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USP-simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) 
to assess peptide gut stability 

Frequently observed varying SGF and SIF stability assay results are mainly a result of different fluid 
preparations with regards to enzyme content and activity (e.g. t1/2 of desmopressin and linaclotide in SIF 
with 1×USP pancreatin activity: 2.8 ± 0.2 h and 54 ± 3 min respectively; reported t1/2 in SIF with 4×USP 
pancreatin activity: 30 min for desmopressin and 16 min for linaclotide).1 These conditions can be easily 
harmonized (Figure S1 and S2) to ensure comparability that would greatly benefit gut stability studies and 
the development of peptide scaffolds and drug candidates suitable for oral application. Our systematic 
analysis using well-defined gastrointestinal fluid conditions, provides such basis for consistency. 

In the following, further technical details on SGF and SIF preparation and the impact of different enzyme 
products with various activities (pepsin in SGF, pancreatin in SIF) on peptide stability results are outlined. 
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USP-SGF comprises an aqueous solution of sodium chloride (NaCl) and purified porcine pepsin at pH 1.2. 
The enzyme content is specified as 3.2 mg/mL using pepsin with an activity range of 800-2500 U/mg of 
protein.2 Activity units of commercially available pepsin mixtures span a wide range and are often not 
comparable nor mathematically interconvertible, depending on the procedures and substrates used for 
activity determination.3, 4 The activity range specifying USP-SGF is based on an assay using hemoglobin 
as a protease substrate (described in the USP reagents/reagent specifications section and Food 
Chemicals Codex, FCC).2 We used somatostatin as a model compound for SGF peptide digestion to 
establish the impact of different pepsin activity ranges on SGF stability results (Figure S1): ~400 U/mg – 
below USP guidelines; 6.54 USP U/mg – different unit definition; 1200-2400 U/mg (two batches of the 
same commercial product: batch 1 activity: 1584 U/mg, batch 2 activity: 2169 U/mg) – within the 
recommended USP guidelines; and 3850 U/mg (commercial product declaration ≥3200 U/mg) – above 
USP guidelines. Somatostatin was chosen as an SGF-test peptide since it contains multiple pepsin 
cleavage sites and is reportedly unstable in SGF.5 An aqueous solution of NaHCO3 (0.4 M) was used to 
inactivate pepsin at certain time points by raising the pH to 8 (note: higher pH should be avoided due 
instability of certain peptides to basic conditions; methanol can be used as an equally effective stop solution 
for SGF, but easily can give greater errors due to its volatility which can effect peptide quantification).6 
Pepsin from porcine gastric mucosa with 1200-2400 U/mg was closest meeting USP-SGF specifications 
(800-2500 U/mg) of available commercial preparations and yielded a half-life for somatostatin of 13 ± 2 
min (Figure S1C). Noteworthy, two different batches of this commercial pepsin preparation, with slightly 
different indicated batch activities (1584 and 2169 U/mg) gave identical degradation kinetics for 
somatostatin. USP pepsin reference standard with an indicated activity of 6.54 USP U/mg also gave a 
nearly identical degradation profile (t1/2 = 16 ± 1 min), emphasizing the lack of commercial pepsin activity 
unit harmonization. Somatostatin digestion was slightly faster when a pepsin preparation with a digestive 
strength of 3850 U/mg (commercial specification: ≥3200 U/mg, indicated batch activity: 3200-4500 U/mg, 
average of 3850 U/mg used for calculations) was used: t1/2 = 6 ± 1 min. In contrast, pepsin with a lower 
activity range of ~400 U/mg resulted in a substantially prolonged half-life for somatostatin of > 2 h. We then 
adjusted the (weight) content of 3850 U/mg pepsin (1.8 mg/mL) to meet the SGF digestive strength of the 
1200-2400 (2169) U/mg preparation. With this simple linear calculation, we indeed obtained a reproducible 
stability profile (Figure S1B). Further SGF stability assays were performed using fluid preparations with 
1200-2400 U/mg pepsin (3.2 mg/mL), which is on the upper limit of USP-SGF criteria to avoid 
overestimation of gastric peptide stablities.2 
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Figure S1. USP-simulated gastric fluid (SGF) peptide stability assays – revisited with somatostatin as a test 
peptide. A. Impact of pepsin activity on the stability of somatostatin in SGF at 37°C. SGF was prepared according to 
USP specifications: aq. solution of 3.2 mg/mL pepsin, 2.0 mg/mL NaCl, pH 1.2. USP-SGF pepsin activity is specified 
as 800-2500 U/mg. Different commercial pepsin preparations were tested to illustrate the impact of pepsin activity on 
SGF peptide stability. The 1200-2400 U/mg preparation met USP-SGF-criteria (upper limit) and was used for SGF 
peptide stability assessments in this work. B. Adjusting the weight content of different pepsin preparations in SGF to 
