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A B S T R A C T   

Residual antibiotics may affect human health by increasing challenges related to infection 
treatment due to antibiotic resistance development. Hence, determining whether residual anti
biotics in the body can lead to antibiotic resistance is important. We developed a model to predict 
possible antibiotic resistance caused by residual antibiotics by simulating human digestion in 
vitro. Increased antibiotic resistance was found to be dependent on the digestion process. Ethical 
prediction of antibiotic resistance using fewer animals and no humans was possible by simulating 
the internal environment. Thus, preliminary studies to monitor antibiotic resistance that can 
affect human health may be safely conducted using this model.   

1. Introduction 

Antibiotics are widely used to prevent infection and treat infectious diseases in livestock and agriculture to maintain and improve 
the quality of industrially important animals and plants [1–3]. Residual antibiotics in food are gradually attracting interest worldwide 
[4,5]. Antibiotic overuse and misuse during the treatment of farm animals for bacterial diseases can lead to an increased risk of 
antibiotic resistance in humans due to the accumulation of residual antibiotics from animal products. 

Antibiotic resistance that occurs when antibiotics are abused in livestock and crops may be transferred to humans by exposure to 
contaminated animal products [6]. Therefore, the defined daily dose of drugs is strictly restricted to limit human exposure to residual 
antibiotics from animal products in many countries [7,8]. Antibiotics are used during meat production for disease prevention and 
growth promotion [9,10]. More than 90% of all antibiotics used in the United States are administered to cattle, turkey, and pigs [11]. 
Additionally, a recent study showed that the use of these preventive antibiotics in livestock is increasing [12–14]. The consistent use of 
antibiotics could contribute to the accumulation of residual antibiotics in the muscles and organs of animals. Previous studies 
demonstrated that residual antibiotics in animal products can inhibit normal sausage fermentation and raise infection risk in humans 
by increasing the proliferation rate of pathogenic bacteria, such as Escherichia coli O157:H7 and Salmonella [15,16]. Furthermore, 
continuous consumption of animal products containing residual antibiotics may make disease treatment challenging due to the 
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development of antibiotic resistance. 
In vitro human digestion models that are good alternatives for human models are ethical and economical [17,18]. Moreover, 

various regulations have been implemented to safeguard the welfare and rights of laboratory animals [19]. Digestion models can be 
used in preliminary studies for rapid screening of the bioavailability of certain compounds and provide substantial information while 
preventing the overuse of experimental animals. Considering the ethical difficulties related to the assessment of antibiotic resistance in 
the human body, a research model that simulates the human body’s environment is required. However, an in vitro human digestion 
model to analyze antibiotic resistance and thereby, confirm the effect of residual antibiotics in the human body has not yet been 
developed. Therefore, this study was aimed to develop such a model to identify the role of residual antibiotics in the development of 
antibiotic resistance in the human body due to the consumption of contaminated food. 

Fig. 1. Overview of the method employed to assess antibiotic resistance using the in vitro human digestion model. NaCl, sodium chloride; BSA, 
bovine serum albumin; HCl, hydrochloric acid; CaCl2, calcium chloride; KCl, potassium chloride; NaHCO3, sodium bicarbonate, E. coli: Escherichia 
coli; L. casei: Lactobacillus casei. 
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2. Materials and methods 

2.1. Chemicals 

Digestive enzymes for the in vitro human digestion model were prepared using various reagents. Sodium chloride, uric acid, urea, 
hydrochloric acid (HCl), calcium chloride dihydrate, α-amylase, mucin, bovine serum albumin, pepsin, potassium chloride (KCl), 
potassium hydroxide (KOH), calcium chloride dihydrate (CaCl2⋅2H2O), pancreatin, lipase, sodium bicarbonate, and bile extract 
porcine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Buffer solution (pH 7.0 ± 0.02) was purchased from Samchun Pure 
Chemicals, Co., Ltd., Korea. For cultivation of gut microbiota used in large intestine digestion, Luria-Bertani (LB) agar, lactobacilli 
DeMan, Rogosa, and Sharpe (MRS) broth, and lactobacilli MRS agar were purchased from Difco Laboratories (Difco, Sparks, MD, USA). 
Antibiotics, including tetracycline, ofloxacin, and penicillin, were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptic soy 
broth (TSB), required for the cultivation of bacterial strains, was purchased from Difco Laboratories (Difco, Sparks, MD, USA). 

