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19.01.2026 

 

Evaluation of Intestinal Permeability of Calcium 
Butyrate Using the SPIP Model 

 
 
To the Relevant Authority, 
 
This report has been prepared to evaluate the intestinal permeability profile of 
calcium butyrate (CAB) and the accompanying in vitro release/kinetic modeling 
findings using the Single-Pass Intestinal Perfusion (SPIP) approach.  
 
In the study, the dissolution behavior of CAB under gastrointestinal conditions 
was investigated using the dialysis membrane method; the release data were 
interpreted with the zero-/first-order, Higuchi, Hixson–Crowell, and Korsmeyer–
Peppas models. In the in situ SPIP experiments, phenol red and metoprolol were 
used as markers to verify membrane integrity and method performance; following 
net water flux corrections, effective permeability (Peff) and human predictions 
were calculated.  
 
The methodology, calculations, and findings are presented in report format in the 
sections below. 
 
 
 
 
 
 
 
Abbreviations 
Calcium Butyrate: CAB 

Metoprolol: MTP 

Phenol Red: PR 

Single-Pass Intestinal Perfusion: SPIP 
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1. METHODS 
1.1. Development of HPLC Method 

The chromatographic separation was achieved on a Develosil column C18, 150 Å~ 3 

mm, 4.6 μm particle size with isocratic elution. The mobile phase was composed of 

methanol: phosphate buffer (20 mM, pH 3.1) (43:57, v/v). 2.7 g of sodium dihydrogen 

phosphate and 420 μL of phosphoric acid were dissolved, then the mixture was 

sonicated for 10 minutes. The buffer solution and the other mobile phase component, 

methanol, were degassed before use and filtered. The injection volume was 20 μL, 

and the column oven temperature was set at 30 °C. The flow rate of the method was 

chosen 1 mL/min. The UV detector was set at 206 nm wavelength obtained maximum 

absorbance from MTP, PR and CAB1. Agilent 1200 series HPLC device was used.  

1.2. In Vitro Release Studies 

The release study was performed dialysis bag (Spectra/Por Dialysis 

membrane/molecular weight of 12–14 kDa) method. Gastric (pH 1.2) media were 

used as the release medium. 100 mg CAB was placed in the dialysis bag and closed 

with closures. The filled dialysis bags were immersed in 100 mL of gastric media 

providing sink conditions and mixed at 37 ± 0.5 °C with a magnetic stirrer at 100 rpm. 

The membrane was held in saline before use. In the gastric media  
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at 0.25, 0.5, 0.75, 1, 2 hours, 500 µl samples were taken and quantified by HPLC. The 

system was completed with the same media and amount in each sample collection 

at 37±0.5 ˚C. Three parallel release studies were conducted for each formulation 2. 

1.2.1. Kinetic evaluation of in vitro drug release data 

A variety of mathematical models were used to analyze data from in vitro drug 

release experiments in order to better understand the probable release mechanism 

of CAB.  The appropriate drug release kinetic model was determined using a 

computer program developed 3. The best-fit model was chosen based on the 

correlation coefficients of formulations with the greatest regression values (r2). Zero 

order. first order. Higuchi. and Hixson Crowell kinetic models were used to study the 

behavior of the release mechanism. In addition. for kinetic analysis. the Korsmeyer–

Peppas equation was employed 4–6. The following mathematical methods were used 

to investigate the release kinetics of the microemulsion formulations: 

Equation 1.  

Zero-order model: Qt = Q0 + k0t 

Equation 2.  

First-order model: Qt = Q0e-kt 

Equation 3.  

Higuchi’s model: Qt = kHt1/2 
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Equation 4.  

Hixson-Crowell model: Q0
1/3 – Qt

1/3 = kHCt 

Equation 5.  

Korsmeyer-Peppas model: ft = kmtn 

Where ft represents the fraction of drug dissolved in time t. The apparent constants 

of dissolution rate for the first-order, zero-order, Higuchi model, Korsmeyer–Peppas 

model, and Hixson–Crowell models are kf. k0. kH. km. and kHC. respectively. Q0 is the 

starting quantity of drug. and Qt is the cumulative amount of drug release at time t in 

the Hixson–Crowell. zero order. first order. and Higuchi's models. In the instance of 

Korsmeyer–Peppas. "n" represents the release exponent 6. 

