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IN VITRO MODEL: 3 BOYUTLU (3D) HUCRE
KULTUR CALISMALARININ
BIiBLIYOMETRIK ANALIZI

Cesur KIRMANOGLU!

1. GIRIS

Tiim canlilarin hiicre, doku ve organlarini tek ve bir biitiin
olarak davraniglarinin nasil oldugunun arastirilmasi hiicre kiiltiir
calismalari i¢in 6nemlidir. 3 Boyutlu (3D) hiicre kiiltiirii teknigi
hiicre, doku, organ yapilarinin mekanik 6zellikleri ve mikro
cevrelerinin biyokimyasal degiskenlerinin belirlenmesinde in
vivo’ ya yakin sonuglari in vitro’ da vermesi ilag arastirmalari gibi
birgok c¢aligmanin dogru sonug¢ vermesi i¢in 6nemlidir (Huh,
Hamilton, & Ingber, 2011). Hiicre kiiltiirii arastirmalari, In vivo
calismalarda deney hayvan kullaniminin azaltilmasina katkida
bulunmus ve arastirmanin, farmasotik kesiflerin ilerlemesini
saglamistir. Ilk 2 boyutlu polistiren kaplarda biiyiitiilen hiicre
hatlar1 sonradan diiz yapiskan yiizeylere tasindi bir sonraki
asamada aragstiricilar hiicre dis1 matris (ECM)’ de 3D baglama
proteinleriyle hiicreleri gelistirmeyi basardilar. Tarihsel olarak,
3D kiiltiiri sistemleri 1900'lerin basindan beri arastirmalarda
kullanilmaktadir. Ozellikle Onkolojide biyoaktif molekiillerin
performansimi degerlendirme uygulanmistir (Habanjar, Diab-
Assaf, Caldefie-Chezet, & Delort, 2021). In vivo’ da hiicreler
karmasik 3 boyutlu bir ECM igerisine gdmiilii formdadir. Hiicre
ECM vyapisi, anlagilmasi, mekanizmalar1 ve terapotik etkileri
tahmin etmek i¢in 3D Kkiiltiirlerin gelistirilmesi 6nemlidir. ECM

L Ogr. Gor., Ordu Universitesi, Akkus Meslek Yiiksekokulu, Tibbi Hizmetler ve
Teknikler Bolumu, Ordu, Tirkiye. cesurkrmnoglu@gmail.com ORCID:0000-
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bilesenleri ile 3D kiiltiirde hazirlanan hiicreler canli forma en
yakin gercekei morfoloji gosterirler.

Bu nedenle, 3D hiicre kiiltiirii calismalarinda ECM ile
benzer biyomalzemelerin kullanilmasi gerekir (Park, Huh, &
Kang, 2021). Hiicre, doku, organ yapilari farkliliklar olmasi farkli
morfolojide ECM gerektirmesi nedeniyle; cesitli 3D kiiltiir
tekniklerinin  gelismesine neden olmustur. 3D  kiiltiir
tekniklerinde hiicresel mikro ortami modelleme icin basit
maniplle edilebilen ortamlar olusturulmalidir. 3D hiicre kulttr
teknikleri farkli hastalik modellerini ¢aligsmak i¢cin modellenebilir
(Dhaliwal, 2012). 3D hiicre kiiltiir modelleri kanser ilag kesfi ve
gelistirilmesi  calismalarinda basarili  sonuglar vermektedir.
Kanser hiicrelerinin diger hiicreler ile ko-kultird, hiicre-hiicre ve
hicre-ECM ile beraber in vivo’ da oldugu gibi parakrin
sinyalleme saglayabilmektedir (Godugu et al., 2013). ilag
arastirmalart i¢in in vitro ve in vivo testler kullanilarak yeni
antikanser ila¢ ¢alismalar1 yapilmaktadir. Bu ¢alismalar klinik
oncesi deneylerin i¢in gerekli olup, 3D hiicre kiiltiirii arastirmalari
klinik oncesi deneylere, ila¢ kesfine ve gelisimine katki saglar.
Yeni ila¢ kesiflerinden olan antikanser ilaglarinin sadece %5’ 1
klinik olarak onaylanmaktadir, geri kalan %95’ i toksisite ve
etkisiz olmasi nedeniyle basarisiz olmaktadir (Barbosa, Xavier,
Pereira, Petrikaité, & Vasconcelos, 2021). 3D sferoid ve organoid
hiicre kiiltiirii modelleri kisisellesmis tipta hastalara tek beden
yaklasimindan farkli olarak, hastaya 6zgili genomik analiz, yliksek
verimli ila¢ taramasi ve kanser tedavisini belirlemesi 6nemlidir.
Genellikle hastalara uygulanan standart tedavilere yanit
vermedigi i¢in hastaya 0zgii tedaviler daha etkili ve az toksiktir
(Sekeroglu & Sekeroglu, 2025). 3D hiicre kiiltiirii galismalari ilag
kesfi, kanser arastirmalarinda ve tedavi yontemleri gelisiminde
onemli katki sunan aragtirma yoOntemlerindendir. 3D hiicre
kiiltiiri  calismalar1 sonucunda yeni ilaglar, yeni tedavi
yontemleri, kisiye 6zgili tedavi yontem ve teknikleri gelisimini



Molekiiler Bivoloji ve Genetik Degerlendirmeleri

hizla siirdiirmektedir. Ozellikle gelecekte daha gelismis organ
nakli ve dokularin in vitro’ da 3D biyoyazicilar ile yeniden
tasarimi noktasinda 3D hiicre kiiltiiri calismalarinin 6nemli
kilacaktir. Bibliyometrik analizi bir literatiir haritalama analiz
yontemidir. 3D biyo-yazicilari iizerine yapilan bibliyometrik
analiz calismasinda makalelerin atif sayisi, ¢aligmanin 6nemine,
hastaligin anlagilmasin ve gelistirilen teknigin tedaviye dogru
etkiyi yansitmasina katki saglayacaktir (Jin et al., 2022). 3D
organoid tekniginin bibliyometrik arastirmast toksikoloji
acisindan durumuna dair kapsamli bir c¢alisma yapilmis ve
toksikolojik mekanizmalardaki son gelismeler incelenmistir. Bu
nesnel analiz ve tartismalar 1s18inda gelecek 3D organoid
toksikolojik calismalarin protokol ve yontemlerinin segimine
referans olabilecegi diisiiniilmektedir (Yang, Niu, Guo, & Xue,
2024). 3D organoid bibliyometrik analizine goére hayvan
deneyleri olmadan, klinik ila¢ taramalari, kanser arastirmalar
caligsmalarinin arastirma yontemlerinin tiimiiniin ele alinarak daha
detayli incelenebilmesini saglayacaktir (Li, Wang, Ho, & Shan,
2024). Caligmada, 1991-2025 yillar1 arasinda yayimlanmis
makaleler Web of Science (WoS) veri tabani araciligiyla
incelenmigstir. Analiz siirecinde ag¢ik kaynakli R yazilimi ve
VOSviewer kullanilarak, 3D hiicre kiiltiirii alaninda 6ne ¢ikan
kavramlar ve  arastirma  trendleri  gorsellestirilmistir.
Gelismelerdir, teorik  bilgiyi  pratik  uygulamalarla
iliskilendirmeyi, bilimsel gelismeleri desteklemeyi ve gelecekteki
arastirmalar  i¢in  yOnlendirici  bir  ¢ergeve  sunmayi
hedeflemektedir. Bu kapsamda elde edilen sonuglar, literaturdeki
bosluklar1 doldurmanin yani sira, arastirmacilar arasindaki
bilimsel 1is birligini artirmaya yonelik Onemli firsatlar
saglayabilir.
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2. VERi YONTEM