2.2. Preparation of digestive enzymes and gut microbiota for digestion simulation 

The study protocol comprising three steps is schematically presented in Fig. 1. The first step involves preparation of the digestive 
enzymes (saliva, gastric juice, duodenal juice, and bile juice) (Table 1) and gut microbiota; the second step, establishment of the in vitro 
model that simulates the human digestive tract (mouth, stomach, small intestine, and large intestine), and the third step, antibiotic 
resistance assessment using disk diffusion and minimum inhibitory concentration (MIC) methods. 

2.2.1. Digestive enzymes and inorganic and organic solutions 
Digestive enzymes and other solutions were prepared according to previously reported methods [18,20–22]. The compositions of 

prepared saliva and gastric, duodenal, and bile juice are listed in Table 1. 

2.2.2. Preparation of saliva for simulation of digestion in the mouth  

1. The organic components, namely 8 mL 400 mM urea and 0.015 g uric acid were first mixed; subsequently, the inorganic 
component, i.e., 1.7 mL 3 M sodium chloride was added.  

2. The enzymes were prepared by adding 0.29 g α-amylase (50 U/mg) and 0.025 g mucin to 800 mL distilled water (DW).  
3. The solution prepared in the first step was mixed with the enzyme solution, and pH was adjusted to 6.8 ± 0.2 with 1 M KOH.  
4. DW was added to the volumetric flask to obtain the required volume. 

2.2.3. Preparation of gastric juice for simulation of digestion in the stomach  

1. The inorganic components, namely 6.5 mL 1 M HCl (purity 37%) and 18 mL 0.15 M CaCl2⋅2H2O were mixed with the organic 
component, i.e., 1 g bovine serum albumin.  

2. Next, 2.5 g pepsin (250 U/mg) and 3 g mucin was added to 0.8 L DW.  
3. The solution prepared in step 1 was mixed with the enzyme solution, and pH was adjusted to 1.50 ± 0.02 using 1 M HCl.  
4. DW was added to the volumetric flask until the required volume was obtained. 

Table 1 
Constituents and concentration of digestive juices used in the in vitro human digestion model representing fed conditions.   

Saliva (digestion in 
mouth) 

Gastric juice (digestion in 
stomach) 

Duodenal juice (digestion in small 
intestine) 

Bile juice (digestion in small 
intestine) 

Organic and inorganic 
components 

1.7 mL NaCl (3 M) 6.5 mL HCl (1 M, 37%) 6.3 mL KCl (1.2 M) 68.3 mL NaHCO3 (1 M) 
8 mL urea (0.4 M) 18 mL CaCl2.2H2O (0.15 M) 9 mL CaCl2⋅2H2O (0.15 M) 10 mL CaCl2⋅2H2O (0.15 M) 
15 mg uric acid 1 g bovine serum albumin 1 g bovine serum albumin 1.8 g bovine serum albumin 30 g 

bile acid 
Enzymes 290 mg α-amylase (50 

U/mg) 
2.5 g pepsin (250 U/mg) 9 g pancreatin (8 × USP/g)  

25 mg mucin 3 g mucin 1.5 g lipase (30–90 U/mg)  
pH 6.8 ± 0.2 1.50 ± 0.02 8.0 ± 0.2 7.0 ± 0.2 

1) Values indicate concentrations used to make digestive juices. 
2) Values in parentheses are the concentrations of inorganic or organic components per/1 L distilled water. 
After mixing all ingredients (inorganic components, organic components, and enzymes), the volume was increased to 500 mL with distilled water. If 
necessary, the pH of the digestive juice was adjusted to the appropriate value. 
NaCl, sodium chloride; HCl, hydrochloric acid; CaCl2⋅2H2O, calcium chloride dihydrate; KCl, potassium chloride; NaHCO3, sodium bicarbonate. 
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2.2.4. Preparation of duodenal juice for simulation of digestion in the small intestine  

1. The inorganic components, namely 6.3 mL 1.2 M KCl and 9 mL 0.15 M CaCl2.2H2O were mixed with the organic component, i.e., 1 
g bovine serum albumin.  

2. Next, 9 g pancreatin and 1.5 g lipase (90 U/mg) were added to 800 mL DW.  
3. The solution prepared in step 1 was mixed with the enzyme solution, and pH was adjusted to 8.0 ± 0.2 using 1 M KOH.  
4. DW was added to the volumetric flask to obtain the required volume. 

2.2.5. Preparation of bile juice for simulation of digestion in the small intestine  

1. The inorganic components, namely 68.3 mL 1 M sodium bicarbonate and 10 mL 0.15 M CaCl2⋅2H2O were mixed with the organic 
components, i.e., 1.8 g bovine serum albumin and 30 g bile extract porcine.  

