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Abstract 

Drugs and proteins with poor intestinal permeability have a limited oral bioavailability. To remediate this 

problem, a receptor-mediated endocytosis and transcytosis approach was explored. Indeed, the non-toxic 

β subunit of cholera toxin (CTB) can cross the intestinal barrier by binding to receptor GM1. In this 

study, we explored the use of GM1-binding peptides and CTB as potential covalent carriers of poorly 

permeable molecules. GM1-binding peptides (G23, P3) and CTB were conjugated to poorly permeable 

fluorescent probes such as FITC and albumin-FITC using triethylene glycol spacers and click chemistry. 

The affinity of the peptide conjugates with receptor GM1 was confirmed by isothermal titration 

calorimetry or microscale thermophoresis and the results suggested the involvement of non-specific 

interactions. Conjugating the model drugs to G23 and P3 improved the internalization into Caco-2 and 

T84 cells, although the process was not dependent of the amount of GM1 receptor. However, conjugation 

of BSA-FITC to CTB increased the internalization in the same cells in a GM1-dependent pathway. 

Peptides conjugates demonstrated a limited permeability through a Caco-2 monolayer, whereas G23- and 

CTB-conjugates slightly enhanced permeability through a T84 cell monolayer compared to model drugs 

alone. Since CTB can improve the permeability of large macromolecules such as albumin, it is an 

interesting carrier for the improvement of oral bioavailability of various other macromolecules such as 

heparins, proteins and siRNAs. 
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Abbreviations: 

BBB: Blood-Brain-Barrier 

Boc: tert-butyloxycarbonyl protecting group 

Boc2O: Di-tert-butyl dicarbonate 

CT: Cholera toxin 

CTB: Cholera toxin subunit B 

Cy5-NHS: Cyanine 5 monosuccinimidyl ester 

DBCO: Dibenzocyclooctyne 

DCM: Dichloromethane 

DMF: N,N-Dimethylformamide 

Et3N: Triethylamine 

EtOAc: Ethyl acetate 

FITC: Fluorescein isothiocyanate 

GM1: Monosialotetrahexosylganglioside 

GMBS: N-γ-maleimidobutyryl-oxysuccinimide ester 

HBSS: Hank’s balanced salt solution 

ITC: Isothermal titration calorimetry 

MCD: Methyl-beta-cyclodextrin 

MST: Microscale thermophoresis 

NHS: N-Hydroxysuccinimide 

Papp: Apparent permeability coefficient  

PBS: Phosphate buffer saline 

PPMP: DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol  

RT: Room temperature 

SPR: Surface plasmon resonance 

TBS: Tris-buffered saline  

TFA: Trifluoroacetic acid 
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Introduction 

Recent advances in biologic therapies such as fusion proteins, monoclonal antibodies and therapeutic 

peptides have demonstrated their efficacy and safety for the treatment of multiple diseases.(1) 

Unfortunately, oral bioavailability of biomacromolecules is still a major frontier in drug delivery.(2) 

Interestingly, two peptide drugs — desmopressin (1069 g/mol) and sirolimus (914 g/mol) — are 

commercially available as an oral solution and tablet, respectively. However, their oral bioavailability 

remains low and variable: 0.08% to 0.16% for desmopressin,(3) 15 to 20% for sirolimus.(4) 

Macromolecules exhibiting higher molecular weight ( 1100 g/mol), such as insulin, are mainly 

administered by injection, which is often associated with pain, swelling and infection at injection site. 

These adverse effects decrease patient compliance and can delay the initiation of an intravenous therapy, 

resulting in diminished clinical efficacy and life expectancy.(5-7) Oral formulation of insulin remains the 

Holy Grail in the pharmaceutic field and continues to face the difficulty of highly variable absorption.(8)  

Biomacromolecules have poor oral bioavailability due to the multiple barriers encountered in the 

gastrointestinal tract such as: (i) an enzymatic and acidic barrier, (ii) a physical mucus barrier and (iii) a 

cellular permeability barrier.(9) Multiple strategies have been developed to address each of these issues 

respectively: (i) enzyme inhibitors and enteric coatings to overcome digestion, (ii) nanoparticulate 

systems able to cross the mucus layer, and (iii) permeation enhancers and receptor-mediated conjugates to 

facilitate intestinal permeability.(10) Although nanoparticles have demonstrated interesting results, no 

formulation has been commercialized to this date.(9) Permeation enhancers usually target the tight 

junctions between enterocytes, which they open transiently, allowing paracellular and/or transcellular 

absorption of macromolecules.(10, 11) These systems have progressed into clinics, as a glucagon-like 

peptide-1 receptor agonist (GLP-1, 4114 g/mol) administered with the permeation enhancer N-[8-(2-

hydroxybenzoyl) amino] caprylate (SNAC) completed phase III clinical trials. (12) The toxicity in a 

chronic administration regimen needs to be carefully examined, due to possible absorption of bystander 

pathogens and toxins.(11) 
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Interestingly, some natural compounds, such as the toxins from the AB5 family, are able to target 

enterocytes and cross multiple barriers through an endocytosis pathway.(13) Among them, Cholera toxin 