1.3. Perfusion solution for SPIP Studies 

For SPIP tests, perfusion solution (Golytely solution) was made using 5 mM NaCl, 10 

mM KCl, 40 mM Na2SO4, 20 mM NaHCO3, and 80 mM mannitol. The buffer's pH was 

adjusted to 7.4 with orthophosphoric acid or a KOH solution. A 0.45 µm membrane 

filter was used to filter the newly prepared perfusion medium 7. Purified water (Milli-

Q) was added to each component in order to completely dissolve it. The concentration 

of each drug or marker used in the perfusion experiments was determined by dividing 

the maximum recommended dose by 250 mL. To accurately represent the highest 

medication concentration in the gut, this volume should be consumed. 7–9. 
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1.3.1.  In-situ SPIP assays and surgical procedure 

The Committee for the Use and Care of Animals at Anadolu University authorized all 

protocols used to conduct animal studies (Protocol No. 2025/30). All in-situ intestinal 

perfusion investigations employed female Sprague Dawley rats weighing 200–250 g. 

The rats were given free access to tap water and fasted for around 12 hours the night 

before each trial. 

According to previously reported investigations and published publications, the 

experimental process for the in-situ SPIP studies was carried out 7,10. An 

intraperitoneal injection of a ketamine-xylazine mixture (90–10 mg/kg, respectively) 

was used to anesthetize the rats. Every animal that is put on a heated surface that is 

kept at 37±0.5°C. A midline (3–4 cm) incision was made in the belly to expose the 

small intestine. The flexible PVC tubing (inlet tubing, internal diameter (id) 0.76 mm; 

outlet tubing, id 1.70 mm) was carefully cannulated into the jejunal segment (10 cm), 

and the tubings were then connected to the perfusion system. Care was taken, and 

exposed segments were kept wet with 37°C saline solution, in order to retain an intact 

blood supply to the segment. Perfusion medium was incubated at 37±0.5°C in a water 

bath. The surgical site was then wrapped with parafilm to prevent fluid from exposing 

segment surfaces from evaporating. The peristaltic pump (Minipuls-3, Gilson, France) 

was used to pump the blank perfusion solution through the gut at a flow rate of 0.5 

mL/min for about 20 min. in order to clear out any remaining debris. The cannulated  
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intestinal segment was cleaned before the perfusion solution containing the 

drugs/markers was administered for 60 minutes at a flow rate of 0.2 mL/min. In 

tubes, samples were taken from the distal region of the jejunum at intervals of 10, 

20, 30, 40, 50, and 60 minutes.  

After collection, samples were immediately frozen at -20°C for high performance 

liquid chromatography analysis (HPLC). According to standards for euthanasia in 

experimental animals, animals were cervical dislocated to end each experiment. 

Following each experiment, the intestinal segment's length was measured. 
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Figure 1. Schematic representation of the experimental setup: (A) peristaltic pump 

and Golytely solution containing the dissolved active compound; (B) illustration of 

the ileum; (C) and (D) optimization of the Golytely solution flow; (E) sample collection; 

and (F) overall view of the experimental setup.  
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1.3.2. Determination of Effective Intestinal Permeability (Peff) Fraction 

Absorbed in Humans  

In order to calculate effective permeability values (Peff) of the drug, the measured 

Cout/Cin ratio was corrected for water transport using Equation 6 11. 

Equation 6. 

!!!"#
!$%
"
"
= !$!!"#

!$%
% . $ !$%	'()%!*	+),

!!"#	'()%!*	+),
%"       

where Cin Phenol Red is the inlet PR concentration, and Cout Phenol Red is the outlet PR 

concentration. 

Using the "plug flow" model shown in Equation 7, the effective permeability (Peff) 

values of the medication across the rat gut wall were computed [14]. 

Equation 7. 

𝑃#$$ =
%& '()-!"#-$%

*
.

+,-.
          

