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Abstract 

Inflammatory bowel disease (IBD) is a group of chronic inflammatory 

disease of the gastrointestinal tract. There have been many treatments suggested 

but the way to directly cure IBD has not been fully discovered. Therefore, studies 

of probiotics, and prebiotics, called as the ‘synbiotics’ treated in order to maintain 

the microbial diversity have been carried on actively. In this study, curcumin-

loaded phthalyl pullulan nanoparticles (PPNs), developed as prebiotics, were 

internalized into Lactobacillus plantarum (L. plantarum). The results showed 

that internalization induced mild stress to L. plantarum leading to a production 

and secretion of plantaricin. Furthermore, there was an increase of anti-microbial 

effects to L. monocytogenes and E. coli.  

Anti-inflammatory effects of L. plantarum internalized with curcumin-

loaded PPNs were shown in the intestine of DSS-induced colitis model. They 

exerted protective effect against the gut microbiota disruption in mouse with 

colitis condition. Collectively, L. plantarum internalized with curcumin-loaded 

PPNs improved microbial diversity and showed potential in enhancing the 

immune activities in the intestine. 
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I. Review of Literature 
The contents herewith will be published elsewhere  

as a partial fulfillment of Seo Kyung Kim’s M. Sc. program 

 

 
1. Definition and chemical properties of curcumin 

Curcumin (diferuloylmethane) is a deep orange yellow colored powder 

in which their property is an amphiphile [1], possessing hydrophobic and 

lipophilic (Figure 1) properties. It is the major ingredient of the rhizome of the 

plant called curcuma longa, commonly known as turmeric, belonging to the 

Zingiberaceae family. Curcumin was first isolated from turmeric in 1815 [2] with 

only a few characteristics known until in the 1990s when Singh et al. [3] reported 

an anti-cancer effect of curcumin which grew the interest rapidly. Traditionally, 

curcumin has been used as spice, condiment, in cosmetics, textile, and medicine 

[4]. It has been shown over the last few decades that curcumin has potential anti-

microbial, anti-fungal, anti-inflammatory and anti-cancer effects [5]. Curcumin 

can suppress inflammatory responses and contribute to the alleviation of variety 

of inflammatory diseases including type 2 diabetes [6], asthma [7], 

cardiovascular diseases, and inflammatory bowel diseases [8]. Curcumin 
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modulates multiple cellular and molecular targets [9] in accordance with 

biological activities including inhibition of NFkB, JAK/STAT/SOCS signaling 

pathways [10]. Therefore, curcumin has been suggested for their therapeutic 

potential in alleviating inflammatory symptoms. 

 

  

 

Figure 1. Structural formula of curcumin.  

 

The chemical formula of curcumin is C!"H!#O$ with many aromatic 

rings which make them insoluble in water. The phenol rings of curcumin cause a 

hydrophobic nature [11] with a low solubility, less distribution properties and 

low absorption rate in the body. Nanoparticles are known to enhance the 

bioavailability of hydrophobic drugs [12]. For instance, curcumin-loaded 

nanoparticles have been suggested for their ability to enhance the absorption and 

distribution in the body in animals [13].  

 

2. Enhancement of bioavailability using polymeric nanoparticles 



3 

 

The limitations of conventional therapeutics can be overcome with 

beneficial properties of nanoparticles [14]. In case of curcumin, these 

confinements include poor water solubility, aggregating properties, systemic 

toxicity, non-specific and non-local biodistribution and the susceptibility to 

physiological degradation [15]. These can be supplemented by the application of 

the properties of nanoparticles as following; Nanoparticles can be easily designed 

and prepared and enables increase of stability [16]  Moreover, they can be 

tunable in size [17] and shape [18], and efficiency can be increased by the large 

surface area to volume ratio [19] and to add, their surface can be functionalized 

for their specific distribution [20]. Most importantly, physiologically active and 

hydrophilic substances are difficult to deliver into the cells but when loaded on 

nanoparticles, they gain the access to enter the cells relatively easily through 

endocytosis [21]. In the case of the physiologically active and hydrophobic 

substances which are not soluble in water are dissolved in an organic solvent, and 

then transferred into the cells by diffusion. However, it is difficult to control the 

release of the content and potential trace of toxicity from the organic solvent. Use 

of nanoparticles has been suggested for loading and controlling the time and 

spatial release of such substance [22]. 
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Table 1. Beneficial properties of nanoparticles to overcome the limitations 

of conventional therapeutics. 

Limitations of conventional 
therapeutics 

Beneficial properties of 
nanoparticles 

Poor water solubility High surface to volume ratio 

Aggregating properties Easier entrance into biological 

membrane 

Systemic toxicity Stable in size, nature, shape, zeta 

potential 

Non-specific biodistribution High surface to volume ratio 

Susceptible to physiological 

degradation 

Easier entrance into biological 

membrane 

 

3. Inflammatory bowel disease 

3-1. Dextran sodium sulfate-induced colitis in mice 

Inflammatory bowel disease (IBD) is defined as a group of chronic 

inflammatory disease of the gastrointestinal (GI) tract. Even though the causes of 

IBD are specified ambiguously, it’s etiopathogenesis can be explained by 

multiple reasons. It is generally accepted that IBD is a result of immune response, 

especially in genetically susceptible or immunocompromised individuals, against 

the microbial and environmental factors including smoking, drug intake, 

pollution, diet [23] and food additives and among others [24]. Ulcerative colitis 

(UC) and Crohn’s disease (CD) are common subtypes of the IBD and their 
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symptoms include diarrhea, abdominal pain, fever, fatigue, bloody stool, reduced 

appetite, and weight loss. Although there is a no direct cure for IBD, various 

treatments such as anti-diarrheal medication, pain reliever, antibiotics, 

immunosuppressant are suggested and, in severe cases, biological therapies and 

surgeries can be performed.  

In mouse model, colitis can be induced by dextran sulfate sodium (DSS) 

which are sulfated polysaccharide that is toxic to especially the epithelium. 