Bu c¢alisma, 3D hiicre kiiltiirii {izerine yayimlanan
akademik makalelerin bibliyometrik analizini gergeklestirmeyi
amagclamaktadir. Arastirmanin sonuglarinin, bu alanda ¢alismak
isteyenlere oldugu kadar farkli yontemler ve disiplinlere
yonelmek isteyen aragtirmacilara da katki saglayacagi
diisiiniilmektedir. Calisma kapsaminda, sik kullanilan akademik
veri tabanlarindan biri olan Web of Science (Clarivate, 2024)
Uzerinde 1991-2025 yillar1 arasinda yayimlanmis makaleler
incelenmistir.  Bibliyometrik analiz  silirecinde, niceliksel
degerlendirme yapilabilmesi icin agik kaynakli R yazilimi
(BUYUKKIDIK, 2022) kullanilmistir. Ayrica, ag verilerinin
gorsellestirilmesi  ve  kesfedilmesi amaciyla VOSviewer
yazilmindan (Van Eck & Waltman, 2023) yararlanilmistir.
VOSviewer ile yapilan analizler, ilgili arastirma alaninin genel
yapisini ortaya koymak, bilimsel trendleri belirlemek, 6ne ¢ikan
kavramlar analiz etmek ve etkili aragtirmacilar ile kurumlari tilke
ve kaynak diizeyinde degerlendirmek i¢in uygulanmistir
(ARSLAN, 2022). Bu dogrultuda, ¢alisma kavram birlikteligi ve
ortak yazarlik analizi yOntemlerini benimsemistir. Kavram
birlikteligi analizi, belirlenen akademik metinlerde kullanilan
anahtar terimlerin birbiriyle iliskilendirilme sikligin1 ve
kavramsal baglantilarin1 ortaya koymaktadir (Arslan, 2022, s.
40). Bu arastirmada yalnizca yazarlar tarafindan eklenen anahtar
kelimeler incelenmistir. Ortak yazarlik analizi ise aragtirmacilar
arasindaki is birligi aglarini, etkilesimlerin yogunlugunu ve
bilimsel ortakliklarin yapisini anlamaya yardimci olmaktadir
(Arslan, 2022, s. 38). VOSviewer yazilimi araciligiyla, ortak
yazarlik iligkilerinin gorsellestirilmesi saglanmis ve analizde
yazarlar  ile  organizasyonlar = arasindaki  baglantilar
degerlendirilmistir.

Calismada, Web of Science (WoS) veri tabaninda 5 May1s
2025 tarihinde Topic kategorisi segilerek, baslik kismina "3D cell
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culture™ ifadesi girilmis ve "3D printer" kelimesi hari¢ tutularak
tarama yapilmistir. Bu tarama sonucunda 4201 belge tespit
edilmistir. Belge tiirii olarak yalnizca makaleler dikkate alinmis
ve indeksler SCI EXPANDED ile ESCI olarak belirlenmistir. Bu
kriterlerin uygulanmasinin ardindan makale sayis1 3115°e
ulasmigtir. Elde edilen veriler, R ve VOSviewer yazilimlarinda
analiz edilmek Uzere Tab Delimited File ve BibTeX
formatlarinda kaydedilmistir.

3. BULGULAR

3D hiicre kiiltiirii konulu ¢alismaya ait genel bilgiler Tablo
2’de yer almaktadir.

Tablo 2. Bulgularin Genel Ozellikleri

VERIYLE iLGILi GENEL BILGILER

Incelenen Dénem 1997:2025
Kaynaklar (Dergiler, Kitaplar, vb.) 848
Belgeler 3115
Yillik Biiyiime Orani1 % 18.48
Belgenin Ortalama Yas1 58
Belge Basina Ortalama Atif 27,8
BELGE iCERIGi

Anahtar Kelimeler (ID) 6017
Yazarin Anahtar Kelimeleri (DE) 7317
YAZARLAR

Yazarlar 14123
Tek yazarli belgelerin yazarlari 14
YAZAR i$ BiRLIiGI

Tek yazarli belgeler 14
Belge Basina Ortak Yazarlar 6,29
Uluslararasi ig birlikleri % 26.07

Tablo 2 incelendiginde, 1997-2025 yillar1 arasindaki
toplam 3.115 makalenin WoS veri tabaninda tespit edildigi
goriilmektedir. Bu makaleler, 14.123 yazara ait olup, 848 farkli
akademik kaynakta—dergiler, kitaplar ve diger bilimsel yayinlar
yer almistir. Belgelerin ortalama atif sayis1 27,8 olarak
hesaplanmis olup, arastirmalarin %26,07’s1 uluslararasi is birligi
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cercevesinde yiiriitiilmiistiir. Ote yandan, tek yazarli belge
sayisinin yalnizca 14 olmasi, konunun biiyiik 6l¢iide ortak
calismalarla ele alindigmmi gostermektedir. ilgili c¢alismalarin
yillik bilylime oram1 %18,48 olarak belirlenmistir ve bu oran,
alanin akademik ilgisinin siirekli arttigini ortaya koymaktadir.

Tablo 3’te en c¢ok atif alan makaleler ve yazarlar1 yer
almaktadir.

Tablo 3. En Cok Alint1 Yapilan ilk On Makale ve Yazarlar

ATIF LAR
YAYIN isMi YILLAR
S YAZARLAR J<d oo
g oad ag oad wd >0 Fo
Hydrogels as Extracellular
1 Matrix Mimics for 3D Cell Tibbitt, MW ve Anseth, KS 197 | 182 | 147 | 124 | 42 | 123.06 | 2,092
Culture
Deconstructing the third
o | dimension - how 3D culture Baker, BM ve Chen, CS 188 | 143 | 110 | 98 | 30 | 97.43 | 1,364

microenvironments alter cellular
cues

The morphologies of breast
cancer cell lines in three-

3 dimensional assays correlate
with their profiles of gene

Kenny, PA; Lee,

GY; (..); Bissell, MJ 49 | 34 | 47 | 32 | 13 | 4268 811

expression
Method for generation of
homogeneous multicellular Kelm, JM; Timmins,

4 tumor spheroids applicable to a NE; (...); Nielsen, LK 49| 38| 39| 23 8 3187 733
wide variety of cell types
Enzyme-catalysed assembly of Um, SH; Lee, JB; (...); Luo,

5 DNA hydrogel D 62 | 49 54 | 51 | 16 | 34.35 687
Omnidirectional Printing of 3D Wu, W; DeConinck,

6 Microvascular Networks A and Lewis, JA 77| 60 | 54 |59 |23 424 636
Functionalization, preparation

7 and use of cell-laden gelatin Loessner, D; Meinert, 89 | 85 | 88 | 82 | 29 | 604 604

methacryloyl-based hydrogels as | C; (...); Hutmacher, DW
modular tissue culture platforms
Three-Dimensional Cell

8 Cultures in Drug Discovery and | Fang, Y ve Eglen, RM 109 ( 96 | 64 | 70 | 16 | 66.67 | 600
Development
Dynamic reassembly of peptide | Yokoi, H; Kinoshita,
RADA16 nanofiber scaffold T and Zhang, SG
Guided self-organization and
10 cortical plate formation in
human brain organoids

36 | 38 | 27 | 26 | 2 | 2848 | 598

Lancaster, MA; Corsini,

NS; (...); Knoblich, JA 101 | 85 | 82 | 62 | 19 | 60.44 | 544

Tablo 3 incelendiginde, Tibbitt, M.W. ve Anseth, K.S.
(2012) tarafindan yayimlanan makalenin 2.092 atif ile WoS veri
tabaninda en fazla atif alan ¢alisma oldugu gériilmektedir. ilgili
makale, U¢ boyutlu hidrojellerin memeli hicre kiltiriinde
kullanimini ele almakta olup, sentetik-biyolojik hidrojel
hibritlerinin hiicre fizyolojisi ve doku miihendisligi agisindan
kritik 6nemini vurgulamaktadir. Ikinci sirada, Baker, B.M. ve
Chen, C.S. (2012) tarafindan kaleme alinan makale 364 atif almig
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ve 3D hiicre kiiltiirii sistemlerinin hiicresel siire¢leri nasil
etkiledigini detaylandirmistir. Calisma, geleneksel 2D kiiltiirlere
kiyasla biyolojik arastirmalarda 3D sistemlerin iistiinliigiinii
ortaya koymaktadir. Ugiincii sirada yer alan Kenny ve arkadaslari
(2007) makalesi 811 atif alarak 3D hiicre kiiltlirlerinin meme
kanseri aragtirmalarindaki Onemini vurgulamis, hiicresel
morfolojinin gen ve protein ifadeleriyle baglantisini ortaya
koymustur. Tablo 3 verilerine gore, en ¢ok atif alan ilk 10 makale
toplamda 8.669 alintiya sahip olup, bu caligmalarin atif sayisi
toplam atif havuzunun %9,99’unu olusturmaktadir.

Tablo 4’te 3D hiicre kiiltiirii konulu en ¢ok yayin yapan ilk on
iilkeye ait veriler yer almaktadir.