(CT) is secreted by the bacteria Vibrio cholerae. It is composed of two subunits exhibiting specific roles: 

the subunit B (CTB) is a non-toxic pentameric protein which binds to gangliosides GM1 

(monosialotetrahexosylganglioside) or GT1b (trisialoganglioside) in intestinal cells. This binding cross-

links five GM1 molecules in the plasma membrane and triggers the internalization of the whole toxin (A 

and B) thanks to the cholesterol islets and the lipid rafts associated proteins.(14) CT reaches the 

endoplasmic reticulum via a specific retrograde pathway and the subunit A is then dissociated from the 

subunit B to exert its toxic effect.(14-16) Interestingly, transcytosis of cholera toxin subunit B (CTB) was 

observed by Lencer et al. since 1995 in polarized cell lines, such as T84.(17, 18) Since then, CTB has 

been used to prepare fusion proteins with GFP (19), insulin (20), myelin binding protein (21) and 

amyloid-β peptide,(22) and has enabled the oral administration of therapeutic proteins or peptides. 

However, conjugating CTB to a gold nanoparticle did not induce transcytosis through enterocytes, due to 

the presence of cell glycocalyx in the mucus of enterocytes.(23) Nevertheless, CTB-decorated small 

liposomes ( 100 nm in diameter) were able to generate a sufficient mucosal immunoglobulin A level to 

prevent from infectious diseases, probably processing through the M cells.(24) We therefore hypothesized 

that designing a conjugate of poorly permeable drugs to a GM1-binding unit could improve their 

intestinal permeability and consequently their bioavailability. 

Although CTB has proven to be efficient at improving the bioavailability of macromolecules, it remains 

an expensive and relatively complex solution to improve oral permeability. Therefore, we first 

investigated synthetic peptides reported to bind to gangliosides, such as P3 (25) and G23,(26) identified 

by phage display. The latter, also abbreviated Tet1 due to tetanus toxin-like binding characteristics, is a 

13-mer peptide which exhibits neuron targeting properties.(27, 28) Initially identified to bind GT1b, 

Georgieva et al. demonstrated that G23 also binds to GM1.(29) This group grafted the peptide on the 

surface of polymersomes and demonstrated the transcytosis of the targeted complexes through the Blood-
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Brain Barrier (BBB) in vitro and in vivo, after intravenous administration in mice.(30) Supporting this 

idea, G23 was coated on an alginate/doxorubicin/iron nanoparticle and significantly improved 

transcytosis on an in vitro BBB model, as well as brain accumulation, after intravenous injection in 

mice.(31)  

Taken into consideration all these data, we hypothesized that the conjugation of a poorly permeable 

molecule to a GM1-binding peptide (G23, P3) would improve the uptake and transcytosis of model drugs 

across an in vitro model of the intestinal barrier. The conjugates were synthesized using short 

polyethylene glycol spacers to favor ligand display. Since conjugation can modify the affinity of the 

GM1-binding peptides, affinity of the conjugates for the GM1 receptor was evaluated using isothermal 

titration calorimetry (ITC) or microscale thermophoresis (MST). In parallel, we hypothesized that click 

chemistry could be used instead of recombinant protein production to prepare CTB-conjugates of 

macromolecules, while still improving their permeability through an in vitro model of the intestinal 

barrier. Cellular uptake of the peptide and protein conjugates was evaluated in intestinal Caco-2 and T84 

cells, the latter previously used for CTB transcytosis.(17, 18) The permeability of the conjugates was 

evaluated through a monolayer of the same differentiated intestinal cells. 
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Experimental section 

Materials 

GM1 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA), Cholera toxin subunit B, BSA-

FITC and all other chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada). Peptide G23 

(HLNILSTLWKYRC), Peptide P3 (VWRLLAPPFSNRLLPC) and a scrambled version of G23 

(KISHLLNYRTWL), were custom synthesized by Biomatik (Cambridge, ON, Canada). All solvents, 

buffers and culture media were purchased from Thermo Fischer Scientific (Pittsburgh, PA, USA) and 

were of analytical grade and were used as received. Genistein and chlorpromazine were obtained from 

Sigma-Aldrich (Oakville, ON, Canada), 5-(N-Ethyl-N-isopropyl)-Amiloride (EIPA) was obtained from 

Santa Cruz Biotechnology (Dallas, TX, USA), Pitstop 2
TM

 was obtained from Abcam
®
 (Toronto, ON, 

Canada). All other chemicals were obtained from Sigma Aldrich (Oakville, ON, Canada) Alfa Aesar 

(Ward Hill, MA, USA) and Oakwood Chemical (West Columbia, SC, USA) and used as received. Caco-2 

and T84 cells were purchased from ATCC (Manassas, VA, USA). Analytical and preparative LC/MS was 

performed on an Agilent 1260 Infinity system equipped with a single quadrupole Agilent 6120 mass 

spectrometer (Agilent Technologies, Mississauga, ON, Canada). 
1
H and 

13
C NMR were recorded on a 

Varian 400 WB spectrometer, using residual solvent peak for calibration. HRMS analyses were 

performed on a Waters Xevo G2-S QTOF.  