meet the recommended digestive strength of 1200-2400 U/mg pepsin. * two different batches of the same commercial 
pepsin preparation 1200-2400 U/mg, which gave the same degradation kinetics: batch 1 activity = 2160 U/mg, batch 
2 activity = 1584 U/mg. Data points are presented as means ± SEM of n ≥ 3 independent experiments. Data points 
were fitted in GraphPad Prism via non-linear regression using a one-phase exponential decay function with a 
constrained Y0 = 100 and a plateau at 0. C. List of commercial pepsin preparations (activity profile, provider and 
product code p.c.) used to prepare SGF and calculated half-lives for somatostatin in the different SGF media. The 
sequence of the test peptide somatostatin is illustrated with the primary cleavage site in SGF highlighted in colour. 
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USP-SIF constitutes an aqueous solution of monobasic potassium phosphate (KH2PO4) and crude porcine 
pancreatin at pH 6.8.2 While the enzyme quantity in this medium is unambiguously specified as 10 mg/mL, 
the activity range of the pancreatic enzyme mixture used in the preparation is less clear, an issue that was 
often neglected in the past. According to the USP monograph for pancreatin, ≥ 25 USP Units/mg peptidase 
activity, ≥ 25 USP Units/mg amylase activity and ≥ 2 USP Units/mg lipase activity are required.2 Mixtures 
meeting this activity profile are commonly labeled 1×USP pancreatin. Material with higher digestive 
strength is also commercially available and indicated accordingly as multiples of the activity ranges 
described for the peptidase, amylase and lipase content (e.g., 4×USP: ≥100 USP Units/mg protease 
activity, ≥100 USP Units/mg amylase activity and ≥8 USP Units/mg lipase activity). We used oxytocin (OT) 
as a model compound for SIF digestion to establish the impact of different fluid preparations with various 
porcine pancreatin mixtures from commercial sources on peptide stability (Figure S2). OT was considered 
a suitable SIF-test peptide since its C-terminal tail is a prime substrate for the pancreatic peptidase 
chymotrypsin (Figure S6).7-9 An aqueous solution of TFA (5 vol%) was used to terminate the digestion 
process at selected time points. We initially prepared SIF using the USP specified enzyme quantity (10 
mg/mL) but with pancreatin of 1×USP, 4×USP and 8×USP activity accordingly (Figure S2A). The 
differences in OT degradation kinetics were substantial, yielding half-lives of 8 ± 1 min (1×USP), <3 min 
(4×USP) and <3 min (8×USP) respectively (Figure S2C). The impact of the enzyme activity on SIF stability 
of OT was even more pronounced when we prepared diluted SIFs with less pancreatin content than the 
USP specified 10 mg/mL, as used in past studies:10, 11 a tenth of the pancreatin quantity (0.10×USP) 
increased the half-life of OT to >1 h while using 0.01×USP resulted in no considerable degradation within 
1 h. We then prepared SIFs by adjusting the enzyme quantities of 4×USP (2.50 mg/mL) and 8×USP (1.25 
mg/mL) pancreatin to meet the proposed 1×USP activity content using the same simple linear calculations 
as demonstrated for pepsin in SGF. We again obtained degradation kinetics for OT consistent with 1×USP 
SIF activity (Figure S2B), emphasizing the importance to consider pancreatin activity over pancreatin 
weight content to obtain consistent digestive strengths of SIF preparations. 
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Figure S2. USP-simulated intestinal fluid (SIF) peptide stability assay – revisited with oxytocin (OT) as a test 
peptide. A. Impact of pancreatin content and activity on the stability of OT in SIF at 37°C. SIF was prepared according 
to USP specifications: aq. solution of 10 mg/mL pancreatin, 6.8 mg/mL KH2PO4, pH 6.8. According to the USP 
monograph for pancreatin, ≥25 USP Units/mg peptidase activity, ≥25 USP Units/mg amylase activity and ≥2 USP 
Units/mg lipase activity are required. Mixtures meeting this activity profile are commonly labeled 1×USP pancreatin. 
Different commercial pancreatin preparations were tested to establish the impact of pancreatin activity on SIF peptide 
stability. The 1×USP preparation was used for SIF peptide stability assessments in this work. B. 1×USP pancreatin 
content in SIF derived from various commercial pancreatin mixtures (1×USP, 4×USP, 8×USP) yielded consistent 
degradation kinetics for OT and is recommended to unify SIF assay protocols. Data points are presented as means ± 
SEM of n ≥ 3 independent experiments. Data points were fitted in GraphPad Prism via non-linear regression using a 
one-phase exponential decay function with a constrained Y0 = 100 and a plateau at 0. C. List of commercial pancreatin 
preparations (activity profile, provider and product code p.c.) used to prepare SIF and calculated half-lives for OT in 
the different SIF media. The sequence of the test peptide OT is illustrated with the primary cleavage site in SIF 
highlighted in colour.  
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SGF/SIF key metabolites of representative compounds 