Tablo 4. En Cok Yayin Ulkelerin Listesi ve Grafiksel Gosterimi

Sira Olke Yaym  Pountry Scientific Production

No Sayisi

1 USA 3074

2 CHINA 2761 ’\ ¢

3 GERMANY 1654 w e

4 SOUTH KOREA 1084 g

5 UK 739

6 JAPAN 521

7 ITALY 508

8 AUSTRALIA 484 @&
9 CANADA 458 -
10 FRANCE 392

Tablo 4, en fazla akademik yayin yapan ilk on iilkenin
siralamasimi icermektedir. Ulkelerin yaym dagilimma iliskin
grafiksel gosterim ise tablonun hemen yaninda yer almakta olup
gorsel, diinya haritas1 iizerinde renk yogunlugu ile verileri
sunmaktadir. Yapilan inceleme dogrultusunda, Amerika Birlesik
Devletleri toplam 3.074 yayin ile en fazla akademik iiretime sahip
iilke olarak belirlenmistir. Cin 2.761 yayinla ikinci sirada yer
alirkken, Almanya 1.654 yayin ile {giincii konumda
bulunmaktadir. Grafik iizerinde renk yogunlugu koyu maviden
acitk maviye dogru degismekte olup, en yliksek yayin hacmine
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sahip iilkeler en koyu renkte gdsterilmektedir. Bu baglamda,
Amerika Birlesik Devletleri, Cin ve Almanya, gorselde belirgin
sekilde 6ne ¢ikmaktadir.

3.1. Ortak Yazar Analizi- Yazarlar

3D hiicre kiiltiiriine yonelik yapilan calismalardaki
yazarlarin is birliginin ag analiz gorsellestirmesi Sekil 1’de
gorulmektedir.

:.’%U
domingos, marco M
dagyyi
e
N &
zhagg. & 2
. di an .

wanx;]_:n,g u@ uww
‘g i yar ﬁ-‘é,
oo - chegi yu
\M - harignin oo, gl d.

A ~ chung, seok
liuggy wh Ngeun =t
i g Y LN il
£u. Zhongze yu, ling he, yong
Jei _';:‘J vyan wel
- 4 we e chen, bing
IE(yuu:J dal jianwu
& &
reispul I sun, jie =
E%“::, VOSviewer

Sekil 1. Ortak Yazar Analizi

Ortak yazar analizinde 25'ten fazla yazarin katki sagladig:
makaleler analiz kapsami disinda birakilmistir. Belirlenen esik
degerler dogrultusunda, bir yazarin en az bir yayinda ortak yazar
olarak yer almasi ve toplamda en az bir atif almig olmasi
gerekliligi esas alinmistir. Gorsellestirme siirecinde bu kriterler
dikkate alinmis ve toplamda 17.287 yazar degerlendirilmistir.
Yapilan inceleme neticesinde, bu yazarlarin 15.664'Uniin
belirlenen esik degerleri karsiladigi tespit edilmistir. Analizin
daha 6zl ve etkili olmas1 amaciyla, ¢alismaya dahil edilen yazar
sayist 1.000'e indirgenmis, bdylece merkezi konumdaki
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yazarlarin is birligi yapilar1 daha belirgin hale getirilmistir. Son
asamada, gorsellestirme 147 yazar lizerinden gerceklestirilmis ve
yazarlar arasindaki is birligi yogunluguna dayali olarak 14 farkl
kiime tespit edilmistir. Analiz sonucunda, gorselde 535 baglanti
ve toplamda 811 baglanti giicii belirlenmistir. Uretkenlik
acisindan yapilan degerlendirmede, Lee, Dong Woo ve Lee,
Moo-Yeal sirasiyla 34 ve 19 makalede ortak yazar olarak yer
alarak en aktif aragtirmacilar olarak 6ne ¢ikmistir. Atif analizine
gore, Anseth, Kristi S., 3.572 toplam atif sayisiyla akademik etki
acisindan en fazla atif alan yazar olarak belirlenmistir. {s birligi
aginin giictine bakildiginda, Lee, Dong Woo 79 toplam baglanti
giicii ile agin en etkili katilimcisi olarak tespit edilmistir.

3.2. Kavram Birlikteligi Analizi- Anahtar Kelimeler

3D hiicre kiiltiirii konulu makalelerin kavram birlikteligi
ag ve yogunluk gorsellestirmeleri Sekil 2°de yer almaktadir.

Sekil 2. Kavram Birlikteligi Analizi

Analiz  “Author Keywords” secenegi kullanilarak
gerceklestirilmis ve yalnizca yazarlar tarafindan makalelere
eklenen anahtar kelimeler degerlendirme kapsamina alinmustir.
Caligma siirecinde, 25'ten fazla yazarin katki sagladigi yayinlar
analiz disinda birakilmistir. Anahtar kelimeler arasindaki
iligkileri incelemek adina, minimum tekrar sayist 5 olarak
belirlenmis ve bu esik degeri dogrultusunda toplam 7.057 anahtar
kelimenin 328 tanesinin kriterleri karsiladigi tespit edilmistir. Bir
sonraki asamada, program esik degeri saglayan tiim anahtar
kelimeleri analiz siirecine dahil etmistir. Elde edilen bulgular
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dogrultusunda, “3D cell culture” anahtar kelimesi 1.029 kez
tekrar edilerek ve 1.727 toplam baglant1 giicii ile literatiirde
merkezi bir kavram olarak 6ne ¢ikmustir. Bu kavrami “tissue
engineering,” “hydrogel” ve *“spheroid” takip etmektedir.
Gorsellestirme asamasinda, kavramsal iliskisi kurulamayan bir
anahtar kelimenin analiz kapsami disinda  birakildig
belirlenmistir.

3.3. Organizasyonlar Arazi Zaman Tabanh Bilimsel s
Birligi- (Co-Authorship-Organizations)

3D hiicre kiiltiiri  konulu yazilan makalelerin
organizasyonlar arasi zaman tabanli bilimsel is birligi katman
haritalama gorsellestirmeleri Sekil 3’te yer almaktadir.

gradt unk g6l & technol

barcelana instscl & technol b

univ barcelona

-
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2016 2018 2020 2022

Sekil 3. Organizasyonlar aras1 Zaman Tabanh Is birligi

Analizde 25'ten fazla yazarin yer aldigi yayinlar analiz
disinda birakilmistir. Bir organizasyonun degerlendirmeye dahil
edilebilmesi i¢in en az bir yayin liretmesi ve en az bir atif almasi
esik deger olarak belirlenmistir. Yapilan inceleme sonucunda,
toplam 3.308 organizasyon analiz kapsamina alinmig olup, 3.039
organizasyonun belirlenen kriterleri karsiladigi tespit edilmistir.
Gorsellestirme siirecinde, esik degeri gecen tiim tilkelerden 1.000

10
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organizasyon analize dahil edilmis ve bunlardan 980’ine ait
haritalandirma gergeklestirilmistir. Analiz sonuglari,
organizasyonlarin is birligi yogunluklarina bagh olarak 33 farkli
kiime olustugunu gostermektedir. Gorselde, 4.455 baglant1 ve
toplamda 5.315 baglant1 giicii belirlenmistir. Analiz detaylarina
gore, Chinese Academy of Sciences 49 yayin, Technische
Universitdt Dresden 32 yayin ve Harvard Medical School ile
Harvard University toplam 61 ortak yayin ile bilimsel tiretimde
onde gelen kurumlar arasinda yer almaktadir. Grafigin renk
skalasi, 2016-2024 yillar1 arasinda ig birliginin nasil degistigini
gorsellestirmektedir. Mor renkten sartya dogru olan bu gecis, eski
donemlerdeki yogun is birligi aglarinin zaman iginde nasil
dontisiim gecirdigini ortaya koymaktadir. Baslangigta, University
of California System (ABD), Harvard University (ABD) ve
Chinese Academy of Sciences (Cin) is birliklerinde baskin
konumdayken, Avrupa merkezli kurumlar gérece daha az temsil
edilmekteydi. Ancak 2019°dan itibaren, Helmholtz Association
(Almanya), CNRS (Fransa), INSERM (Fransa) ve Swiss Federal
Institutes of Technology Domain (Isvigre) gibi Avrupa merkezli
organizasyonlarin agirhiginin  giderek arttigr  gorilmistiir.
Ozellikle 2020’den sonra, Karlsruhe Institute of Technology
(Almanya), German Cancer Research Center (DKFZ- Almanya)
ve Universitit Heidelberg (Almanya) gibi kurumlarin is birlikleri
belirgin bir sekilde artmistir. Bunun yaninda, Massachusetts
Institute of Technology (ABD), Tsinghua University (Cin) ve
University of Michigan (ABD) gibi organizasyonlar da aktif rol
oynamaya devam etmistir. Genel egilimler degerlendirildiginde,
ABD merkezli arastirma aglarinin etkisinin azaldigi, Avrupa
merkezli is birliklerinin giderek daha fazla on plana ¢iktigi
gozlemlenmektedir. Bu degisim, Avrupa’nin  Dbilimsel
arastirmalara daha fazla yatinm yapmasit ve uluslararast is
birliklerinin daha dengeli bir yapiya kavusmasiyla gerceklesmis
olabilir.
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Sekil 4’te 2005-2024 yillar1 arasindaki 3D hiicre kiiltiirii
konularin gorsellestirilmesi yer almaktadir.