Synthesis of peptide conjugates 

Synthesis of 2 (32) 

To a solution of NH2-PEG3-NH2 (872.2 mg, 4.54 mmol) in dichloromethane (DCM, 20 mL) was added 

dropwise a solution of Boc2O (148.2 mg, 0.68 mmol, 0.15 eq.) in 25 mL of DCM. Reaction was stirred 

for 5 hours at 4°C and then for 18 hours at room temperature. The organic phase was washed with water, 

dried with MgSO4, filtered off and concentrated under reduced pressure to afford a clear oil (134.3 mg, 67 

%): 
1
H NMR (400 MHz, CDCl3) δ (ppm) 1.43 (s, 9H), 1.96 (br, 2H, NH2), 2.88 (m, 2H, CH2-NBoc), 3.30 

(m, 2H, CH2NH2), 3.50-3.65 (m, 12H, CH2O); 
13

C NMR (100 MHz, CDCl3) δ (ppm) 28.41, 40.36, 41.64, 
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70.21, 70.50, 70.54, 73.17, 76.69, 156.06. LC-MS: RT = 1.141 min (λ = 220 nm), [M+H]
+
 = 293.2 

calculated exact mass: 292.20. 

Synthesis of 3  

To a 1 mL DCM solution of compound 2 (100.0 mg, 342 µmol) was added N-methylmorpholine (50 µL, 

1.3 eq.) and GMBS (79.5 mg, 0.8 eq.). Reaction mixture was stirred overnight at room temperature. 

Mixture was then diluted in DCM (1 mL) and washed with a 5 % citric acid solution (2 mL). The aqueous 

layer was further extracted with DCM (3 x 2 mL). The combined organic layers were then dried with 

MgSO4, filtered off and concentrated under reduced pressure to afford a clear oil. The oil was further 

purified using a silica plug with ethyl acetate as eluent. (116.3 mg, 88 %): 
1
H NMR (400 MHz, CDCl3) δ 

(ppm) 6.65 (s, 2H) 3.60-3.49 (m, 14H, CH2O) 3.39 (t, J = 5.1 Hz, 2H, CH2NH), 3.22 (t, J = 4.6 Hz, 2H, 

CH2NH) 2.13 (t, J = 7.4 Hz, 2H, CH2CO), 1.87-1.84 (m, 2H, CH2NCH2CH2C) 1.38 (s, 9H) 
13

C NMR 

(100 MHz, CDCl3) δ (ppm) 171.87, 170.75, 155.94, 133.98, 70.28, 70.22, 70.08, 69.98, 69.74, 40.17, 

39.08, 37.12, 33.34, 28.27, 24.53. LC-MS: RT = 1.175 min (λ = 220 nm), [M+H]
+ 

= 458.7 calculated 

exact mass: 457.24. 

Synthesis of 4  

Compound 3 (116.3 mg) was dissolved in 2 mL of DCM/TFA (1:1 v/v). Reaction mixture was stirred for 

2 hours at room temperature. Mixture was concentrated under reduced pressure to afford a clear oil 

without further purification (quantitative). RT = 0.811 min (λ = 220 nm), [M+H]
+ 

= 358.1 calculated 

exact mass: 357.19. 

General procedure for synthesis of FL1 and FL2 

 To a 3 mL DMF solution of compound 4 (80.0 mg) was added FITC (1.1 eq.) or Cy-5-NHS (1.1 eq.) in 

presence of triethylamine (0.3 mL). Reaction was stirred for 1 hour at room temperature. Mixture was 

then purified by preparative HPLC using a C18 column (Agilent Zorbax XDB-C18, 21.2 x 150 mm, 5 

µm) where mobile phase A was water + 0.1 % formic acid and mobile phase B was MeOH + 0.1 % 
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formic acid. The mobile phase gradient was: 0 min – 30 % B ; 16 min – 95 % B ; 20 min - 95 % B 

followed by a column re-equilibration time of 4 min. FL1: RT = 1.217 min (λ = 254 nm), [M+H]
+ 

= 747.2 

calculated exact mass: 746.23. FL2: RT = 1.262 (λ = 650 nm), [M+H]
+
= 823.7 calculated exact mass: 

822.48. 

