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PINAR ENSTİTÜSÜ HAKKINDA

Gıda, sağlık ve beslenme konularında toplumu bilinçlendirmek için sosyal so-
rumluluk anlayışıyla ve toplumun sağlıklı gelişimine katkıda bulunmak amacıyla 
kurulan, ticari bir faaliyeti olmayan ve kâr amacı gütmeyen Pınar Enstitüsü, 13 
Haziran 2013 tarihi itibarıyla faaliyetlerine başlamıştır.

Misyonumuz
Gıda, sağlık ve beslenme konularında toplumu bilinçlendirmek ve kaliteli yaşam 
farkındalığı yaratmak amacıyla bilimsel projelere destek vermek, bilgi ağlarında 
yer almak ve eğitim faaliyetlerinde bulunmaktır.

En Büyük Hedefimiz
Gıda ve beslenme alanında bir referans noktası olmaktır.

İnsan sağlığı ve hayat kalitesi üzerinde doğrudan etkisi olan gıda ve beslenme 
alanlarında hem toplumsal hem de bireysel düzeyde bir farkındalığa ihtiyaç duy-
duğumuz günümüzde, bu farkındalığa ulaşmamızı sağlayacak bilginin güvenilir 
olması her şeyden önemlidir. Güvenilir bilginin sağlanması ise sivil toplum ku-
ruluşlarından kamuya, özel teşebbüslerden akademisyenlere kadar toplumun 
tüm kesimlerinin sorumluluğundadır. Pınar Enstitüsü, bu noktada topluma karşı 
sorumluluğunu yerine getirmek gayreti içerisindedir.

Toplumun doğru beslenme bilincine sahip olmasına yardımcı olmak amacıyla 
faaliyetlerine başlayan Pınar Enstitüsü, tüketicilerin bilimsel ve güvenilir kay-
naklara ulaşmasına olanak tanıyacak, gıda, sağlık ve beslenmeye ilişkin konu-
larda bireylere bilinç ve farkındalık kazandıracak çalışmaları hayata geçirmekte 
ve kurumsal bir vatandaş olarak, bu alanlarda disiplinler arası etkin bir iş birliğini 
desteklemektedir.

Pınar Enstitüsü; bilimsel araştırmalar yapmak, eğitimler düzenlemek, yapılan 
araştırmalara ve eğitimlere destek vermek, araştırma sonuçlarını yayımlamak 
ve bilgi ağlarında yer almak gibi çalışmalarla faaliyetlerini sürdürmektedir.
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ÖDÜL HAKKINDA 

Pınar Enstitüsü; gıda, beslenme ve sağlık konularında toplumda oluşan bilgi 
kirliliğinin, nitelikli bilimsel çalışmalarla minimum düzeye indirilmesi gerektiğine 
inanmakta ve çalışmalarını bu doğrultuda şekillendirmektedir. Aynı zamanda 
belirtilen konulardaki yeni teknolojilere dair yapılan yenilik ve iyileştirme çalış-
malarının da toplumsal düzeyde duyurulması, desteklenmesi ve teşvik edilerek 
örnek teşkil etmesi gerektiğine inanmaktadır.

Günümüz toplumunda sağlıksız beslenmeden kaynaklı sağlık sorunları gün 
geçtikçe artış göstermekte ve bu konuda bireyler de hassaslaşmaktadır. Sağ-
lıklı bir toplum için sağlıklı bireyler yetişmesine yönelik bilimsel bir altyapı ile ha-
zırlanan çalışmaların uygulamada çok daha sağlıklı sonuçlar vereceğine inanan 
Pınar Enstitüsü, bu proje ile bu alanda yapılan çalışmaları ödüllendirmek ve yeni 
çalışmalar için araştırmacıları motive edici bir rol oynamak istemektedir.

Pınar Enstitüsü Bilimsel Makale Ödülü; gıda teknolojisi, beslenme-sağlık ilişkisi 
(hipertansiyon, diyabet, osteoporoz, kardiyovasküler hastalıklar, obezite vb.) ve 
gıda güvenliği konularında 2017-2019 yılları arasında hakemli dergilerde yayın-
lanmış makaleler arasından bilime katkı, toplumsal yarar, uygulanabilirlik gibi 
kriterler dikkate alınarak seçilen makalelere verilir. Enstitünün temel amaçların-
dan olan, “toplumun sağlıklı gelişmesine katkıda bulunmak amacıyla araştırma-
ları ve eğitimleri desteklemek” misyonu çerçevesinde hareket edilmesi ve be-
lirtilen disiplinlerde yapılan çalışmaları destekleyerek araştırmacıları ve ilerleyen 
dönemlerde yapılacak çalışmaları teşvik etmesi amaçlanmaktadır.
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BİLİMSEL MAKALE ÖDÜLÜ DEĞERLENDİRME KURULU ÜYELERİ

DESTEK ALINAN ÜYELER

Prof. Dr. Sibel Karakaya
Ege Üniversitesi 
Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü 
Beslenme Bilim Dalı

Prof. Dr. Mahmut Çoker
Ege Üniversitesi 
Tıp Fakültesi 
Çocuk Sağlığı ve 
Hastalıkları Anabilim Dalı

Prof. Dr. Alev Bayındırlı
Orta Doğu Teknik 
Üniversitesi 
Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Prof. Dr. Figen Korel
İzmir Yüksek Teknoloji 
Enstitüsü 
Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Prof. Dr. Sevcan Ünlütürk
İzmir Yüksek Teknoloji 
Enstitüsü 
Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Prof. Dr. Semra Kayaardı
Celal Bayar Üniversitesi 
Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Doç. Dr. Cem Karagözlü
Ege Üniversitesi 
Ziraat Fakültesi 
Süt Teknolojisi Bölümü

Prof. Dr. Gül Ergör
Dokuz Eylül Üniversitesi 

Tıp Fakültesi 
Halk Sağlığı Anabilim Dalı

Prof. Dr. Muhittin Tayfur
Başkent Üniversitesi 

Sağlık Bilimleri Fakültesi 
Beslenme ve 

Diyetetik Bölümü

Prof. Dr. Figen Ertekin
Ege Üniversitesi 

Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Prof. Dr. Neriman 
Bağdatlıoğlu

Celal Bayar Üniversitesi 
Mühendislik Fakültesi 

Gıda Mühendisliği Bölümü

Doç. Dr. Nural Karagözlü
Celal Bayar Üniversitesi 

Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Prof. Dr. Nurcan Koca
Ege Üniversitesi 

Mühendislik Fakültesi 
Gıda Mühendisliği Bölümü

Dr. Öğr. Üyesi Fahri 
Yemişçioğlu

Ege Üniversitesi 
Mühendislik Fakültesi 

Gıda Mühendisliği Bölümü
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Dr. Öğr. Üyesi Burcu Kaplan Türköz
Dr. Burcu Kaplan Türköz 2002 yılında Orta Doğu Teknik Üniversitesi 
Gıda Mühendisliği bölümünden mezun olmuştur. Aynı yıl Sabancı 
Üniversitesinde Biyomühendislik alanında yüksek lisans eğitimine 
başlamıştır. Prof. Dr. Zehra Sayers danışmanlığında 2004 yılında 
yüksek lisans ve 2009 yılında doktora eğitimini tamamlamıştır.  Li-
sansüstü çalışmaları sırasında rekombinant protein üretimi, protein 
saflaştırma, protein mühendisliği, protein biyokimyasal ve yapısal 
karakterizasyon konularında uzmanlaşmıştır. 2010 yılında Dr. Lau-
rent Terradot’un Lyon, Fransa’da bulunan araştırma ekibine dokto-
ra sonrası araştırmacı olarak katılmış ve burada geçirdiği üç sene 
içerisinde bakteriyel proteinler ve patogenez  üzerine biyokimyasal 

ve yapısal araştırmalar yapmıştır. Doktora ve doktora sonrası araştırmaları sırasında çok kez 
DESY-EMBL (Hamburg,Almanya), ESRF (Grenoble) ve SOLEIL (Paris) sinkrotronlarında çok 
kez X ışını verisi toplamıştır. 2014 yılında TÜBİTAK Yurda Dönüş Araştırma Burs Programı 
(2232) desteği almaya hak kazanmış ve aynı yıl Ege Üniversitesi Gıda Mühendisliği bölümün-
de çalışmaya başlamıştır. Proje yürütücüsü olarak 2015 yılında TÜBİTAK 1001 ve 2017 yılında 
TÜBİTAK 3501 – Kariyer Geliştirme Programı destekleri almıştır. Bu projeler kapsamında PET-
RA III-EMBL sinkrotron istasyonunda (Hamburg,Almanya) protein X ışını verileri toplamaya 
devam etmektedir. Ayrıca farklı projelerde araştırmacı olarak da görev alan Dr. Burcu Kaplan 
Türköz, bakteri-insan etkileşimleri ve proteinlerin yenilikçi gıda uygulamaları konularında mo-
leküler biyokimya, protein biyokimyası, yapısal biyoloji ve biyoinformatik yöntemlerini kullan-
dığı çalışmalarını sürdürmektedir. Dr. Burcu Kaplan Türköz evli ve 1 erkek çocuk annesidir.

Prof. Dr. Taner Baysal
Ege Üniversitesi, Mühendislik Fakültesi Gıda Mühendisliği Bölümü 
Öğretim Üyesi Prof. Dr. Taner BAYSAL, 20.07.1964 yılında İzmir‘de 
doğmuştur. Yüksek lisans (1988) ve Doktora (1994) eğitimlerini Ege 
Üniversitesi Mühendislik Fakültesi Gıda Mühendisliği Bölümü’nde 
tamamlamıştır. Doktora sırasında araştırma çalışmalarını Hollan-
da’da ATO-DLO- Hollanda (Agrotechnological Research Institute) 
Araştırma Enstitüsü’nde gerçekleştirmiştir. Ayrıca İtalya Salerno 
Üniversitesi Prodal Araştırma Enstitüsü Yeni Teknolojiler Merkezin-
de araştırma geliştirme çalışmalarında görev yapmıştır. Gıda Mü-
hendisliği Gıda Teknolojisi Anabilim Dalında Meyve Sebze İşleme 
Teknolojisi alanında çalışmakta olup uzmanlık alanları içerisinde 

Gıda İşleme (Pastörizasyon, Sterilizasyon, Soğutma, Kurutma), Fonksiyonel Gıda, Gıda Mu-
hafazası, Gıda Güvenilirliği, Gıda Temel İşlemleri, Isıl Olmayan Gıda İşleme Teknikleri, Gıda 
İşleme ve Muhafazında Yeni Teknolojiler yer almaktadır. Erasmus Öğretim Üyesi Değişim 
Programı kapsamında 2007 yılında Yunanistan’da  (Aristotle University of Thessaloniki Scho-
ol of Agriculture, Dept. of Food Science & Technology) bulunmuştur. Gıda Mühendisliğinde 
Isıl Olmayan Teknolojiler ve Güncel Elektriksel Isıtma Yöntemleri isimli iki adet kitabı ve Gıda 
Muhafaza Yöntemleri, Gıda Mühendisliğine Giriş adli çevirmenliğini yaptığı kitap bölümü de 
dahil olmak üzere 8 adet kitap bölümü mevcuttur. Tübitak’ta toplam 52 adet panelistlik ve dış 
danışmanlık, 9 adet izleyicilik ve danışmanlık yapmıştır. Toplamda 13 adet Tübitak projesinde 
görev almıştır. 45 adet SCI dergide yayınlanmış yayını ve 15 adet hakemli dergilerde yayını 
bulunurken 38 adet uluslararası, 29 adet ulusal kongrede bildirileri yayımlanmıştır. Yüksek 
Lisans eğitiminde Gıda Mühendisliğinde Elektriksel Isıtma Yöntemleri, Meyve-Sebze İşleme 
Sanayindeki Gelişmeler ve Meyve Sebze İşlemede Isıl Olmayan Teknolojiler ve Uygulamaları 
isimli 3 dersi, lisans eğitimi kapsamında  ise Meyve ve Sebze Teknolojisi ve Özel Meyve Seb-
ze Teknolojisi dersini, ön lisans dersi olarak ise İçecek Teknolojisi dersini vermektedir. 
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Dr. Öğr. Üyesi Özge Taştan
Pamukkale Üniversitesi, Mühendislik Fakültesi, Gıda Mühendis-
liği Bölümü 2011 yılı mezunudur. 2014 yılında Ege Üniversitesi, 
Mühendislik Fakültesi, Gıda Mühendisliği Bölümü, Meyve ve 
Sebze İşleme Teknolojisi ve Mühendisliği Bilim Dalında Yüksek 
Lisans eğitimini, 2019 yılında doktora eğitimini tamamlamıştır. 
Doktora tezi kapsamında meyve sularının yüksek yoğunluklu 
vurgulu ışık teknolojisi, ılımlı elektrik alan ve enkapsüle antimik-
robiyal maddelerle pastörizasyonunu incelemiştir. 2013 yılında 
İtalya’da bulunan Salerno Üniversitesine bağlı ProdAl Araştırma 
Merkezinde ‘kitosan nanopartiküllerinin üretimi, karakterizasyo-

nu ve meyve-sebze işleme endüstrisinde kullanımı’ konusunda, 2014 yılında aynı ens-
titüde ‘Gıdaların muhafazasında esansiyel yağ nanoemülsiyonu içeren yenilebilir film ve 
kaplama uygulamaları’ konularındaki projelerde davetli araştırmacı olarak görev yap-
mıştır. 2015-2018 yılları arasında Dr. Öğr. Üyesi Burcu KAPLAN TÜRKÖZ’ün yürütücü 
olduğu ‘Zymomonas mobilis Levansukraz Enziminin Üretilmesi, Saflaştırılması, Karakte-
rizasyonu ve Endüstriyel Kullanımı’ başlıklı TÜBİTAK 1001 projesinde doktora bursiyeri 
olarak çalışmıştır. 2017 yılında TÜBİTAK 2214-A Yurt Dışı Doktora Sırası Araştırma Burs 
Programı kapsamında ProdAl araştırma merkezinde ‘Elma sularının sürekli akış yüksek 
yoğunluklu vurgulu ışık sistemi ile işlenmesi ve proses optimizasyonu’ konusunda ça-
lışma yapmıştır. 2020 yılında Yeditepe Üniversitesi, Mühendislik Fakültesi, Gıda Mühen-
disliği Bölümünde Doktor Öğretim Üyesi olarak göreve başlamıştır. Gıdaların yenilikçi 
ısıl ve ısıl olmayan teknolojilerle işlenmesi üzerine çalışmalarına devam etmekte olup, 
şuan ‘Bitkisel fenolik ekstraktların enkapsülasyonu ve enkapsüle ekstraktlarla zengin-
leştirilmiş fonksiyonel vakum infüze çilek atıştırmalığı üretimi’ başlıklı TÜBİTAK 1002 
Hızlı destek projesinde ve ‘Dondurulmuş kiraz üretiminde Listeria monocytogenes de-
kontaminasyonu üzerine yenilikçi ışık teknolojilerinin etkinliğinin belirlenmesi ve sistem 
tasarımı’ başlıklı TÜBİTAK 1505 Üniversite-Sanayi İşbirliği projesinde araştırmacı olarak 
görev yapmaktadır.