2. The pH was adjusted to 8.0 ± 0.2 using 1 M KOH.  
3. DW was added to the volumetric flask until the required volume was obtained. 

2.2.6. Preparation of gut microbiota for simulation of digestion in the large intestine 
In a previous study regarding representative gut microbiota in the Korean population, it was identified that the dominant gut 

microbes contributing to digestion in the large intestine are E. coli and Lactobacillus casei [23]. Therefore, these organisms were used 
for the in vitro study of digestion in the large intestine.  

1. Preparation of media for cultivation of E. coli to be used in the large intestinal digestion model:  
1.1 First, 250 g LB broth was added to 1 L deionized DW (DDW) in a sterile flask, and the mixture was stirred for 20 min at 180 

rpm.  
1.2 Next, 40 g LB agar was added to 1 L DDW in a sterile flask, and the mixture was stirred for 20 min at 180 rpm.  

2. Preparation of media for cultivation of L. casei (ATCC 393) used in large intestine digestion assays:  
2.1 First, 55 g lactobacilli MRS broth was mixed with 1 L DDW in a sterile flask, and the mixture was stirred for 20 min at 180 

rpm.  
2.2 Next, 70 g lactobacilli MRS agar was mixed with 1 L DDW in a sterile flask, and the mixture was stirred for 20 min at 180 

rpm.  
3. The mixture was dissolved completely. The prepared broth and agar were sterilized using an autoclave for 15 min at 121 ◦C.  
4. The sterilized broth was cooled to <40 ◦C and transferred to a new 15- or 50-mL tube. The sterilized agar was cooled to 50 ±

2 ◦C, and 20–25 mL was transferred to a 100 mm petri dish.  
5. The petri dish was left on a flat surface for a minimum of 30–40 min until completely dry.  
6. The broth and agar were maintained at 2–8 ◦C and stored in sealed containers to avoid moisture loss.  
7. The stock gut microbes (E. coli and L. casei) stored at − 80 ◦C were thawed to ambient temperature, and 1% of each was 

inoculated into the appropriate broth.  
8. The inoculated micro-organisms were incubated at 37 ◦C for 12–24 h in a shaking incubator depending on the appropriate 

growth condition for each organism.  
9. Next, 0.1 mL of the activated gut micro-organisms was transferred to agar dishes and spread using a spreader.  
10 The inoculated dishes were incubated at 37 ◦C for 12–24 h in an incubator. The total number of colonies was determined, and 

single colonies were collected and inoculated into the appropriate broth at a rate of approximately 108–1010 CFU/mL.  
11 The broth seeded with the gut microbiota (E. coli and L. casei) was incubated at 37 ◦C for 12 h. This incubation was repeated 

twice to simulate the conditions for activation. The activated gut microbiota with a cell density of 108–1010 CFU/mL was used 
as the reagent supporting digestion in the large intestine. 

2.3. Simulation of human digestion using in vitro model comprising mouth, stomach, small intestine, and large intestine 

2.3.1. Conditions for in vitro human digestion 
The in vitro human digestion models simulating the human gastrointestinal tract, including the mouth, stomach, small intestine, 

and large intestine, were developed based on digestion temperatures, digestion times, digestive enzymes, and gut microbiota [20,23] 
in our previous studies, which aimed to determine the changes in structure, digestibility, and biological activity of pharmaceuticals, 
foods, and compounds [20,24–29]. 

In our previous review [18,20], the study was determined that the optimal temperature for the in vitro human digestion model is 37 
± 0.5 ◦C. Based on previous physiological studies, transit times were established [12,20] and divided into four groups according to 
digestion location as follows: 1) mouth, 5 min; 2) stomach, 2 h; 3) small intestine, 2 h; and 4) large intestine, 6–10 h. According to 
previous physiological measurements, the in vitro human digestion model was maintained at 150 rpm using a shaking water bath to 
mimic gastric intestinal motility and facilitate digestion [20]. The pH of the digestive environment aids enzyme activity and influences 
the digestibility and absorption and/or the degradation of nutrients in the human body [30,31]. Therefore, pH levels in the in vitro 
human digestion model must be established according to physiological conditions [20,32]. In our model, the following pH levels were 
maintained: 1) mouth, pH 6.8 ± 0.2; 2) stomach, pH 1.5 ± 0.2; 3) small intestine, pH 8.0 ± 0.2; and 4) large intestine, pH 7.0 ± 0.2. 
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Fig. 2. Procedure for analyzing resistance to digested antibiotics. MHB, Muller–Hinton broth; MIC, minimum inhibitory concentration.  
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2.3.2. Preparations before beginning in vitro human digestion  

1. The digestive enzymes were prepared and stored at − 80 ◦C (Table 1).  
2. The gut microbes were prepared and incubated at 37 ◦C.  
3. The temperature of the shaking water bath was set to 37 ◦C.  
4. The frozen digestive enzymes were thawed in a water bath at 37 ◦C.  
5. The required quantities of samples and digestive enzymes were calculated and weighed in advance. 