According to the period of the DSS implementation by oral treatment, they can 

induce either acute or chronic colitis. Both acute and chronic models of DSS-

induced intestinal inflammation could be achieved by regulating either the 

concentration of DSS or the frequency of administration, or both [25]. 
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3-2. Intestinal barrier function 

 

Figure 2. Schematic diagram of the intestinal barrier. 

 

The intestinal lumen is the first line of defense from exogenous antigens 

and microbial products. The antigens include food particles, toxins, viruses, 

microorganisms, drugs etc. and when homeostasis in the gut is broken, the 

antigens could penetrate through unwanted manner at the intestinal barrier 

system. As shown in Figure 2, intestinal barrier can be classified into four layers, 

microbial, chemical, physical, and immunological barriers [26]. First, the 

microbial layer containing the intestinal lumen and the outer mucus layer, is 
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where food antigen, anti-microbial peptide (AMP), secreted immunoglobulin (Ig) 

A and commensal bacteria exist. Commensal bacteria prevent the colonization of 

exogenous antigens and noxious bacteria by competing for nutrition and by 

secreting AMP in order to suppress and kill them. Second, the chemical barrier 

is the inner mucus layer where the mucus prevents exogeneous pathogens from 

adhering to the epithelium and blocks their penetration into the tissues beneath. 

Third, the intestinal epithelial cell (IEC) layer separates the outer environment 

from the internal environment forming a physical barrier. IECs are continuous 

and forming tight junctions to seal them together. When the homeostasis is 

disturbed, pathogens may enter the body as the paracellular pathway is left ajar. 

The last, under the IECs, the immunological barrier is formed where various 

immune cell types such as dendritic cells (DCs), macrophages, mast cells, T cells, 

and plasma cells exist. Macrophages directly kill the penetrated pathogens, 

plasma cells produce and secrete IgA, and dendritic cells which capture the 

antigen, deliver the signal (i.e., major histocompatibility complex (MHC) class I 

or II) to the T cells bringing up antigen recognition and further immune responses. 
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4. Synbiotics 

4-1. Probiotics 

Probiotics are live microorganism that can give health benefit to the host 

when administered at adequate amount (FAO/WHO, 2001). Probiotics can not 

only affect pathogens directly by producing anti-microbial substances 

represented by bacteriocins but also modulate host immune defense responses 

such as stimulating the innate immune response, increasing the intercellular 

integrity of the tight junction, producing metabolites such as short chain fatty 

acids. Among the numerous microorganisms defined as probiotics, many are 

lactic acid bacteria (LAB) and bacilli. Lactobacillus plantarum has been 

characterized as a probiotic and known for their particular anti-oxidant activities 

[27]. It has been suggested that they may play an important role in prevention 

and cure of infectious and inflammatory diseases of the intestine and to induce 

production of IL-10 in macrophages [28] and dendritic cells [29] usually working 

along with adaptive immune cells, but their mode of action mechanisms is yet to 

be further studied. 
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4-2. Prebiotics 

Prebiotics are defined as substances that are non-digestible, but can 

stimulate the growth and/or activity of other microorganisms in the GI tract in 

order to exert beneficial effects on the host. The current definition is being 

expanded to ‘materials that could be selectively conjugated by microorganisms 

in the host’s GI tract exerting a health benefit [30], yet the definition and range 

of prebiotics are still controversial. This is due to the potential prebiotic agent 

that either selectively stimulate or stimulates a limited number of host 

microorganisms. 

Pullulan (Figure 3) is a polymer of maltotriose subunits that are 

synthesized and secreted from the fungus Aureobasidium pullulans. 

 

Figure 3. Chemical structure of pullulan.  
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Pullulan is an a-1,6 linked polymer. a-amylase and glucoamylase 

hydrolyze the high molecular weight pullulan very slowly and therefore, pullulan 

is considered as a non-digestible carbohydrate [31] which satisfies the terms of 

prebiotics. Pullulan, here in this study was used to synthesize polymeric 

nanoparticles using hydrophobic interactions and the ‘self-assembly’ process [32] 

and curcumin, as an immunomodulator, was loaded on to this nanoparticle. When 

the curcumin-loaded nanoparticles were internalized into the microbiota they 

induce a mild stress and led to the change on the composition of the intestinal 

microbiota by secreting antimicrobial substances. 
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4-3. Bacteriocin 

The advantage of using Lactobacillus plantarum as probiotics is that 

they can produce self-defensing antimicrobial substances, for instance 

bacteriocin and lactic acid. With aid of these substances, Lactobacillus plantarum 

can survive in the gastrointestinal tract’s environment affecting the host’s 

immune responses. Bacteriocins, produced by both Gram-positive and Gram-

negative bacteria, are proteinaceous substances that has antimicrobial properties, 

generally inhibiting the growth of similar or closely related species [33]. 

Bacteriocins can be classified into 4 classes according to their molecular size, 

mode of specificity, properties of the modified amino acids, morphological 

characteristics and their working mechanism [34]. Lactobacillus plantarum 

strains generally produce plantaricin EF, plantaricin JK, plantaricin S, and 

plantaricin A that are included in class 2 bacteriocins which are non-lanthionine 

containing bacteriocins with less than 10 kDa and heat stable.  
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II. Introduction 

Inflammatory bowel disease (IBD), a steadily increasing disease worldwide 

[35], includes Crohn’s disease and ulcerative colitis. It has been expanding its 

emerging situation largely due to westernized lifestyle [36] and other 

environmental factors such as stress, smoking [37] and diet [23]. IBD is a group 

of chronic inflammatory disease of the intestinal tract [38], where the large 

number of researches to find the direct cure to IBD have been performed with 

antibiotic treatment [39] and biological surgeries [40]. However, as a disease that 

repeats cure and relapse, direct cures to IBD are yet to be found and needs a 

further investigation.  