 Gıda Yüksek Mühendisi Güler Sözgen
Güler Sözgen lisans derecesini Ege Üniversitesi Mühendislik Fa-
kültesi Gıda Mühendisliği Bölümünde tamamladı. Yüksek Lisans 
derecesini Ege Üniversitesi Fen Bilimleri Enstitüsü Gıda Mühen-
disliği bölümünde Dr. Öğr. Üyesi Burcu Kaplan Türköz danış-
manlığında aldı. Tez çalışmasında levansukraz enziminin saflaş-
tırılması ve kristalizasyonu üzerine çalıştı. Hamburg’da bulunan 
EMBL (Avrupa Moleküler Biyoloji Laboratuvarı) örnek hazırlama 
ve karakterizasyon laboratuvarında Dr. Rob Meijers danışman-
lığında stajyer olarak bulundu. Yüksek lisansı boyunca Avrupa 
ve Ortadoğu’da düzenlenen kongrelerde poster sunumları ger-

çekleştirdi. Rehovot Israil Weizmann Enstitüsünde gerçekleştirilen “Open SESAME Ins-
truct-ERIC Workshop on Remote X-ray Data Collection from European Synchrotron” 
çalıştayına sözlü sunum ve poster sunumu ile Türkiye temsilcisi olarak katıldı. Yüksek 
lisans derecesinin ardından özel sektörde çalışmaya başladı, halen BRF-Banvit şirketin-
de Gıda Yüksek Mühendisi olarak çalışmaktadır.
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ÖZET

Aşırı şeker tüketiminin diyabet hastalığı ile yakından ilişkili olduğu bilinmektedir. Bu nedenle 
günümüzde gıdaların şeker içeriğinin azaltılması ve insan sağlığına yararlı fonksiyonel ürünlerin 
üretilmesi yönündeki araştırmalara olan ilgi giderek artmaktadır. Bu fonksiyonel ürünlerin ara-
sında prebiyotik içeren ürünler öne çıkmaktadır. Prebiyotikler doğal olarak bazı gıdalarda bulun-
makla birlikte bazı mikrobiyal enzimler tarafından üretilmeleri de mümkündür. Levansukrazlar, 
sakkarozu parçalayan ve açığa çıkan fruktozları sindirilemeyen şeker polimerlerine dönüştüren 
enzimlerdir. Bakteriler tarafından hücre dışına salgılanan levansukrazlar bakterinin yüksek sak-
karoz konsantrasyonunda fruktooligosakkarit (FOS) polimerlerini sentezlemesini sağlar. FOS’lar 
bazı gıdalarda doğal olarak bulunan ve sakkarozdan üç kat daha az tatlılık değeri olan şeker 
polimerleridir. FOS’ların suda çözünür olmaları, depolama sırasında dayanıklı olmaları, kalorisi 
düşük şekerler olmaları ve prebiyotik özellikler göstermelerinden dolayı gıda alanında önemli bir 
kullanım potansiyeli vardır.  

Bu çalışmada, mikrobiyal kökenli levansukraz enzimi üretilmiş ve kısmi saflaştırma işleminden 
sonra doğrudan keçi boynuzu şırasına eklenerek sakkarozun FOS’lara  dönüştürülmesi sağ-
lanmıştır. Keçiboynuzu şırasının evaporasyonu sonucu pekmez üretimi gerçekleştirilmiş ve de-
polama süresince kalite özelliklerindeki değişim analiz edilmiştir. Öncelikle, üretilen FOS’ların 
kestoz olduğu ve kestozun ürün içerisinde 20 °C’de 4 ay depolama sırasında dayanıklı olduğu 
belirlenmiştir. Ayrıca, keçiboynuzu pekmezinin sakkaroz içeriğinin azaldığı gösterilmiş, böylece, 
şeker içeriği azaltılmış düşük kalorili ve kestoz tipi FOS içeriği ile prebiyotik fonksiyonel bir ürün 
elde edilmiştir. Üretilen keçi boynuzu pekmezinde artan kestoz miktarının asitlik ve renk gibi 
önemli kalite özellikleri üzerinde olumsuz bir etkisi olmadığı da yine  bu çalışma ile gösterilmiştir. 

Keçiboynuzu pekmezinde en önemli kalite problemlerinden biri Maillard esmerleşme  reaksiyon-
ları olup, 5-hidroksimetil furfural (5-HMF) bu reaksiyonun ürünüdür. Levansukraz eklenmesi ile  
basit şeker miktarının azalmasından dolayı depolama sırasında oluşan ve şeker içeriği yüksek 
konsantre ürünlerde önemli bir problem olan 5-HMF oluşumunun azaltılacağı öngörülmüştür. 
Depolama öncesi kontrol ve levansukraz ile kestoz içeriği artırılmış yeni keçiboynuzu pekmezi 
ürünlerinin 5-HMF değerleri birbirine çok yakın olduğu halde, kontrol örneğinde 5-HMF mikta-
rının depolamanın 3. ve 4. aylarında artmış olduğu görülmüştür. Bununla birlikte levansukraz 
eklenmiş örneklerde depolama sırasında 5-HMF artışı olmamıştır. Sonuç olarak, bu çalışma ile 
ilk defa levansukraz enzimi kullanılarak fruktoz içeriği azaltılmış ve depolamaya bağlı 5-HMF 
oluşumu engellenmiştir. Böylece, 5-HMF oluşumunun engellenmesine yönelik yeni bir metot 
geliştirilmiştir. Bildiğimiz kadarıyla literatürde bu tip bir yaklaşımla 5-HMF oluşumunun engellen-
mesine yönelik çalışma bulunmamakta ve bu bakımdan çalışmadan elde edilen çok önemli bir 
sonuç olarak öne çıkmaktadır.

Özetle, bu çalışma ile şeker içeriği azaltılmış ve prebiyotik içeriği arttırılmış yeni bir ürün geliştiril-
miş, yeni keçiboynuzu pekmezi ürününün geleneksel yöntemle üretilmiş keçiboynuzu pekmezi 
ile kalite açısından benzer özelliklerde olduğu gösterilmiştir. Ayrıca, örnekteki fruktoz miktarının 
azaltılmasıyla depolama sırasında önemli bir problem olan 5-HMF oluşumu da engellenmiştir.

Çalışmamız TÜBİTAK tarafından desteklenmiştir (TOVAG Proje no: 214O174). Ayrıca çalışmanın 
proje fikri 2016 yılında 4. Uluslararası Gıda Ar-ge Proje Pazarında Özel Kategori ödülünü (Gıda-
larda şeker ve tuz kullanımının azaltılması, ikame ürünlerin araştırılması) almaya hak kazanmıştır.

ZYMOMONAS MOBILIS LEVANSUKRAZ KULLANARAK KEÇİ BOYNUZU PEKMEZİNDE 
PREBİYOTİK 6-KESTOZ ÜRETİMİ VE DEPOLAMA SIRASINDA 5-HMF MİKTARINA ETKİSİ
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A B S T R A C T

Fructooligosaccharides have important potential use in the food industry due to their properties such as solu-
bility in water, stability in acidity of fruit juices and during storage, low-calorie value and prebiotic effects. In
this study, for the first time, Zymomonas mobilis levansucrase was used for in situ 6-kestose production in carob
molasses. The produced kestose was stable during storage at 20 °C for 4 months. The product was evaluated for
color, non-enzymatic browning index and titratable acidity during storage and the quality of the product was
found comparable to that of control. Furthermore, the decreased amount of sucrose resulted in the prevention of
5-hydroxymethylfurfural (5-HMF) formation during storage. As a result, carob molasses was converted into a
high-quality prebiotic product with decreased sucrose content and reduced 5-HMF quantities, and a new method
was developed to prevent 5-HMF formation in fruit juices and molasses.

1. Introduction

Most of the functional beverages in the market are dairy based or
probiotic containing juices. There is a growing demand for non-dairy or
non-probiotic fruit based products with added nutritional and health
values. Prebiotics are originally defined as ‘nondigestible food in-
gredients that beneficially affect the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria in the
colon and thus, improve host health’ (Gibson & Roberfroid, 1995).
Prebiotics are naturally found in some foods and are also used as
functional ingredients in the food industry. Fructooligosaccharides
(FOS) have gained significant attention in the food industry with their
water-soluble, low calorie and prebiotic properties (Singh, Jadaun,
Narnoliya, & Pandey, 2017; Yun, 1996).

Fructooligosaccharides can be obtained from hydrolysis of inulin or
from sucrose by the activity of fructosyltransferase enzymes (Ganaie,
Lateef, & Gupta, 2014). There are several studies focusing on producing
FOS containing foods to obtain prebiotic and low calorie products
(Fonteles & Rodrigues, 2018). FOS can be directly added to food pro-
ducts. Renuka, Kulkarni, Vijayanand, and Prapulla (2009) added a FOS
mixture to different fruit juices and showed that FOS added fruit juice
beverages were acceptable in terms of sensory qualities (Renuka et al.,
2009). Fructosyltransferases can also be added directly to foods for in
situ FOS production. In situ FOS production in orange juice using

Aspergillus japonicus fructosyltransferase (United States Patent
8168242) is an example patented study in this field.

Levansucrases are bacterial fructosyltransferase enzymes which
have hydrolysis, transfructosylation and polymerization activities and
can produce different fructan polymers including levan and levan type-
FOS (Li, Yu, Zhang, Jiang, & Mu, 2015). Levansucrases are produced by
several microorganisms, and levansucrase from Z. mobilis can produce
both FOS and levan depending on reaction conditions (Bekers, Lauke,
Upite, Kaminska, Vigants, Viesturs, & Danile, 2002; Erdal, Kaplan-
Türköz, Taştan, & Göksungur, 2017; Santos-Moriano et al., 2015;
Sözgen, Özdoğan, & Kaplan Türköz, 2018).

Molasses is a traditional confectionery widely prepared in many
Mediterranean countries, known as “Pekmez” in Turkey. Molasses can
be produced from a variety of fruits including carob. Carob contains 1-
kestose, which is a prebiotic sugar (Petkova et al., 2017). Molasses are
generally produced by concentrating the fruit juice up to 65 °Brix via
heat treatment under vacuum conditions. Heat treatment promotes
non-enzymatic browning reactions during processing and storage.
Caramelization occurs by sugar decomposition, while Maillard reaction
takes place between amino acids and reducing sugars at high tem-
peratures during juice concentration (Tounsi, Karra, Kechaou, &
Kechaou, 2017). Although these reactions are responsible for the de-
velopment of attractive colors and flavours in heat-processed foods,
over-processing often result in lower quality and nutritional value
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(Kuşçu & Bulantekin, 2016).
5-Hydroxymethylfurfural (5-HMF) is a furanic compound formed in

the Maillard reaction during thermal processing of foods as well as by
acid dehydration of hexoses during mild temperature processing and
storage of acidic foods (Anese & Suman, 2013; Kowalski, Lukasiewicz,
Duda-Chodak, & Zięć, 2013). 5-HMF is an important quality criteria in
fruit juice concentrates and has adverse effects on food quality by
causing browning and nutritional value losses. Furthermore, 5-HMF
possess risks for health since it was shown to have mutagenic and cy-
totoxic effects in cell culture and animal experiments (Glatt & Sommer,
2006; Monien, Engst, Barknowitz, Seidel, & Glatt, 2012).

This paper describes the use of Z. mobilis levansucrase for in situ
production of FOS in carob molasses. In a previous study, our research
team reported the optimization of production and the activity of FOS
synthesis of levansucrase from Z. mobilis NRRL-B-14023 (Erdal et al.,
2017). Here, production of FOS in carob molasses by levansucrase, the
stability of produced FOS, its effect on the quality parameters of carob
molasses, and the relationship between levansucrase and 5-HMF for-
mation during storage were investigated.

2. Material and methods

2.1. Materials

Zymomonas mobilis subsp. mobilis NRRL B-14023 was kindly pro-
vided by the US Agricultural Research Service Culture Collection
(Peoria, USA). The microorganism was maintained in growth medium
(20 g/L glucose, 10 g/L peptone, 10 g/L yeast extract) and stored with
50% glycerol at −86 °C. Culture medium composition was as follows
(in g/L): sucrose, 50; yeast extract, 7.0; KH2PO4, 2.5; (NH4)2SO4, 1.6;
MgSO4·7H2O, 1.0 (pH 5.0). Fermentation medium composition was as
follows (g/L); initial sucrose concentration 159.01, yeast extract 2.5,
(NH4)2SO4 2, KH2PO4 2 and MgSO4·7H2O 1 (pH 4.90). The medium was
sterilized at 121 °C for 15min after adjusting the pH with 1 N HCl. The
composition of 1.5 L DNS solution was as follows; 10.6 g 3,5-
Dinitrosalicylic acid, 19.8 g NaOH, 306 g potassium sodium tartrate
tetrahydrate, 8.3 g sodium metabisulfite and 7.6 mL of melted phenol.
All chemicals used were of analytical grade.

Carob juice (pH: 5.21, TSS: 21 °Bx) was supplied from a company
which produces carob molasses at industrial scale (Kimtar Company
Ltd, Antalya, Turkey). According to manufacturer's specifications, carob
juice was produced as described: carob fruits were collected from a
local farm in Mediterranean region (Antalya, Turkey), were washed by
immersing them in tap water, drained, and air-dried (2 h). Juice was
produced by mining the carob fruits and extracting the sugar from the
mined carob pods using a reverse osmosis method. Extraction was
performed by mixing the mined carob pods and hot water (1:5, w/w) at
60 °C for 8 h. Then, the carob juice (18–22 °Bx) was filtered. Obtained
carob juice from company was kept in a freezer at −20 °C until pro-
cessing.

2.2. Methods

2.2.1. Production and partial purification of levansucrase
Fresh cultures were prepared by inoculating 1mL of glycerol stock

to 20mL of culture media. Cultures were incubated without aeration or
mixing at 28 °C for 24 h. Fermentation medium was inoculated with 5%
of fresh culture (v/v). Z. mobilis fermentations were done in 2 L flasks
with 200mL working volume at 30.3 °C without aeration or mixing for
36 h. After fermentation, cells were separated from culture supernatant
by centrifugation at 6500g for 20min at 4 °C. Levan is also produced
during sucrose fermentation by Z. mobilis. In order to separate levan-
levansucrase complex and to inhibit levan polymerization activity, the
fermentation supernatant was incubated at 35 °C and 50 rpm for 5 h as
previously suggested (Crittenden & Doelle, 1994) and were lyophilized
(−50 °C, 0.003mbar). Lyophilized powder was resuspended in buffer A

(22mM citrate-phosphate pH 5.4) and dialyzed at 17 °C overnight
against buffer A before use.

2.2.2. Composition of levansucrase enzyme mixture
The protein and sugar composition of enzyme mixture were de-

termined. The amount of protein was measured according to Bradford
(Bradford, 1976) method using BSA as the standard. Total carbohydrate
content was determined according to phenol–sulphuric acid method
using sucrose as the standard (Dubois, Gilles, Hamilton, Rebers, &
Smith, 1956). Dialyzed enzyme mixture was diluted in appropriate ratio
before addition of 1mL of phenol solution (5%) and 5mL of H2SO4.
Absorbance values were measured at 490 nm using a Thermo Scientific
Genesys 10S UV–VIS spectrophotometer and the total sugar content was
calculated according to the standard sucrose calibration curve. All as-
says were carried out in triplicate.

2.2.3. Electrophoresis
Protein purity was assayed by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) according to Laemmli
(1970). The fermentation supernatant and levansucrase after dialysis
were mixed with sample loading dye, denaturated at 95 °C for 10min
and was applied to a 12% acrylamide separating gel. Gels were stained
with Coomassie brilliant blue R250 stain (Lawrence & Besir, 2009).

2.2.4. Levansucrase activity assays
Levansucrase hydrolysis activity was calculated from the amount of

released reducing sugars. Reducing sugars were determined according
to the DNS method of Miller (1959), with some modifications. Briefly,
0.25mL of enzyme solution was mixed with 0.75mL buffer A (blank) or
buffer A containing 17% sucrose (reaction). The mixture was incubated
at 35 °C for 10min for hydrolysis reaction. 3mL of DNS solution was
added to 1mL sample and the mixture was boiled at 100 °C for 5min.
The absorbance at 540 nm was measured using GENESYS 10S UV–Vis
spectrophotometer and the amount of reducing sugar was calculated
using the absorbance values and the equation obtained from the glucose
standard curve. Limit of detection (LOD) and limit of quantification
(LOQ) values for DNS method were 0.078 and 0.237mg/mL glucose,
respectively. One unit of activity was defined as the amount of enzyme
that produced 1 μmol glucose per minute. All assays were carried out in
triplicate.

2.2.5. In situ FOS production
Small scale experiments were performed to determine the incuba-

tion time for FOS production in carob juice and samples were with-
drawn at different time points for HPLC analysis. For the large scale
experiment, 700mL carob juice was mixed with 1500 unit levansucrase
and incubated at 35 °C for 6 h. After incubation, carob juice was con-
centrated using rotary evaporator at 65 °C for 4 h to a final value of 65
°Bx. Samples were stored in 50mL aliquots in glass jars for 4months at
20 °C. The control sample was prepared following the same protocol,
except equal volume of buffer A was added to carob juice instead of
levansucrase. The sucrose content of carob juice used in the study was
17%. The process flowchart is given in Fig. 1.

Concentrated carob molasses samples were diluted to 21 °Bx before
measurement of FOS content, 5-HMF content, color, non-enzymatic
browning index analysis and titratible acidity.