Trend Topics

- - Term frequency
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Sekil 4. Trend Konular

Sekil 4 incelendiginde, 3D hiicre kiiltiirleri biyomedikal
arastirmalarin  giderek daha O©nemli bir bileseni haline
gelmektedir. 2008-2015 yillar1 arasinda, temel hiicresel mikro
cevre modelleme ¢aligmalar1 6ne ¢ikarken, rejeneratif tip ve doku
miihendisligi ile baglantili aragtirmalar dikkat ¢ekmistir. 2015-
2020 doneminde, kanser biyolojisi, nano-biyotip ve ilag tarama
stiregleri ile entegrasyon ivme kazanmig, bu yillarda 3D hiicre
kiiltiirlerinin kullaniminda belirgin bir artis gdézlemlenmistir.
2020 sonrasi donemde, biyoprinting, organ-on-chip sistemleri,
immiinoterapi arastirmalar1 ve kisisellestirilmis tip alanlarinin
yukselisi, 3D hiicre kiiltiirlerinin daha genis bir bilimsel
cergevede degerlendirildigini gostermektedir. Son yillardaki
egilimler, yapay zekd destekli analizler, biyoprinting
teknolojileri, organ-on-chip sistemleri, immunoterapi
aragtirmalart ve kisisellestirilmis tip gibi gelisen biyoteknolojik
yaklagimlar aracilifiyla hiicresel mikrogevrenin daha fizyolojik
kosullara uygun hale getirilmesini amaglamakta ve bu siirecin 3D
hiicre kiiltiirleri iizerinden klinik uygulanabilirligini artiracagini
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gostermektedir. Bu donilisiim, hiicresel ortamlarin daha dogru
modellenmesini saglarken, ilag gelistirme, kanser biyolojisi ve
rejeneratif tip gibi alanlarda yenilik¢i arastirmalarin  Oniinii
agmaktadir.

Tablo 5 ve Sekil 5 analize konu olan makalelerin Bradford
yasasina goOre siralamalar ve hangi zonlarda yer aldigini
gostermektedir. Bradford (BRD) yasasina gore belirli bir konuda
yayilanan makalelerin az sayida dergide yogunlasirken geriye
kalanlarin ise daha az etkili dergilerde yaymlandigin1 one
stirmektedir(Tonta & Al, 2008) .

Tablo 5. 3D Hicre Kiltiri Konulu Calismalarinda Bradford
Dagihim Tablosu (ilk On iki Dergi)

Icerik

. Siralama  Sikhk . Zone
Dergiler Sikhg
SCIENTIFIC REPORTS 1 7 77 Zone 1
ACS APPLIED MATERIALS \&
INTERFACES 2 68 145 Zone 1
INTERNATIONAL JOURNAL OF
MOLECULAR SCIENCES 3 61 206 Zone 1
BIOMATERIALS 4 58 264 Zone 1
JOVE-JOURNAL OF VISUALIZED
EXPERIMENTS 5 51 315 Zone 1
LAB ON A CHIP 6 46 361 Zone 1
PLOS ONE 7 45 406 Zone 1
ACTA BIOMATERIALIA 8 44 450 Zone 1
ACS BIOMATERIALS SCIENCE \&
ENGINEERING 9 43 493 Zone 1
BIOFABRICATION 10 37 530 Zone 1
ADVANCED HEALTHCARE MATERIALS 11 36 566 Zone 1
ACS APPLIED BIO MATERIALS 12 33 599 Zone 1
FRONTIERS IN BIOENGINEERING AND
BIOTECHNOLOGY 13 33 632 Zone 1
ADVANCED FUNCTIONAL MATERIALS 14 32 664 Zone 1
CELLS 15 32 696 Zone 1
INTERNATIONAL JOURNAL OF
BIOLOGICAL MACROMOLECULES 16 31 727 Zone 1
JOURNAL OF MATERIALS CHEMISTRY B 17 31 758 Zone 1
CANCERS 18 30 788 Zone 1
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~ Core Sources by Bradford's Law

Articles
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Sekil 5. BRD Yasasina Gore Cekirdek Kaynaklar

Incelenen veri seti dogrultusunda, grafik egimi, belirli
kaynaklarda yogunlagsma egilimi sergilemekle birlikte klasik
Bradford modeline tam uyum gostermemektedir. Zone 1’de yer
alan dergiler, akademik literatirde merkezi bir konumda
bulunmakla birlikte, beklenen makale iiretimi paymin altinda
kalmaktadir (%27,1). Zone 2 ve Zone 3'teki kaynaklar ise
sirastyla %49,7 ve %23,2 oraninda katki saglamaktadir. Bu
durum, literatiirdeki bilgi dagiliminin yalnizca birka¢ c¢ekirdek
dergi etrafinda sekillenmedigini, aksine daha genis bir spektruma
yayildigini gostermektedir. Kiimiilatif frekans analizi, Zone 1 ile
Zone 2 arasindaki gecisin beklenen dik diisiis yerine kademeli bir
azalma sergiledigini ortaya koymaktadir. Bu bulgu, bilimsel
tiretimin belirli merkezlerde yogunlagsmadigini, aksine ¢esitliligin
on plana ¢iktigini isaret etmektedir. Ozellikle Zone 3’teki
dergilerin biiyiik bir kisminin diisiik frekans araliginda yer almasi
(%82’nin  Freq=1-2 araliginda olmasi), bu kaynaklarin nis
alanlarda veya dusiik etki faktorlii yaymlarda uzmanlastig
hipotezini desteklemektedir. Sonug olarak, Bradford Yasasi'nin
bu baglamda mutlak bir gecerlilie sahip olmadigi, ancak
disiplinlerarasi dinamikler dogrultusunda esnek bir model olarak
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ele alinmasi gerektigi degerlendirilmektedir. Akademik iiretimin
tek bir merkezi yapiya bagl kalmadigi, aksine ¢esitli kaynaklar
arasinda dagilim gosterdigi géz oOniinde bulunduruldugunda,
bilimsel literatiirdeki etkinin daha genis bir perspektiften
incelenmesi gerekliligi ortaya ¢ikmaktadir.

4. SONUC VE TARTISMA

Bu ¢alisma, 3D hiicre kiiltiirti alaninda gerceklestirilen
akademik yayimlarin bibliyometrik analizini yaparak, bilimsel
liretimin mevcut durumunu ve arastirma trendlerini ortaya
koymaktadir. Web of Science veri tabaninda 1991-2025 yillari
arasinda yayimlanmig 3D hucre Kkultlri uUzerine odaklanan
makaleler, R  yazillmi ve  VOSviewer araclartyla
degerlendirildiginde, alanin siirekli gelisen ve disiplinler aras1 bir
nitelik kazandig1 goriilmektedir.

Analiz sonuglari, 3D hiicre kiiltiirii c¢alismalarinin
Ozellikle biyomedikal arastirmalar, rejeneratif tip, doku
miihendisligi ve kanser biyolojisi alanlarinda biiyiik bir ivme
kazandigin1 gostermektedir. Yillik biiylime orani ve uluslararasi
is birlikleri, alanin kuresel 6lgekte bilimsel tUretimde 6nemli bir
yer edindigini ortaya koymaktadir. Ozellikle Amerika Birlesik
Devletleri, Cin ve Almanya gibi lilkelerin, yayin ve atif sayilari
bakimindan 06n plana ¢ikmasi, akademik etkinin belirli
cografyalarda yogunlastigini, ancak son yillarda Avrupa merkezli
arastirmalarin daha fazla temsil edildigini gostermektedir.