It has been suggested accumulation and penetration of pathobionts [41] lead 

to disrupted microbial diversity and often the loss of beneficial symbionts under 

IBD condition. Probiotics treatment, suppressing pro-inflammatory 

condition[42], strengthen the intestinal integrity [43], and maintain the diversity 

of the microbial composition in the intestine, has been reported as a potential cure 

in animals with IBD [44]. Prebiotics, non-digestible materials that stimulate the 

activities of probiotics in the gastrointestinal tract to confer favorable health 

effects on the host [30], are known to enhance the beneficial functions of 

probiotics in inflammatory circumstances [45, 46]. Pullulan nanoparticles, as 
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prebiotics, enhance the antimicrobial effects of L. plantarum [32]. On the other 

hand, L. plantarum has been suggested to confer protective effects against IBD 

[47]. L. plantarum inhibits proinflammatory cytokines during the development 

of colitis causing amelioration of colitis-induced pathophysiology [47]. 

Therefore, the protective effects of L. plantarum in the form of synbiotics are 

sounding. Lactobacillus rhamnosus strain GG [48] and L. paracasei B21060 [49] 

each treated with prebiotics that works as synbiotics show ameliorating effects in 

animals with colitis. Exact mechanisms and function of symbiotic 

supplementation still need to be further investigated, however, there are many 

studies suggesting the benefits conferred by the synbiotics. 

In this study, mice with colitis were treated with curcumin-loaded 

nanoparticles that were internalized into L. plantarum. The present study 

highlighted that curcumin-loaded PPNs acting as prebiotics to L. plantarum 

enhanced anti-microbial activities of L. plantarum and their contribution to anti-

inflammatory effects in mice with colitis, ameliorating the symptoms. 
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III. Materials and method 

1. Animal 

Female, 6-week old, C57BL/6 mice were obtained from Orient Bio (Gapyeong, 

South Korea). The mice were housed in sterilized cages in a controlled 

environment with a 12 h light-dark cycle. All the experimental procedures were 

carried out in accordance with the Animal Use and Care protocol approved by 

the Institutional Animal Care and Use Committee (IACUC) at Seoul National 

University, Seoul, Korea (Approval No. SNU-200902-3-1) 

 

2. Materials 

All the materials and chemicals used in this study were provided from Sigma-

Aldrich (St. Louis, Mo, USA) and otherwise, they were stated. Lactobacilli MRS 

broth and agar, BBL MacConkey agar, brain heart infusion (BHI) broth and 

Lysogeny broth (LB) agar were purchased from BD Difco (Sparks, MD, USA) 

for bacterial cultures.  

 

3. Synthesis of phthalyl pullulan nanoparticles  

Phthalyl pullulan nanoparticles (PPNs) were synthesized based on the previous 

study [32], with a slight modification. One gram of pullulan was dissolved in 10 
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mL of N,N-Dimethylformamide (DMF). 2.64 g of phthalic anhydride was added 

to the solution at 9:1 ratio of phthalic anhydride to pullulan and 0.1mol-% 

dimethylaminopyridine (DMAP) per pullulan sugar residue was added as a 

catalyst. The reaction was performed at 54 ℃  for 48 hours under nitrogen 

bubbling for 15 minutes. After the reaction, the materials were dialyzed first at 4 

℃ in DMF for 24 hours in order to remove the unreacted phthalic anhydride. 

And then, they were dialyzed at distilled water at 4 ℃ for 24 hours in order to 

form self-assembled phthalic pullulan nanoparticles. Unreacted pullulan was 

removed by ultracentrifugation and the pellet was freeze-dried and stored at -20 

℃ till use.  

 

4. Characterization of PPNs 

The substitution rate of phthalic anhydride was confirmed by 600MHz 1H- 

Nuclear magnetic resonance (NMR) spectroscopy (AVANCE 600, Bruker, 

Germany). The morphologies of PPNs were checked using transmission electron 

microscopy (TEM, LIBRA 120, Carl Zeiss, Germany) and the surface 

morphology was observed using a field-emission scanning electron microscope 

(FE-SEM, SUPRA 55VP-SEM, Carl Zeiss, Oberkochen, Germany). The particle 

size of PPNs was measured by dynamic light scattering (DLS) spectrophotometer 

(DLS-7000, Otsuka Electronics, Japan) and the zeta potential was examined by 
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using electrophoretic light scattering (ELS) spectrophotometer (ELS-8000, 

Otsuka Electronics, Japan).  

 

5. Preparation and characterization of curcumin-loaded PPNs 

One milligram of PPN was dissolved in 10 mL of DMF and dialyzed in distilled 

water for 24 hours at 4 ℃ with the dialysis tube (Repligen Cororation, molecular 

weight cut-off with 12,000 to 14,000 kD) and freeze-dried. Afterwards, the final 

concentration of 10 𝜇M of curcumin was loaded at 0.05 wt.% of PPNs. The 

loading content of curcumin in PPNs were calculated using the following 

equation. 

 

Loading content (%) = %&'()*	',	-(.-(&/)	/)	*01	2234
%&'()*	',	-(.-(&/)56'%717	2234

	× 	100		% 

 

Size of the curcumin-loaded PPNs was measured by DLS (DLS-7000, Otsuka 

Electronics, Japan) and the difference on the intensity of the curcumin-loaded 

PPNs was examined by using TEM (TEM, LIBRA 120, Carl Zeiss, Germany). 

 

6. Confirmation of the internalization of PPNs into Lactobacillus plantarum  

Fluorescence isothiocyanate (FITC)-labeled PPNs were prepared ahead. 100 mg 

of PPNs were dissolved in 1 mL Dimethyl sulfoxide (DMSO) with 5 mg of FITC 
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and they were stirred for 3 hours at room temperature. This solution was dialyzed 

with distilled water for 24 hours at 4 ℃  and the pellet was harvested by 

ultracentrifugation and the freeze-dried to be stored at -20 ℃ till use.  

