Cooley, A., Liao, J., Prabhu, R., Elder, S., “Comparison of Natural Crosslinking Agents
for the Stabilization of Xenogenic Articular Cartilage”, Journal of Orthopaedic Research, 34(6):
1037-46, June (2016).

MacAlister, S.L., “Investigating the Cytotoxic Mechanisms of Hepatotoxicity Induced by
Xenobiotics And Their Metabolites”, PhD thesis, University of Toronto, Department of
Pharmaceutical Sciences, (2013).

Crozier, A., Jaganath, 1.B., Clifford, M.N., “Dietary Phenolics: Chemistry, Bioavailability and
Effects on Health”, Natural Product Reports, 26: 1001-1043, (2009).

Mohammad-Beigi, H., Shojaosadati S.A., Morshedi, D., Arpanaei, A., Marvian,
and in vitro characterization of gallic acid-loaded human serum albumin nan
Nanoparticle Research, 17: 167, (2015).

“Preparation
., Journal of

Fernandes F.H.A., Salgado H.R.N., “Gallic acid: Review of the Methods of Determination and
Quantification, Critical Reviews in Analytical Chemistry, 46(3): 257-65, (2015).

r laccase-mediated
ers, 89: 854-864,

Bozic, M., Gorgieva, S., Kokol, V., “Homogeneous and heter
functionalization of chitosan by tannic acid and querceti
(2012).

Braidy, N., Jugder, B.E., Poljak, A., Jayasena, T., Nabavi, S.M., Sachde\;, P., Grant, R., “Molecular
Targets of Tannic Acid in Alzheimer's Disease”, Current Alzheimer Research, 14(8): 861-869,

(2017). -

Bentz, A.B., “A Review of Quercetin:
Journal of Young Investigators, 19;

emistry, Antioxidant Properties, and Bioavailability”,

Formica, J.V., Regelson, W., “Review of the

and Chemical Toxicolog;&(lZ): 1061-1080,

\
Nan, W., Ding, L., Chen, H., Khan, F.U., Yu, L., Sui, X., Shi, X., “Topical Use of Quercetin-Loaded
Chitosan Nanoparticles Against Ultraviolet B Radiation”, Frontiers in Pharmacology, 9: 826, (2018).

y of quercetin and related bioflavonoids”, Food
995).

Batiha, G.E.-S., B
Algamm
Pharmaco

., Ikram, M., Mulla, Z.S., Abd El-Hack, M.E., Taha, A.E.,
“The Pharmacological Activity, Biochemical Properties, and

Interactfon with Different Organic Nitrogen Compounds and Enzymes: Old Paradigms versus Recent
Advances”, Chemistry Open, 6: 610-614, (2017).

Haslam, E., “Vegetable tannins — Lessons of a phytochemical lifetime”, Phytochemistry, 68: 2713-
2721, (2007).

Hagerman, A.E., “Phenolic compounds in food and their effects on health | — Analysis, occurrence
and chemistry”, ACS Symposium Series 506, Washington, D.C., 237-247, (1992).



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35

[36]

[37]

[38]

Sultan DUMAN, Oguz AKPOLAT, Fatma AYHAN/GU J Sci, 37(4): x-x (2024)

Spencer, M.C., Cai, Y., Martin, R., Gaffney, S.H., Goulding, P.N., Magnolato, D., Lilley, T.H.,
Haslam, E., “Polyphenol complexation: some thoughts and observations”, Phytochemistry, 27: 2397-
2409, (1988).

Rawel, H.M., Kroll, J., Hohl, U.C., “Model studies on reactions of plant phenols with whey Proteins”,
Nahrung/Food, 45(2): 72-81, (2001).

Shavandi A., Bekhit A.E.A., Saeedi P., Izadifar, Z., Bekhit A.A., Khademhosseini, A., “Polyphenol
uses in biomaterials engineering”, Biomaterials, 167: 91-106, (2018).

Zhang, X., Do, M.D., Casey, P., Sulistio, A., Qiao, G.G., Lundin, L., Lillford
“Chemical Cross-Linking Gelatin with Natural Phenolic Compounds as Studied by
NMR Spectroscopy”, Biomacromolecules, 11: 1125-1132, (2010).

, Kosaraju S.,
h-Resolution

Zhao, Y., Sun, Z., “Effects of gelatin-polyphenol and gelatin-genipin c boKi tructure

Longo, W.E., lwata, H., Lindheimer, T.A., Goldbe
Microspheres Using Polymeric Dispersing Agents”,
71(12): 1323-1328, December (1982).

‘Preparation of Hydrophilic Albumin
nal of Pharmaceutical Sciences,

Luftensteiner, C.P., Viernstein,
mitoxantrone-loaded albumin microsp
(1998).

jstical experimental design-based studies on placebo and
nternational Journal of Pharmaceutics, 171; 87-99,

Gilsu, A., Ayhan, H., Ayha

., “Prepdation and characterization of ketoprofen loaded albumin
microspheres”, Tur i

ioch@Mistry, 37(2): 120-128, (2012).

Joye 1.J., McCle
Characterization, an
(2014).

httgs://pubc .nih.gov/compound/Gallic-acid. Access date: 15.02.2023

bi.nlm.nih.gov/compound/Tannic-acid. Access date: 15.02.2023

m.ncbi.nlm.nih.gov/compound/Quercetin#section=Solubility. Access date:

Zhan, M., Guo, M., Jiang, Y., Wang, X., “Characterization of the Interaction between Gallic Acid
and Lysozyme by Molecular Dynamics Simulation and Optical Spectroscopy”, International Journal
of Molecular Sciences, 16: 14786-14807, (2015).

Labieniec, M., Gabryelak, T., “Interactions of tannic acid and its derivatives (ellagic and gallic acid)
with calf thymus DNA and bovine serum albiimin using spectroscopic method”, Journal of
Photochemistry and Photobiology B: Biology, 82: 72-78, (2006).


https://www.sciencedirect.com/journal/journal-of-pharmaceutical-sciences
https://www.sciencedirect.com/journal/journal-of-pharmaceutical-sciences/vol/71/issue/12
https://www.sciencedirect.com/journal/journal-of-pharmaceutical-sciences/vol/71/issue/12

Sultan DUMAN, Oguz AKPOLAT, Fatma AYHAN/GU J Sci, 37(4): x-x (2024)

[39] Zhang, L., Liu, Y., Hua, X., Xua, M., Wang, Y., “Studies on interactions of pentagalloyl glucose,
ellagic acid and gallic acid with bovine serum albumin: A spectroscopic analysis”, Food Chemistry,
15(324): 126872, (2020).

Y
A%
g