2.2.6. Determination of sucrose and FOS content
Sucrose and FOS contents were determined according to the HPLC

method previously described by Bekers et al. (2002). For this purpose,
the carob juice were diluted with distilled water 1:10 (w/w), were fil-
tered through a 0.45-μm PVDF membrane filter, and the samples were
injected into a high performance liquid chromatography (HPLC) (Agi-
lent 1200, USA) consisting of a quaternary pump, an autosampler, a
refractive index detector (RID), and a temperature-controlled column
oven. The chromatographic separations were performed on a NH2-
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HPLC (Thermo Scientific Hypersil GOLD amino, 250×4.6mm)
column, using the isocratic mixture of acetonitrile and water (70:30, v/
v) at a flow rate of 1.0 mL/min at 30 °C. Sucrose, 1-kestose, 1-nystose
and 1-fructofuranosyl nystose (WAKO pure chemical industries) were
used as external standards. The sucrose and FOS contents of the samples
were calculated by comparing the corresponding peak areas of the
sample and those of the standard solutions, taking into account the
dilution. A linear relationship between the concentration and the area
of sucrose and FOS peaks were observed; the results were expressed as
percentage (%). Limit of detection (LOD) and limit of quantification
(LOQ) values for 6-kestose and sucrose were 0.16 and 0.48%, 0.015 and
0.045%, respectively. All assays were carried out in triplicate.

2.2.7. Measurement of 5-HMF content
The 5-HMF contents of the samples were determined according to a

modified method (Oral, Dogan, Sarioglu, & Toker, 2012). 1 mL of di-
luted carob molasses sample (21 °Bx) were transferred to screw-capped
test tube and 100 µL of Carrez I and II solutions were added, followed
by centrifugation at 11,000 rpm for 10min. The supernatant was fil-
tered from a 0.45 µm syringe filter and injected to a C18 column (5 µm
and 4.6 mm×250mm) connected to a HPLC system (Agilent 1200,
USA). The mobile phase, flow rate, injection volume, and column
temperature were water: methanol (90:10, v/v), 1 mL/min, 20 µL and
25 °C, respectively. The wavelength of the DAD detector was 285 nm.

A standard curve was prepared from solutions of 5-HMF (5, 10, 25,
50, 75, 100mg/kg) and the HMF content of the samples was calculated
from the linear relationship between the concentration and the area of
the HMF peaks. Limit of detection (LOD) and limit of quantification
(LOQ) values for 5-HMF were 0.39 and 1.19mg/kg, respectively. All
assays were carried out in triplicate.

2.2.8. Determination of quality characteristics of carob molasses
pH and total soluble solid content
pH of samples was measured with a pH meter (WTW Inolab Level 1,

Weilheim, Germany). The total soluble solid content (°Brix) of samples
at 20 °C was determined by a digital refractometer (Krüss DR-201,
Germany).

Total titratable acidity
Total titratable acidity was determined according to the potentio-

metric titration of the acidity of the sample. The sample was titrated up
to pH 8.1 with a solution of 0.1 N NaOH. The results were expressed as
a percentage of anhydrous citric acid.

Color characteristics
The color of the samples was measured using the Hunter-Lab

Colorflex (CFLX 45-2 Model Colorimeter; HunterLab, Reston, VA) based
on L*, a*, and b* coordinates. The cylindrical quartz cell containing the
sample was placed directly into the colorimeter, and post-processing L*,
a*, and b* values were recorded. The total color difference (ΔE*) was
calculated by Eq. (1) in comparison to an untreated control, and clas-
sified according to: not noticeable (0–0.5), slightly noticeable (0.5–1.5),
noticeable (1.5–3.0), well visible (3.0–6.0) and great difference
(6.0–12.0) (Muñoz et al., 2012).

= − + − + −ΔE* [(L* L* ) (a* a* ) (b* b* ) ]ref
2

ref
2

ref
2 (1)

Non-enzymatic browning index (NEB)
Non-enzymatic browning index was measured as described by Zhu,

Ji, Eum, and Zude (2009). 5 mL of 95% ethyl alcohol was added to 5mL
of carob juice and centrifuged at 5000 rpm for 10min. The absorbance
value of supernatants at 420 nm was measured and considered as the
non-enzymatic browning index (NEB) (Zhu et al., 2009).

Statistical analysis
Results were expressed as the mean ± standard deviation from at

least three independent determinations of each sample. One-Way
Analysis of Variance (ANOVA) tests was followed by Duncan method,
with the overall significance level set at 0.05. Pearson correlation was
performed on the experimental data using SPSS 20 (Statistical Product
and Service Solutions) for Windows (SPSS Inc., Chicago, IL, US).

3. Results and discussion

3.1. Characterization of levansucrase enzyme

In this study, levansucrase was produced using Z. mobilis cells in
extracellular medium and fermentation supernatant was lyophilized
and dialyzed for the preparation of enzyme mixture. The carbohydrate
content was found as 0.44 ± 0.00125%. The protein concentration of
levansucrase enzyme mixture was determined as 0.06 ± 0.01mg/mL.
The purity of the protein was shown by electrophoresis (Fig. 2) as there
was one significant band with the expected molecular mass of le-
vansucrase, 47 kDa (Erdal et al., 2017). These results showed that the
enzyme mixture could be used without further purification.

3.2. In situ FOS production in carob juice

Levansucrase was used for in situ fructooligosaccharide production
in carob molasses. After 6 h of levansucrase reaction, there was a 6.5%
increase in kestose and 4% decrease in sucrose content of carob mo-
lasses (Fig. 3). Significant positive correlations were observed between
sucrose concentration and 6-kestose (r= 0.831, P < 0.01). Addition of
levansucrase resulted in conversion of sucrose and the released fructose
units were further converted to kestose. Carob fruit naturally contains
1-kestose (Petkova et al., 2017). Therefore the produced carob molasses
contain higher amount of prebiotic FOS than the traditional product.
Best of our knowledge, this is the first study where 6-kestose was pro-
duced in carob molasses using levansucrase enzyme.

Fig. 1. Process scheme of levansucrase and 6-kestose containing fruit juice
production.
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3.3. Stability of kestose in carob molasses

Levansucrase treated carob molasses were stored for 4months at
20 °C to evaluate the stability of the produced 6- kestose.

There was 2.8% 1-kestose in control carob samples. The sucrose
content of control samples decreased until the third month of storage
(P < 0.05) and this is probably due to the inversion of sucrose (Fig. 3).
Moreover, the kestose content of control sample decreased during sto-
rage and the decrease at the second month was significant (P < 0.05).
Thus, 1-kestose naturally present in carob molasses was not stable
during storage and decreased by around 40% (Fig. 3).

The sucrose and kestose content of levansucrase treated samples, on
the other hand, showed a decrease in the first month and remained
stable during the rest of the storage. The amount of decrease of kestose
was around 30% at the end of storage, and when compared with the

control group samples, the reduction in kestose amount is due to the
degradation of 1-kestose.

In control group, the storage time showed a very high negative
correlation with 1-kestose (r=−0.907, P < 0.01), however, storage
time did not correlate with 6-kestose in levansucrase treated carob
molasses. As a result, in this study, 6- kestose was produced in carob
molasses and was shown to be stable during storage.

The stability of added FOS was investigated in fruit juices in other
studies. In a study, FOS produced by a fructosyltransferase from
Aspergillus oryzae was added to different fruit juices and FOS content
decreased after 4months of storage at ambient temperature and after
6months at refrigeration temperature (Renuka et al., 2009). These re-
sults are similar to obtained results, and show that storage up to
4months at room temperature is suitable in terms of FOS stability.

3.4. Quality characteristics of levansucrase treated carob molasses

Titratable acidity, color and non-enzymatic browning index of le-
vansucrase treated and control carob molasses were followed at
monthly intervals for 4months (Table 1). Furthermore, the effect of
storage time on selected quality parameters of carob molasses were
determined by Pearson correlation coefficient.

In levansucrase treated group, the storage time had a very high
positive correlation with a* value (r= 0.926) and ΔE* (r= 0.916), and
a high positive correlation with NEB (r= 0.890), negatively correlated
with L* (r=−0.807), sucrose (r=−0.908), and 5-HMF
(r=−0.838). In control group, the storage time had a very high po-
sitive correlation with NEB (r= 0.907), ΔE* (r= 0.904), and a high
positive correlation with 5-HMF (r= 0.898).

There was no significant change of acidity of control sample during
storage. The acidity of levansucrase treated samples were stable during
3months and then decreased at the fourth month of storage
(P < 0.05). Still, the difference between the acidity of control and le-
vansucrase samples after 4months of storage was not statistically sig-
nificant. Thus, levansucrase addition and the formation of 6-kestose did
not significantly change the acidity of the final product.

The color parameters (L*: lightness, a*: redness and b*: yellowness)
were also determined to evaluate browning in carob molasses (Table 1).
At the beginning of storage, L* values of control and levansucrase
treated sample were found to be 21.59 and 22.13, respectively
(P < 0.05). L* values of control and levansucrase treated sample de-
creased 4.63% and 3.48% after 4months of storage (P < 0.05). It was
also observed that L* and b* parameters decreased, whereas a* in-
creased at the end of the storage. There was a decreasing trend in L*

Fig. 2. Analysis of Z. mobilis levansucrase fractions on 12% SDS-PAGE. L:
protein ladder, 1: fermentation supernatant 2: Levansucrase after lyophilization
and dialysis. Levansucrase band is marked with an arrow.

Fig. 3. Changes in sucrose and kestose content of carob molasses during storage at 20 °C. A: Control B: Levansucrase treated. a-dDifferent letters represent significant
differences in sucrose content of samples during storage (P < 0.05). A-CDifferent letters represent significant differences in kestose content of samples during storage
(P < 0.05).
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values for both group at the end of 4months storage, a reduction in the
L* value indicated browning reaction (Baltacı, Ilyasoglu, Gundogdu, &
Ucuncu, 2016). At the end of storage, L* value of levansucrase sample
was found to be higher than control (P < 0.05), and no significant
differences were observed in a* and b* values.

L* values for both control and levansucrase treated samples showed
a high negative correlation with ΔE* (r=−0.970 for control,
r=−0.922 for levansucrase treated). It was also observed that a* value
of control sample was higher than levansucrase treated at the 0th
month (P < 0.05), and no significant differences were found in a*

values for both group at the end of storage. The increase in a* value of
samples during storage indicated that the color of juices become darker.
The a* values of levansucrase treated samples showed a high correlation
with L* (r=−0.804), ΔE* (r= 0.878) and 5-HMF (r=−0.829).

Özhan, Karadeniz, and Erge (2010) reported that color parameters
which were positively correlated with browning index and HMF may be
used instead of the measurement of the browning index or HMF for-
mation. In the same manner, a high redness (a) value is not desired
because it occurs as a result of excessive caramelization of sugars.
Therefore, a low redness (a) and high brightness (L) value indicates that
the molasses are of good quality (Tetik, Turhan, Karhan, & Öziyci,
2010). Besides, a reduction in the L* value indicated browning reaction
(Baltacı et al., 2016). In this study, L* values of the control sample were
decreased during storage, meaning that browning reactions occurred.
After 1month of storage, L* values of levansucrase sample was also
decreased during storage. However, the decrease in L* values was lower
than L* values of the control sample. Following these, it can be said that
the browning reactions in levansucrase treated sample occurred slower
when compared to the control.

The browning of fruits and fruit-based products is one of the main
causes of quality loss during processing. The non-enzymatic browning
reaction is a very complicated process. However, for the formation of
brown macromolecule substances, i.e. the browning products, we can
use the so-called “browning index” to monitor the reaction process of
the entire non-enzymatic browning reaction (Yu, Li, Yang, & Yu, 2018).
NEB is one of the most important chemical reactions responsible for
quality and color changes during the heating or prolonged storage of
juices. It is considered as a Maillard reaction when it is initiated by the
condensation of the carbonyl group of reducing sugars with free amino
groups of amino acids and/or proteins. It is a chemical process that
produces a brown color in foods without the activity of enzymes.
Monitoring of browning process/identification of browning markers is
very important quality control process for fruit juices (Bharate &
Bharate, 2014). The most common method for characterizing browning
is the measurement of absorbance at 420 nm. Significant correlations
were obtained between A420 and CIE-Lab color parameters, suggesting
that all three values would be suitable as an index of browning (Bharate
& Bharate, 2014). Özhan et al. (2010) also found that there were good
correlations between 5-HMF and color parameters (C and L) and also
between 5-HMF and browning index.

The total color difference (ΔE*) is commonly used as a color quality
indicator in food industry. Perceivable color differences can be classi-
fied analytically as not noticeable (0–0.5), slightly noticeable (0.5–1.5),
noticeable (1.5–3.0), well visible (3.0–6.0) and great (> 6.0) (Wibowo
et al., 2015). The ΔE* values of control and levansucrase treated sample
were found as 1.39 and 0.90 at 0th month (P < 0.05), respectively. No
visual differences in color of carob molasses were perceived im-
mediately after production, since ΔE* values of both sample reflected
slightly noticeable color difference. In general, there was an increasing
trend of the ΔE* values in samples for both sample group up to the 4th
month of storage. According to the results, ΔE* values of levansucrase
treated sample was lower than control during 4months of storage.
There were noticeable color differences of control and levansucrase
treated samples (P < 0.05), found to be 2.20 and 1.63 at 4th month.

Similar to our findings, Wibowo et al. (2015) reported that ΔE* of
orange juice increased during storage or in other words the color afterTa
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storage was more perceivable than at the beginning of storage.
NEB of levansucrase treated sample was lower than that of control

before storage (P < 0.05). After 4months of storage, color difference
and NEB of levansucrase treated sample were also significantly lower
than control (P < 0.05) and these results show that the quality of le-
vansucrase treated product is better than that of traditional carob mo-
lasses. In addition, ΔE* of both samples showed a high positive corre-
lation with NEB (r= 0.825 for control, r= 0.835 for levansucrase
treated) and this correlation means that an increase in ΔE* values can
be related to enhanced nonenzymatic browning of carob molasses
during storage.

Our results also show that appearance of levansucrase treated carob
molasses is similar to that of the traditional product. This is quite im-
portant as consumer perception is very important in formulating
functional food products and those are similar in appearance to a
conventional food are preferred.

3.5. The effect of levansucrase activity on 5-HMF formation

5-HMF is used as one of the quality parameters for fruit juices and
concentrated fruit syrups. 5-HMF is an intermediate product of the non-
enzymatic browning reactions (Tontul & Topuz, 2017). Furthermore, 5-
HMF can form under acidic conditions even at low temperatures (Anese
& Suman, 2013). The International Federation of Fruit Juice Processors
(IFFJP) has recommended maximum concentrations of 5–10mg/kg and
25mg/kg in fruit juices and concentrates, respectively. 5-HMF is con-
sidered as the main quality index of the molasses (Toker, Doğan, Ersöz,
& Yılmaz, 2013).

In this study, the sucrose and fructose content of carob juice was
decreased upon the activity of levansucrase; sucrose was hydrolyzed,
and the released fructose units were converted to 6- kestose. This in
turn might result in a decreased amount of 5-HMF formation. Following
this, the amount of 5-HMF during storage was monitored by HPLC and
results are given in Fig. 4.

The initial 5-HMF values of control and levansucrase treated sam-
ples were very close. Initial formation of 5-HMF is due to the presence
of free fructose formed during evaporation of carob molasses in a rotary
evaporator. Further increase in 5-HMF levels is due to the degradation
of sucrose during storage. 5-HMF levels increased significantly at the
third and fourth months of storage for the control sample (P < 0.05)
and was 20.58mg/kg. 5-HMF levels of levansucrase treated carob

molasses, on the other hand, did not increase during storage and was
15.31mg/kg.

Studies show that although the initial 5-HMF value of carob mo-
lasses was determined as 11.1 mg/kg; it increased 10 fold after eight
months of storage at 25 °C (Oral, 2012). In an attempt to prevent 5-HMF
formation different types of inulin were directly added to caramel, and
these resulted in a decreased 5-HMF content after storage (Dogan &
Toker, 2015). In the current study, in situ production of 6- kestose also
resulted in the prevention of 5-HMF formation. The activity of le-
vansucrase prevented the formation of 5-HMF by decreasing the
amount of available precursors. Apart from temperature, 5-HMF for-
mation in foods is dependent on the sugar type (Lee & Nagy, 1990).
Hydrolysis of sucrose by levansucrase results in release of glucose and
fructose. Further transfructosylation activity of levansucrase, on the
other hand, decreases the amount of free fructose as fructosyl units are
converted to FOS. Fructose was reported to be about 40 times more
reactive than glucose as a precursor of 5-HMF (Lee & Nagy, 1990).
Therefore, although the amount of total glucose increased upon le-
vansucrase reaction, the amount of 5-HMF decreased due to the lower
amounts of more potent precursor fructose. There are other examples of
enzymatic approaches for increasing product safety and/or nutrition; 1-
Asparaginase was used to transform asparagine, the main precursor of
acrylamide formation and thus can be used to reduce acrylamide for-
mation (Hendriksen, Kornbrust, Østergaard, & Stringer, 2009; Xu,
Oruna-Concha, & Elmore, 2016). Our results show that levansucrase
and similar enzymes can be used to prevent 5-HMF formation via en-
zymatic elimination of reducing sugars.