 

The internalization of PPNs in L. plantarum was observed using confocal laser 

scanning microscopy (CLSM, SP8X STED, Leica, Wetzlar, Germany) and the 

fluorescent microscope (Nikon Eclipse E1 microscope, with a Plan Fluor 

100x/1.30 NA oil immersion objective). L. plantarum was treated with 0.5% (w/v) 

FITC-labeled PPNs for 1 hour at 37 ℃. The samples were washed with PBS and 

fixed using 10% paraformaldehyde. The internalization of PPNs into L. 

plantarum177 was fully confirmed with observation by Z-section mode in CLSM. 

 

7. Analysis of genes related to the stress response and levels of plantaricin-

related genes in L. plantarum treated with curcumin-loaded nanoparticles 

by quantitative real-time PCR  

RNA extraction was performed using the Trizol Max89	Bacterial RNA Isolation 

Kit purchased from Thermo-Fisher Scientific Inc. (Waltham, MA, USA). Total 

RNA extraction was conducted according to the manufacturer’s instruction. L. 

plantarum was treated with PPNs curcumin, and curcumin-loaded PPNs. After 

the isolation of RNA, cDNA was synthesized with random primers (500 µg/ml), 
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dNTP (10 mM), 5X first strand buffer, DTT (0.1 M), oligo dT, M-MLV reverse 

transcriptase (Invitrogen, USA). Quantities of all targets in tested samples were 

normalized to the corresponding 16s rRNA levels. And Real-time RT-PCR was 

performed with the SYBR Green PCR Master Mix using StepOnePlus Real-Time 

PCR System (both from Applied Biosystems, USA). Relative quantification of 

target genes was calculated using the 2-∆∆Ct method. Primer sequences used for 

Real time quantitative PCR are shown in Table 2. 
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Table 2. RT-PCR primers of L. plantarum.  
 

Gene Forward (5’ → 3’) Reverse (5’ → 3’) 

planS GCCTTACCAGCGTAATGCCC CTGGTGATGCAATCGTTAGTTT 

dnaK ATTAACGGACATTCCAGCGG TTGGCCTTTTTGTTCTGCCG 

dnaJ GGAACGAATGGTGGTGGCCCTTA CTAGACGCACCCACCACAAA 

16S rRNA GATGCGTAGCCGACCTGAGA TCCATCAGACTTGCGTCCATT 

 

Total RNA was also extracted from perfused intestinal tissues by Trizol reagent 

(Thermo Fisher Scientific) and isolated by adding chloroform. This step was 

followed by centrifugation at 4 ℃, 12,000 g for 15 minutes and addition of 

isopropanol for 10 minutes at room temperature for RNA precipitation. RNA 

pellet was obtained by washing with 75 % ethanol and air dried for 10-15 minutes 

then resuspended with DEPC water and quantified with NanoDrop (Amersham 

Bioscience, USA) at A260/280. cDNA synthesis and Real-time RT-PCR were 

performed as aforementioned. Primer sequences used for Real time quantitative 

PCR are shown in Table 3. 

  



20 

 

Table 3. RT-PCR primers of mice.  

Gene Forward (5’ → 3’) Reverse (5’ → 3’) 

IL-10 CAGCCGGGAAGACAATAACTG CCGCAGCTCTAGGAGCATGT 

IL-17A CAGCAGCGATCATCCCTCAAAG CAGGACCAGGATCTCTTGCTG 

IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 

Occludin ATCAACAAAGGCAACTCT GCAGCAGCCATGTACTCT 

ZO-1 GAGTTTGATAGTGGCGTT GTGGGAGGATGCTGTTGT 

 

8. Bacterial culture 

E. coli K99 and L. monocytogenes were used as representative Gram-negative 

and Gram-positive pathogens, respectively. MRS and BHI were used for L. 

plantarum, E. coli K99, and L. monocytogenes, respectively. All bacteria cultures 

were incubated at 37℃	in a shaking incubator (250 rpm) for 24 hours prior to 

experimental procedures or stored at -70℃ in 15% glycerol for further use. 

 

9. Co-culture assay and agar diffusion test for antimicrobial ability 

Antimicrobial activity of L. plantarum against E. coli and L. monocytogenes was 

determined using co-culture assays [50] and agar diffusion tests [51], with a 

minor modification. Briefly, to compare the antimicrobial activity of L. 

plantarum against E. coli by co-culture assay, 2.0 × 10$ CFU/ml of E. coli was 

co-cultured with 2.0 × 10: CFU/ml of L. plantarum treated with or without 0.5% 
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(w/v) PPNs or curcumin-loaded PPNs in MRS broth for 8 hours at 37 ℃ under 

aerobic conditions in a shaking incubator (250 rpm). The antimicrobial activity 

was determined by the survival rate of E. coli. The co-cultured samples were 

spread on MacConkey agar and incubated for 24 hours at 37℃, and the number 

of E. coli colonies was counted. The antimicrobial activity of L. plantarum 

against L. monocytogenes was also determined by co-culture assay. L. plantarum 

and L. monocytogenes were co-cultured in BHI broth under similar conditions as 

described above. Finally, the co-cultured samples were spread on Oxford agar, 

and the number of L. monocytogenes colonies was counted.  

 

The agar diffusion test was used to determine either L. plantarum treated with 

PPNs, curcumin, or curcumin-loaded PPNs were able to inhibit the growth of 

pathogens on an agar plate. First, 100 µl E. coli was spread on to LB agar. A 

paper disk was placed on the E. coli-spread plate, then 120 µl of L. plantarum 

cultured with either PPNs, curcumin, or curcumin-loaded PPNs for 8 hours was 

dropped onto the paper disk. After drying at room temperature, the plate was 

cultured overnight at 37℃. The zone of inhibition, measured by its diameter, 

against E. coli growth was used as an antimicrobial activity. The same protocols 

were followed to test the inhibitory effect of L. plantarum treated with or without 
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0.5% (w/v) PPNs or curcumin-loaded PPNs on L. monocytogenes growth on BHI 

agar plates. 