Atif analizi, alanin 6nde gelen arastirmacilarini ve en
etkili akademik yayinlar1 belirleyerek, hiicresel mikro ¢evrenin
biyolojik sistemlerde daha gercek¢i modellenmesi adina yeni
yaklagimlar sunmaktadir. Kavram birlikteligi analizinde "3D cell
culture,” "tissue engineering,” "hydrogel” ve "spheroid” gibi
terimlerin literatiirde merkezi konumda olmasi, bu alandaki temel
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kavramsal g¢ercevenin bilimsel yonelimlerle uyumlu oldugunu
gostermektedir.

Sonug olarak, 3D hiicre kiiltiirii alanindaki arastirmalarin,
biyoprinting, organ-on-chip sistemleri, immiinoterapi ¢alismalari
ve kisisellestirilmis tip gibi biyoteknolojik gelismelerle daha
genis bir cergevede ele alinmasi gerektigi ortaya cikmaktadir.
Gelecekte yapilacak galismalarda, farkli disiplinlerden gelen
arastirmacilarin is birliklerini artirarak alanin daha yenilik¢i ve
uygulanabilir ¢ozlimler iiretmesi tesvik edilmelidir. Bu
dogrultuda, yeni biyomateryallerin gelistirilmesi, yapay zeka
destekli analizler ve ¢ok Ol¢ekli modelleme yaklagimlari, 3D
hiicre kiiltiirlerinin biyomedikal arastirmalara entegrasyonunu
giiclendirecek ve klinik uygulanabilirligi artiracaktir.
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BIOFILM FORMATION AND ITS RELATION
TO INFECTIONS

Baycan MOR!?

1. INTRODUCTION
1.1.What is a Biofilm?

A biofilm is a structured community of microorganisms
that adhere to biotic or abiotic surfaces and are encased within a
self-produced extracellular polymeric substance (EPS) matrix.
This matrix, composed of polysaccharides, proteins, and
extracellular DNA (eDNA), provides a protective and stable
microenvironment that enhances microbial survival under hostile
conditions (Sousa et al., 2007). Biofilms can develop on natural
surfaces such as rocks and aquatic environments, as well as on
artificial surfaces including medical devices, catheters, and
implants, making them relevant across ecological, industrial, and
clinical settings (Bester et al., 2010).

1.2.The Importance and Historical Development of
Biofilms

The importance of biofilms lies in their widespread impact
on human health, industry, and the environment. Historically,
microbial aggregations resembling biofilms were first described
more than a century ago, yet their clinical and ecological
significance became widely acknowledged only in the latter half
of the 20th century as microbiological and molecular tools
advanced (Thieme et al., 2019). Current evidence suggests that
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more than 80% of human infections are biofilm-associated,
underlining their central role in chronic and device-related
infections (Sousa et al., 2007). Clinically, biofilms contribute to
persistent infections such as prosthetic valve endocarditis,
chronic wounds, and catheter-associated infections. The
recognition of biofilms as highly organized microbial
communities has therefore reshaped the understanding of
microbial pathogenesis and emphasized their significance in both
medical microbiology and environmental science (Pannella et al.,
2020).

1.3.Differences Between Planktonic Cells and Biofilm-
Formed Cells

A fundamental distinction exists between planktonic cells,
which exist in a free-floating form, and biofilm-associated cells,
which reside within the protective EPS matrix. Planktonic cells
generally display higher metabolic rates and greater susceptibility
to antimicrobial agents. In contrast, biofilm cells exhibit altered
gene expression, reduced metabolic activity, and increased
resistance to environmental stresses, including antibiotics and
host immune responses. For instance, biofilm-associated
Staphylococcus epidermidis cells demonstrate significantly
reduced glucose uptake compared to planktonic cells, reflecting
metabolic adaptation within biofilms (Sousa et al., 2007).
Additionally, genetic regulation and structural differences
contribute to enhanced virulence and persistence of biofilm-
forming bacteria (Cook & Dunny, 2013; Resch et al., 2005).
Importantly, detachment of biofilm fragments can lead to
dissemination of planktonic cells that retain the capacity to
initiate new biofilms, thus perpetuating chronic infection cycles
(May et al., 2009). In summary, biofilms are complex and highly
organized microbial ecosystems with critical implications for
health and disease. Their formation, persistence, and resistance
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mechanisms highlight the urgent need for innovative therapeutic
approaches tailored specifically to biofilm-associated infections.

2. BIOLOGICAL STAGES OF BIOFILM
FORMATION

The development of biofilms is a dynamic and highly
regulated process that occurs in several sequential stages: surface
adhesion, microcolony formation, extracellular  matrix
production, maturation, and dispersion. Each stage is influenced
by microbial genetics, environmental conditions, and intercellular
communication mechanisms.

2.1.Surface Adhesion

Surface adhesion initiates the biofilm formation process,
marked by the attachment of planktonic bacterial cells to a
substrate. The mechanics of this process can be influenced by
various factors including the microbial genotype and the
microenvironment within which the bacteria are situated. In
Pseudomonas aeruginosa, flagellar motility is important for
initial attachment, while type 1V pili facilitate microcolony
formation (Kievit et al., 2001). Additionally, environmental
conditions such as nutrient availability, pH levels, and surface
characteristics can affect adhesion efficiency, including the
reliance on pyruvate, which enhances initial attachment processes
in some Pseudomonas strains (Petrova et al., 2012).

2.2.Microcolony Formation

Once a sufficient number of cells have adhered to the
surface, they begin to aggregate and form microcolonies.
Microcolonies serve as compact clusters of bacteria that are
equipped to withstand varying environmental stresses. In
Candida albicans, the transcription factors Sfl1 and Sfl2 have
been identified as crucial for driving the formation and structure
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of pathogenic microcolonies (McCall et al., 2018). The formation
of these microcolonies entails complex intercellular
communication through mechanisms such as quorum sensing,
which regulates shared behaviors and responses to environmental
stimuli (Matz et al., 2004).

2.3.Matrix Production and Structural Stabilization

The production of an extracellular matrix is a pivotal step
in biofilm development, providing structural integrity to the
microcolony. The matrix is predominantly made up of EPS,
which consist of polysaccharides, proteins, and eDNA (Tan et al.,
2018). In Pseudomonas aeruginosa, the polysaccharide Psl is
known to function as a fibrous component that aids in the
enmeshment of bacterial cells and enhances biofilm stability
(Luyan et al., 2009). Importantly, eDNA plays a multifaceted role
in biofilms, contributing to the structural framework and
establishing cohesion among bacterial cells, thereby
consolidating the biofilm's integrity (Li et al., 2020).

2.4.Maturation

As biofilms mature, they undergo morphological
transformations that enhance their resilience and functionality.
Mature biofilms feature dense clusters of bacteria embedded
within the extracellular matrix, which provides protection against
external insults such as antibiotics and facilitates nutrient
exchange among cells (Shen et al., 2011). For example, structural
variations in Escherichia coli biofilms have been shown to be
directly correlated with the capabilities of cell adhesion
structures, notably fimbriae and pili (Reisner et al., 2003). Such
structural characteristics impart a significant competitive
advantage against both biotic and abiotic stressors, confirming the
importance of biofilm maturation in diverse contexts, including
environmental and clinical settings.
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2.5.Dispersion

The detachment of cells from the biofilm, or dispersion, is
another critical phase that allows for colonization of new
environments, thereby contributing to species dissemination. This
process can be influenced by environmental conditions and the
biofilm's matrix composition, as well as specific signaling
pathways. Studies illustrate that while eDNA is crucial for
maintaining biofilm integrity, it can also facilitate the dispersal of
cells when triggered by specific environmental cues (Berne et al.,
2010). Dispersal mechanisms range from passive detachment due
to shear forces in fluid flows to active processes mediated by
environmental changes (Xia et al., 2021).

3. STRUCTURAL AND MOLECULAR
CHARACTERISTICS OF BIOFILMS

The structural and molecular characteristics of biofilms
present a fascinating area for research, given their importance in
both microbial ecology and human health. The composition and
functionality of biofilms are primarily dictated by EPS, the
communication  mechanisms  employed by  microbial
communities through quorum sensing, and the genetic and
metabolic adaptations that occur during biofilm development.