General procedure for synthesis of FL1 or FL2 peptide conjugates 

 To 10 mg of peptide P3, G23, Scr or Cys was added a 1 mL DMF solution of FL1 (2 eq.) or FL2 (2 eq.) 

in presence of triethylamine (10 µL). Reaction was stirred for 1 hour at room temperature. Mixture was 

then purified by preparative HPLC using a C18 column (Agilent Zorbax XDB-C18, 21.2 x 150 mm, 5 

µm) where mobile phase A was water + 0.1 % formic acid and mobile phase B was MeOH + 0.1 % 

formic acid. The mobile phase gradient was: 0 min – 10 % B ; 16 min – 95 % B ; 20 min - 95 % B 

followed by a column re-equilibration time of 4 min. G23-FL1 HRMS m/z [M + 3H]
3+

 calculated for 

C113H158N25O29S2: 798.7106 found: 798.71082. Scr-FL1 HRMS m/z [M + 3H]
3+

 calculated for 

C113H158N25O29S2: 798.7106 found: 798.70975. P3-FL1 HRMS m/z [M + 3H]
3+

 calculated for 

C126H179N28O30S2: 877.1001 found: 877.09934. Cys-FL1 HRMS m/z [M + 2H]
2+

 calculated for 

C40H45N5O13S2: 434.6300 found: 434.63181. G23-FL2 HRMS m/z [M + 3H]
3+

 calculated for 

C124H183N26O25S1: 823.7929 found: 823.79330. Scr-FL2 HRMS m/z [M + 3H]
3+

 calculated for 

C124H183N26O25S1: 823.7929 found: 823.79325. P3-FL2 HRMS m/z [M + 3H]
3+

 calculated for 

C137H204N29O26S1: 902.1824 found: 902.18314. Cys-FL2 HRMS m/z [M + 2H]
2+

 calculated for 

C51H71N6O9S1: 472.7574 found: 472.75717. 

General procedure for ITC affinity measurement 

Calorimetry tests were performed using Microcal VP-ITC (Malvern Instruments Limited, Malvern, UK). 

Peptides or peptide conjugates were dissolved in Hank’s balanced salt solution (HBSS) pH 6.5 to a 

concentration of 100 µM and GM1 was dissolved in HBSS pH 6.5 to a concentration of 25 µM. Samples 

were heated to 25°C and degassed. Reference chamber was filled with buffer only, test chamber was 

filled with GM1 and injecting syringe was filled with peptide or peptide conjugate. Chamber temperature 
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was set at 25°C, 25 injections of 10 µL were performed with an injection time of 20 seconds. Delay 

between each injection was 360 seconds and stir speed was 351 rpm. Reference power was set at 15 

µcal/sec. The baseline of peptide dilution in buffer was subtracted from the results. Origin software was 

used to apply a simple interaction model of one binding site to calculate the association and dissociation 

constants, number of binding sites and enthalpy of binding, using the following equation:(33) 

 

where, Pt is the concentration of protein in the active volume, dV(i) is the displaced volume, V0 is the 

volume of the cell, Xt is the concentration of the ligand in the active volume, Q(i) and Q (i−1) are the total 

heat evolved or absorbed for ith and (i−1)th injections, respectively. Detailed derivation of the equations 

can be found in the VP ITC manual. Provide an initial estimate of n, Ka and ΔH, which calculates ΔQ(i) 

for each injection. Then the program calculates the values of n, Ka, and ΔH that provide the best fit to the 

calculated and experimental ΔQ(i).(33) Each experiment was repeated three times. Affinity of P3 for GM1 

was analyzed by Microscale Thermophoresis (see supporting information). 

Cell culture 

T84 cells p20-30 (ATCC
®
 CCL-248

™
), derived from a lung metastasis of a human colon carcinoma, were 

maintained in a humidified CO2 (5 %) incubator at 37°C in DMEM/F12 (1:1) (+L-Glutamine, +15 mM 

HEPES) supplemented with 10 % heat-inactivated fetal bovine serum in the presence of penicillin and 

streptomycin. Caco-2 colon cells p30-40 (ATCC® HTB-37™) were maintained in a humidified CO2 (5 

%) incubator at 37°C in DMEM (+L-Glutamine, without sodium pyruvate, + 4.5 g/L glucose) 

supplemented with 10 % heat-inactivated fetal bovine serum in the presence of penicillin and 
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streptomycin and non-essential amino acids. GM1 content of each cell line was evaluated by dot-blot in a 

semi-quantitative method (see supplementary information). 

General procedure for internalization by flow cytometry 

For internalization studies, 1 x 10
5
 cells per well were plated in a 24-well plate and incubated overnight. 

After incubation, adhesion and confluence of cells was verified. Cells were then rinsed twice with HBSS 

(with calcium, magnesium). Peptide conjugates were freshly dissolved in 500 L of pre-warmed Opti-

MEM® and added to the wells to a 10 µM final concentration. After 90 minutes incubation, cells were 

rinsed 3 times with culture media, once with PBS, trypsinized and suspended in FACS buffer (95 % PBS, 

5 % FBS, 1.0 mM EDTA). One minute before analysis, 250 µL of trypan blue 4 mg/mL was added to the 

cells to quench surface fluorescence of membrane bound conjugates.(34). Cells were then analyzed on a 

FACS Calibur
TM

 flow cytometer (BD Biosciences, San Jose, CA). Fold change for each replicate (mean 

fluorescence intensity; FlowJo software vX.0.7, Ashland, OR) was calculated relatively to the control 

samples that did not receive any treatment. All experiments were realized in triplicate.  