 

10. 16s rRNA sequencing 

Fecal samples from the experimental groups were delivered to NICEM (National 

Instrumentation Center for Environmental Management, Seoul, Korea) for 

V416S gene sequencing using and Illumia MiSeq platform and a microbial 

profiling report.  

 

11. Chronic dextran sodium sulfate (DSS)-induced colitis model in mice 

To induce acute colitis, mice were provided 2.5% (w/v) DSS (molecular mass = 

36-50 kDa, MP Biomedicals) in drinking water for 7 days, followed by 7 days of 

access to regular drinking water. Daily clinical assessment of DSS-treated 

animals included body weight loss measurement, stool consistency, and detection 

of blood in the stool. Experimental samples were collected on day 7 of DSS 

treatment. 
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Figure 4. Experimental schedule and group organization.  

L. plantarum internalized with curcumin-loaded PPNs (LPCP)  

 

12. Histology 

For histological analysis, large intestine tissues taken from mouse were perfused 

and fixed with 4 % paraformaldehyde and embedded into paraffin block for 

hematoxylin and eosin (H&E) staining. Samples were examined under the light 

microscopy (Leica Microsystems, Wetzlar, Germany). All clinical and 

histological evaluations were performed in blinded manner. 

 

13. Statistical analysis 

Data are presented as the mean ± SEM of three independent experiments. The 

statistical significance was analyzed between each group by one-way analysis of 

variance (ANOVA) followed by Tukey’s test for multiple comparisons.    
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IV. Results 

1. Synthesis and characterization of PPNs 

The schematic procedure for the reaction of PPN synthesis is shown in 

Figure 5. Pullulan was substituted with phthalic anhydride using hydrophobic 

interactions and they were dialyzed in order to form self-assembled PPNs. 

 

 

Figure 5. Schematic figure of chemical reaction for the synthesis of PPNs. 

The chemical reaction schemes are shown schematically. 

 

  

 

A

3

B
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Figure 6. Characteristics of PPNs. PPNs were synthesized from pullulan and 

phthalic anhydride using hydrophobic interactions and the self-assembly process. 

(A) Degree of substitution rate of PPN confirmed by 1H-NMR spectroscopy. (B, 

C) Measurement of zeta potential and size using ELS and DLS, respectively. (D, 

E) The distribution and morphologies were observed with TEM and SEM. 

 

The substitution rate of phthalic moieties in pullulan was examined by 1H-NMR 

spectroscopy (Figure 6A) and the degree of substitution rate was calculated as 

previously mentioned [52]. The ratio of phthalic acid protons (7.4-7.7 ppm) to 

sugar protons (C1 position of a-1,6 and a − 1,4 glycosidic bonds-, 4.68 and 

5.00 ppm) was calculated as 62.5 mol.%. The zeta potential and size of the PPNs 

1H-NMR spectroscopyA zeta potential sizeB C

D E
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were examined by using ELS and DLS, respectively. The zeta potential was 

measured as -41.27 mV (Figure 6B) and the size of the PPN as 70.3 nm (Figure 

6C). With TEM, the distribution condition and morphology were checked (Figure 

6D). Using SEM, the spherical morphology was confirmed and their size was 

measured around 100 nm (Figure 6E).  
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2. Internalization of PPNs into L. plantarum 

 

Figure 7. Internalization of PPNs into L. plantarum. PPNs were labeled with 

FITC and their internalization into L. plantarum was confirmed. (A) 

DAPI FITC Merge

FITC-PPN DIC Merge

A

B

0up down

DAPI

FITC

Merge
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Internalization was examined by confocal laser scanning microscopy, (B) the 

fluorescent microscope, and (C) the z-section images showing the internalization 

of PPNs into L. plantarum. Imaging data showing the same results were selected 

representatively after repeated experiments.  

 

In order to confirm the internalization of PPNs, fluorescence isothiocyanate 

(FITC) conjugated PPNs were treated to L. plantarum for an hour and the 

internalization was confirmed using the CLSM (Figure 7A). Closer morphology 

of the PPNs internalized L. plantarum was observed by the fluorescent 

microscope (Figure 7B). Further validation of the internalization, but not the 

adhesion to the cell wall or the surface, the z-section mode of the CLSM was 

used and confirmed that intensity of the FITC and DAPI signal was the brightest 

in the center of the L. plantarum (Figure 7C). Collectively, these results 

confirmed that FITC signals appeared insided the bacteria, suggesting 

internalization of PPNs into the L. plantarum. 
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3. Synthesis of curcumin-loaded PPNs 

The schematic figure of the reaction of the loading of curcumin into the 

PPNs is shown (Figure 4A). 

 

 

Figure 8. Schematic figure of the synthesis of curcumin-loaded PPNs and 

their characterization. (A) The schematic figure on the synthesis of curcumin-

loaded pullulan nanoparticle using hydrophobic interaction. (B) The size of 10 

µM curcumin-loaded PPNs was measured using DLS and (C) the difference in 

the intensity was observed using TEM. The representative picture from TEM data 

was selected showing the same results. 

 