!!!"#
!$%
"	is the adjusted drug concentration ratio of outflow to inlet concentration, and Q 

is the flow rate of the perfusion solution (mL/sec) (Equation 2). For the jejunum, the 

radius of the perfused intestinal segment is r = 0.2 cm, and the length is l (cm) 8,12,13. 
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Net water flux (NWF) values were calculated based on inlet (Cin Phenol Red), outlet (Cout 

Phenol Red) concentrations of PR and (Qin) the inlet perfusate flux using the following 

Equation 8: 

 Equation 8. 

𝑁𝑊𝐹 =
)/%0

-!"#	'()%!*	+),
-$%	'()%!*	+),	

1*.&$%

.
       

A negative net water flux indicates loss of fluid from the mucosal side (lumen) to the 

serosal side (blood). A positive net water flux indicates secretion of fluid into the 

segment 14. 

The effective permeability values for humans (Peff humans) were calculated by using Peff 

rats values obtained from in-situ rat SPIP studies, according to the Equation 9 

proposed by Fagerholm et al. 15. 

Equation 9. 

𝑃#$$	456789 = 3.6𝑃#$$	-7:9 + 0.03𝑥10%;      

where Peff humans = effective permeability predicted for humans, Peff rats = effective 

permeability obtained in rats using SPIP method. The fraction absorbed (Fa) in 

humans can be calculated for each substance using the Equation 10 presented by 

Sugano et al. 
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Equation 10. 

𝐹7 = 1 − 𝑒%<=;>.?)//	01#2        

Where Fa = fraction absorbed predicted for humans Peff rats = effective permeability 

obtained in rats by SPIP technique. 

1.4. Statistical Analysis 

The means and standard deviations of all outcomes were reported (SD). The two-

tailed non-parametric Mann-Whitney U test was employed to compare the two 

experimental groups and find any differences. A p value of less than 0.05 was 

regarded as significant. 

2. RESULTS and DISCUSSION 

2.1. In vitro Release Studies and Kinetic Modelling 

The in vitro drug release study was performed for 2 hours in a simulated gastric fluid. 

Aliquots were withdrawn at predetermined time points of 15, 30, 45, 60, and 120 

minutes. Figure 2 illustrates the cumulative percentage drug release profile. The 

results demonstrate that CAB remained stable under gastric pH conditions and 

exhibited a rapid release behavior, with approximately 80% of the drug released 

within the first 15 minutes. This rapid release is attributed to the high aqueous 

solubility of CAB. Furthermore, more than 95% of the drug was released within 1 

hour, indicating complete and efficient dissolution under gastric conditions. 
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Figure 2. In vitro drug release study 

The in-vitro release profile of calcium butyrate solution exhibited an initial burst 

release followed by a diffusion-controlled sustained phase, reaching a plateau at 

later time points. This release behavior is characteristic of hydrophilic 

low-molecular-weight compounds evaluated using the dialysis membrane method 

and suggests Fickian diffusion as the predominant release mechanism. 

Cojocaru et al. claim that in order to comprehend the release characteristics, the 

drug release data should be matched with an appropriate mathematical model. In 

fact, as the r2 grows with the number of included parameters, the modified coefficient  
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of determination should be used when comparing models with numerous parameters 

16. Zero-order, first-order, Hixson-Crowell, Higuchi, and Korsmeyer-Peppas models 

were employed to characterize the kinetics of drug release from the test 

microemulsions. For each example, the data were converted before being subjected 

to linear regression analysis. The Hixson-Crowell model can generally be used to 

examine drug formulations with a range of particle surface area and diameter. The 

zero-order law can be used to find drug delivery methods where the drug dissolves 

slowly independent of the initial drug concentration and where the medication does 

not gradually deteriorate. The first-order law, on the other hand, works better in 

systems where the initial drug concentration affects drug release. Finally, the release 

brought on by drug diffusion from the matrix via pore generation is consistent with 

Higuchi's hypothesis 17.  

The r2 calculation was used to compare the adequacy of each model for describing 

the drug release kinetics. Table 1 shows the results of fitting the in vitro release data 

into several kinetic models. The Higuchi model is the most suitable model for 

formulation. In the Higuchi model,  

it is emphasized that the active substance of the drug is released from the matrix 

structure in a diffusion-controlled manner. The Korsmeyer-Peppas model was used 

again in the in vitro CAB release behavior analysis of these formulations to determine 

release mechanisms: Fickian (non-steady) diffusional release when n ≤ 0.5, case-II  



 

         
        

        
     

 

        
       

        
       

VİTANATUR 
İLAÇ KOZMETİK AR-GE DAN. A.Ş.