Internalization in presence of a GM1 supplement 

GM1 can be given as a supplement as it associates with the cellular membrane and serves as a functional 

receptor, thereby improving GM1-mediated endocytosis of compounds. (35) Caco-2 cells were incubated 

overnight with 80 µg/mL of GM1 (Sigma Aldrich, St Louis, MO, USA) in serum-free media. The non-

cell associated GM1 was washed off with PBS. Cells were then treated as the general procedure for 

internalization studies with minor modifications: G23-FL1 and P3-FL1 concentrations were set at 1 µM 

and CTB-FITC at 5 µg/mL. All experiments were realized in triplicate. 

Internalization in presence of a ganglioside synthesis inhibitor 

PPMP (DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol) can be used to block the 

synthesis of gangliosides, including GM1 and GT1b. (36) Since PPMP is a glucosylceramide synthase 

inhibitor, the cellular membrane can also be affected in complex ways due to the turnover of gangliosides 
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and ceramide accumulation.(37) Nevertheless, PPMP was reported to inhibit the uptake of CTB in 

multiple cell lines by downregulating GM1.(35) For PPMP inhibitor studies, cells were grown in cell 

culture medium and in the presence of 10 µM PPMP for 3 days.(35, 36, 38) They were then treated as 

internalization studies where G23-FL1 and P3-FL1 concentrations were set at 1 µM and CTB-FITC at 5 

µg/mL. All experiments were realized in triplicate. 

Permeability through cell monolayers  

Permeability studies were conducted as per standardized protocol with minor modifications (39). T84 

cells were grown for 10 days on Transwell® (Corning, Corning, NY) permeable supports (polycarbonate 

membrane pore size 0.4 mm, diameter 12 mm) until TEER values reached >1000 Ω cm
2
 at 37°C 

measured by Volt-Ohm meter (EMD Millipore Millicell-ERS, Ontario, Canada). Caco-2 cells were grown 

on Transwell® permeable supports (polycarbonate membrane pore size 0.4 mm, diameter 12 mm) for 21-

24 days until TEER values reached >300 Ω cm
2 
at 37°C. Peptide conjugates were added to the apical side 

at a concentration of  10 µM in a 100 µL volume of Opti-MEM® without phenol red. Basolateral side 

was filled with 600 µL of  Opti-MEM® without phenol red. Samples were taken (200 µL) from the 

basolateral side at 1, 2 and 4 hours and replaced with fresh Opti-MEM® without phenol red. Fluorescence 

was measured in the basolateral side using a Safire microplate reader (Tecan, Seestrasse, Switzerland). 

The apparent permeability coefficient (Papp, unit: cm/s) is the amount of compound transported per time 

and surface unit. It is calculated according to the following equation:  

      
  

  
    

 

   
  

where dQ/dt is the steady-state flux (µmol/s), A is the surface area of the filter (cm
2
) and C0 is the initial 

concentration in the donor chamber (µM).(39) Finally, TEER values were measured at the end of the 

experiment to validate the integrity of the membrane. All experiments were realized in triplicate.  

General procedure for the synthesis of CTB-BSA(FITC) synthesis using dibenzocyclooctyne linkers: CTB-

BSA(FITC) V1 and V2 
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In two separate Amicon filters (Amicon Ultracel 0.5 mL MWCO 30k), were added 10 µL of BSA(FITC) 

5 mg/mL to 490 µL of NaHCO3 buffer (pH = 8.5) and 50 µL of 1 mg/mL CTB to 450 µL of NaHCO3 

buffer (pH = 8.5). The filters were centrifuged for 5 minutes at 12000 g and washed 4 times with 

NaHCO3 to exchange the buffers. The samples were then put upside down and centrifuged at 3300 g for 5 

minutes to collect the proteins. 0.5 µL of 40 mM DBCO-NHS linker (Sigma-Aldrich, Oakville, ON, 

Canada) or DBCO-PEG4-NHS (Sigma-Aldrich, Oakville, ON, Canada) was added to the aliquot 

containing CTB and 0.2 µL of N3-PEG3-NHS (40) 1 M was added to aliquot containing BSA(FITC). The 

proteins were left to react for 30 minutes at room temperature. 10 µL of Tris-HCl 1 M was added in each 

aliquot and reaction was quenched for 30 minutes. The samples were then centrifuged 4 times with PBS 

in Amicon filters as described above to remove any unreacted linker. CTB-DBCO aliquot was added to 

the BSA(FITC)-N3 aliquot and reaction was left overnight at 4°C. The next day, the resulting chimera 

protein was analyzed by non-denaturing SDS-PAGE (Bio-RAD™). CTB-BSA(FITC) conjugated with 

DBCO-PEG4-NHS was called CTB-BSA(FITC) V1, CTB-BSA(FITC) conjugated with DBCO-NHS was 

called CTB-BSA(FITC) V2.  