The size of 10 µM curcumin-loaded PPNs increased by 174 % compared to 

PPNs, measured as 192.9 nm (Figure 8B), to which was relative to the increase 

of concentration of curcumin loaded onto the PPNs, still in the range of the 

d

13
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6.1 Introduction

Curcumin is a polyphenolic, yellowish-orange coloured crystalline powder,
obtained from the herb Curcuma longa which is commonly known as turmeric and
belongs to family Zingiberaceae. It is mainly cultivated in India and eastern Asia
(Bayet-Robert and Morvan 2013; Prasad et al. 2014). Rhizome of turmeric contains
3–5% curcumin which is the major component of turmeric. Along with curcumin,
some other compounds are also present in turmeric, which are known as curcum-
inoids. Curcuminoids are polyphenolic in nature which are responsible for yellow
colouration of turmeric; complexes of all curcuminoids are known as kacha haldi or
yellow ginger or Indian saffron (Chattopadhyay et al. 2004; Akram et al. 2010;
Nawaz et al. 2011). Commercially available curcumin possesses three major
components such as Curcumin I (77% diferuloylmethane), Curcumin II (17%
demethoxycurcumin) and Curcumin III (6% bisdemethoxycurcumin). Structure of
different form of curcumin has been provided in Figs. 6.1, 6.2, 6.3. Traditionally,
curcumin is only used as a spice, condiment, in cosmetics, textile and medicine
(Saikia et al. 2015). In USA, curcumin is used as colouring agent in ice creams,
pickles, cheese, soups and mustard. Medicinal uses of curcumin are described in
Ayurveda. In ancient Indian and Chinese medicine, curcumin is used in the treat-
ment of cough, sore throat, sinusitis, diabetic wounds, rheumatism and biliary
diseases (Rahman et al. 2006; Leung and Foster 2009). In India, combination of
turmeric and slaked lime is the most common remedy for curing inflammation and
swelling. It has been found that curcumin acts as antioxidant, antiviral, antibacterial,
antifungal and anti-inflammatory agent. Curcumin has potential application in the

Fig. 6.1 Structure of
Curcumin I
(diferuloylmethane)

Fig. 6.2 Structure of
Curcumin II
(demethoxycurcumin)

Fig. 6.3 Structure of
Curcumin III
(bisdemethoxycurcumin)

140 M. Rai et al.

Structure of Curcumin Ι
(diferuloylmethane)

§ hydrophobic and lipophilic molecule ingredient of Curcuma longa, major component of tumeric
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‘nanoparticles’ [53]. In order to confirm the loading of curcumin on PPNs, they 

were observed using TEM. The result shows the difference in intensity where 

light transmittance differs confirming that curcumin is loaded inside the PPNs 

(Figure 8C). 

 

4. Curcumin-loaded PPNs induce stress response and plantaricin gene 

 

Figure 9. Analysis of genes related to the stress response with L. plantarum 

treated with either PPNs, curcumin, or curcumin-loaded PPNs. L. 

plantarum was treated with each PPNs, curcumin, and curcumin-loaded PPNs 

and their gene levels of dnaK, dnaJ, and planS were measured. (A) Releative 

mRNA expression of planS and (B, C) relative expression levels of dnaK and 

dnaJ to 16s rRNA was quantified using qRT-PCR. P; nanoparticle [0.5% 
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PPN(w/v)], C; curcumin 10 𝜇M. Comparisons of the treatments were 

performed by using one-way analysis of variance (ANOVA) and Tukey’s test. 

 

It has been found that PPNs induce a mild stress to L. plantarum 

upregulating stress related genes and consequently, upregulating the planS gene 

expression [32]. Evaluation of plantaricin production in L. plantarum was 

performed by comparing the mRNA expression level to 16S rRNA. L. plantarum 

was each treated with PPNs, curcumin or curcumin-loaded PPNs. The level of 

planS was enhanced the most in the L. plantarum treated with curcumin-loaded 

PPNs (Figure 9A) in accordance with the result of the highest anti-microbial 

effects in the L. plantarum treated with curcumin-loaded PPNs (Figure 9B, 9D). 

Moreover, the stress regulating gene expression were compared. The expression 

levels of genes in relation to heat shock proteins, dnaK (Figure 9B) and dnaJ 

(Figure 9C) were both higher in curcumin or PPNs treated L. plantarum than the 

control group, and the highest increase was shown in the L. plantarum treated 

with curcumin-loaded PPNs. These results suggested that the curcumin-loaded 

PPNs internalized in L. plantarum upregulated the stress related genes, leading 

to the production self-defensing bacteriocins, plantaricins.  

 

5. Curcumin-loaded PPNs enhance anti-microbial effects of L. plantarum 
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Figure 10. Antimicrobial properties of L. plantarum treated either PPNs, 

curcumin, or curcumin-loaded PPNs. L. plantarum treated with either PPNs, 

curcumin or curcumin-loaded PPNs (shown in Table 4) were cultured with either 
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(A) E. coli or (C) L. monocytogenes and the viability was measured by CFU. 

Likewise, the resistant zone of (B) E. coli and (D) L. monocytogenes was 

measured. LP, L. plantarum; P, nanoparticle at 0.5% PPN (w/v); C, curcumin at 

10 µM). Comparisons of the treatments were performed by using one-way 

analysis of variance (ANOVA) and Tukey’s test. 

 

Table 4. Preparation for the treatment to study anti-microbial effects.  
Group LP P C 

CON + - - 

L. plantarum treated with PPNS + + - 

L. plantarum treated with curcumin + - + 

L. plantarum treated with curcumin-loaded PPNs + + + 

LP, L. plantarum; P, nanoparticle at 0.5% PPN (w/v); C, curcumin at 10 µM; 

CON, control.  

 

In order to test whether the internalization affects the anti-microbial 

effects, L. plantarum was treated with either PPNs, curcumin, or curcumin-

loaded PPNs. Enhanced anti-microbial effects were shown in L. plantarum 

treated with curcumin-loaded PPNs in both E. coli and L. monocytogenes 

compared to the control group. These anti-microbial properties against these 
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pathogens were further investigated using the agar diffusion assay (Figure 10A, 

C). Similarly, resistance zone test showed significantly enhanced resistance 

activity in curcumin-loaded PPNs internalized L. plantarum against E. coli and 

L. monocytogenes (Figure 10B, D). 
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6. Microbial changes in colitis-induced mice treated with LPCP 

 

 

Figure 11. Protective effects of curcumin-loaded PPN internalized L. 

plantarum against colitis-induced microbiome dysruption. Mouse fecal 

samples were collected and analyzed from each group. (A) a-diversity checked 
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from richness index and (B) evenness index. (C) Qualitative measure of 

community dissimilarity was checked with Jaccard distance and (D) their 

distance to NT was numerically compared and boxplotted. (E) Phylum levels 

were compared (unclassified phylum was labeled as others), showing (F) F/B 

ratio and (G) releative abundance of Proteobacteria. Genus levels were also 

compared and representatively, relative abundance of (H) Lactobacillus and (I) 

Streptococcus were shown (n=6). Comparisons of the treatments were performed 

by using one-way analysis of variance (ANOVA) and Tukey’s test. 