Pearson correlation analyses were performed between 5-HMF con-
centration and several quality parameters such as color and NEB index
in carob molasses. According to the results, 5-HMF correlated sig-
nificantly with a* value of levansucrase treated carob molasses
(r=−0.829, P < 0.01). In addition, high positive correlations were
observed for control group between 5-HMF concentration and NEB
(r= 0.833) and ΔE* (r= 0.954), where a negative significant correla-
tion was found between the 5-HMF and L* value (r= -0.941,
P < 0.01). These results indicated that a reduction in the L* value and
an increase in the NEB and ΔE* values can be related to a rise in the 5-
HMF content of control group, and a reduction in a* value of levansu-
crase treated sample can be related to an increase in 5-HMF.

Similar findings were reported by Baltacı et al. (2016) as such that a
negative significant correlation was found between the 5-HMF and L*

values of Herle, where a positive significant correlation was found be-
tween the 5-HMF and both a* and b* value. Also, they found a relation
between 5-HMF formation and color changes during browning reac-
tions.

4. Conclusions

There is an increasing demand for foods with health benefits beyond
nutrition and especially fruit based functional products are of prime
interest due to their intrinsic health promoting effects. In this study, for
the first time, prebiotic 6- kestose was successfully produced in carob
molasses using levansucrase and therefore a functional food with in-
creased prebiotic content was produced. Furthermore, the produced 6-
kestose was stable during storage and did not negatively affect the
quality properties of the final product. The substrate for levansucrase
activity is sucrose and fructose; thus the reaction resulted in a decreased
amount of sugars in carob molasses. Therefore, the reduced amount of
sugars prevented the formation of 5-HMF during storage. As a result,
with this study, carob molasses has been converted into a high-quality
functional food product with both its increased FOS content and de-
creased 5-HMF quantities. To the best of our knowledge, this is the first
study where an enzyme-catalyzed reaction strategy is used to prevent
the formation of 5-HMF. This approach has the potential to be used in
many fruit product related industries where the 5-HMF formation is a
significant problem.

Fig. 4. Changes in 5-HMF contents of control and levansucrase treated carob
molasses during storage at 20 °C. Statistically significant differences between
mean values (P < 0.05) are indicated by different lowercase letters (among
control group), different uppercase letters (among levansucrase group), and
asterisks (between control and levansucrase groups at the same storage month).
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üzerine de çalışmalar yapmaktadır. 2007 yılından itibaren ODTÜ 
Gıda Mühendisliğinde öğretim üyesi olarak çalışmaktadır.

Dr. Öğr. Üyesi Sevil Çıkrıkçı
Dr. Sevil Çıkrıkcı 2011 yılında Orta Doğu Teknik Üniversitesi (ODTÜ) 
Gıda Mühendisliği Bölümü’nden lisans derecesini almıştır. Hemen 
ardından ODTÜ Gıda Mühendisliği yüksek lisans programına baş-
lamış olduğu dönemde eş zamanlı olarak ETİ GIDA A.Ş.’de Ürün 
Geliştirme Mühendisi olarak kısa bir süre görev almıştır. Çalışma-
larına sonrasında ODTÜ Gıda Mühendisliği Bölümü’nde Araştırma 
Görevlisi olarak (2012-2018) devam etmiş olup yüksek lisans (2013) 
ve doktora (2019) derecelerini aynı bölümde tamamlamıştır. “Gıda 
ve hidrojel sistemlerinde kütle transferi sürecinin manyetik rezonans 
görüntüleme ve NMR relaksometre ile deneysel ve matematiksel in-

celenmesi” başlıklı doktora tezinin yanı sıra hidrojellerin kontrollü salım sistemi olarak kullanımı 
ile ilgili pek çok çalışmada yer almıştır. Doktorasının son senesinde (2018-2019) TÜBİTAK 
bursu ile Kaliforniya Üniversitesi Berkeley’de “Bioscience” departmanında 1 yıl ziyaretçi araş-
tırmacı olarak bulunmuş ve burada da üç boyutlu baskı ile hidrojel üretimi çalışmalarına dahil 
olmuştur. TOBB ETÜ Biyomedikal Mühendisliği Bölümü’nde “Isı ve Kütle Transferi” alanı ile 
ilgili ders vermek üzere yarı zamanlı olarak (2020) görev almıştır. 2020 Ağustos ayından itibaren 
Konya Gıda ve Tarım Üniversitesi, Gıda Mühendisliği Bölümü’nde Dr. Öğretim Üyesi olarak 
çalışmaktadır.
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ÖZET

Son yıllarda hidrojellerin gıda, ziraat ve doku mühendisliği gibi pek çok alanda uy-
gulaması yaygınlaşmıştır. Bu jel yapılarının özellikle kontrollü salım sistemlerinde 
taşıyıcı amaçlı rol oynaması, aktif maddelerin degredasyonunu önlemesi ve biyo-
verimliliği artırması gibi özellikleri kullanım alanlarını ve önemini artırmıştır. Hidro-
jeller fiziksel ya da kimyasal çapraz bağlar yardımıyla kendi stabil yapısını koruya-
bilme potansiyeline ve de büyük oranda su tutabilme kapasitesine sahip olan üç 
boyutlu polimer ağlardır. Hidrojeller çevresel koşulların değişmesiyle (pH, sıcaklık, 
ışık, manyetik alan gibi) içinde hapsetmiş olduğu maddenin hedef ortamda kont-
rollü salımını sağlayabilmektedir. Terapötik proteinler kontrollü salınım gerektiren 
bileşenler arasındadır ve ağız yoluyla direk olarak alınmasında bazı kısıtlamalar 
bulunmaktadır. Bu durumun başlıca nedenleri hedef proteinin sindirim sisteminde 
enzimatik degradasyona uğraması ve asidik mide ortamında zarar görüp bağır-
sak ortamına aktarılamamasıdır. Kandaki şeker seviyesini ayarlayan hormon olan 
insülin de bu proteinlerden biri olup ağız yoluyla alımında sıkıntılar yaşanmaktadır 
ve ilaç sektöründe hala bu alanda bir açık bulunmaktadır. Bu amaçla insülin taşıyı-
cı çeşitli hidrojel formülasyon çalışmaları bulunmasına rağmen daha iyi karakteris-
tik özellik ve ticari kullanıma uygunluk vaat eden hidrojel tasarımlarına hala ihtiyaç 
duyulmaktadır. Doğal ya da sentetik polimerler, ağız yoluyla insülin alımını sağla-
mak amacıyla insülin salınım sistemleri geliştirilmesinde kullanılmaktadır. Doğal 
polimerler, biyouyumlulukları, biyoçözünürlükleri ve toksik olmama gibi özellikleri 
ile hidrojel çalışmalarında öne çıkmaktadır. Bu çalışmada aljinat (ALG) polisakka-
riti belirli yüzdelerde (%100, %75, %50, %25) kitre zamkı (GT) ile yer değiştirilmiş 
ve insülin ile yüklendikten sonra önceden hazırlanmış kalsiyum klorür çözeltisinde 
iyonik jelasyona maruz bırakılarak hidrojeller elde edilmiştir. Ayrıca bazı örnekler-
de jellerin stabilitesini arttırmak için kalsiyum klorür çözeltisinin %50 oranı pozitif 
yüklü kitosan (CH) çözeltisi (%0,5) ile karıştırılmış ve aynı işlemler tekrarlanmıştır. 
Deney sonuçlarına göre, insülin transferindeki difüzyon katsayısı 10−10 m2/s dü-
zeyinde tahmin edilmiştir. NMR relaksometre sonuçları jel formülasyonuna göre 
değişiklik göstermiştir. Tekstür, FTIR ve SEM analiz sonuçları, formülasyonda GT 
oranının artmasıyla örneklerde daha yumuşak bir yapının oluştuğunu, kullanılan 
polimerler arası etkileşimin varlığını ve GT varlığı ile mikroskobik açıdan daha he-
terojen yapıda jeller elde edildiğini desteklemiştir. Çalışmanın sonuçlarına bakıl-
dığında, simüle edilmiş bir mide ortamında insülinin jel içinde korunduğu, simüle 
edilmiş bağırsak ortamında ise kontrollü salınım gösterdiği görülmüştür. Böylece, 
gıda polimerleri ile hazırlanan hidrojellerin pH duyarlılığı olan insülininin alınımın-
da fayda gösterebileceği hipotezi ve kitozan ile kompleks oluşturmuş optimum 
konsantrasyonda ALG-GT hidrojellerinin ağız yoluyla insülin alım sistemi olarak 
kullanılabileceği in vitro koşullarda gösterilmiştir. 

AĞIZ YOLUYLA ALINABİLEN İNSÜLİN YÜKLÜ pH-DUYARLI ALJİNAT / KİTRE ZAMKI 
BAZLI HİDROJELLERİN GELİŞTİRİLMESİ
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Development of pH Sensitive Alginate/Gum Tragacanth Based
Hydrogels for Oral Insulin Delivery
Sevil Cikrikci, Behic Mert, and Mecit Halil Oztop*

Food Engineering Department, Middle East Technical University, Ankara 06800, Turkey

ABSTRACT: Insulin entrapped alginate-gum tragacanth (ALG-GT) hydrogels at different ALG replacement ratios (100, 75,
50, 25) were prepared through an ionotropic gelation method, followed by chitosan (CH) polyelectrolyte complexation. A mild
gelation process without the use of harsh chemicals was proposed to improve insulin efficiency. Retention of almost the full
amount of entrapped insulin in a simulated gastric environment and sustained insulin release in simulated intestinal buffer
indicated the pH sensitivity of the gels. Insulin release from hydrogels with different formulations showed significant differences
(p < 0.05). Time domain (TD) NMR relaxometry experiments also showed the differences for different formulations, and the
presence of CH revealed that ALG-GT gel formulation could be used as an oral insulin carrier at optimum concentrations. The
hydrogels formulated from biodegradable, biocompatible, and nontoxic natural polymers were seen as promising devices for
potential oral insulin delivery.

KEYWORDS: hydrogel, insulin release, NMR relaxometry, modeling

1. INTRODUCTION

Hydrogels are three-dimensional polymeric networks that have
great potential to be used as scaffolds for tissue regeneration or
as delivery vehicles for therapeutic agents, bioactive compo-
nents, or in food systems.1 Having the ability to absorb
biological fluid or a large amount of water, hydrogels can
provide excellent biocompatibility and biodegradability and
thus can be used for designing controlled release systems.
Polymers from natural as well as synthetic sources have

recently been taken place in hydrogel formulation.2 Some of
the most commonly used synthetic polymers are poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), or poly(2-
hydroxyethyl methacrylate) (PHEMA). Natural polymers
such as alginate, chitosan, agarose, hyaluronan, collagen, fibrin,
pectin, xanthan gum, guar gum, and gelatin were also utilized
for this purpose.3−12 The advantage of natural polymers, as
compared to their synthetic ones, is their ability to degrade
within the body over time which is usually considered as the
ideal case for circulating drug delivery vehicles.6 Thus,
attention would be given for the development of biocompatible
and biodegradable hydrogels formulated with polysaccharides,
polypeptides, and proteins.
In recent years, hydrogels, particularly polysaccharides

derived from seafood and agricultural wastes and surpluses,
have been studied as delivery matrices for different compounds
and active agents.13 Pharmaceutical and medical industries
have been interested in the use of biopolymers such as alginate
owing to its unique biodegradability, biocompatibility, non-
toxicity, and immunogenicity.14 Alginates, which are a salt of
alginic acid, a family of linear unbranched polysaccharides with
varying amounts of 1,4′-linked β-D-mannuronic acid and α-L-
guluronic acid residues, are known to be an anionic polymer.15

They include carboxyl groups in each residue and thereby
could easily interact with polyvalent metal cations especially
with Ca2+ for gel formation.16 It is very popular as a pH-
responsive polymer due to its shrinkage at lower pH, which

could enable encapsulated drug retention in the stomach
protecting against enzymatic deactivation.17 Although calcium
ions are good physical cross-linkers of alginate, sometimes such
kinds of a strong interaction between calcium and the
carboxylic groups of alginate suppress drug release.17 Its
controllable degradation, ease of chemical modification, and
self-healing properties make alginate a candidate polysacchar-
ide for drug delivery.18,19 On the other hand, enzymatic
degradation, poor mechanical characteristics, and uncontrolled
drug release are among drawbacks of alginates so combining
alginates with other polymers could overcome this problem,
improving favorable properties.9,14 Synergistic interaction of
alginate with chitosan,20−22 gum arabic,23 pectin, carrageenan,
and psyllium9 have been employed previously in the literature.
To best of our knowledge, alginate (A) hydrogels combined
with gum tragacanth have not been used as a carrier and the
current study focused on this formulation.
Gum tragacanth (GT) is an anionic, branched polymer with

D-galacturonic acid, D-galactose, D-xylose, L-arabinose, and L-
fucose units.24 It includes two major fractions as bassorin or
tragacanthic acid (water swellable) and tragacanthin (water-
soluble).24 Tragacanthin, neutral fraction, has an approximate
molar mass of 104 Da including highly branched arabinoga-
lactan groups. Bassorin, the pectic component (60−70% of the
total gum) with a molar mass of around 105 Da has the ability
to swell and form a gel.25 Chitosan (CH), being biocompat-
ible, nonimmunogenic, nontoxic, and biodegradable and
exhibiting gel forming ability is another polysaccharide
preferred for biomedical and oral drug delivery applica-
tions.26−28 It is a polycation obtained by alkaline deacetylation
of chitin. While chitin, a linear homopolymer, includes β-(1,4)-
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linked N-acetyl-glucosamine units, chitosan consists of
copolymers of N-acetyl-glucosamine and glucosamine with
the availability of free amino groups.29 Chitosan has strong
mucoadhesive features owing to molecular attractive forces
created by electrostatic interaction between negatively charged
mucosal surfaces and positively charged chitosan, and thus, it
could act as permeation enhancer.30 Various studies have been
reported about the use of chitosan in delivery formulations
such as delivery of antioxidants,13 anthocyanins,8 polyphe-
nols,31 curcumin,32 iron chelator,21 bacterial cells,33 and
drugs.27,34,35

Therapeutic proteins are among such kind of agents that
need a controlled release system since there are some
limitations in their oral delivery. During passage through the
oral route, drug molecules encounter with several barriers, like
rapid enzymatic degradation, harsh acidic environment, and
poor intestinal absorption.36 One such kind of a therapeutic
protein is insulin as being the polypeptide hormone that
formed after elimination of C peptide by hydrolysis and
regulating the blood glucose level.37 Oral delivery of insulin is a
challenging issue in the drug industry. Diabetes is one of the
most dangerous modern diseases, and external insulin has
become one of the most effective treatments of diabetes.38

Since its discovery, diabetic patients take insulin solely through
injection due to previously mentioned reasons, but daily
injections raise various concerns and discomfort to patients.39

Therefore, oral administration of insulin would relieve patients
lives, and an extensive amount of studies have been going on
for this purpose.
Although there are studies about formulation of pH

responsive hydrogels for oral protein drug delivery such as
chitosan based gels,26,21,40−44 synthetic polymer based
gels,1,45−49 and composite alginate hydrogels,14,15,50−55 there
is still a need for design of hydrogel systems with better
characteristics and more suitability for desired commercial
usage.56−58 In order to enhance the oral insulin bioavailability
as well as to provide a biocompatible and stable environment
for entrapped drug, not all biopolymers show the same
effectiveness. It is altered regarding type of biopolymer and the
design techniques.39

Hydrogels usually swell in water due to the penetration of a
hydrophilic solvent caused by polymer chain relaxation and
polymer−polymer and polymer−water interactions affecting
this response.16 Similarly, release ability also shows changes
with regard to gel formulation. Diffusion, swelling, and
chemical mechanisms could explain the release of active
compounds.59 For the successful design of the drug delivery
systems and description of complete mechanisms, there is also
a need for a rigorous mathematical modeling approach.60 In
this paper, m release behavior of hydrogels was carried out
using Fick’s law of diffusion to predict effective diffusivity of
gels prepared with different polymer ratios. Since gels did not
show a considerable swelling, only diffusion as the dominant
mechanism was considered.
Nuclear magnetic resonance (NMR) relaxometry is an

noninvasive technique to examine release and solvent uptake
behaviors of polymer networks.24 It helps to identify molecular
interactions of gums and water distribution in gels without any
sample disruption.61 Since the NMR signal comes from
protons in a sample, the distribution and mobility of protons
give information about the internal structure of the sample,
particularly by measuring T1 (spin−lattice or longitudinal
relaxation time) and T2 (spin−spin or transverse relaxation

time) values.62 While T1 is a measure of the effectiveness of the
magnetic energy transfer between spinning 1H protons and the
surrounding lattice, T2 is related to the effectiveness of energy
transfer between neighboring spins which is expected to be
shorter for closer proximity between molecules.63 Therefore,
pure bulk water exhibits both higher T1 and T2 values than
solids. In addition to these time constants, the self-diffusion
coefficient (SDC), different than the effective diffusivity, is
another parameter that could be analyzed by NMR
relaxometry. NMR is an effective technique for analysis of
molecular mobility and SDC on a macroscopic scale.24

The main purpose of this study was to investigate the insulin
release profiles from alginate gels combined with GT at
different replacement ratios. Additionally, it was aimed to
analyze the effect of polyelectrolyte complexation (PEC) with
CH on gel behaviors. NMR relaxometry and textural and
microstructural analyses were performed to comprehend the
gel characteristics. Experimental data obtained from chromato-
graphic measurements were also used for estimation of D
values. The findings of this study could be promising to
develop new hydrogel formulations to fulfill therapeutic needs.