Procedure for the synthesis of CTB-BSA(FITC) synthesis using GMBS: CTB-BSA(FITC) V3 

In two separate Amicon filters (Amicon Ultracel 0.5 mL MWCO 30k), were added 10 µL of BSA(FITC) 

2 mg/mL to 490 µL of PBS buffer (pH = 7.4) and 15 µL of CTB 1 mg/mL to 485 µL of PBS buffer (pH = 

7.4). The samples were centrifuged for 5 minutes at 12000 g, and washed 4 times with PBS to exchange 

the buffers. The filters were then put upside down and centrifuged at 3300 g for 5 minutes to collect the 

proteins. 5 µL of GMBS (100 mg/mL in DMSO) was added to the aliquot containing CTB. The reaction 

was left at room temperature for 60 minutes. CTB-GMBS was washed 4 times with PBS to remove 

unreacted GMBS. BSA(FITC) was then added to CTB-GMBS and reaction was left overnight at 4°C. The 

next day, the resulting chimera protein CTB-BSA(FITC) V3 was analyzed by non-denaturing SDS-PAGE 

(Bio-RAD™). 

Statistics 
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Statistical analysis was performed using PRISM 6.01 software (GraphPad, La Jolla, CA, USA). To 

determine statistically significant differences in internalization and permeability studies, one-way analysis 

of variance (ANOVA) tests were performed where p values for multiple comparisons were adjusted using 

the Tukey correction. p ≤ 0.05 was considered significant; *p < 0.05; **p < 0.01; ***p < 0.001.  
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Results  

Synthesis of the peptide conjugates 

Two peptides were selected for their GM1 binding affinity. G23, discovered by by phage display and also 

called Tet1, was reported to show affinity for GT1b (26) and GM1.(29) P3 was also identified by specific 

phage display using quartz crystal microbalance (QCM).(25) Finally, a scramble version of G23 was used 

to check the non-specific affinity of the conjugates for GM1.(29, 41) We selected a fluorophore (Cy5-

NHS or FITC) as a model drug, since it enables straightforward fluorescence detection and flow 

cytometry. The fluorophores (Cy5-NHS or FITC) were added on the amino group of a heterobifunctional 

linker based on a triethylene glycol unit (Scheme 1), frequently used in linker design due to its flexibility 

and good water-solubility.(42) The peptides (P3, G23, Scr) were condensed through their appended 

cysteine to the maleimide function of the linker to yield peptide conjugates FL1 or FL2 (Scheme 1). 

Serving as a negative control for the absence of peptide, a single cysteine was conjugated to the linker to 

prevent maleimide cross-reactivity with serum proteins in the culture medium. The peptide conjugates 

were purified by preparative HPLC and characterized by HPLC-MS/MS. 
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Scheme 1: Synthesis of peptide conjugates. Reagents and conditions: (i) Boc2O, DCM, 5 h at 4 °C then 

18 h at RT, DCM/H2O extraction; (ii) GMBS, N-methylmorpholine, DCM, room temperature, 16 hours, 

silica column DCM to EtOAc (iii) DCM/TFA (1:1), room temperature, 1 h; (iv) FITC or Cy5-NHS, Et3N, 

DMF, room temperature, 2 h, preparative HPLC; (v) GM1 peptide, room temperature, 2 h, preparative 

HPLC. 

Affinity evaluation of peptide conjugates 

Conjugating cell penetrating peptides with fluorescent probes such as FITC can alter the conformation 

and flexibility of the peptide which in turn can alter the affinity with its target.(43-45) Therefore, the 

affinity of peptide conjugates with GM1 was verified by isothermal titration calorimetry (ITC).(33, 46) 

As demonstrated in Table 1, the conjugation of FITC to G23 peptide (G23-FL1) did not alter the affinity 

for GM1 when compared to G23 alone (Kd = 418 nM and 455 nM, respectively). Unexpectedly, the 

scrambled G23 peptide exhibited a similar affinity for GM1 as the G23 peptide. However, once 

conjugated to a fluorescent probe (Scr-FL1), the affinity was reduced (Kd = 2597 nM). These results 

suggest that conjugation does indeed impact the affinity, and that non-specific interactions are likely 

involved into GM1 binding for these peptides. Supporting this idea, we observed that, when G23 was 

conjugated to a model drug using a short propane spacer, the affinity towards GM1 was too low to be 

measured by ITC (data not shown). The short spacer was therefore discarded in subsequent studies. Since 

P3-FL1 exhibited solubility issues at the working peptide concentration (100 µM), it was not possible to 

measure its affinity for GM1. We therefore used microscale thermophoresis (MST)(47) to measure a Kd 

of 245 nM of P3-FL1 for GM1 (Figure S1), confirming the affinity was preserved upon conjugation of P3 

to FITC.  

Table 1: Binding affinity of peptides (100 µM) for the receptor GM1 (25 µM) in pH 6.5 HBSS buffer 

measured by isothermal titration calorimetry (ITC) at 25°C or microscale thermophoresis (MST). 

Compound 
Affinity constant Ka 

(M
-1

) 

Dissociation constant 

Kd (nM) 

N (sites) ΔH (cal/mol) 

G23 2.20 E6 ± 4.74 E5  455 ± 98 0.302 ± 0.005  -1.031 E4 ± 378.7 

Scrambled G23 2.31 E6 ± 7.92 E5 433 ± 148 0.073 ± 0.007 -2.970 E4 ± 3933 

G23-FL1 2.39 E6 ± 4.66 E5 418 ± 82 0.161 ± 0.005 -1.552 E4 ± 671.1 
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Scr-FL1 3.85 E5 ± 1.08 E5 2597 ± 728 0.050 ± 0.024 -8.477 E4 ± 4.645 E4 

P3*  245 ± 53   

*Measured by miscroscale thermophoresis (MST). See Supporting Information and Figure S1. 