 

Evaluation of 𝛼-diversity was performed using the richness index of Faith’s 

phylogenetic diversity (Figure 11A) and the evenness index of Pielou’s evenness 

(Figure 11B). Richness was highest in the NT group, and DSS-treated groups 

showed a relatively low richness while the LPCP group showed relatively higher 

tendency. Also, in the case of evenness, group treated with DSS and LP showed 

the least, and the group treated with DSS and LPCP showed the highest eveness 

among the groups. Compared to the NT group, DSS treatment lowered the 

richness and evenness was recovered in the group trated with LPCP. To confirm 

the samples’ qualtitative measure of community dissimilarity that incorporates 

phylogenetic relationships between the features, b-diversity was evaluated. NT 

group and the group treated with DSS and LPCP clustered together, while the 
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DSS, DSS with LP group clustered together (Figure 11C). The LPCP group 

showed the most similar microbiome constitution witht the NT group. The b-

diversity was also numerically boxplotted (Figure 11D) and compared and 

likewise the results of the PCoA, NT group’s distance was furthest with the DSS 

treatment group, while they were most closest to the LPCP group. It was 

confirmed that LPCP group showed closest microbiome composition to the NT 

group with the results above. Taxonomy assignmnet was performed and phylum 

(Figure 11E), genus level was compared. The F/B(Firmicutes/Bacteriodetes) 

ratio from was shown the highest in the DSS treated group and no significance 

was found in the NT, DSS with LP and the DSS with LPCP groups (Figure 11F). 

Proteobacteria level is closesly related to the susceptibilty [54, 55] to colitis so 

their levels were checked and showed that they showed the lowest relative 

abundance compared to the NT group (figure 11G). 41 genera showed significant 

difference between the groups, and representatively, the Lactobacillus (Figure 

11H) and the Streptococcus (Figure 11I) group was shown. The Lactobacillus 

showed the highest relative abundance in the DSS treated LPCP group, while 

showing the least relative abundance of the Streptococcus genus.  

 

 

 



38 

 

7. Physiological changes in colitis-induced mice treated with LPCP 

 

Figure 12. Changes on body weight and the length of colon and spleen in 

mice treated with LPCP. Mice were induced colitis with DSS and treated with 

L. plantarum and LPCP.  Their weight loss and length of spleen and colone 

were measured. (A) Weight loss (%) was measured for 7 days after DSS 

treatment. (B, C) Mice from each group was sacrificed and their colon and spleen 

length were measured (n=6). Comparisons of the treatments were performed by 

using one-way analysis of variance (ANOVA) and Tukey’s test. 

 
Table 5. Treatment for the group of colitis-induced mice.  
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Group treatment 

NT No treatment 

DSS 2.5% DSS treated for 7 days 

DSS+LP L. plantarum pretreatment for 7 days + 

L. plantarum and DSS treatment for 7 

days (total 14 days) 

DSS+LPCP LPCP pretreatment for 7 days + LPCP 

and DSS treatment for 7 days (total 14 

days) 

 

Mice were pretreated with L. plantarum or LPCP for 7 days before DSS treatment 

and after the treatment for 7 days. It has been suggested that pretreatment of 

probiotics for 7 days could maintain epithelial integrity and also attenuates pro-

inflammatory cytokine levels. After DSS treatment for 7 days, their weight loss 

were measured (Figure 12A). Length of their colon and spleen was reduced in 

DSS treated group (Figure 12B, C). In case of the group treated with DSS and 

LPCP, their length was and showed a no significant change when compared with 

the NT group.  
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Figure 13. Histology of the large intestine from colitis-induced mice treated 

with LPCP. Mice with DSS-induced colitis were treated with LP or LPCP. The 

large intestine taken from mouse was perfused and fixed with 4 % 

paraformaldehyde and embedded into paraffin block for hematoxylin and eosin 

(H&E) staining. The representative histological picture showing the large 

intestine from (A) NT, (B) DSS, (C) DSS+LP, (D) DSS+LPCP. 

 

Moreover, the histological data from large intestine showed that the damage was 

the most severe in the DSS treated group (Figure 13B). Both groups, DSS+LP 

(Figure 13C) and DSS+LPCP (Figure 13D) showed similar morphologies 

compared to the NT group (Figure 13A).  
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Figure 14. Changes of tight junction proteins and pro-inflammatory 

cytokines in intestine homogenate from colitis induced mice treated with 

LPCP. Mice with DSS-induced colitis were treated with LP or LPCP. The 

intestine from each mouse was homogenized in trizol overnight. Intestine tissue 

homogenates were collected and mRNA were extraced for qRT-PCR analysis. 

Expression of Occludin, ZO-1, IL-6, and IL-17A were compared. (A, B) Tight 

junction regulating genes (occludin and ZO-1) and (C, D) inflammatory 

cytokines (IL-6 and IL17A) were examined at gene level expression using qRT-

PCR. Comparisons of the treatments were performed by using one-way analysis 

of variance (ANOVA) and Tukey’s test. 