2.3.3. In vitro human digestion  

1. Samples: First, 5 g of each sample was weighed. If the sample amount was low, the quantities of all reagents were reduced 
proportionally. 

Table 2 
Troubleshooting guide for the method developed to assess antibiotic resistance using the in vitro human digestion model.  

Procedure Problem Cause Solution 

Preparation of gut 
microbiota for 
digestion 

Incorrect gut microbial 
population 

Insufficient gut microbial population (108–1010 

CFU/mL) for use in the in vitro human digestion 
model 

Adjust the experiment timing. If the gut microbial 
population does not reach the required count, 
cultivate it for few more hours 

Enzyme activity 
(amylase, 
pepsin, lipase, 
trypsin) 

Assay not working ⋅ Data read at wrong wavelength ⋅ Check the wavelength in the data and filter 
settings of the microplate reader 

⋅ Using for different type plate ⋅ In case of colorimetric method, use clear 96-well 
plates. (Fluorescence, black plates with clear 
bottoms; luminescence, white plates) 

Irregular values in samples ⋅ Samples made in an incorrect buffer ⋅ Use assay buffer in the specific kit or refer to 
instructions 

⋅ Poorly dissolved sample and reagents ⋅ Dissolve all samples and reagents completely and 
mix gently before testing 

Assay failure during 
measurement of linear 
pattern for standard curve 

⋅ Incompletely dissolved standards ⋅ Completely mix all components before making 
standard stock 

⋅ Incorrect pipetting of standard or reagents ⋅ Avoid pipetting small amounts to prevent bubble 
generation 

⋅ Possible measurement of well plate in the 
presence of bubbles 

⋅ Inject all mixtures gently against the wall of the 
well plates 

⋅ Calculation errors ⋅ Check calculations and values by referring to the 
data sheet 

In vitro human 
digestion steps 

Preparation of samples for 
analyzing changes at each 
digestion step 

To analyze changes (quantitative or structural 
changes) in the samples at each digestion step 
(mouth, stomach, small intestine, and large 
intestine), the number of samples prepared must 
be more than the number of treatments 

For analysis at each digestion step, the sample must 
be collected and analyzed at the end of each step 
(mouth, stomach, small intestine, and large 
intestine); thus, the number of samples prepared 
should be four times greater than the number of 
treatment groups 
E.g., a total of 36 samples should be prepared for 3 
treatments × 3 replication experiments (3 
treatments × 3 replications × 4 digestion steps)  

Short digestion time in 
mouth 

Short digestion time (<5 min) in the mouth may 
be a result of considerable time spent adding the 
digestive enzyme 

Do not experiment with too many samples at the 
same time; add the samples first, followed by 
enzymes randomly and quickly  

Difficulty in handling 
dialysis tube 

It is not easy to tie the dialysis tube, and there may 
be many digested samples (including digestive 
juices) on the outer surface of the tube after the 
step involving digestion in the small intestine 

The dialysis tube should be tied with a clip (not 
straps). After digestion in the small intestine, it 
should be cleaned with a phosphate buffer solution 
(pH 7) and then used for the experiments 

Effects of dilution Increasing the sample volume by adding digestive 
juices 

Before analysis, use a buffer that does not influence 
the data to adjust sample volume 

Agar disk diffusion Difficulty in measuring 
inhibition zone 

⋅ Overlap with inhibition zone disks ⋅ Use no more than 5 disks on a 100-mm agar plate 
or no more than 12 disks on a 150-mm agar plate 

⋅ No inhibition zone possessing a fully round shape ⋅ Do not place disks on the edge of the agar plate   
⋅ Irregular inhibition zone shape ⋅ Each disk must be pushed down using forceps to 

confirm complete contact with the agar surface  
Disappearance of 
microorganism 

⋅ No growth of the test microorganism ⋅ Check the optimal incubation conditions (e.g., 
temperature, time) and dilute appropriately to the 
optimal microorganism concentration 

MIC assay Failure in determining MIC Simply ensuring that the appropriate antibiotic 
has been selected 

Ensure that the appropriate dose according to 
sensitivity testing is used  

Inappropriate MIC MICs are lower or higher than expected Repeat testing using McFarland 0.5 turbidity or 
values at 600 nm. Check inoculation procedure and 
inoculum preparation steps 

MIC, minimum inhibitory concentration. 
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2. Simulation of mouth digestion: First, 5 g sample was transferred to a 50-mL screw-capped tube containing 5 mL prepared saliva 
solution (pH 6.8), and the mixture was stirred at 150 rpm for 5 min at 37 ◦C in a shaking water bath.  