2. MATERIALS AND METHODS
2.1. Materials. The polysaccharides sodium alginate with low

viscosity (viscosity of 1% aq solution: <300 cps) (FMC, Scotland)
and GT (C.E. Roeper GmbH, Hamburg, Germany) were obtained by
the FMC group (FMC BioPolymer, Philadelphia, USA). CH
(deacetylation degree >75% and medium molecular weight) was
provided from Sigma-Aldrich (St. Louis, MO) to be used in the
experiments. Absolute hydrochloric acid (37%, with density of 1.19 g/
cm3 at 20 °C, boiling point of 45 °C, melting point of −28 °C) and
potassium dihydrogen phosphate (KH2PO4) (EMSURE ISO) were
obtained from Merck (Germany). Calcium chloride dihydrate,
sodium chloride, and sodium hydroxide were obtained from
Sigma−Aldrich (St. Louis, MO). Standards, insulin human (≥27.5
units/mg, meets USP testing specifications), and m-cresol (99%)
were purchased from Sigma−Aldrich (St. Louis, MO). Humulin R
(100 IU/ml, Eli Lilly and Company, France) was used as the insulin
source in all experiments.

Double distilled water from a water purification system (Nanopure
Infinity, Barnstead International, IA) was used for preparation of
HPLC phase solutions. All other chemicals used were of analytical
grade.

2.2. Gel Preparation. Hydrogels were prepared by immersing
gelation solution including alginate (A) and gum tragacanth (G) at
different ratios into the gelation solution containing CaCl2 (1.5% (w/
w)) and with/out chitosan solution (0.5% (w/v)). The total
concentration of polymers (A and G) was kept at 1% (w/w). All
formulations were presented in Table 1.

Polymers alginate and gum tragancth in water were stirred at
10,000 rpm for 2 min using Ultra Turrax T-18 (IKA Corp., Staufen,
Germany) in two separate beakers. After combining of them, they
were left at the magnetic stirrer for 1 h at room temperature. Then 2.5

Table 1. Composition of Hydrogels

Sample A:G ratio (%) Binding solution

100A 100:0 1.5% CaCl2
100A CH 100:0 1.5% CaCl2 + 0.5% Chitosan (at equal ratio)
75A 75:25 1.5% CaCl2
75A CH 75:25 1.5% CaCl2 + 0.5% Chitosan (at equal ratio)
50A 50:50 1.5% CaCl2
50A CH 50:50 1.5% CaCl2 + 0.5% Chitosan (at equal ratio)
25A 25:75 1.5% CaCl2
25A CH 25:75 1.5% CaCl2 + 0.5% Chitosan (at equal ratio)
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mL of humulin was added to the 100 g polymer solution and stirred at
5,000 rpm for 2 min.
To prepare chitosan solution, the same procedure given in the

study of Xu and Dumont (2015)64 was followed. First 5.0 g of
chitosan was dissolved in 500 mL 1% HCl solution. The pH of the
solution was then adjusted to 5.5 with 1 M NaOH and diluted to give
a final volume of 1 L.64 At 25 °C, A−G solution was poured into mesh
plastic baskets by immersing into the binding solutions (with/out
chitosan) at the same time. The resulting gels were allowed to harden
in the gelation solution overnight and then washed with distilled
water. Then they were cut into cylinders of 2 cm length and 1.3 cm in
diameter.
2.3. Zeta Potential Measurement. The zeta potentials of the

solutions were measured by using a nano ZS90 (Malvern Instruments,
UK). Experiments were conducted at the METU Central Laboratory.
2.4. In Vitro Insulin Release Studies. The digestive media, SGF

and SIF were prepared regarding to the method used by Xu and
Dumont (2015).64 Since preliminary experiments showed that
enzymes caused rapid degradation of insulin in the release media,
SGF and SIF were prepared with free enzyme. A similar approach was
also followed by other researchers.65,66 For digestion mediums, similar
to the study of Xu and Dumont (2015),64 SGF (pH 1.2) was
prepared by dissolving 2.0 g of NaCl in 7 mL of concentrated HCl
and setting the final volume to 1 L after adjusting pH to 1.2. For SIF
(pH 6.8), 6.8 g of KH2PO4 was dissolved in 250 mL of distilled water,

then 77 mL of 0.2 N NaOH solution was added and the final volume
of 1 L was diluted adjusting pH to 6.8.

After blotting the gels with a tissue paper as much as possible, each
hydrogel was suspended in 40 mL of digestive medium at 37 °C and
stirred at 80 rpm for 24 h. At determined time intervals (0.5, 1, 2, 3, 4,
5, 6, and 24 h), an aliquot sample (1 mL) was taken from the release
medium to analyze insulin content by reverse-phase high performance
liquid chromatography (HPLC) (Shimadzu, Japan) using an RP 18e
Chromolith HPLC column (4.6 mm, 2 μm diameter, Merck,
Germany).

For HPLC experiments, the mobile phase was a premixed isocratic
mixture of 0.2 M sodium sulfate anhydrous solution adjusted to pH
2.3 with phosphoric acid and acetonitrile (72:28, v/v).67 The flow rate
was 1.0 mL min−1 at 40 °C, and the injection volume was 20 μL.68

The eluent was monitored at 214 nm.44 Calibration curve of insulin
was prepared with insulin human standard solutions of known
concentrations. All experiments were done at least duplicate.

2.5. Modeling Release Behavior of Gel Samples. Effective
diffusion coefficients for release of insulin from each gel sample were
predicted by using the mass transport equation for diffusion in infinite
plane and infinite cylinder in a stirred solution of limited volume69

combining using the product rule. The solution for finite cylinder
geometry was found as given:24

Figure 1.
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whereMt/Minf is the ratio the instantaneous uptake (Mt) to the uptake
at long times (M∞). R is radius and h is the height of the samples,
respectively. γ indicates the ratio of the volume of the solution to the
volume of sample. The effective diffusion coefficient is represented as
“D”. The qm’s are the nonzero positive roots of

q J q J q( ) 2 ( ) 0m m m0 1γ + = (2)

and pn’s are the nonzero positive roots of

Figure 2.

Figure 3.
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p ptan( )n nγ= − (3)

Equation 1 was used to fit experimental data, and then diffusion
coefficients were estimated by using the Matlab function “lsqnonlin”.
2.6. Texture Profile Analysis. Textural properties of gels were

evaluated by using a texture analyzer (TA.XTPlus, U.K). One cm
diameter cylindrical probe was used for gel samples having
dimensions of 3 cm × 3 cm × 2 cm. Gel samples were compressed
to 80% of their initial height at a 1 mm/s pretest speed. One mm/s
test speed and 10 mm/s post-test speed with 60 s holding time were
then used.70 From the texture profile curve, firmness and springiness
values were obtained. Six replicates from three different sets of gel
solutions were measured to take averages of them for interpretation.
2.7. Scanning Electron Microscopy (SEM). Morphological

properties of hydrogels were analyzed with a scanning electron
microscope (FEI Nova NanoSEM 430, Oregon, USA). Samples for
SEM were first freeze-dried (Christ, Alpha 2-4 LD plus, Germany). A
thin layer of gold was used for coating and then samples were
analyzed at an acceleration voltage of 20 kV. Images were observed at
magnification levels of 80×, 300×, and 10000×. Analyses were done
at Metallurgical and Materials Engineering Laboratory of METU
(Ankara, Turkey).
2.8. Fourier Transform Infrared (FTIR) Spectroscopy. FTIR

spectra of hydrogels and also alginate, gum tragacanth, and chitosan
powders were performed by IR Affinity-1 Spectrometer using
Attenuated Total Reflectance (ATR) attachment unit (Shimadzu
Corporation, Kyoto, Japan). The range between the 4000 and 400
cm−1 region at 4 cm−1 resolution for 32 scans was used. Before the
analysis, the gel samples were freeze-dried (Christ, Alpha 2−4 LD
plus, Germany) at 48 h after the refrigeration period.71

2.9. NMR Relaxometry Measurements. A 0.32 T NMR system
(Spin Track SB4, Mary El, Russia) was used to conduct NMR
measurements. The parameters were set according to the study of
Ozel et al. (2017).24 To measure spin−lattice relaxation (T1) time, a
saturation-recovery pulse sequence was used with 15 s time of
observation with 8 scans. Delay time was changed in the range of 0.5
ms to 2 s with 1024 acquisition points. To measure spin−lattice
relaxation (T2), Carr−Purcell−Meiboom−Gill (CPMG) sequence
was performed. 6 s relaxation period with 32 scans, 1 ms echo time,
800 echoes was used. Self-diffusion coefficients (SDCs) of hydrogels
were determined by a pulse gradient spin echo sequence with 90°

pulses and three 22 us, with an acquisition time of 500 us. Two
milliseconds was used as the time interval between the first and the
second pulses. The time interval between the second and the third
pulses was taken as 60 ms. The duration of the pulsed gradient field
and the gradient strength were set as 1 ms and 1.66e−2 T/m,
respectively. All NMR measurements of hydrogels were conducted at
0 and 6 h, and all NMR results were analyzed using MATLAB.

2.10. Statistical Analysis. Statistical analyses to determine
differences in gel characteristics were accomplished by analysis of
variance (ANOVA) using Minitab (Version 16). Tukey’s test at the
5% significance level was used for comparison.

3. RESULTS AND DISCUSSION
3.1. Release Profiles. The HPLC chromatogram of

Humulin (as two peaks) released from gels after incubation

in the biological fluids gave a similar retention time with
insulin and m-cresol standards (Figure 1). It was confirmed
that the first peak belonged to insulin while the second peak
represented m-cresol. The insulin release study of gel samples
was initially conducted in both SGF and SIF. Since an initially

Figure 4.

Table 2. SDC Values of Gel Samplesa

SDC 0 h (m2/s) SDC 6 h (m2/s)

Hydrogels
100A (1.67 ± 0.24) × 10−9 a (1.86 ± 0.24) × 10−9 a

75A (2.06 ± 0.23) × 10−9 a (2.07 ± 0.26) × 10−9 a

50A (2.16 ± 0.05) × 10−9 a (2.14 ± 0.18) × 10−9 a

25A (2.13 ± 0.13) × 10−9 a (1.81 ± 0.09) × 10−9 a

Hydrogels
100A CH (2.01 ± 0.17) × 10−9 a (1.53 ± 0.05) × 10−9 a

75A CH (2.30 ± 0.07) × 10−9 a (1.72 ± 0.08) × 10−9 ab

50A CH (1.98 ± 0.13) × 10−9 a (1.79 ± 0.13) × 10−9 ab

25A CH (2.25 ± 0.06) × 10−9 a (2.04 ± 0.13) × 10−9 b

aResults are mean values and errors are represented as standard
deviation for at least two replicates in each gel sample. Lettering was
done for each subgroup separately (p < 0.05).
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small amount of insulin in buffer was obtained but then no
considerable cumulative release rate was observed in SGF
(Figure 2), due to the acidic pH and gels not releasing out
insulin at that pH, release behavior SIF were just evaluated for
further experiments (Figures 3). In order to understand
whether the reason for not detecting insulin in SGF was either
low release rate or destruction of insulin due to low pH, insulin
loaded gels were completely disintegrated in SGF using a high
shear homogenizer and HPLC analysis was conducted for the
medium. Since the samples gave identifiable insulin content,
this implied that hydrogel created a controlled release system
protecting insulin from burst release in SGF, on the other side
showing cumulative release up to 70% in SIF. Although the
release study was continued for 24 h, only 6 h release was
figured out due to insulin degradation after that period.
The intestine is usually seen as the main absorption site for

oral formulations; thus, it is meaningful to focus on an
intestine-targeted delivery system that remains intact at the
acidic pH of the stomach but dissociates and releases the drug
at the alkaline pH of the small intestine.72 In intestinal media,
calcium ions are also lost from the gels due to formation of
calcium phosphate salts in SIF64 causing weakening in the
structure and thereby increasing release. It is possible to list
other possible interactions that contribute to the three-
dimensional cross-linked gel networks: the guluronic and
mannuronic acid units and interchain hydrogen bonds, the
junction formed by the calcium ion; electrostatic interactions
(between opposite charges of the biopolymers), GT-ALG
interactions, interactions between insulin and polymers.73,74

Like alginate, GT has a carboxyl group due to the existence of
galacturonic acid, and this means that the charge differences in
GT are induced by this carboxyl group.75 This carboxyl group
(COO−) could interact with the amino group (NH3

+) of
cationic polymer (chitosan) and proceeds ionic complexation
between the two polymers via polyelectrolytes interactions
depending on medium pH.75,76

The ionizable groups present in the polymer backbone are
mainly responsible for pH responsive behavior of the
hydrogels. When gels are exposed to an aqueous solution of
an appropriate pH and ionic strength, these groups would
ionize and emerge a fixed charge along the polymer.6 Anionic
hydrogel network had potential to swell in solutions at pH >
pKa (dissociation constant) due to presence and repulsions of
ions, while cationic hydrogels were swollen at pH < pKa since
cationic pendant groups are protonated at pH less than pKa.