3.1.Extracellular Polymeric Substances (EPS)

EPS are essential for biofilm structure and function,
providing mechanical stability and facilitating nutrient transfer,
waste disposal, and genetic exchange (Flemming et al., 2016).
Composed primarily of polysaccharides, proteins, and eDNA,
EPS encase microbial cells, forming a matrix that constitutes 75—
90% of biofilm biomass (Xin et al., 2024). In Pseudomonas
aeruginosa, polysaccharides Psl and Pel maintain three-
dimensional architecture and contribute to antimicrobial
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resistance (Ghafoor et al., 2011). eDNA further supports adhesion
and cohesion in bacterial species like Staphylococcus epidermidis
(Riangrungroj & Polizzi, 2019) and in fungal biofilms such as
Candida albicans, enhancing structural integrity and reducing
antifungal penetration (Srikantha et al., 2013; Daniels et al.,
2013).

3.2.Quorum Sensing

Quorum sensing, a critical mechanism for cell-to-cell
communication, coordinates biofilm development by regulating
formation, virulence, and metabolism. In Pseudomonas
aeruginosa, Las and Rhl pathways govern gene expression for
biofilm maturation and the transition from motile to sessile states
(Kim & Lee, 2016). In Candida albicans, quorum sensing
influences biofilm characteristics, with transcription factors Berl
and Tecl controlling adhesion protein expression to maintain
biofilm stability under varying conditions (Song et al., 2011;
Srikantha et al., 2013).

3.3.Gene Expression and Metabolic Adaptation

Gene expression differences between biofilm and
planktonic states reveal profound metabolic divergence. Biofilm-
forming cells overexpress genes linked to adhesion, matrix
production, and stress resistance (Daniels et al., 2015; Sato et al.,
2019), while shifts in energy metabolism promote fermentation
and survival under low-oxygen conditions (Nor & Mohd, 2024).
Mixed-species biofilms further optimize resources through
cooperative behavior (Flemming et al., 2016). Morphological
complexity also arises from gene regulation, as seen in Candida
albicans, where filamentation and clustering depend on
environmental cues (Daniels et al., 2015). Biofilm stratification,
shaped by protein expression and metabolic needs, enables
functional heterogeneity (Ghafoor et al., 2011; Sun et al., 2022).
Cells often transition from aerobic respiration in planktonic states
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to anaerobic pathways within biofilms due to nutrient gradients
(Kim & Lee, 2016). These metabolic adaptations enhance
persistence under stress (Xin et al., 2024). Collectively, the
interplay of EPS, quorum sensing, and metabolism underpins
biofilm resilience and highlights therapeutic targets to disrupt
biofilm-associated infections.

4. MAJOR MICROORGANISMS FORMING
BIOFILMS

Biofilm formation is a universal adaptive strategy
employed by bacteria and fungi, enabling survival in diverse
environments. These communities, whether monospecies or
polymicrobial, exhibit distinct structural, physiological, and
pathogenic traits that contribute to their resilience. Once
established on biotic or abiotic surfaces, their properties are
shaped by the constituent microorganisms. Key biofilm-forming
species include Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, and Candida albicans, each
utilizing specific molecular and physiological mechanisms to
regulate biofilm development, structural integrity, and functional
dynamics.

4.1 Bacteria

Among bacteria, Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli are prominent biofilm
producers with significant medical relevance. S. aureus biofilms
are commonly associated with device-related infections such as
catheters and prosthetic implants, where biofilm growth enhances
resistance to antibiotics and host immunity (Resch et al., 2005).
P. aeruginosa forms highly structured biofilms, particularly in the
lungs of cystic fibrosis patients, where quorum sensing regulates
virulence and persistence (Harrison & Diggle, 2016). E. coli
biofilms, especially those formed by uropathogenic strains, play
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a critical role in urinary tract infections, displaying strong
adhesion to uroepithelial cells and resistance to conventional
therapies (Esmat et al., 2018).

4.2.Fungi

Candida albicans is the most clinically important fungal
biofilm former. Its biofilms develop on mucosal surfaces, dental
prostheses, and intravascular devices. C. albicans biofilms are
characterized by a complex architecture involving yeast,
pseudohyphal, and hyphal forms, embedded within a dense EPS
matrix that provides resistance to antifungal agents (Martins et
al., 2016). The ability to transition between morphological forms
and to interact with bacterial species further enhances its
pathogenic potential (Karaman et al., 2017).

4.3.Polymicrobial Biofilms

In many clinical settings, biofilms are not formed by a
single species but by polymicrobial communities. Interactions
between bacteria and fungi can enhance virulence, antimicrobial
resistance, and biofilm stability. For example, mixed cultures of
gram-negative bacteria can reduce ciprofloxacin sensitivity
through cooperative mechanisms (Bitar & Yilmaz, 2024).
Similarly, Candida albicans often coexists with Staphylococcus
aureus or Pseudomonas aeruginosa, leading to enhanced
persistence and difficulty in eradication (Martins et al., 2016).

5. MEDICALLY IMPORTANT BIOFILM-
ASSOCIATED INFECTIONS

Biofilm-associated infections pose a significant challenge
in modern medicine due to their chronic nature, resistance to
antimicrobial agents, and capacity to evade host immune
responses. These infections are frequently linked to indwelling
medical devices, such as catheters, prostheses, and implants, as
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well as to chronic wounds, respiratory and urinary tract
infections, and endocarditis, contributing substantially to
healthcare-associated morbidity and mortality. Understanding the
interplay between biofilms and these infections is critical for the
development of effective preventive and therapeutic strategies.

5.1.Catheter, Prosthesis, and Implant-Related
Infections

Medical devices such as intravascular catheters,
orthopedic prostheses, and cardiac implants are highly
susceptible to biofilm colonization. Staphylococcus aureus and
Staphylococcus epidermidis are leading causes of catheter-related
bloodstream infections, where biofilms protect bacteria from host
defenses and antibiotics (Bilman et al., 2013). Similarly,
prosthetic joint infections are often associated with biofilm
formation, necessitating device removal in severe cases
(Reffuveille et al., 2018).

5.2.Chronic Wound Infections

Chronic wounds, such as diabetic foot ulcers and pressure
injuries, are frequently colonized by polymicrobial biofilms,
which induce persistent inflammation, reduce the efficacy of
antimicrobial therapies, and consequently delay wound healing
(Vatan & Saltoglu, 2017; Guo et al., 2023; Hurlow et al., 2024).
Clinical management of these wounds is particularly challenging
due to the frequent involvement of multiple microbial species,
including Pseudomonas aeruginosa and Staphylococcus aureus.
In contrast, the risk of biofilm formation in acute wounds is
comparatively lower; therefore, the early implementation of anti-
biofilm strategies is recommended to prevent delays in the
healing process (Hurlow et al., 2024).
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5.3.Respiratory Tract Infections

In patients with cystic fibrosis, Pseudomonas aeruginosa
forms biofilms in the lungs, where they promote chronic infection
and progressive lung damage. Quorum sensing and nutrient
limitation within the biofilm microenvironment drive phenotypic
changes that contribute to persistence and resistance (Harrison &
Diggle, 2016). Viral infections such as respiratory syncytial virus
may further enhance biofilm development in the respiratory tract,
compounding disease severity (Hendricks et al., 2016).

5.4.Urinary Tract Infections (UTIs)

Uropathogenic Escherichia coli (UPEC) is a major cause
of biofilm-associated urinary tract infections, particularly in
catheterized patients. UPEC biofilms attach to uroepithelial cells
and persist despite antibiotic therapy, leading to recurrent and
chronic infections (Esmat et al., 2018). Biofilm-associated UTIs
are difficult to eradicate and are a leading cause of nosocomial
infections worldwide.

5.5.Endocarditis

Infective endocarditis, often associated with prosthetic
heart valves, is strongly linked to biofilm formation by
Staphylococcus aureus and viridans group streptococci. Biofilm
growth on cardiac tissue and prosthetic materials provides
protection against immune clearance and requires prolonged
antibiotic therapy or surgical intervention (Percival, 2017).

6. ANTIMICROBIAL RESISTANCE
MECHANISMS OF BIOFILMS

Antimicrobial resistance mechanisms within biofilms are
a major concern in clinical microbiology, as they significantly
hinder the effectiveness of antibiotic therapies and increase the
risk of persistent infections. These resistance mechanisms can be
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attributed to several factors including the inhibition of antibiotic
penetration, the presence of dormant cells known as persisters,
the expression of resistance genes and horizontal gene transfer, as
well as immune evasion strategies employed by biofilm-forming
bacteria.