3. Simulation of stomach digestion: First, 10 mL prepared gastric juice (pH 1.5) was transferred to a 50-mL screw-capped tube, and the 
mixture was stirred at 150 rpm for 5 min at 37 ◦C in a shaking water bath.  

4. The dialysis tube (molecular weight cutoff, 50 kDa; flat width, 34 mm; thickness, 18 μm [Membrane Filtration Products, Inc., 
Seguin, TX, USA]) was prepared by cutting to proper size (2.5 × 10 cm/5 g sample) and soaking in DW until soft. The excess water 
was removed, and the softened dialysis tube was tied at one end. Next, 5 mL phosphate buffer (pH 7) was added to the prepared 
dialysis tube, and the other end was tied. It was then transferred to the 50-mL screw-capped tube to simulate digestion in the small 
intestine. The tube contents were stirred in a shaking water bath at 150 rpm for 2 h at 37 ◦C.  

5 Simulation of small intestine digestion: First, 10 mL prepared duodenal juice and 5 mL bile juice were added to the 50-mL screw- 
capped tube which contained the mixture after mouth and stomach digestion. The mixture was stirred in a shaking water bath at 
150 rpm for 2 h at 37 ◦C.  

6 Simulation of large intestine digestion: First, 10 mL of each of the prepared gut microbes (E. coli and L. casei) was inoculated into the 
mixture obtained by performing the steps described above. The samples were then incubated for 4–6 h in a shaking water bath 
maintained at 37 ◦C and 150 rpm (Figs. 1 and 2). 

The products obtained at each digestion step were used to determine antibiotic resistance in the human body. 

2.4. Microbial strains for analysis 

The following microbial strains were used: 1) SA RN4220, a fluoroquinolone-susceptible restriction-deficient mutant of Staphy
lococcus aureus, and 2) sequence type 72 (ST-72)-staphylococcal cassette chromosome mec (SSCmec) type IV methicillin-resistant 
S. aureus (MRSA) that was isolated from human blood. The microbial strains used in this study were provided by the Microbiology 
Laboratory of Animal Science and Technology of Chung-Ang University (Anseong, South Korea). The two microbial strains were 
cultured in TSB to obtain 106–107 CFU/mL according to a previous method [28]. 

2.5. Antibiotic resistance analysis 

This study was analyzed resistance to residual antibiotics in the human body using the in vitro human digestion model. The 
following antibiotics were used: tetracycline, ofloxacin, and penicillin. Tetracycline and penicillin were dissolved in DDW and 
ofloxacin in a specific buffer (pH 3, w/v). Specific procedures for assessing antibiotic resistance, disk diffusion, and MIC were 
employed (Fig. 2). The large intestine digestion step was excluded from MIC assaying to eliminate the impact of gut microbiota. 
Antibiotic susceptibility or resistance testing was performed in accordance with the Clinical and Laboratory Standard Institute (CLSI) 
guidelines. The troubleshooting guide is presented in Table 2. 

2.5.1. Agar disk diffusion 
The disk diffusion assay is widely used to test antimicrobial activity according to the size of microbial growth inhibition zone on 

media containing antibiotics. Disks containing antibiotics are placed in a dish containing microorganism cultures, and sizes of growth 
inhibition zones are measured. Results are presented in terms of full susceptibility, intermediate susceptibility, and resistance based on 
CLSI guidelines.  

1. Preparation of media for determination of antibiotic resistance:  
1.1. First, 38 g Muller–Hinton agar (MHA) was mixed with 1 L DDW in a sterile flask; the mixture was stirred for 20 min at 180 rpm.  
1.2. Next, 21 g Muller–Hinton broth (MHB) was mixed with 1 L DDW in a sterile flask; the mixture was stirred for 20 min at 180 

rpm.  
1.3. The mixture was completely dissolved, and the prepared agar was sterilized in an autoclave for 15 min at 121 ◦C.  
1.4. The sterilized broth was cooled to <40 ◦C and transferred to a new 15- or 50-mL tube, which was then cooled to 50 ± 2 ◦C. 