6

Due to its structure, alginate gel is stable in the acidic pH of
the stomach, while it swells and begins dissolving in the
intestinal alkaline pH > 6.26 At SIF, pH (6.8) is higher than the
pKa of alginate (3.38−3.65) and GT (at around 3) making
them negatively charged. Thereby, the hydrogel network
composed of both anionic and cationic polymers had a
complex nature that differs regarding the composition. At
intestine media, both polysaccharides were strongly negatively
charged; thus, steric and electrostatic repulsions between the
side chains played an important role in the release of insulin.
ALG, GT, and CH underwent physical cross-linking owing to
charge or hydrophobic interactions, electrostatic repulsions, as
well and their interactions shaped release mechanism.
Furthermore, the isoelectric point (pI) of the target protein,
insulin (pI of 5.5−6.4), also played an important role in the gel
response to environmental conditions. Insulin is a relatively
small hydrophilic, water-soluble protein with molecular weight
of approximately 6000.78 Since insulin is composed of 10
amino acid residues capable of attaching a negative charge and
the 6 amino acid residues capable of attaining a positive charge,
it has an amphiphilic character.79 When pH > pI, the charge
status of insulin becomes negative.39 Although insulin becomes
negatively charged at intestinal pH, it could still include a few
positive charges in its own structure. These properties were,
thereby, possibly responsible for the entrapment of insulin in
the hydrogel network.26

ALG-GT hydrogels without CH exhibited a similar release
profile during early times. Beginning from 3 h, distinction
between samples began to appear in release percentages but
significant difference occurred at the end of 5 and 6 h (p <
0.05). After the end of 5 h, 25A hydrogels gave the highest
release differing from other samples (p < 0.05). As insulin was
expelled from the gel, charge density differed and sample with
high GT concentration, 25A, promoted higher insulin release.
On the other hand, PEC with CH created differences between
samples even at early times (p < 0.05). Unlike to standard
hydrogels, PEC gels with CH showed a different release
pattern with changing gum ratios (p < 0.05). Similar to ALG-
GT gels, 75A-CH gels retarded release through all period and
release of 50A-CH approached 25A-CH gels giving high and
closer results, especially exhibiting the most similar results with
25A-CH at the end of 5 h (p < 0.05) (Figure 3b). Thereby, a
release time of 5 h was obtained as the critical time for
differentiation of hydrogels formulations both with CH and
without CH. It has been demonstrated that chitosan based
formulations had easy paracellular transport of agents and good
mucoadhesive property due to electrostatic interaction

Table 3. Textural Properties of Fresh Gel Samplesa

Hardness (g) Springiness

Hydrogels
100A 888.27 ± 61.12a 3.94 ± 0.18a

75A 406.31 ± 27.69b 8.24 ± 0.57b

50A 241.75 ± 6.55c 9.68 ± 0.51c

25A 73.87 ± 10.59d 7.45 ± 0.59d

Hydrogels
100A CH 505.05 ± 54.82a 8.29 ± 0.97a

75A CH 237.50 ± 34.80b 12.73 ± 0.95b

50A CH 157.82 ± 12.70c 15.25 ± 0.77c

25A CH 127.52 ± 13.47d 6.52 ± 0.82d

aResults are mean values and errors are represented as standard
deviation for at least two replicates in each gel sample (n = 5).
Lettering was done for each subgroup separately (p < 0.05).

Table 4. Diffusion Coefficients of Gel Samplesa

D (m2/s) R2

Hydrogels
100A (7.29 ± 0.95) × 10−10 b ≥0.87
75A (3.34 ± 0.15) × 10−10 a ≥0.90
50A (2.98 ± 0.25) × 10−10 a ≥0.80
25A (2.48 ± 0.31) × 10−10 a ≥0.70
Hydrogels
100A CH (2.75 ± 0.92) × 10−10 a ≥0.80
75A CH (3.94 ± 0.79) × 10−10 a ≥0.70
50A CH (3.45 ± 0.21) × 10−10 a ≥0.90
25A CH (2.73 ± 0.04) × 10−10 a ≥0.80

aResults are mean values and errors are represented as standard
deviation for at least two replicates in each gel sample. Lettering was
done for each subgroup separately (p < 0.05).
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between negatively charged sialic acid of mucin and positively
charged chitosan with abundant amino groups.27 Gel
formulation with chitosan and anionic polymer could protect
therapeutic agent from gastric degradation but allow the agent
to release in intestine through electrostatic interaction. As gel
moves to intestine, at alkaline pH, the negative charge of A and
GT was higher, sequestering the positive charge of CH,
resulting in gel dissolution and acceleration of the drug
release.80

In order to understand the reasons for these results, the pH
values of each gel solution during preparation were also
compared. They varied from 6.1 to 6.9 (from 25A to 100A)
which showed that pH increased as GT ratio decreased.
According to this finding, higher repulsion was expected to
occur due to higher negative charge in the gel network as GT
concentration decreased and so higher release at lower GT

ratios. However, opposite behavior was observed. This showed
that rather than the charge effect of polysaccharides, cross-
linking between target protein−polysaccharides and gel
internal structure through electrostatic interactions predomi-
nated the release pattern. GT is a branched and heterogeneous
polysaccharide including both water-soluble and water swel-
lable units.81 This high hydrophilicity of GT side residues
could have enhanced the interaction between gel and
absorbed, thus resulting in higher opening of the network.
Overall, the ranges of insulin release from PEC with CH in

intestine were observed to be higher than that from gels
without CH. PEC with CH weakened the gel structures,
leading to structural defects within the hydrogels. This
promoted faster release rates. It shows that binding solution
with both calcium and CH was not strong enough to retain
insulin in the gel matrix as solution with only calcium. Cross-

Figure 5.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.8b02525
J. Agric. Food Chem. 2018, 66, 11784−11796

11790



28

linking density was reduced and caused erosion of polymers in
CH complex gels. At intestinal pH (>6.5), CH could loose its
positive charge and become weaker.39 Electrostatic interaction
between the protein and the polyanion might also favor the

retention of insulin within the gel matrix in ALG-GT gels
without CH complex.79 Opposite to our results, Lim et al.
(2014),57 Reis et al. (2008),73 and Martins et al. (2007)79

revealed that CH as additional binding could achieve sustained

Figure 6.
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insulin release due to action of CH as a barrier against insulin
diffusion. Xu and Dumont (2015)64 also found in protein
based alginate gels that PEC with CH served prolonged release
matrices reducing the impact of loss of calcium ions on the
hydrogel network. Although CH could have acted as a barrier,
this did not overcome other polysaccharide interactions in
each gel formulation. Control sample, 100A (GT free),
exhibited immediate results in both gels with CH and without
CH. This pointed out there was an optimum concentration for
the desired ALG-GT interactions. It was observed that the zeta
potential of binding solution with calcium chloride and CH
was +30.8 mV, proving positive charges in CH. As expected,
opposite to CH solution, gelation solutions had the zeta
potential in the range of −49.3 mV and −42.4 mV.
3.2. NMR Relaxometry Results. A nondestructive

method, NMR for proton relaxation in gels, was conducted
to comprehend internal structure of samples. T1 and T2 are
parameters giving crucial information about water uptake and
polymer−water/polymer−polymer interactions, respectively.
T1 relaxation time is related to motional frequency. Since H
protons in water have higher motional frequencies than in
solids, water has higher T1 values than solids.62 Vittadini et al.
(2002)82 reported that T1 and T2 increased with moisture
content due to higher mobility in samples. In light of this
approach, it is applicable to say that samples absorbing higher
amount of water could give higher T1 results. Figure 4
represented T1 values of all gels before and after immersed in
SIF. Water uptake in all samples after immersion into intestinal
fluid could be clearly understood from T1 results of 6 h giving
higher values than 0 h. However, this increase was lower in gels
with CH than in gels without CH. This could be the sign of
action of CH as a barrier for water absorption. Water uptake
could decrease with the formation of ionic interaction between
carboxylic groups of ALG and amine groups of CH and with
formation of covalent links between macromolecular chains of
ALG-GT and CH.26

Another parameter, T2 relaxation time gives information
about interaction between water and polymer or between two
polymers. As given in Figure 1, T2’s of gels were obtained
before and after immersion into SIF through 6 h. Initially, all
gels had shorter T2 times and then they began to increase after
6 h immersion in solution. This was consistent with T1 results.
The main contribution for this increase was the amount of
water present in gels and interaction between water and the gel
network.24 Swelling of samples absorbing solvent and having
more hydrogen molecules led to larger T2.
0 and 6 h T2 results differed significantly but the presence of

CH did not cause significant impact on T2 values (p < 0.05). In
both samples with CH and without CH, T2 showed an increase
as GT ratio increased. While 100A gel gave T2 as 148.07 ms, T2
of 25A gel was 317.31 ms, giving a significant difference at 0 h
(p < 0.05). At the end of 6 h, T2 of 100A and 25A increased to
155.93 and 287.11 ms, respectively. Although the results of
gels with CH were higher than samples without CH at the
same ratio, they were not significantly different (p < 0.05).
Unlike the T1 results, CH complex gels gave closer profile with
standard gels. Although the presence of CH reduced fluid
uptake with regard to T1 profile, it gave a similar increasing
tendency in the absence of CH. It could be hypothesized that
CH complex gels had weaker structures during uptake of water
and led water molecules as free state diffusing in and out
through gels.24 This could have also caused weaker entrapment

of insulin and easier release from the matrix consistent with
release measurements.
SDC of water molecules in gels varied from around 2 × 10−9

to 1 × 10−9 m2/s (Table 2). They represented average data of
water molecules coming from different parts within gels. SDC
is related to self-diffusion of water in matrix and mobility of
water molecules.24 All gels except for 100 A-CH and 25 A-CH
after 6 h immersion in intestine media gave similar SDC (p <
0.05). A higher SDC value of 25 A-CH (2.04 × 10−9 m2/s)
than 100 A-CH (1.53 × 10−9 m2/s) supported T1 results
indicating higher water uptake and more mobility of water
molecules.

3.3. Texture Profiles. Hardness and springiness of all fresh
gel samples were shown in Table 3. Replacement of ALG with
GT reduced hardness of gels regardless of the presence of CH.
This can be another reason for both NMR relaxometry and
chromatographic release results. With increase in GT ratio, a
weaker gel structure was obtained and the tendency to absorb
water became higher than the tendency for interactions
between biopolymer chains. Hence, it was meaningful to
obtain high T1 and T2 values in these samples. Similarly, weak
interaction between ALG and GT may be another reason for
unsuccessful insulin entrapment in SIF. Nevertheless, these
findings were different than some studies such as reports of
Belscak-Cvitanovic et al. (2015).13 This may be due to the
unique structure of GT and its characteristic interactions with
other biopolymer materials. Moreover, addition of CH
decreased hardness values except for 25A formulation (p <
0.05), and this pointed out again the weak structure of gels
prepared with CH as previously obtained in other analyses.
Springiness (elasticity) is a measure of how much the gel

structure is broken down by the initial compression and is
related to the sensitivity of the gel rubbery feeling in the
mouth.83 Gels with/out CH gave higher springiness as higher
amount of ALG was replaced with GT up to 25A gel.
Optimum concentration was found as 50 A and after this
concentration, springiness began to decrease again (p < 0.05).

3.4. Release Modeling of Hydrogels. Fick’s second law
was used to model insulin release from gels in intestinal fluid
and to estimate diffusion coefficient, D. Analytical solutions
given in eq 1 were used to fit experimental data for D
estimation, using the MATLAB nonlinear curve fitting
subroutine. Since diffusion became dominant rather than
swelling in gels, a diffusion-controlled mechanism has been
demonstrated in this study. Fitted D values for insulin release
from the gel were in the order of 10−10 m2/s. Results changed
between 2.48 and 7.29 × 10−10 m2/s (Table 4).

3.5. FTIR. In order to characterize possible chemical
interactions between polymers in gel structure, FTIR measure-
ments were conducted. Figure 5 shows the FTIR spectra of
each polymer and insulin loaded gels at different ratios over the
range of 400−4000 cm−1.
Common to all polysaccharides, the observed characteristic

peak at around 1040 cm−1 contributed to stretching of C−O
bonds.84,85 Since this band could refer to the existence of
galacturonic and guluronic units, ALG-GT based gels were
more likely to have strengthened peaks.71,86 FTIR spectra of
raw GT confirmed this hypothesis by giving a considerable
peak at that region (Figure 5). Typical bands of poly-
saccharides in the spectral range of 3000−3680 cm−1

representing asymmetric stretching of the many hydroxyl
groups were observed in both ALG and GT. Since GT
contains sugars such as xylose, fucose, and arabinose units,
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absorbance at around 1040 and 1070 cm−1 representing the
existence of galactose such as arabinogalactans became higher
in gels with higher GT content.87 Variations in pH could lead
to shifts of stretching groups and so differences in zeta
potential of each sample could be the reason for small shifting
in peaks, but this did not affect absorbance values.75

The broad bands at 1425 and 1640 cm−1 represent the
symmetric and asymmetric stretching modes of the carboxyl
groups.26,52,88 Similar to ALG, GT as anionic polymer includes
galacturonic acid indicating carboxyl group (COO−) and it
could interact with amino group (NH3

+) of cationic polymer
(chitosan) forming ionic complex via polyelectrolytes inter-
actions.89 Hereby, monitoring changes in the carboxyl group in
spectra would be helpful to get information about polymer
interactions in the gel network. FTIR spectra of insulin loaded
gel samples were different than spectra of pure polymers due to
these interactions during and after the gelation process. After
complexation with CH, especially the peak at range of 3000−
3680 cm−1 belonging to hydroxyl groups enlarged and peak
intensity decreased. In addition, the peaks related to amino
groups coming from CH and insulin at around 1153, 1650, and
1540 cm−1 can be seen in the spectra. These observations
agreed with previous studies.64,76,89,90 More interestingly,
comparison in peak intensities with respect to each gel
formulation showed the same trend with release studies of
these gel formulations. Since the sample with the high release
rate also had higher peak amplitude, use of FTIR response of
the samples was efficient to study interactions through the gels.
3.6. Microstructures of Hydrogels. SEM was used to

examine internal gel structure and surface morphology of
hydrogels. Insulin loaded freeze-dried hydrogels are displayed
in Figure 6. In the absence of CH, gels exhibited a relatively
smooth and homogeneous surface while gels with CH revealed
irregular shape with fissures. Likely, the addition of GT created
more heterogeneous structure in the matrix. Plain ALG gel,
100A, had the straightest and smooth surface and the most
regular shape, without irregular cavity and collapsed structure.9

These morphological changes in different samples pointed out
different physicochemical interactions in each gels.26 With the
presence of CH, strong cross-linking of ALG with calcium
might have been prevented with cavities which were in
agreement with the study of Belscak-Cvitanovic et al. (2015)13

and Popa, Gomes, and Reis (2011).91 Less denser and more
porous and tortuous flake structure in gels with CH explains
the poor ability for slowing down insulin release and less firm
gel structure obtained comparing the gels without CH.23,79,92

These are also valid for the GT effect in gel internal structures.
In conclusion, it can be stated that alginate can form cold set

gel through two mechanisms. One of them is polyelectrolyte
complexation with an oppositely charged biopolymer like
chitosan and the latter is ionotropic gelation in the presence of
cross-linkers like Ca2

+.57 In this study, both of them were
conducted and compared. The incorporation of another
polyanion into chitosan and alginate gel formulation has also
been reported to improve insulin release and entrapment
efficiency.77 For this purpose, GT was used as additional
polymer by replacing ALG at different ratios. ALG-GT blend
gels with/out CH were prepared at different replacement
ratios. Results of in vitro studies showed that, all gels retained
insulin in gastric buffer; however, PEC gels with CH showed
more tendency to release entrapped insulin in intestinal
conditions. Increase of GT ratio in formulation also
pronounced less firm gel structure and weaker polymer−

polymer interactions in gel network promoting release of
insulin. The current study could offer the use of GT as
biodegradable and biocompatible natural polymer as carrier for
insulin and other therapeutic proteins.
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(13) Belsčǎk-Cvitanovic,́ A.; Dordevic,́ V.; Karlovic,́ S.; Pavlovic,́ V.;
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ÖZET

Gıda sistemlerinde tüketici sağlığını tehdit eden veya bozulma ile ekonomik 
kayıplara neden olan bakterilerin engellenmesi gıda güvenliğinin sağlanmasın-
da temel hedeftir. Bakterilerin gıda sistemlerinde durdurulması için kullanılan 
koruyuculara karşı tüketici tepkisi bulunmaktadır. Bu nedenle insan sağlığı ile 
uyumlu doğal antibakteriyallerin geliştirilmesi veya yenilikçi gıda muhafaza sis-
temlerin kurgulanması güvenilir gıda üretimi ve arzı için dikkate alınmaktadır. 
Patojenlere spesifik laktik asit bakteri bakteriyosinlerinin tespit edilerek kok-
teyl halinde gıda sistemlerinde uygulandığı bu çalışmada, yüksek antibakteriyal 
etkinlik sağlanmıştır. Bu çalışmayla birlikte gıda sistemlerinde insan sağlığını 
tehdit eden çeşitli patojen bakterilere tür içi spesifik antibakteriyal etkili bak-
teriyosinlerin laktik asit bakterilerinde üretimi gösterilerek, protein tabiatında 
olan gıda güvenli ve doğal kabul edilen bakteriyosinlerin gıda muhafazasında 
kullanımı doğrultusunda yeni bir sayfa açılmıştır. Özellikle çalışma kapsamında 
yalnızca hedef patojen türlere karşı mutlak antibakteriyal etki tespit edilerek 
güvenli gıda korumasına ulaşılmıştır. Buna ilaveten çalışmada patojen spesifik 
bakteriyosinlerin birlikte kokteyl içerisinde kullanılmasının modellemesi yapıl-
mış ve gıda muhafazasında yenilikçi bir yaklaşım sunulmuştur. Kokteyl olarak 
bakteriyosinlerin gıda sistemlerinde kullanılabileceği ilk defa bu çalışmada de-
nenmiş ve alternatif gıda muhafazası örneği sunulmuştur. 