         

+90-507 840 65 04

info@vitanaturtr.com

KAVACIK MAH. EKİNCİLER CAD. A BLOK REKTÖRLÜK MEDIPOL UNIVERSITESI NO: 19 /3 BEYKOZ/ İSTANBUL

                   

 

          
       

         
      

         
        

         
      

  

          

         

            

    

             

       

  

        
         

         
      

         
        

         
      

    

              

          

             

       

              

          

  

   

    

              

          

             

       

    

              

          

             

       
    

             

        

         

         
     

          
            

    

             

        

  

           
         

 

           
        

   

             

        

  

          
 

          
  

    

             

         

             

           

  

               

        

            

          

              

          

  

                       

        Pharmaceutical & Cosmetic R&D Consulting Ltd.

 

 

 

 

transport (zero-order) release when n ≥ 1, and non-Fickian, "anomalous" release 

when n is in between 0.5 and 1 6,18. As a result, CAB showed Fickian diffusional release 

processes since "n" values were 0.577 in gastric medium. 

Table 1. Mathematical modeling of in vitro release studies 

Kinetic model r2 n k 

Zero Order 0.652 7.197 82.660 

First Order 0.641 0.036 1.917 

Hixon Crowell 0.645 0.121 4.356 

Higuchi 0.942 11.112 73.906 

Korsmeyer-Peppas 0.924 0.577 1.586 

 

2.2. In-Situ Intestinal Rat Permeability Studies 

The cannulation procedures of the intestinal segment were carefully performed to 

maintain the physiological blood flow of the intestinal segment, the physiological 

positions of the nerve ligaments, and to ensure normal physiological conditions, and 

the perfusion flow was set to 0.2 mL / min.  

The intestinal membrane integrity was measured using PR, a zero-permeability 

marker. This marker is widely used in different models of permeability studies 19.  
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Net water flux (NWF) values indicated loss of fluid from the mucosal side (lumen) to 

the serosal side (blood) in pure CAB group (30±16 mL/h/cm), Water secretion of fluid 

into the segment was observed. Due to the fact that the absorptive clearance values 

for chemicals determined from in situ perfusion tests are dependent on loss from the 

intestinal lumen, Yang et al. believe that NWF must be utilized to modify the 

concentration of the effluent. Although NWF may play a role in determining 

absorptive clearance, for drugs with low permeability, the clearance can be 

approximated using a non-linear equation that approaches a linear connection even 

if NWF does play a role 20. 

Table 2. The net water flux (NWF) in each group (𝑛 = 6) 

 

Time (min.) CAB 

10 39±26 

20 43±51 

30 28±30 

40 34±66 

50 13±32 

60 23±29 

Mean±SD 30±16 
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2.3. Permeability of CAB 

In all the groups, MTP was administered as a marker to ensure that the experiment 

was done properly, and PR was utilized as a non-absorbable marker. It is 

simultaneously perfused with MTP to assess CAB permeability. According to the 

findings (Table 3), permeability (Peff) was 0.506±0.118 x10-4cm/s for MTP and 

1.643±0.439 x10-4 cm/s for CAB in rats.  

Table 3. Permeability of CABs (𝑛 = 6). 

Drug Peff (Human) 
(𝒙𝟏𝟎%𝟒, 𝒄𝒎/𝒔) 

Peff (Rat) 
(𝒙𝟏𝟎%𝟒, 𝒄𝒎/𝒔) 

ka 

(𝒙𝟏𝟎%𝟑,	1/𝒔) 
ER 

MTP 1.835±0.423 0.506±0.118 14.759±1.858 - 

CAB 5.94±1.58 1.643±0.439 19.786±2.887 3.25 

 

 

Figure 3. The permeability coefficients (Peff, cm/sec) of CAB calculated from 
perfusion of rat ileum (mean SD, n=6). **p<0.05, MTP vs CAB Solution 
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Calcium butyrate exhibits significantly higher permeability across the intestinal 

epithelium compared to metoprolol. This difference arises from fundamental 

distinctions between the two compounds in terms of their physicochemical 

properties, ionization behavior, and interactions with transporter proteins in the 

intestinal epithelium. Primarily, butyrate belongs to the class of short-chain fatty 

acids (SCFAs) and serves as a major energy substrate for intestinal epithelial cells, 

particularly colonocytes. The uptake of SCFAs by the epithelium is mediated by 

transporter proteins such as monocarboxylate transporters (MCTs) and sodium-

coupled monocarboxylate transporter 1 (SMCT1). These transporters enable active 

and facilitated transport of butyrate into enterocytes, thereby markedly enhancing 

its permeability across the intestinal epithelium 21,22. 