6.1.Inhibition of Antibiotic Penetration

The structural characteristics of biofilms contribute
substantially to the inhibition of antibiotic penetration. Biofilms
are typically composed of a dense EPS matrix that acts as a
physical barrier, limiting the diffusion of antimicrobial agents
into the core of the biofilm (Qi et al., 2016). The presence of this
protective matrix is crucial in rendering antibiotics ineffective
against biofilm-embedded bacteria. For instance, studies indicate
that the matrix can restrict not only drug penetration but also
hinder the binding of antibiotics to their target sites within
bacteria (Amin et al., 2019). Furthermore, it has been observed
that biofilms of Pseudomonas aeruginosa can maintain high
levels of antibiotic tolerance, which can be exacerbated by the
presence of efflux pumps that actively expel drugs from bacterial
cells, further diminishing the effective concentration of
antibiotics (Hosseinzadeh et al., 2024).

6.2.Presence of Dormant Cells

Biofilms harbor metabolically inactive or slow-growing
persister cells, which tolerate antibiotic exposure by entering a
dormant state. Since many antibiotics target active cellular
processes, these persisters can survive treatment and later
repopulate the biofilm after therapy is withdrawn (Kéremezli et
al., 2022).
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6.3.Expression of Resistance Genes and Horizontal
Gene Transfer

Biofilm conditions promote the overexpression of
resistance genes, including efflux pumps and [-lactamases,
thereby enhancing antimicrobial resistance. Biofilm-associated
bacteria often exhibit altered gene expression patterns compared
to their planktonic counterparts, which facilitates their survival
under antibiotic treatment (Meng et al., 2022; Qi et al., 2016). The
dense and stable biofilm environment further supports horizontal
gene transfer via plasmids, transposons, and integrons, promoting
the dissemination of resistance genes within microbial
communities (Cook & Dunny, 2013; Selasi et al., 2016).
Consequently, biofilms serve as reservoirs of resistant bacteria,
posing significant challenges for the treatment of serious
infections, particularly in hospital settings where multi-drug
resistant organisms are prevalent (Rodriguez-Miranda et al.,
2024).

6.4.Evasion of Host Immune System

In addition to the structural and genetic factors
contributing to antibiotic resistance, biofilms employ complex
immune evasion strategies that assist in their survival against host
defenses. The EPS matrix not only serves as a physical barrier to
antibiotic penetration but also protects against phagocytosis and
other immune responses, including the action of antibodies
(Sandai et al., 2016). Furthermore, specific biofilm-associated
genes contribute to the modulation of inflammatory responses,
allowing biofilm bacteria to escape detection and elimination by
the immune system (Dahi & Al-Yasiri, 2022). Additionally,
biofilms can create localized nutrient environments that can
influence the overall immune response, complicating effective
immune cell attacks (Sandai et al., 2016). The interplay between
biofilm growth and immune evasion highlights the need for novel
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approaches targeting both the pathogenic mechanisms of biofilms
and the immune responses they evade.

7. CLINICAL SIGNIFICANCE AND FUTURE
PERSPECTIVES

Biofilm-associated infections pose a considerable clinical
challenge, accounting for the majority of persistent and device-
related infections in modern healthcare. Their resilience against
antibiotics and immune clearance results in prolonged disease
courses, increased healthcare costs, and higher morbidity and
mortality rates.

7.1.Clinical Management of Biofilm-Related Infections

Effective management requires early diagnosis,
appropriate antimicrobial therapy, and in some cases, surgical
removal of infected devices. Current clinical guidelines
emphasize the importance of combination therapies and long-
term treatment regimens, particularly in prosthetic joint infections
and endocarditis (Percival, 2017). However, standard therapies
remain insufficient, highlighting the need for novel diagnostic
and therapeutic tools.

7.2.Improving Diagnostic Processes

Conventional culture-based methods often fail to detect
biofilm-associated pathogens due to their altered metabolic state.
Advances in molecular techniques such as gPCR, FISH, and next-
generation sequencing (NGS) are enhancing diagnostic accuracy
by identifying biofilm-related genes and microbial communities
directly from clinical samples (Haney et al., 2018). Rapid and
reliable diagnostics will be crucial in guiding targeted therapy.
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7.3.Personalized Antimicrobial Therapy

Future treatment strategies will likely move toward
personalized medicine, tailoring therapies based on the patient’s
infection profile, biofilm composition, and resistance
mechanisms.  Combining  traditional  antibiotics  with
nanotechnology-based drug delivery systems, quorum sensing
inhibitors, or phage therapy may provide individualized and more
effective approaches (Abdelghany et al., 2017; Lusiak-
Szelachowska et al., 2020).

7.4 Future Directions

The clinical management of biofilm-related infections
will increasingly depend on multidisciplinary strategies that
integrate microbiology, nanotechnology, immunotherapy, and
genomics. Key areas for future research include the development
of vaccines against biofilm-forming pathogens, optimization of
phage-antibiotic combinations, and CRISPR-based interventions
targeting resistance genes (Stanley & Maxwell, 2018).

8. CONCLUSION

Biofilms constitute a highly organized microbial survival
strategy whose structural complexity, shaped by extracellular
polymeric substances, quorum sensing, and metabolic adaptation,
underlies their resilience against antibiotics and host immunity.
Consequently, biofilm-associated infections, particularly those
linked to medical devices and chronic conditions, remain a major
clinical challenge. Current therapies are limited by poor antibiotic
penetration, persister cells, and immune evasion, while diagnostic
advances have yet to achieve routine clinical integration.
Emerging strategies—including nanotechnology-based drug
delivery, quorum sensing inhibitors, CRISPR/Cas systems,
bacteriophage therapy, and biofilm-targeted immunotherapies—
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hold promise, with personalized approaches tailored to infection
type and biofilm composition likely to guide future management.
Ultimately, effective control of biofilm-related diseases will
depend on translating molecular insights into innovative,
clinically applicable interventions.
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POLIMERAZ ZINCIiR REAKSIYONU (PCR)
TEKNIGI iLE GIDA iINTOLERANSININ
BELIRLENMESI

GoOzde SELEK!

1. GIRIS

Gida intoleransi, kisilerin tiikettikleri besinlere karsi
farkinda olmadan duyarlilik gostermesidir. Yani, viicudun belirli
bir gidayr veya gidadaki bir bileseni sindirememesinden
kaynaklanir. Genellikle sut, laktoz, gliiten veya fruktoz igeren
yiyeceklerden kaynaklanir (Sekil 1). Bu durum, gida alerjisinden
farklidir. Gida alerjileri daha hizli gelisir ve kisiler bunu rahatca
fark edebilirler. Ancak gida intoleranst yavas gelistiginden
kisilerin tiikettikleri hangi besine kars1 duyarliliklarinin oldugunu
anlamalar1 oldukca zordur. Ozetle, intoleranslar, viicut tarafindan
diizgiin islenemeyen maddelere karsi verilen tepkilerdir VE
alerjilerden farkli olarak sindirim sistemi ile iligkilidirler (Simons
& Sicherer, 2017, Koseoglu, 2022)).
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Sekil 1

Gida intoleransi, viicutta Immiinglobiilin-G’ye bagh
olarak gecikmeli reaksiyon gosteren bir duyarlilik olarak da
aciklanabilir. Yaygin semptomlari arasinda karin agrisi, siskinlik,
bas agris1, deride dokintl gibi cilt problemleri, yorgunluk ve
cesitli sindirim sorunlari yer alir (Lomer, Parkes, & Sanderson,
2008).

Sut ve st dranleri, gluten, yumurta, kafein, sigir ve kuzu
eti en yaygin gida intolerans1 nedenleri arasindadir. Bitkiler de
gida intolerans sebebi olabilmektedir. Yapisal olarak protein, yag
ve karbonhidratlardan olusurlar. Farkli iklim kosullar1 ve farkl
ekolojik ortamda yetistiklerinden dolayr kimyasal igerik
acisindan da farkliliklar gosterirler. Yapilan arastirmalara gore
bazi bitkiler hi¢ duyarlilik yapmazken bazilar1 da genel olarak
duyarliliga sebep olmaktadir (Uzunismail ve ark, 2012).

Laktoz intoleransi olan bireylerde laktaz enzimi eksiktir
ve bu da sindirilmemis laktozun bagirsaga ulasmasina neden olur.
Burada bakteriler tarafindan fermente edilerek gazlar ve kisa
zincirli yag asitleri tretilir. Bu bireylerde 6zellikle sit ve st
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urtnleri tiketildikten sonra karin agrisi, siskinlik ve ishal gibi
semptomlara yol acar (Zingone et. Al, 2023). Laktaz eksikligi
nadiren dogustan gelse de genellikle bagirsak hasarini takiben
ikincil bir siire¢ olarak ge¢ baslangicli bir enzim aktivitesinde
diislis olarak ortaya ¢ikar. (Toca et. Al., 2022.)