 Internalization of peptide conjugates 

Since the peptide conjugates could not be discriminated according to their binding affinity, we compared 

their internalization into two different polarized cells lines (Caco-2 and T84) by flow cytometry (Figure 

3). Caco-2 cells are routinely used to evaluate the in vitro permeability of drug candidates.(39) T84 is a 

human colon adenocarcinoma cell line reported to possess GM1 and where CTB transcytosis has been 

observed.(17) We compared the GM1 expression of Caco-2 and T84 cells using a semi-quantitative 

method and confirmed that T84 presented more GM1 than Caco-2 cells (Figure S2).(48, 49)  

G23-FL1 and P3-FL1 were internalized significantly more in Caco-2 and T84 cells relative to controls 

Scr-FL1 and Cys-FL1 (Figure 1A and 1B). To examine the role of GM1 in the uptake, we fed the Caco-2 

cells with a supplement of GM1, reported to improve the GM1 insertion in the plasma membrane and 

increase GM1-mediated uptake.(35) Surprisingly, this treatment did not improve the uptake of the peptide 

conjugates (Figure 1C), whereas it strongly increased the internalization of the whole cholera toxin 

subunit B (CTB-FITC) used as the positive control for GM1 binding.(35) The T84 cells, richer in GM1 

than Caco-2 cells (Figure S2), were depleted by a pre-treatment with PPMP, which inhibits the synthesis 

of gangliosides and thus the membrane availability of GM1 and GT1b.(36) This treatment strongly 

reduced CTB-FITC uptake but not the internalization of the fluorescent peptide conjugates (Figure 1D). 

Both results, in Caco-2 and T84, suggest that the observed internalization of fluorescent peptide 

conjugates did not follow the same internalization pathway as CTB and was probably not only GM1-

dependent. Thus, we examined the internalization pathway of G23 peptide conjugates. In preliminary 

studies (Figure S3A and S3B), the endocytosis of G23-FL1 was partially inhibited by genistein in both 

cell lines and by methyl--cyclodextrin in Caco-2. This suggested the involvement of caveolae-mediated 

endocytosis.(50-52) 
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Figure 1: Internalization of fluorescent peptide conjugates. Cellular internalization of fluorescent peptide 

conjugates (G23-FL1, P3-FL1, Scr-FL1 and Cys-FL1) were analyzed by fluorescence activated cell 

sorting after quenching the external cell fluorescence by trypan blue. Mean fluorescence fold change (n = 

3) of Caco-2 (A) and T84 (B) cells after 90 min incubation with fluorescent peptide conjugates as 

compared to the fluorescence of native cells (n = 3). C) Caco-2 cellular internalization of fluorescent 

peptide or cholera toxin B (FITC) after GM1 supplement treatment (n = 3). D) T84 cellular internalization 

of fluorescent peptide or cholera toxin B (FITC) after treatment with the ganglioside inhibitor PPMP (n = 

3). Statistical analysis performed with one-way analysis of variance (ANOVA). *p < 0.05; **p < 0.01; 

***p < 0.001.  

 

Permeability of peptide conjugates 
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Even though cellular uptake did not appear to be mediated only by the GM1 receptor in our conditions, 

the conjugation to the peptide did increase uptake in both cell lines. Therefore, we monitored the 

permeability enhancement of the different peptide conjugates. In T84 cells, permeability of G23-FL1 was 

superior to Cys-FL1, representative of the drug alone (Figure 2B). However, there was no statistical 

difference between the scrambled peptide (Scr-FL1) and G23-FL1 in both cells lines. Also, peptide 

conjugates with Cy5 (-FL2) had overall permeability inferior to their -FL1 counterparts, highighting the 

impact of the conjugated molecule. It should be noted that permeability values Papp (x10
-6

cms
-1

) were 

lower than 1 for all compounds in both cell lines and therefore were too low to translate to in vivo 

permeability.(53) Since our results confirmed the active role of GM1 in CTB internalization (Figure 1C), 

conjugation to the whole cholera toxin subunit B was further explored to increase intestinal permeability 

using GM1 pathway.  