LAKTİK ASİT BAKTERİLERİ TARAFINDAN ÜRETİLEN PATOJENE SPESİFİK 
BAKTERİYOSİNLERİN KARAKTERİZASYONU VE PATOJENLERE KARŞI SÜTTE 

KOKTEYL OLARAK KULLANIMI
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A B S T R A C T

Bacteriocins are the most important natural preservatives against pathogens, but their limited spectrum could
not fully ensure food safety. In this study, bacteriocin producers showing specific-antimicrobial activity to
foodborne pathogens were isolated and the success of the cocktail of pathogen-specific bacteriocins (PSBs) in
milk were demonstrated. PSB producers were isolated from 250 different foods by a new approach that screening
their antimicrobial activity against a mixture of five different strains of each Bacillus cereus, Listeria mono-
cytogenes, Staphylococcus aureus. Lactobacillus plantarum PFC339, Enterococcus faecalis PFC340, Lactobacillus
delbrueckii subsp. lactis PFC341 were identified that inhibited the growth of pathogen strains respectively, but
not lactic acid bacterial strains. The molecular sizes of PSBs were 1219.021, 3346.803, 4853.768 Da respec-
tively. They inhibited by disrupting the permeability or creating pores on the cell walls. While 100 AU/mL
decreased the amount of pathogens in milk which they are specifically active, each PSBs did not show any
inhibitory effect on other two pathogens. However, PSBs cocktail was able to stop the growth of all inoculated
pathogens. In conclusion, three bacteriocin producers specifically inhibiting B. cereus, L. monocytogenes, S. aureus
were isolated and the growth of pathogens in food systems were prevented by use of these PSBs as cocktails for
the first time.

1. Introduction

Bacteriocins are ribosomal-synthesized antimicrobial peptides that
are secreted into the environment and inhibiting closely related strains
(Delves-Broughton, Blackburn, Evans, & Hugenholtz, 1996). Previous
studies have shown that bacteriocins have significant antimicrobial
effect against many pathogenic bacteria, including Bacillus cereus, Lis-
teria monocytogenes and Staphylococcus aureus, which are important in
foods (Drider, Fimland, Hechard, McMullen, & Prevost, 2006). Bacter-
iocins are different from antibiotics for being synthesized ribosomal and
easily degraded by digestive enzymes which makes them as natural
antimicrobials (Cotter, Hill, & Ross, 2005). This has led them to be
recommended in many studies as alternative to existing preservatives in
the food production for the preservation of foods such as meat and dairy
products, canned foods, instant soups, also for therapeutic applications
in the medical field (Delves-Broughton et al., 1996, Silva, Silva, &
Ribeiro, 2018).

Many bacteriocin producers have been identified among lactic acid
bacteria (LAB) (Alvarez-Sieiro, Montalbán-López, Mu, & Kuipers,
2016). The first bacteriocin completely identified among LAB was nisin,
synthesized by Lactococcus lactis (Delves-Broughton et al., 1996), which

has been classified as GRAS (Generally Recognized as Safe) by the FDA
(Food and Drug Administration) and approved for use in foods (Cotter
et al., 2005). Other examples include bacteriocins with such well-
known biochemical and biosynthetic features as pediocin, lacticin,
plantaricin, curvacin, sakacin and enterocin produced by species of the
genera Pediococcus, Lactococcus, Lactobacillus and Enterococcus. Among
these bacteriocins, pediocin and lacticin have been permitted to use in
food products with their producers. Bacteriocins can be used in food
systems in different ways. They can be directly added to foods in pur-
ified form, for which pure or semi-pure nisin preparations produced
under different commercial names are available in various countries.
Bacteriocins are also used in the form of ferments, obtained from the
concentration of fermentation products containing the bacteriocin, such
as pediocin-producing fermentation products (O'Shea, Cotter, Ross, &
Hill, 2013). There are various studies demonstrating the effects of these
bacteriocins preparations in inhibiting pathogens in food systems such
as cheese, sausages and yogurt (Bierbaum & Sahl, 2009).

Even though numerous bacteriocins have been established produced
by many bacteria specially LAB, there are still various problems hin-
dering their antimicrobial performance at use in food systems (Gálvez,
Abriouel, López, & Ben Omar, 2007). The most important of these is the
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narrow antimicrobial spectrums of bacteriocins due to their specific
inhibition characteristics. Briefly, bacteriocins attach to receptor re-
gions on the surface of the target cell and then create pores on the
membrane, disrupting the intracellular balance and eventually leading
to cell death (Oscariz & Pisabarro, 2001). For example, nisin attaches to
the lipid II molecule on the target cells (Wiedemann et al., 2001),
whereas pediocin attaches to the mannose ABC transport protein (Kjos,
Nes, & Diep, 2009) and this specificity cannot have a general anti-
microbial effect mechanism in inhibiting pathogens. Another problem
with bacteriocins is that hydrophobic nature causes bacteriocins to
adhere to food fractions, significantly decreasing their antimicrobial
performance (Silva et al., 2018). Also, the increasing resistance of the
pathogens to commercially used nisin. Bacteria modify the cell walls by
changing or masking the attachment areas of nisin (Nawrocki, Crispell,
& McBride, 2014).

One of the possible approaches that could prevent the presence of
pathogens in food systems with high sensitivity could be to identify
bacteriocins having closely specific antimicrobial activity against target
pathogens causing problems in food systems and to apply them as a
cocktail in food systems. Thereby in the present study, bacteriocin
producers having inhibitory activity on all strains of B. cereus, L.
monocytogenes and S. aureus were isolated by adopting a new approach
in isolation techniques and characterized upon purification.
Subsequently, to reach food safety these PSBs were used in cocktail to
observe the effectiveness on the pathogens inoculated to milk.

2. Materials and methods

2.1. Microorganisms and growth conditions

The food-based indicator bacteria, B. cereus (Guven & Mutlu, 2008)
and S. aureus (Aydin, Sudagidan, & Muratoglu, 2011) were supplied by
the correspondence of previous studies, while L. monocytogenes and LAB
strains were obtained from the Pamukkale University Food Engineering
Culture Collection (PUFECC), which had been depositted from the
German Collection of Microorganisms and Cell Cultures (DSMZ) and
the American Type Culture Collection (ATCC). The B. cereus and L.
monocytogenes were grown in Brain Heart Infusion (BHI, Merck, Ger-
many) medium at 30 °C for 18 h, while the S. aureus was grown in the
same medium at 37 °C. The LAB strains were grown in de-Mann, Rogosa
and Sharpe (MRS, Merck, Germany) broth media, as well as in M17
supplemented with glucose (M17 G, 0.5%, Merck, Germany), at 30 °C or
37 °C. All stains were stored in presence of 30% glycerol (final con-
centration) at −80 °C.

2.2. Isolation of LAB strains showing pathogen-specific antimicrobial
activity

Multiple strains of each pathogens were used as indicator in mixed
form, unlike the existing methods, to isolate LAB strains producing
bacteriocins with specific activity against food-based pathogens which
is one of the main goals of the present study. By this way, LAB strains
ability to inhibit all the pathogen strains was being targeted. M17 G
agar was used to isolate lactococci and streptococci from food samples
(milk, cheese, yogurt, butter, sourdough, tarhana, sausage, olive, pickle
etc.), and MRS agar was used to isolate lactobacilli. Petri dishes with
30–40 growing colonies were overlaid with soft agar medium in-
oculated with bacterial suspension containing five different strains of
each indicator (final concentrations of 5×105 CFU/mL). Petri dishes
containing B. cereus and L. monocytogenes in soft agar were incubated at
30 °C and those containing S. aureus were incubated at 37 °C for
18–24 h. Following incubation, those forming transparent zones around
the colonies were collected and grown in MRS and M17 G broth media
that were subsequently stored in presence of 30% glycerol (final con-
centration) at −20 °C.

2.3. Determination of the antimicrobial spectrums of LAB isolates showing
pathogen-specific antimicrobial activity

The antimicrobial activity spectrum of the isolates obtained from
different fermented foods were determined by using the well diffusion
method. Isolates grown for 18 h at 30–37 °C were centrifuged for
15min at 10,000×g and 4 °C (Hitachi Koki, Himac CR22N, Japan). The
supernatant was neutralized to pH 6 with 6 N NaOH and sterilized by
filtering through a membrane filter with a pore diameter of 0.45 μm
(Millex, Millipore, USA). Each strains of the pathogens were mixed after
cultivated in BHI. Also, LAB strains were grown in MRS and M17G.
Both of each indicator pathogens and the LAB strains were inoculated to
7mL of related soft agar that were then poured onto nutrient agar (NA,
Merck, Germany) containing plates as a second layer. Subsequently,
wells with a diameter of 5mm were opened on the NA plates and filled
with 100 μL neutralized supernatant. After incubation, the inhibition
zones formed around the wells were examined (Tagg & McGiven,
1971).

2.4. Identification of the LAB isolates showing pathogen-specific
antimicrobial activity

To identify LAB isolates, the 1464 bp section of the 16S rRNA gene
was amplified with PCR (Techne, UK) using two different pairs of pri-
mers (27F-780R, 529F-1491R). The PCR mix was prepared using 5 μL
buffer, 2 μL dNTP mix (Thermo, USA), 1 μL of each of the primers
(529F-5′GTGCCAGCMGCCGCGG3′-1491R-5′ACGGCTACCTTGTTACGA
CTT3′ and 27F-5′AGAGTTTGATCCTGGCTCAG3′-780R-5′TACCAGGGT
ATCTAATCCTGTT3′), 1 μL Hi-Fi Taq DNA polymerase (Thermo, USA)
and 2 μL genomic DNA that was extracted by using genomic DNA ex-
traction kit (Thermo-Fischer, USA) and used below 500 ng per reaction.
A PCR protocol that consist of an initial denaturation of 3min at 95 °C;
30 cycles of 30 s at 95 °C; 30 s at 57 °C; 1min at 72 °C; 5min at 72 °C
final extension was applied. The DNA sequence of the amplified frag-
ments was determined by the dideoxy chain termination method using
the relevant primers. The homology search for DNA similarity was
performed through the National Center for Biotechnology Information
Gene Bank (NCBI).

2.5. Determination of the enzyme sensitivity of the antimicrobial activity of
supernatants

Trypsin (pH 7.0 Sigma, USA), α-chymotrypsin (pH 7.0 Sigma, USA),
proteinase K (pH 7.0 Sigma, USA), pepsin (pH 3.0 Sigma, USA) and
catalase (pH 7.0 Sigma, USA) were added to the neutralized culture
supernatants to a final enzyme concentration of 1mg/mL, which were
then incubated at 37 °C for 2 h. The enzyme activities were inhibited
with 5min at 95 °C. The antimicrobial activity of the culture super-
natants was detected using the well diffusion method (Franz, Toit, von
Holy, Schillinger, & Holzapfel, 1997).

2.6. Production and purification of PSBs from LAB strains

PSBs were produced in a bioreactor (Infors HT, Minifors,
Switzerland) at pH 6 (WTW, Germany), 30 °C and 200×g agitation with
using 2 L MRS or M17G medium under aseptic conditions without
aeration for 24 h after the PSB producers were inoculated as 1%.

The biomass was removed with centrifugation for 30min at
12,500×g and 4 °C. Different ammonium sulfate concentration
(40–80%) was added to a small portion of the culture supernatant to
determine the concentration precipitating the highest PSBs produced.
Then the efficient concentration of ammonium sulfate was added to the
culture supernatant harvested from the bioreactor and agitated for
12 h at + 4 °C (WiseShake, SHO-1D, UK). Afterwards, suspensions were
centrifugated for 1 h at 15,300×g and 4 °C following which, the upper
phase was removed, and the precipitate was dissolved with a
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0.005mol/L Sodium phosphate (pH 6.0) buffer. Crude PSBs were fur-
ther purified with Strata C18-E solid phase extraction column
(Phenomenex, SPE, 5 g, 20mL, USA) for three times and eluted with
70% isopropanol and 0.1% TFA. Then the entire elute was run on re-
verse phase UHPLC (Ultra High-Performance Liquid Chromatography)
system (Thermo Scientific, UHPLC 3000, Germany) equipped with C18
column (Nucleosil®, Supelco, USA), Diode Array Detector (UltiMate™,
Thermo Scientific, Germany) and Automated Fraction Collector
(UltiMate™ 3000, Thermo Scientific, Germany). The conditions for the
gradient elution of solvent B (70% acetonitrile with 0.1% TFA) against
solvent A (water with 0.1% TFA) at a flow rate of 0.5 mL per min were
as follows: 0–5min, 70% solvent A and 30% solvent B; 5–40min, 30%
solvent A and 70% solvent B; then 40–50min, 100% solvent B;
50–60min, 100% solvent A (Simha, Sood, Kumariya, & Garsa, 2012).
The antimicrobial activity was determined using spot on the lawn assay
and protein content was determined by Bradford assay kit (Pierce BCA
Protein Assay Kit, Thermo Scientific, USA) at each purification step.

2.7. Molecular size determination

The molecular sizes of the PSBs were measured by linear spectrum
scanning in a MALDI-TOF (Bruker Daltonics, Microflex LT, USA) device
with a nitrogen UV laser (337 nm) in positive ion mode. α-cyano-4-
hydroxycinnamic acid and 2.5-dihydroxybenzoic acid (10mg/mL, H2O:
Acetonitrile: TFA, 50:50:0.1, v:v:v) were mixed with the PSBs at a ratio
of 1:10 (h/h) and used as the matrix.

2.8. Scanning Electron Microscope analysis of the antimicrobial activity of
PSBs

Each indicator bacterial mixture (5×105 CFU/mL) were treated
with 100 AU/mL PSBs, to monitor the mode of action of the anti-
microbial activity. The PSBs treated indicator cells were washed twice
with a PBS (Phosphate Buffer, 0.1 mol/L, pH 7.4) and dehydrated with
50–100% ethanol gradient. Cells were collected via centrifugation and
dried through lyophilization which the untreated cells were used as
control (Jiang et al., 2018). The treated and untreated cells were cov-
ered with Gold–Palladium (80 %–20%) in a Quorum Q150 R ES (UK)

Table 1
Antimicrobial spectrum of P2Bc1, KtLm1 and Yo4S1 isolates.

Indicator Strains Number of Indicators
(n)

LAB Isolates

P2Bc1 KtLm1 Yo4S1

B. cereus (3M, 3BA, E8, K24, E5,E6, K15,TP23, K5, B10,E17, 3HA, ES16, B7, 4E, 1GSB, E20, EP6, 3Y, 2WS, 2 ES, 2FSA, K7,
2XS, 3L, 2KSA, 3 K, 3 EC, 3VB, 1G, 3 EB, B8, 3R, 2LSB, K22, 2L, 3IB, 2FSB, 2ISB, 3CA, 4F, 1C, 3BB, E10, ES17, TP24, B9,
B4, 3 EA, 91-97-21)

50 50/50a 5/50 0/50

L. monocytogenes (PFC16, PFC17, PFC49, PFC50, PFC57, PFC 107, PFC131, PFC140, PFC148, PFC150) 10 3/10 10/10 0/10
S. aureus (HE25A, HE25B, TE15A, YF62A, YF62B, YF75B, PY104A, PY104B, PY178A,PY178B) 10 4/10 0/10 10/10
Lactobacillus casei shirota PSC7 1 0/1 0/1 0/1
Lactococcus lactis PSC10 1 0/1 0/1 0/1
Pediococcus acidilactici PFC69 1 0/1 0/1 0/1
Lactobacillus plantarum PFC72 1 0/1 0/1 0/1
Leuconostoc mesenteroides PFC73 1 0/1 0/1 0/1
Lactobacillus brevis PFC80 1 0/1 0/1 0/1
Lactobacillus pentosus PFC87 1 0/1 0/1 0/1

a Number of isolates inhibited/Total number of isolates tested.

Table 2
Effects of enzymatic treatments on activity of cell free-culture supernatants of LAB isolates.

Treatment→ Control α Chymotrypsin Pepsin Proteinase K Trypsin Catalase

Isolates ↓
P2Bc1 ++ – + – – ++
KtLm1 ++ – + – – ++
Yo4S1 ++ – + – – ++

Antimicrobial Zone Diameter: − = < 1 mm (No effect) + = 1–5 mm (low effect) ++ = 5–15 mm (medium effect) +++ =>15 mm (high effect).