Subsequently, 20–25 mL aliquots were transferred to 100-mm petri dishes.  
1.5. Before use, the agar plates were dried for no more than 30 min or until the excess surface moisture evaporated.  
1.6. The prepared agar plates were stored using cover wraps and plastic bags at 2–8 ◦C for up to 1 month.  

2. Inoculation of micro-organisms for agar disk diffusion:  
2.1. In the direct colony suspension method, four or five colonies were sampled using a loop.  
2.2. The colonies were suspended in 5 mL MHB and incubated at 37 ◦C until turbidity equivalent to that of 0.5 McFarland standard 

or absorbance of 0.07–0.1 (approximately, 107–108 CFU/mL) at 600 nm was reached. The cells were then diluted to 104–105 

CFU/mL using MHB.  
3. Subsequently, 100 μL test microorganism was added to an MHA plate and spread using a spreader.  
4. The plate was rotated by 60◦, and the procedure was repeated twice. Inoculation distribution was observed, and the medium 

surface was allowed to dry for 3–5 min.  
5. The sterilized disks containing 10 μL digested antibiotics were placed on the plate surface within 15 min.  
6. The test plate was incubated at 37 ◦C or the appropriate optimum growth temperature.  
7. The inhibition zone was measured using a ruler graduated to 0.5 mm after 16–18 h. 
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2.5.2. MIC assay 
The MIC assay is a type of dilution method that is widely used to determine the lowest concentration (mg/mL or μg/mL) of 

antimicrobial agent that inhibits microorganism growth by measuring broth turbidity [33,34]. The MIC assay steps described below 
adheres to guidelines of the CLSI and European Committee on Antimicrobial Susceptibility Testing (EUCAST).  

1. First, 100 μL MHB was added into all wells except the first one of a 96-well plate. An equal amount of digested antibiotics was added 
only to the first well.  

2. Dilution was initiated in the first well, and after dilution until the twelfth one, 100 μL solution was discarded from the last well so 
that each well contained equal amount of solution. Next, MHB and antibiotic or digested antibiotic solutions were mixed by 
pipetting.  

3. Subsequently, 100 μL microbial cultures (approximately 104–105 CFU/mL) were inoculated into each well.  
4. The 96-well plate was incubated at 37 ◦C or at temperatures corresponding to the optimum growth temperature of each organism.  
5. After incubation, the growth end point (time at which no bacterial growth was detected) was determined. 

2.6. Statistical analysis 

Five replicates of the experiments were performed. The results were expressed as mean ± standard deviation (SD). All statistical 
analyses were conducted by performing one-way analysis of variance using IBM SPSS Statistics for Windows, version 26.0 (IBM Corp., 
Armonk, N.Y., USA). Tukey’s multiple comparison test was used to determine significant differences between mean values; evaluations 
were based on a significance level of p < 0.05. 

3. Results and discussion 

This study was performed to ethically determine and assess resistance to residual antibiotics in the human body using an in vitro 
human digestion model. Antibiotic resistance was assessed using assays that confirmed variation in resistance to different antibiotics. 
Our previous studies examined changes in antimicrobial activity and resistance to antibiotics that were digested during in vitro human 
digestion using the disk diffusion method [28,29]. In addition, health risks due to antibiotic-resistant bacteria and antibiotic resistance 
genes in humans [35] as well as the presence of antibiotic-resistant enterococci in seafood [36] were determined using an in vitro 
digestion model. The MIC method enables rapid screening of microbial resistance to antibiotics [37–40] and pharmaceuticals [41–44]. 
As opposed to in vivo studies involving human trials and animal models, in vitro human digestion models provide rapid results and are 
inexpensive, resource-efficient, and ethical [45]. 

Agar disk diffusion experiments revealed differences in resistance that were dependent on the antibiotic used and specific digestion 
steps (Fig. 3). The positive control was to be the antibiotics before digestion, and the negative control was to be the dissolved buffer 
such as DDW and a specific buffer (pH 3). All negative control did not show inhibition zones regardless of microbial strains. Before 
digestion, treatment with tetracycline and ofloxacin resulted in inhibition zones indicative of antimicrobial activity against SA RN4220 
(6.96 ± 0.55 mm and 22.49 ± 6.47 mm, respectively); however, inhibition by penicillin was not detected. Similar results were 
observed for MRSA pertaining to antibiotics. These results, which were observed before digestion, indicate that only SA RN4220 is 