The high membrane permeability of butyrate is also attributable to its small 

molecular size and partial lipophilicity. As a four-carbon short-chain fatty acid, 

butyrate exhibits a physicochemical profile that is favorable for both paracellular 

and transcellular transport. In addition, butyrate has a pKa of approximately 4.8, and 

within the pH range of the small intestine (6.0–7.5), a substantial fraction of the 

molecule exists in the protonated (non-ionized) form. This non-ionized form can 

diffuse more readily across lipophilic biological membranes, thereby further 

contributing to its high permeability 23. 
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In contrast, metoprolol possesses a larger and more complex aromatic structure, 

and its absorption in the small intestine relies entirely on passive diffusion. 

Metoprolol has a pKa of approximately 9.7 and is therefore predominantly ionized at 

physiological small intestinal pH; this significantly retards its passage across 

lipophilic biological membranes. Moreover, as no specific enterocyte transporter 

system has been identified for metoprolol, its intestinal permeability is markedly 

lower than that of butyrate. 

In conclusion, the higher permeability of calcium butyrate across the small intestinal 

epithelium compared with metoprolol can be attributed to its uptake via specific 

transporters, lower molecular weight, higher proportion of the non-ionized fraction 

under intestinal pH conditions, and its intrinsic physiological role in enterocyte 

metabolism. 
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Figure 4. The permeability coefficients (Peff, cm/sec) of CAB obtained from perfusion 
of rat ileum (mean SD, n=6). **p<0.05, MTP vs CAB Solution 

 

Figure 5. Fa (%) values. **p<0.05, MTP vs CAB  

 

In addition, as seen in Figure 5, fractional absorption of CAB was significantly 

increased compared to MTP.  
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3. CONCLUSION 

The present study demonstrates that calcium butyrate exhibits a characteristic in 

vitro release profile consisting of an initial burst followed by a diffusion-controlled 

sustained release phase, which is typical of hydrophilic, low–molecular weight 

compounds evaluated using the dialysis membrane method. Kinetic modeling 

revealed that the Higuchi model provided the best fit for the release data, indicating 

that diffusion from the matrix is the predominant release mechanism. This finding 

was further supported by the Korsmeyer-Peppas analysis, where the n value 

obtained in gastric medium was consistent with a Fickian diffusion-controlled 

release process. In situ intestinal perfusion studies confirmed that the experimental 

setup preserved physiological conditions and membrane integrity, as evidenced by 

the use of phenol red as a non-permeable marker. Net water flux analysis indicated 

fluid secretion into the intestinal lumen in the calcium butyrate group, highlighting 

the importance of correcting effluent concentrations to accurately determine 

absorptive clearance. Importantly, calcium butyrate demonstrated significantly 

higher intestinal permeability than metoprolol. This enhanced permeability can be 

attributed to several complementary factors, including its uptake via specific 

monocarboxylate transporters (MCTs and SMCT1), its low molecular weight, and its 

favorable ionization profile, with a substantial non-ionized fraction at intestinal pH. 

Additionally, the small size and partial lipophilicity of butyrate facilitate both  
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paracellular and transcellular transport, while its physiological role as an energy 

substrate for intestinal epithelial cells further supports efficient absorption. In 

contrast, metoprolol, which lacks a specific intestinal transporter and remains 

predominantly ionized under physiological conditions, exhibits comparatively limited 

permeability and relies solely on passive diffusion. 

Overall, these findings indicate that calcium butyrate combines diffusion-controlled 

release behavior with intrinsically high intestinal permeability, underscoring its 

favorable biopharmaceutical properties and supporting its potential for effective 

intestinal delivery. 
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