Metabolism in SGF/SIF was followed by RP-HPLC-UV-ESI-MS analysis on a Thermo Scientific Dionex 
Ultimate 3000 system with a UV-VIS detection at 214 nm and 280 nm and coupled to a Thermo Scientific 
MSQ Plus ESI-MS detector (positive ion mode). Linear gradient elution (1-61% solvent B in 6 min) and a 
flow rate of 1 mL/min was used on a Kromasil Classic C18 column (4.6 × 150 mm, 300 Å, 5 μm) at 30 °C. 
Solvent A: 0.1% formic acid in ddH2O, solvent B: 0.08% formic acid in ACN. 

The formation of key metabolites for selected representative examples is shown via HPLC-UV trace at 214 
nm and mass analysis of intact compounds and identified metabolites. 
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Figure S3: Primary metabolite of linaclotide in SIF. * depict SIF background peaks. 
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Figure S4: Primary metabolites of plecanatide in SIF. * depict SIF background peaks. 
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FigureS5: Primary metabolites of somatostatin in SGF. * depicts SGF background peak. 
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Figure S6: Metabolism of oxytocin in SIF over 60 min.  
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Figure S7: Primary metabolite of carbetocin in SIF. 
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Figure S8: Primary metabolite of vasopressin in SIF. * depict SIF background peaks.  
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Figure S9: Primary metabolites of desmopressin in SIF. * depict SIF background peaks. 
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Figure S10: Primary metabolite of (Cα-Me)L8OT in SIF. * depict SIF background peaks. 
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Figure S11: Primary metabolite of G9(aza)OT in SIF. * depict SIF background peaks. 
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Summary of pharmacological data: OTR activity of OT variants 

Activity at the human oxytocin receptor (OTR) was evaluated via fluorescent imaging plate reader (FLIPR) 
Ca2+-mobilization assay (n ≥ 2) as recently desrcibed.12 Activity data for (Cα-Me)L8OT, G9(aza)OT and all 
OT/VP-SFTI-1 -grafts was generously provided by the National Institute of Mental Health's Psychoactive 
Drug Screening Program (NIMH PDSP).13 For analogues previously reported in the literature, activity data 
is cited for comparison. For better clarity of the activity data, the EC50 value of the control native OT is 
presented for each compound and assay in grey. 

Table S1: Summarized OTR activity data of all synthesized OT variants. 

Entry Compound EC50 ± SEM [nM] Emax ± SEM [% OT] OT EC50 ± SEM [nM] Assay Reference  

1 Oxytocin    values individually given per assay/compound below 

2 all-D-retroinverse-OT >105 - 15 ± 2.5 IP-1 14 

3 (Cα-Me)L8OT 3.80 ± 2.70 105 ± 11 3.91 ± 0.87 Ca2+  

4 (β3-homo)L8OT n.d. n.d.    

5 (Nα-Me)G9OT 0.47 ± 0.23 102 ± 2 0.04 ± 0.01 Ca2+ 15 

6 G9(aza)OT 2.24 ± 0.63 111 ± 6 3.91 ± 0.87 Ca2+  

7 c(OT) >105 - 15 ± 2.5 IP-1 14 

8 c(linker-OT) >105 - 15 ± 2.5 IP-1 14 

9 c(OT)2 >104 - 13.4 ± 6.4 IP-1 12 

10 c(OT-VP) >104 - 13.4 ± 6.4 IP-1 12 

11 c(VP)2 >104 - 13.4 ± 6.4 IP-1 12 

12 KB1(OT[2-5]) >104 - 5.7 ± 4.0 Ca2+  

13 KB1(T4G7OT[2-5]) >104 - 5.7 ± 4.0 Ca2+  

14 KB7(T4G7OT[2-5]) >104 - 5.7 ± 4.0 Ca2+  

15 SFTI-1(OT[2-5]) >3x104 - 12.6 ± 1.28 Ca2+  

16 SFTI-1(OT[2-9]) >3x104 - 12.6 ± 1.28 Ca2+  

17* SFTI-1(VP[2-5]) >3x104 - 12.6 ± 1.28 Ca2+  

18* SFTI-1(VP[2-9]) >3x104 - 12.6 ± 1.28 Ca2+  

19* SFTI-1(AntaV1aR) >3x104 - 12.6 ± 1.28 Ca2+  
IP-1: inositol 1 phosphate accumulation assay. Ca2+: FLIPR Ca2+-mobilization assay. n.d.: not determined. 