Fig. 3. Analysis of resistance to antibiotics by (A) Staphylococcus aureus RN4220 (SA RN4220) and (B) methicillin-resistant S. aureus (MRSA) during 
in vitro human digestion by agar disk diffusion. Antibiotics before digestion and dissolved buffer of antibiotics were taken as positive and negative 
control, respectively. R, resistant; I, intermediately resistant; S, susceptible; N.D., not detected. Antimicrobial susceptibility testing was performed 
using the disk diffusion method according to Clinical and Laboratory Standards Institute (CLSI) guidelines. a,b Values marked with different letters 
differed significantly according to the inhibition zones of the antibiotics used during in vitro human digestion (P < 0.05). 
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susceptible to ofloxacin and other strains are all resistant. 
After digestion in the mouth, antimicrobial activity against SA RN4220 and MRSA was higher in the ofloxacin than in the tetra

cycline and penicillin (not detectable) groups, indicating that SA RN4220 exhibits intermediate resistance to ofloxacin but is resistant 
to tetracycline and penicillin. Although tetracycline and ofloxacin produced inhibition zones, MRSA was resistant to all antibiotics 
after digestion in the mouth. After digestion in the stomach and small intestine, only ofloxacin produced an inhibition zone against SA 
RN4220 and MRSA, while tetracycline and penicillin did not. However, some resistance was observed for all antibiotics, regardless of 
the microbial strain. 

After simulated digestion in the large intestine, none of the antibiotics demonstrated antimicrobial activity, with SA RN4220 and 
MRSA showing resistance to all of them. Moreover, penicillin did not exhibit antimicrobial activity against any of the strains. This may 
be attributed to the structural degradation of antibiotics by pH alteration and gut microbiota used to simulate digestion in the large 
intestine, thus suggesting that increased antibiotic resistance is related to the digestion process. 

Increased MIC may be attributed to reduced antimicrobial activity or increased resistance. Furthermore, the difference in antibiotic 
resistance depends on specific digestion steps, as demonstrated by the results in Table 3. Resistance to the three antibiotics increased as 
digestion progressed, corresponding to each MIC interpretive criterion. 

Before digestion, the MICs of tetracycline, ofloxacin, and penicillin against SA RN4220 were 2, 1, and >2 μg/mL, respectively. After 
digestion in the mouth, the MIC for tetracycline was 4 μg/mL, indicating susceptibility, while that for ofloxacin was 2 μg/mL, indi
cating intermediate resistance against SA RN4220. After digestion in the stomach, the MICs for tetracycline and ofloxacin were 8 and 2 
μg/mL, respectively, indicating intermediate resistance against SA RN4220. However, SA RN4220 showed resistance to all the anti
biotics after digestion in the small intestine. Both strains showed the following the trend of resistance to antibiotics: penicillin >
ofloxacin ≥ tetracycline. Furthermore, MRSA were resistant to all antibiotics, and the MICs of the three antibiotics were higher for 
MRSA than they were for SA RN4220. All the antibiotics’ MICs after digestion were higher than those before digestion, indicating 
resistance by both strains, which might have been because of change in resistance to tetracycline and ofloxacin due to the simulated 
intestinal tract conditions. 

Increasing resistance or decreasing antimicrobial activity of antibiotics was a prominent phenomenon observed during the in vitro 
digestion process in this study; however, the underlying mechanisms remain unclear. This study can suggest some possible ones. 

The first mechanism considers the impact of pH during the digestion process. Gastrointestinal digestion leads to pH fluctuations 
that are required for the activation of digestive enzymes. Tetracycline possesses a basic tetracycline class structure composed of a 
tetracyclic naphthacene carboxamide ring system, wherein the dimethylamine group at C4 in ring A is necessary to facilitate anti
microbial activity [46]. Additionally, the amino group at the C4 position and ketoenolic tautomers at the C1 and C3 positions in the 
ring group all contribute to antibacterial activities [46]. Previous studies that investigated factors causing tetracycline degradation, 
such as pH, photodegradation, and chelation have reported that hydrolysis of tetracycline is affected by pH and temperature [47,48]. 
Tetracycline can induce reversible epimerization at C4 under low pH conditions and can lead to the formation of 4-epi-tetracycline in 
the presence of hydrogen ions from water under acidic conditions [49]. Additionally, tetracycline can be converted to iso-tetracyclines 
such that the hydroxyl group at C6 may attack the C11 carbonyl group at alkaline pH, which in turn decreases the tetracycline amount 
during hydrolysis [47,50]. Ofloxacin is a quinolone antibiotic that is widely used to inhibit gram-positive bacteria such as S. aureus, 
Streptococcus pyogenes, and Streptococcus pneumoniae [51]. A previous study showed that initial pH of the liquid solution affects the 
outbreak of active species, and surface charge characteristics exert a significant impact on photocatalytic performance [52]. Another 
study regarding the effect of initial pH values ranging from 3.0 to 11.0 revealed the degradation characteristics of ofloxacin [53]. Tian 
et al. also demonstrated that ofloxacin is efficiently degraded over a pH range of 3.6–10.0 [54]. The carboxylic acid residue in ofloxacin 
is associated with antimicrobial activity [55] and contributes to the binding between quinolones and DNA gyrase. Thus, decarbox
ylation at the quinolone moiety may be accompanied by reduced antimicrobial activity. Furthermore, pH may affect ofloxacin activity 
by Fenton oxidation, resulting in poor performance and increased resistance. Thus, resistance to tetracycline and ofloxacin during in 
vitro human digestion may be due to structural degradation caused by pH fluctuations. 