 

Occludin and ZO-1 genes that regulate the tight junction proteins were 

examined using the qRT-PCR (Figure 14A, B). In the DSS+LPCP group, tight 

junction gene expressions were enhanced. Likewise, inflammatory cytokines, IL-
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6 and IL-17A showed significantly low levels in DSS+LPCP groups (Figure 14C, 

D) suggesting a potential of LPCP treatment enhancing the barrier functions. 
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V. Discussion 

Inflammatory Bowel Disease (IBD), a group of chronic inflammatory 

disease of the gastrointestinal tract, is the confluence of genetic, microbial and 

environmental factors that alter gut homeostasis [23], thereby triggering immune 

mediated inflammation. IBD can be developed when pathobiont accumulation 

occurs [56]. Patients with IBD loses beneficial symbionts, and then pathobiont 

expansion occurs leading to decreased microbial diversity [57]. Therefore, 

among the promising treatments against IBD, the ‘probiotics’ treatment in order 

to balance the microbial diversity of the host, has been studied and carried out 

actively [47, 58]. In this study, curcumin-loaded PPNs were used as ‘prebiotics’ 

to enhance the antimicrobial activities of L. plantarum. 

Prebiotics are defined as compounds that are non-digestible and 

stimulates the activity of probiotics and other live organisms in the GI tract that 

confers beneficial effects on the host [59]. In this study, curcumin-loaded PPNs 

were suggested as a new formula to prebiotics. Polymeric nanoparticles’ 

internalization into mammalian cells through the endocytosis process has been 

previously elucidated [21, 60], however, their internalization into prokaryotes as 

prebiotics is still in their early stage. Although internalization of PPNs has been 

observed [32], a precise mechanism has not been elucidated in detail. Polymeric 
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nanoparticles also hold benefits in that they can load hydrophobic drugs 

overcoming biological barriers [61]. Therefore, this study has advantage in a new 

aspect of curcumin-loaded PPNs used as prebiotics to L. plantarum. At this end, 

curcumin-loaded PPNs were synthesized and internalized into L. plantarum 

expecting enhanced microbial activities of L. plantarum. 

The aim of the present study was to elucidate the enhanced protective 

effect of L. plantarum that had been internalized with curcumin-loaded PPNs 

against microbial disruption and their contribution to alleviating colitis. 

Microbial diversity was enhanced with oral treatment of L. plantarum 

internalized with curcumin-loaded PPNs and the pro-inflammatory cytokines in 

the intestine were suppressed. IL-17A production was inhibited by treatment with 

L. plantarum internalized with curcumin-loaded PPNs in the present study 

supporting the idea that suppression of IL-17A may ameliorate colitis symptoms 

[62]. These results suggest a therapeutic potential of L. plantarum internalized 

with curcumin-loaded PPNs to treat IBD. Indeed, there was a study claiming that 

alleviation of colitis may be a result of Lactobacillus contributing to the increase 

of regulatory T cells in colonic tissues [63], but this idea needs to be further 

investigated in this study.  

The present study carries a shortcoming as the exact internalization 

mechanism and how curcumin-loaded on PPNs is released, and their direct effect 
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on the host are yet to be known. Moreover, L. plantarum internalized with 

curcumin-loaded PPNs are not working solely to contribute to the microbial 

diversity and alleviation of colitis. For instance, microbiome composition is 

recently suggested to affect the regulation of regulatory T cells [64] and functions 

of lymphoid cells [65]. The interactions of immune cell networks need to be also 

further clarified. 

To summarize, L. plantarum internalized with curcumin-loaded PPNs 

inhibited the viability of particular pathogens contributing to the maintenance of 

the diversity of microbiota in the intestinal flora. They enhanced the intestinal 

tract’s stability suppressing production of pro-inflammatory cytokines 

suggesting curcumin-internalized L. plantarum as a possible therapeutic agent. 
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VII. Summary in Korean 

 
프로바이오틱스 (probiotics)는 적정량 투여 시, 숙주에게 

건강상의 이점을 주는 살아 있는 미생물을 의미한다.프리바이오틱스 

(prebiotics)는 일반적으로 숙주에게는 소화/흡수되지 않으며 

위장관에서 유익균의 성장 또는 활동을 자극할 수 있는 물질로 

정의되는데, 본 연구에서는 프탈릴 플루란 나노입자 (phthalyl 

pullulan nanoparticle)를 합성하여 프리바이오틱스 실험을 

진행하였다. 

면역 조절 물질로 알려진 커큐민 (curcumin)을 플루란 

나노입자에 소수성 상호작용을 통해 담지하여, 유산균인 

락토바실러스 플란타룸 (Lactobacillus plantarum)에 도입하였다. 

이는스트레스 조절 유전자인 dnaK 와 dnaJ 의 발현을 유도와 

함께락토바실러스 플란타룸 균에서 만들어지는 항균 물질인 

플란타리신의 증가를 planS 유전자 발현을 통해 검증하였다. 본 

연구에서 그람 음성균인 대장균과 그람 양성균인 리스테리아균에 

대한 항균 효과를 확인하였다.  
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장내 균총 조성 변화 및 면역학적 효과를 확인하기 위해 DSS 로 

마우스에 장염을 유도하여 장벽 손상 및 균총 변화를 확인하고 

프리바이오틱스가 도입된 유산균주를 처리하여 예방 효과를 

확인하였다. 도입이 안된것은 어떻다는 것을 함께 설명 + 

프리바이오틱스가 도입된 유산균이 처리된 마우스 그룹이 음성 

대조군과 가장 비슷한 균총 조성을 가지는 것을 균총 분석을 통해 

확인하였다. 

장염이 현상적으로 예방되는 것을 몸무게 변화, 콜론과 비장의 

길이 변화를 음성 대조군과의 비교를 통해 확인하였으며, 나아가 

장벽 손상 또한 예방 되는 것을 확인하였다.   

세포 결합 관련 단백질들인 Occludin, ZO-과 장 조직에서의 IL-6, 

IL-17A 등 염증성 사이토카인의 발현이 감소하는 것을 mRNA 

수준에서 확인하였다.  

해당 연구에서는 커큐민이 담지된 플루란 나노입자를 

락토바실러스 플란타룸 균에 주입시켜 발생하는 플란타리신에 의한  

항균효과를 확인하였다. 마우스 개체 체내에서 유산 균총 다양성 

유지에 기여하는 것을 검증하였으며, 장염 유도 마우스에서 

현상적으로 장염이 완화되는 것을 확인한 연구이다.  
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