Table 3
Bacteriocin activities and protein amounts in purification steps of LAB isolates.

Isolate Purification Step Volume (mL) Total protein
(mg)

Antimicrobial activity (AU/
mL)

Antimicrobial activity (Total
AU)

Specific activity (AU/
mg)

Increase in specific
activity

PFC 339 CFS 2000 94,890 320 640,000 6.74 1
ASP 30 278.52 320 9600 34.47 5.11
SPE 5 11,44 400 2000 174.83 25.94
UHPLC 3 3.95 800 2400 607.59 90.15

PFC 340 CFS 2000 63,030 320 640,000 10.15 1
ASP 30 264.84 320 9600 36.25 3.57
SPE 5 4.47 640 3200 715.88 70.53
UHPLC 3 1.63 800 2400 1472.39 145.06

PFC 341 CFS 2000 50,040 160 320,000 6.39 1
ASP 30 252.99 160 4800 18.97 2.97
SPE 5 8.57 200 1000 116.69 18.26
UHPLC 3 2.02 200 600 297.03 46.48

CFS: Cell free-culture supernatant, ASP: Ammonium sulfate precipitation, SPE: Solid phase extraction, UHPLC: Ultra high-pressure liquid chromatography.
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device, and viewed with a Field Emission - Scanning Electron Micro-
scope (FE-SEM) (Zeiss Supra 40 VP, Germany) at 20–25 kV and 15,000,
25,000 and 50,000 kX magnification power.

2.9. Determination in vivo antimicrobial activity of PSBs

In vivo antimicrobial activity of the PSBs were determined in ster-
ilized milk (Pınar Dairy Products Industry Corporation, Izmir, Turkey)
where the indicators and PSBs were inoculated. A total of three dif-
ferent trial patterns were created to follow the antimicrobial activities
in the milk model system. In the first pattern, each of the bacteriocins
(100 AU/mL) were added to semi-skimmed UHT milk (n=3) together
with a mixture of a single indicator (5×105 CFU/mL). In the second
pattern, each of the bacteriocins were added together with a mixture of
three different indicators (n = 3). In the third pattern, a cocktail of
three bacteriocins was tested against a mixture of three different in-
dicators (n = 1). Milk that contained a mixture of indicators but no
bacteriocins was used as a control. The milk samples were stored for 7
days at +4 °C. B. cereus was enumarated after incubation in a
Chromogenic Bacillus cereus Agar (Oxoid, USA) medium at 30 °C, L.
monocytogenes was enumarated after incubation in a PALCAM Agar
(Merck, Germany) at 35 °C and S. aureus was enumarated after

incubation in a Baird Parker Agar (BPA, Merck, Germany) at 37 °C, on
days 0, 1, 3, 5 and 7.

2.10. Statistical analyses

All analyses were performed in triplicate. The MINITAB (14.0, UK)
software package was used for comparing the significance between the
PSBs inoculated milk samples for antimicrobial activity with Kruskal
Wallis analysis. Differences were considered significant at p < 0.05.
Mean values were reported along with standard deviation (± SD).

3. Results and discussion

3.1. Isolation of LAB showing pathogen-specific antimicrobial activity

One of the main goals of this study was to isolate LAB strains that
produce bacteriocins with closely specific antimicrobial activity against
the various pathogenic bacteria that pose problems in food systems. In
this respect, unlike to existing isolation method, different strains of
pathogenic bacteria which did not show any cross-antimicrobial ac-
tivity to each other were used as indicators in mixed form to catch
possible LAB isolates closely specific to each pathogen.

Fig. 1. MALDI-TOF MS spectrum of PFC339 (a), PFC340 (b) and PFC341 (c) bacteriocins.
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With this strategy, 21 isolates against B. cereus, 50 isolates against L.
monocytogenes and 34 isolates against S. aureus were collected from 250
different food samples in this study. Compared to other studies in which
bacteriocin producers are screened, only a small number of isolates
with antimicrobial activity could be identified. This was due mainly to
the simultaneous use of multiple strains of each pathogenic species as
indicators in the form of mixtures during the isolation. However, in
similar studies, a sensitive strain is used first to catch the potential
producers then antimicrobial spectrum screening is performed (Juturu
& Wu, 2018). But in present study, five strains each of the B. cereus, L.
monocytogenes and S. aureus species were mixed and used as indicators
during the isolation, so as to catch the producers of bacteriocins with
closely specific effects against pathogens.

The antimicrobial activities of the collected isolates against each
strain of the pathogen species were also tested separately and it was
found that the isolate with the highest activity against five different
strains of B. cereus was P2Bc1 isolated from cheese; the isolate with the
highest activity against five different strains of L. monocytogenes was
KtLm1 isolated from karın butter (a type of fermented butter) and the
isolate with the highest activity against five different strains of S. aureus
was Yo4S1 isolated from strained yogurt.

3.2. Antimicrobial spectrums of LAB isolates showing pathogen-specific
antimicrobial activity

The selected isolates P2Bc1, KtLm1 and Yo4S1 were found to have
antimicrobial activity, respectively, against all strains of B. cereus (50/
50), L. monocytogenes (10/10) and S. aureus (10/10). However, the
antimicrobial activity of these isolates against other pathogenic bacteria
were limited and varied (Table 1), indicating that the antimicrobial
metabolites produced by these strains have discriminating effects. This
might be evident for relevant successful isolation method for pathogen-
specific bacteriocin producers. On the other hand, the low antimicrobial
activity of the producers against LAB strains is one of the desires to
protect starter cultures in fermented foods beside inhibiting the pa-
thogens (Table 1).

3.3. Identification of LAB isolates showing pathogen-specific antimicrobial
activity

The sequence comparisons of the 16S rRNA of the isolates indicated
that P2Bc1 isolated from cheese had a 99.86% similarity with the
Lactobacillus plantarum species (NCBI, Genbank Accession Number:
MK784815); KtLm1 isolated from karın butter had a 100% similarity
with the Enterococcus faecalis species (NCBI, Genbank Accession
Number: MK784812) and Yo4S1 isolated from strained yogurt had a
100% similarity with Lactobacillus delbrueckii subsp. lactis species
(NCBI, Genbank Accession Number: MK784814). Based on these re-
sults, isolates (P2Bc1, KtLm1 and Yo4S1) were recorded to PUFECC as
Lb. plantarum PFC339, E. faecalis PFC340, Lb. delbrueckii subsp.
lactisPFC341, respectively.

Various studies to date have found that many LAB species of the
Lactobacillus, Lactococcus, Pediococcus and Leuconostoc have the ability
to produce bacteriocins (Woraprayote et al., 2016) and reported that
many species of Lb. plantarum and E. faecalis are bacteriocin producers.
However, there have been a limited number of studies to date on the
production of bacteriocins by the Lb .delbrueckii subsp. lactis strain
(Boris, Jimenez-Diaz, Caso, & Barbes, 2001). The antimicrobial effect of
the Lb. delbrueckii subsp. lactis PFC341 strain identified in the present
study is consistent with the findings of these studies.

3.4. Enzyme sensitivity of PSBs

Following the treatment with proteolytic enzymes, the anti-
microbial activity in the culture supernatants of all three LAB species
was found to decrease or lost completely, compared to the anti-mi-
crobial activity of the control culture supernatants. On the other hand,
following treatment with a catalase enzyme, no change was detected in
antimicrobial activity (Table 2). These findings indicated that the
components with antimicrobial effects produced by the three LAB
species were of a peptide or protein character. Together with the
findings of other studies in related literature, these findings indicated
that the metabolites in the obtained culture supernatants were bacter-
iocins of a peptide or protein character (Kittikun et al., 2015; Wen,
Philip, & Ajam, 2016).

3.5. Purification of the PSBs

Table 3 shows protein amounts and antimicrobial activities in the
purification steps of the three different bacteriocins. The specific bac-
teriocin activity in the culture supernatant of the PFC339 was 6.74 AU/
mg. Antimicrobial activity was detected at 40min of the UHPLC chro-
matogram where after the specific activity was measured as 607.59 AU/
mg which was able to be purified 90.15-fold. Specific activity in the
culture supernatant of the PFC340 bacteriocin was 10.15 AU/mg. The
antimicrobial activity was observed at 49min of the UHPLC chroma-
togram where the specific activity was measured as 1472.39 AU/mg
which was purified 145.06-fold. The bacteriocin PFC341 was produced

Fig. 2. FE-SEM micrographs of untreated and treated with bacteriocins (100
AU/mL) of B. cereus (a, b), L. monocytogenes (c, d), S. aureus (e, f).
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low level which gives 6.39 AU/mg specific activity. Also, it was de-
tected at 40min and the specific activity was 297.03 AU/mg after
UHPLC which was purified 46.48-fold. It was determined that while the
protein concentration decreased with purification steps, specific ac-
tivity increased as like in similar studies (Zhu, Zhao, Sun, & Gu, 2014).

3.6. Molecular sizes of the PSBs

The bacteriocin produced by Lb. plantarum PFC339 was found to
have a molecular size of 1219.021 Da, which differs from the molecular

size of the plantaricins previously reported (Zhu et al., 2014; Wen et al.,
2016). This finding indicated that the bacteriocin PFC339 might be a
novel plantaricin. On the other hand, the molecular sizes of the bac-
teriocins produced by the E. faecalis PFC 340 and Lb. delbrueckii subsp.
lactis PFC341 strains were 3346.803 Da and 4853.768, respectively
(Fig. 1). The molecular size of the bacteriocin produced from E. faecalis
PFC 340 was in the range given before (Abanoz & Kunduhoglu, 2018;
Balla, Dıcks, Toıt, Van Der Merwe, & Holzapfel, 2000). However, the
bacteriocin produced by Lb. delbrueckii subsp. lactis PFC341 was dif-
ferent from the reported data. Because the only one study reported the

Fig. 3. The antimicrobial activity of each PSB (100 AU/mL) on B. cereus, L. monocytogenes and S. aureus inoculated (5×105 CFU/mL) in milk. Bc/PSB-Bc (Fig. 3a,
), Lm/PSB-Lm (Fig. 3b, ) and Sa/PSB-Sa (Fig. 3c, ) demonstrate the viability of pathogens in the presence bacteriocin. Bc C (Fig. 3a, ), Lm C

(Fig. 3b, ) and Sa C (Fig. 3c, ) are the control without bacteriocins.
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Fig. 4. The cross antimicrobial activity of
each PSBs (100 AU/mL) on inoculated
mixture of B. cereus, L. monocytogenes and S.
aureus (3×5×105 CFU/mL) in milk. Bc/
PSB-Bc (Fig. 4a, ), Lm/PSB-Bc (Fig. 4a,

), Sa/PSB-Bc (Fig. 4a, ), Bc/PSB-

Lm (Fig. 4b, ), Lm/PSB-Lm (Fig. 4b,
), Sa/PSB-Lm (Fig. 4b, ), Bc/PSB-

Sa (Fig. 4c, ), Lm/PSB-Sa (Fig. 4c,
), Sa/PSB-Sa (Fig. 4c, ) demon-

strate the viability of pathogens in the pre-
sence of each bacteriocin, when the three-
pathogen mixture is inoculated. Bc C
(Fig. 4a, , Fig. 4b, , Fig. 4c,

), Lm C (Fig. 4a, , Fig. 4b, ,

Fig. 4c, ) and Sa C (Fig. 4a, ,

Fig. 4b, , Fig. 4c, ) are the con-

trol without bacteriocins.

Fig. 5. The cocktail antimicrobial activity of PSBs on
inoculated mixture of B. cereus, L. monocytogenes and
S. aureus (3× 5×105 CFU/mL) in milk. Bc/PSB-
Bc + PSB-Lm + PSB-Sa ( ), Lm/PSB-Bc + PSB-
Lm + PSB-Sa ( ), and Sa/PSB-Bc + PSB-

Lm + PSB-Sa ( ) demonstrate the viability of

pathogens in the presence of three bacteriocins in
cocktail form when the three-pathogen mixture is
inoculated. Bc C ( ), Lm C ( ) and Sa C
( ) are the control without bacteriocins.
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molecular size as 6 kDa for this bacteriocin (Boris et al., 2001). This
results all indicates that the bacteriocin produced by PFC341 could be a
novel bacteriocin.

3.7. Inhibitory effects of PSBs on pathogenic bacteria by FE-SEM

When the FE-SEM images of the B. cereus, L. monocytogenes and S.
aureus strains treated with bacteriocins PFC339, PFC340 and PFC341
were compared with the untreated control strains indicated that the
bacteriocins PFC339 and PFC341 created pores on the head parts of the
cells. On the other hand, PFC340 deformed the intact cell surfaces re-
sulting intracellular fluid loss and shrinkage (Fig. 2). These images
showed that bacteriocins PFC339 and PFC341 might have similar in-
hibitory mechanisms on the indicator cells, whereas PFC340 has a
different. Similar to the previous findings, the cellular structures and
morphologies of the cells treated with bacteriocins damaged or pores
formed, the cell permeability was lost and the intracellular fluid leaked
out through the pores which caused cell death (Lü, Yi, Dang, Dang, &
Liu, 2014; Wang et al., 2014).

3.8. Specific inhibitory effects of PSBs in milk

All bacteriocins added separately to milk samples inhibited to cer-
tain level the related pathogens at one week of storage. The amount of
B. cereus and S. aureus was decreased almost 1.5 log CFU/mL where the
L. monocytogenes inhibited 3 log CFU/mL (Fig. 3a, b, and c). Compared
to the control groups, the PSBs showed antimicrobial activity against
the target pathogens in the milk environment (P < 0.05).

When the three pathogens inoculated together to milk beside ex-
istence of only one bacteriocin, the amounts of B. cereus, L. mono-
cytogenes and S. aureus declined by 1.5, 2.5 and 1 log CFU/mL, re-
spectively (Fig. 4a, b, and c). The PSBs added to the milk showed
antimicrobial activity against their target pathogens, but did not inhibit
the other two pathogens. This result is evident proving the pathogen-
specific antimicrobial activity against pathogens. In milk samples that
contained the three pathogenic bacteria but no bacteriocins, the
amount of pathogens did not change with storage except L. mono-
cytogenes which was increase (P < 0.05).

To prevent the growth of pathogens entirely and to thereby ensure
food safety, all the bacteriocins were added to the milk in a cocktail so
that each would have a concentration of 100 AU/mL. They showed
specific antimicrobial effects against B. cereus, L. monocytogenes and S.
aureus strains inoculated with a concentration of 5 log CFU/mL. Fig. 5
indicates that at the end of one week of storage, the counts of B. cereus,
L. monocytogenes and S. aureus decreased by 1.5, 3, and 2 log CFU/mL,
respectively. On the other hand, in the control groups without bacter-
iocins, the number of the pathogenic bacteria that were inoculated
showed a moderate increase (P < 0.05). These results indicated that
use of bacteriocins in cocktail form have specific antimicrobial activity
against target pathogens in food systems. There have been many studies
reporting that the use of bacteriocins significantly inhibits the devel-
opment of pathogenic bacteria in many food systems (Alves et al., 2016;
Arqués, Rodríguez, Nuñez, & Medina, 2011; Munoz et al., 2004).
However, as the bacteriocins added to the food systems in these studies
have limited spectrums, a food safety risk still exists. The cocktail use of
bacteriocins with specific activity against pathogens is a novel approach
for food preservation that can be used to control and inhibit pathogens
adequately.

The amount of pathogens was able to be reduced at least one log in
milk, although the cocktail form of bacteriocin could not succeeded to
inhibit all the inoculated pathogens. This result is significant to observe
the antimicrobial activity when compared to the control groups where
stored without bacteriocin. Similarly, bacteriocins could not inhibit
entirely the inoculated pathogens in food systems in many studies
(Felicio et al., 2015; Verma, Sood, Saini, & Saini, 2017). In addition,
reducing high amount of pathogen inoculation by one log is a successful

result for food safety as well. Likewise, it is not possible to have such a
high number of pathogens in food systems.

4. Conclusion

In this study, using as an indicator of the multiple strain of each
pathogen species within mixture enabled to identify new bacteriocin
producers showing specific antimicrobial activity against food-related
pathogens. Accordingly, Lb. plantarum, E. faecalis and Lb. delbrueckii
subsp. lactis were identified as bacteriocin producers with specific an-
timicrobial activity against B. cereus, L. monocytogenes and S. aureus. In
addition, successful application of PSBs for the first time in the cocktail
to milk model system and its antimicrobial effect on pathogens revealed
a new approach to ensure food safety and to preserve foods.
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