The second possible mechanism concerns increased antibiotic consumption that activates intestinal microbes. Antibiotics pre
dominantly alter the metabolic state of bacteria [56]. Specifically, the metabolic state of bacteria influences the effects of antibiotics. 

Table 3 
Changes in MIC of antibiotics during in vitro human digestion.  

Bacterial strain Antibiotic  MIC (μg/mL) 

Before digestion In vitro human digestion phase 

Mouth Stomach Small intestine 

SA RN4220 Tetracycline 2 (S) 4 (S) 8 (I) 16 (R) 
Ofloxacin 1 (S) 2 (I) 2 (I) 8 (R) 
Penicillin >2 (R) >2 (R) >2 (R) >2 (R) 

MRSA Tetracycline 8 (I) 16 (R) 16 (R) 16 (R) 
Ofloxacin 4 (R) 4 (R) 4 (R) 8 (R) 
Penicillin >2 (R) >2 (R) >2 (R) >2 (R) 

SA RN4220, fluoroquinolone-susceptible restriction-deficient mutant of Staphylococcus aureus, MRSA, methicillin-resistant S. aureus, R, resistant; I, 
intermediately resistant; S, susceptible; MIC, minimum inhibitory concentration. 
MIC was determined according to the Clinical and Laboratory Standards Institute (CLSI) guidelines for Staphylococcus spp. 
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Gut microbial diversity is influenced by oral administration of antibiotics, which greatly diminishes the total bacterial genomic DNA 
amount [57]. A previous study has reported increased resistance of fecal E. coli to tetracycline [58]. Moreover, commensal gut 
microbiota may be responsible for antibiotic resistance. Previously, potential antibiotic resistance genes against 53 antibiotics were 
found in the human gut microbiota; furthermore, four distinct clusters of gut microbiomes exhibiting similarities in antibiotic resis
tance, known as resistotypes, were identified [59]. In a study evaluating the resistome, which is the repository of antibiotic resistance 
genes, of Bifidobacterium, to evaluate its resistance in the gut metagenome, the tetracycline-resistant gene, namely tet (W) was pre
dicted to be transported via conjugate transposons in adults and infants [60]. In our study, none of the antibiotics showed antimicrobial 
activity against SARN4220 and MRSA. These findings were similar to those regarding antibiotic resistance. Therefore, reduced 
antimicrobial activity or increased resistance to antibiotics during the simulated large intestinal digestion stage might have occurred 
because of decreased antibiotic concentration due to reactions with the gut microbiota that were introduced for simulation of digestion 
in the large intestine. 

Although certain factors, such as structural degradation of antibiotics, require validation, our study suggests that the in vitro human 
digestion model is a promising tool for the detection of antibiotic resistance. Further research that considers changes in the molecular 
structure of antibiotics is necessary to improve our understanding regarding antimicrobial activity and development of antibiotic 
resistance depending on the digestion process. 

4. Conclusion 

This study demonstrated variations in antibiotic resistance during in vitro human digestion using disk diffusion and MIC assays. Our 
results suggest that increased resistance or reduced antimicrobial activity of antibiotics during digestion may be associated with 
decreased residual antibiotics in the body. Additionally, alterations in these antibiotics are likely related to changes in their structural 
stability and activity due to certain factors, such as pH fluctuation and gut microbiota, related to in vitro human digestion. It was also 
found that resistance to residual antibiotics was affected by the digestion process. Thus, the in vitro human digestion model may be used 
to determine resistance to residual antibiotics. Further research is required to verify the exact factors that contribute to changes in 
resistance and antimicrobial activity of antibiotics during human digestion. 
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