Gluten intoleransi, bugday hassasiyeti, gluten duyarlilig
ve ¢olyak hastalig gibi farkl sekillerde kendini gdsterebilir. Bazi
bireylerde glutenin sindirimi zorlasir, bu durum ishal, yagl diska,
bulanti ve kusma gibi gastrointestinal sikayetlere; ayrica
yorgunluk, kilo kaybi ve bas agrist gibi semptomlara da neden
olabilir (Catassi & Fasano, 2020).

Fruktoz intoleransi, viicudun fruktozu metabolize etmekte
zorlandig1 genetik bir metabolik bozukluktur. Bu durum, fruktoz-
1-fosfat aldolaz enziminin eksikligi ya da yetersiz aktivitesi
nedeniyle ortaya c¢ikar. Karin agrisi, siskinlik, mide bulantisi,
ishal gibi gastrointestinal belirtilerle kendini gosterir (Berry,
2017).

Histamin intoleransi, viicudun histamini yeterince
parcalayip metabolize edememesi sonucu gelisen bir metabolik
bozukluktur. Bu durum genellikle diamin oksidaz enziminin
yetersiz  iiretiminden kaynaklanir ve histaminin viicutta
birikmesine neden olur. Sonuc olarak, gozlerde sulanma ve
kasinti, burun akintisi, bas agrisi, hiriltili solunum, nefes darligi,
Oksurik, uykusuzluk ve anksiyete gibi g¢esitli belirtilerle ortaya
¢ikabilmektedir (Maintz & Novak, 2007).

Polimeraz Zincir Reaksiyonu (PCR), DNA dizilerini
cogaltan bir molekiiler biyoloji teknigi olarak, besin
intoleransinin  tespitinde kullanilan gecerli bir yontemdir.
Calismada, gercek zamanli PCR teknigi ile potansiyel gida
intoleranslarina  genel bir bakis saglamak ic¢in, gida
intoleranslarinin 6nemli bir kismindan sorumlu olan 12 spesifik
gen mutasyonu analiz edilerek, hastalardan gelen tukdrik
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orneklerinde  Laktoz, Fruktoz, Gluten ve Histamin
intoleranslarina  bakilmigtir. ~ Gergeklestirilen  test, gida

intoleranslari ile iliskili ¢esitli genlerin varyantlarini belirlemeyi
hedefler.

Calismada, 10 bireyde ger¢ek zamanl pcr yontemi
ile gida intolerans testi gerceklestirilmis ve sonuclar
degerlendirilerek ortak intolerans Oriintiileri incelenmistir.

2. METOD

10 bireyden almnan tikiirik orneklerinden DNA
izolasyonu gerceklestirilmis ve elde edilen genomik DNA, gida
intoleranslariyla iliskili 12 genetik varyantin analizinde
kullanilmistir. Molekiiler analizler gercek zamanli real time
polimeraz zincir reaksiyonu (PCR) yontemiyle yiiriitilmustiir.
Genetik analizde, iiretici protokoliine uygun sekilde ¢alisan ticari
bir PCR kiti, Gida Intolerans Paneli, Kontrol Gen Panelleri
kullantlmistir.

e 700 pL Liziz tamponu, 200 pL o6rnek (referans
numarasi yazili tiiplere alinan tiikiiriik 6rnekleri), 10
pnL Manyetik bead, tek bir tiipte karistirilmistir.

e Karisim Thermo Shaker cihazinda 2 dk 40°C
bekletilmistir.

e Karistirma islemi sonunda tiip manyetik raka
konulmus, Beadlerin kenara cekilmesi beklenerek
sonrasinda tiim s1vi ¢ekilmistir.

e Yikama tamponu ile 3 kere yikama yapilmis iist sivi
cekilerek kurumaya birakilmastir.

e Kurumaya birakilan 6rnegin oldugu tiipe Elution
Tampon eklenmis, vortexlenmis, manyetik raka
koyularak siv1 kisim (Izole edilen DNA) ayrilmistir.
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e Ticari bir kit olan PCR Mastermix karigimi
hazirlanarak plate tizerinde A, B, C, D kuyucuklarina
eklenmistir.

e Asirasinaizole edilen DNA 6rnegi ve Gida Intolerans
Gen Paneli, ve B, C, D siralarina da Panel kontrolleri
eklenmistir.

e Plate iizerine adhesiv fil kapatilir vortexlenir

e Plate Real time PCR cihazina yerlestirilir ve cihaz
calistirilir.

(Tim asamalar Biyogiivenlik kabini igerisinde
gercgeklestirilir)

Sekil 2. Gergek zamanh PCR sirasinda olusan floresan
1sumalar

Ozetle, Ekstrakte edilen DNA, hedef alerjenin
DNA's1yla spesifik olarak hibridize olan kisa niikleotidler olan
primerlerle karistirilir. Karisim, yeni DNA zincirlerinin
sentezi i¢in Ornegi 1sitan ve sogutan bir termal dongii cihazina
yerlestirilir. Bu dongu birkag kere tekrarlanarak hedef DNA
dizisi ¢ogaltilir (Sekil 2). Cogaltilan DNA, alerjenin varligini
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gosteren Olclilebilir bir sinyal saglayan gercek zamanli PCR
ile tespit edilir.

3. TARTISMA VE SONUC

PCR yoOntemiyle gerceklestirilen genetik analiz
sonucunda, tiim katilimcilarda laktoz intolerans: ile iliskili
genetik varyantlara rastlanmigtir (Tablo 1). Histamin intoleransi 2
bireyde (HI,H9), gluten intoleransi ise 1 bireyde (H2)
saptanmistir. Fruktoz intoleransina iligkin herhangi bir varyant
tespit edilmemistir.

Tablo 1. Hastalarin Gida Intoleransi Sonuclar (+ var, - yok)

Hasta Laktoz Fruktoz Gluten Histamin
H1
H2
H3
H4
H5
H5
H6
H7
H8
H9
H10

|||+ [+
1
1
1

Calismada incelenen 10 hastanin tamaminda laktoz
intoleransina iligkin genetik varyantlarin tespit edilmesi, laktoz
intoleransinin toplum i¢inde yaygin bir saglik sorunu oldugunu
diisiindiirmektedir. Yine Tirkiye'de yapilan ¢aligmalarda,
yetigskin bireylerin %70’ inden fazlasinda laktoz intoleransi
saptanmistir (Demirgiil ve Demirgiil, 2019, Yalg¢in ve ark., 2022).
Giliney Amerika, Asya ve Afrika'da bu oranin % 50in {lizerinde
oldugu ve baz1 Asya iilkelerinde ise yetiskinlerin neredeyse %
100’Unun  laktoz intoleransina  sahip oldugu yapilan
arastirmalarda bildirilmistir. (Lukito ve ark. 2015).
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Histamin intoleransi, bu hasta grubunda yaklasik %20
prevalansa sahiptir. 2004 yilinda yapilan bir epidemiyolojik
calismaya gore niifusun yaklasik %]1'inde histamin intoleransi
goriilmektedir (L.Maintz, et al.2007). 2020 yilinda yapilan bir
caligmaya gore ise bu tahmin %1-3'e ulasmigtir (O. Comas-Basté,
et al. 2020). Toplumda oldukg¢a nadir gorildiigi diistiniliirse,
calismada histamin intoleransi bulunan 2 hastanin akrabalik
iligkisi arastirilmali, akrabalik varsa, genetik yatkinlik daha giiglii
olarak diislintilebilmektedir. Akrabalik yoksa, intoleranslarin
cevresel veya baska faktorlerle ortaya ¢iktigi diistiniilebilir.

Calisma sonuglar1 degerlendirildiginde, ¢alisilan biray
sayisinin fazla olmamasina ragmen, laktoz intoleransinin %100
oraninda oldugu goriilmektedir. Ancak, daha genis ve heterojen
bir hasta grubunda (farkli yas, cinsiyet gibi) yapilacak ek
calismalar, laktoz ve diger gida intoleranslarinin toplumdaki
dagilimin1 daha kapsamli sekilde ortaya koyacaktir. Bu tir
aragtirmalar hem tani yontemlerinin optimize edilmesini hem de
tedavi yaklagimlarinin kisiye Ozel hale getirilmesini miimkiin
kilacaktir.
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