*Vasopressin (VP) grafts of SFTI-1 were also evaluated on V1aR, V1bR and V2R functional activity under the same assay 
conditions but no agonistic (EC50 > 3 x 104 nM) or antagonist properties was detected. 
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Full gut stability curves and final analysis of tested compounds 

Gut stability results are presented as mean ± SEM of n ≥ 3 independent experiments. Note: some error 
bars are smaller than the symbols. 

Final analytical HPLC chromatograms were recorded on a Thermo Scientific Vanquish Horizon UHPLC 
system with UV detection at 214 and 280 nm. The analysis was performed on a Kromasil Classic C18 
column (4.6 × 150 mm, 300 Å, 5 μm) using a flow rate of 1 mL/min and linear gradient elution of 5-65% 
solvent B in 30 min at 30 °C. Solvent A: 0.1% TFA in ddH2O, solvent B: 0.08% TFA in ACN.  

Final high-resolution (HR)-MS analysis was performed on a Thermo Scientific LTQ Orbitrap Velos mass 
spectrometer coupled to a Thermo Scientific Vanquish Horizon UHPLC system. Samples were analyzed 
in LC-MS mode using an Acclaim C18 HPLC column (2.1 × 150 mm, 120 Å, 3 µm, Thermo Fisher Scientific) 
and the following chromatographic parameters: linear gradient elution of 10-65% solvent B in 14 min, flow 
rate of 0.45 mL/min at 30 °C. Solvent A: 0.1% formic acid in ddH2O, solvent B: 0.1% formic acid in ACN. 
HR-ESI-MS spectra were recorded in positive ion mode in the range of m/z 300-2000 with an FT resolution 
of 60.000. The sum formulas of the detected ions were confirmed using Xcalibur 4.2.47 based on the mass 
accuracy (Δm/z ≤ 5 ppm) and isotopic pattern. Observed compound masses (Mobs) were manually 
calculated from the base peak of each spectrum and are stated as such for all compounds.  
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Kalata B7 
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SFTI-1 
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Vc1.1 
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cVc1.1 
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RTD-1 
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Linaclotide 
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Plecanatide 
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Dolcanatide 
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Somatostatin 
 

  

      

 
Note: Somatostatin was rapidly degraded in SIF with no intact compound detectable at the first sampling time point (2.5 min). The 
illustrated graph shows t0 (100%) and t2.5min (0%) without any degradation curve fit.  
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Octreotide 
 

  

      

 
Note: *m/z 872.3757 depicts a source induced fragmentation ion.  
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Oxytocin 
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Carbetocin 
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Vasopressin 
 

  

      

 
Note: Vasopressin was rapidly degraded in SIF with no intact compound detectable at the first sampling time point (2.5 min). The 
illustrated graph shows t0 (100%) and t2.5min (0%) without any degradation curve fit.  
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Desmopressin 
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all-D-retroinverse-OT 
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(Cα-Me)L8OT 
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(β3-homo)L8OT 
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(Nα-Me)G9OT 
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G9(aza)OT 
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c(OT) 
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c(linker-OT) 
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c(OT)2 
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c(OT-VP) 

 

 

     

 
Note: Compound c(OT-VP) was rapidly degraded in SIF with no intact compound detectable at the first sampling time point (2.5 
min). The illustrated graph shows t0 (100%) and t2.5min (0%) without any degradation curve fit.  
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c(VP)2 

 

 

      

 
Note: Compound c(VP)2 was rapidly degraded in SIF with no intact compound detectable at the first sampling time point (2.5 min). 
The illustrated graph shows t0 (100%) and t2.5min (0%) without any degradation curve fit.  
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KB1(OT[2-5]) 
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KB1(T4G7OT[2-5]) 
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KB7(T4G7OT[2-5]) 
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SFTI-1(OT[2-5]) 
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SFTI-1(OT[2-9]) 

 

 

      

 
Note: Compound SFTI-1(OT[2-9]) gave a double peak on any tested analytical HPLC column (C3, C4 and C18; used here: Agilent 
Zorbax 300SB-C3, 2.1x150 mm, 5 µm). Manuel collection of both peaks and re-injection gave the same chromatographic pattern.  
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SFTI-1(VP[2-5]) 
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SFTI-1(VP[2-9]) 

 

 

     

 
Note: Compound SFTI-1(VP[2-9]) was rapidly degraded in SIF with no intact compound detectable at the first sampling time point (2.5 
min). The illustrated graph shows t0 (100%) and t2.5min (0%) without any degradation curve fit. Compound SFTI-1(VP[2-9]) gave a double 
peak on any tested analytical HPLC column (C3, C4 and C18; used here: Agilent Zorbax 300SB-C3, 2.1x150 mm, 5 µm). Manuel 
collection of both peaks and re-injection gave the same chromatographic pattern.  
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SFTI-1(AntaV1aR) 
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