 

 

Figure 2: Permeability of fluorescent peptides conjugates. Permeability through cellular monolayers of 

Caco-2 (A, C) and T84 (B, D) was evaluated over 4h for peptides conjugated to FITC (A, B) and Cy5 (C, 
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D). Statistical analysis performed with one-way analysis of variance (ANOVA). *p < 0.05; **p < 0.01; 

***p < 0.001. 

 

CTB-BSA fusion protein internalization and permeability 

As mentioned in the introduction, the cholera toxin subunit B (CTB) has already been used to prepare 

fusion protein for oral absorption.(19-22) As an alternative strategy, we investigated click chemistry to 

conjugate bovine serum albumin (BSA), used as a model biomacromolecule, to CTB (Figure 3A). Three 

linkers were compared for their conversion and bioconjugation yield. First, the commercial N-γ-

maleimidobutyryl-oxysuccinimide ester (GMBS) was used to link a cysteine of BSA-FITC to a lysine of 

CTB. Then, we functionalized CTB with dibenzocyclooctyne (DBCO) to react with azide-functionalized 

BSA, since this biorthogonal conjugation is copper free and produces high yields in biological media. 

Linkers V1 and V2 differ only by the tetraethylene glycol linker introduced between the proteins to 

balance the hydrophobicity of DBCO, which might hide in protein pockets and induce aggregation.(54) 

The reactions were compared using SDS-PAGE electrophoresis in non-denaturating conditions (Figure 

3). These conditions allowed to visualize the pentameric CTB and its conjugated CTB-BSA(FITC). Using 

a longer and more hydrophilic tetraethylene glycol linker (V1) provided a stronger signal and superior 

yields as compared to other linkers (Figure 3), although all reactions still show the presence of unreacted 

BSA. The slight difference in migration of CTB-BSA(FITC) vs BSA(FITC) and the fragile nature of CTB 

prevented us from purification on AKTA-FPLC. CTB-BSA(FITC) V1 was therefore selected for 

internalization and permeability studies, similar to the peptide conjugates.  
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Figure 3: CTB-BSA fusion protein synthesis, internalization and permeability studies. A) Qualitative non-

denaturing SDS-PAGE of CTB-BSA(FITC) fusion proteins using different linkers. B) Caco-2 cellular 

internalization of CTB-BSA(FITC) V1 before and after GM1 supplement treatment. C) T84 cellular 

internalization of CTB-BSA(FITC) V1 before and after treatment with the ganglioside inhibitor PPMP. 

D) Permeability of CTB-BSA(FITC) V1 in T84 cells. Statistical analysis performed with one-way 

analysis of variance (ANOVA). *p < 0.05; **p < 0.01; ***p < 0.001. 
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In Caco-2 cells, internalization of CTB-BSA(FITC) V1 was similar to BSA(FITC) but was strongly 

increased by a GM1 supplementation (Figure 3B), as observed with parent CTB (Figure 1C). This 

suggests that internalization is limited by the low amount of GM1 in Caco-2 cells, in agreement with our 

GM1 assessment (Figure S2). In T84 cells, cell uptake was drastically improved thanks to CTB 

conjugation and significantly reduced when pretreated with ganglioside inhibitor PPMP (Figure 3C). 

These results confirmed the successful grafting of BSA-FITC to the CTB and strongly support the GM1-

mediated internalization into both cell lines. Finally, the permeability was assessed only in T84, since 

internalization in Caco-2 cells was not substantial. Permeability through a T84 cell layer was improved 

using CTB or CTB-BSA in a similar extend, although this was not statistically significant (Figure 3D). 

We ensured the integrity of the cell monolayer at the end of the experiment by TEER measurement. 

Discussion 

In this work, poorly permeable drug models were conjugated to GM1-binding peptides or to non-toxic 

Cholera Toxin subunit B (CTB) to improve their intestinal permeability. The novelty of this work relied 

on (i) the use of G23 instead of whole CTB for intestinal cell crossing, (ii) the use of G23-soluble 

conjugates instead of decorated nanoparticles reported for brain targeting and (iii) the optimization of 

linker click chemistry for bioconjugation with CTB.  

The peptides (P3, G23) were selected from literature according to phage display results.(25, 29) To the 

best of our knowledge, this is the first time that affinity of G23 with GM1 was determined. The affinity 

constants obtained for P3 by MST (KD = 254 ± 53) were in the same range as previous literature (KD = 

1.2 µM using quartz-crystal microbalance).(55) However, these values were much lower than the values 

reported for CTB for GM1 (5 pM to 1 nM, by Surface Plasmon Resonance and on-cell binding 

measurements).(16) In our conditions, the scramble peptide exhibited similar affinity than the parent G23 

peptide (Table 1). In some conditions, the conjugation strongly impacted the affinity, since conjugated 

Scrl-FL1 reduced its affinity for GM1 (Table 1) and using Cy5 instead of FITC drastically decreased cell 

permeability (Figure 2). This suggests a major role of non-specific interactions, likely related the physico-
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chemical properties of the residues (e.g. hydrophobicity, charge) rather than the precise sequence. G23 

and its conjugates might present in a different spatial organization in solution, which could interfere with 

the GM1 binding mode. Similar impacts of the conjugation has been reported for several cell penetrating 

peptides (56) such as polyarginine,(57) Tat,(58) penetratin (58, 59) and Angiopep,(60) for which 

conjugation modified their physico-chemical properties and reduced their permeation enhancement 

properties. Finally, it is worth noting that the binding measurements were conducted in a solution of 

GM1. It is likely that GM1 was micellized in our conditions (25 µM), since the critical micellar 

concentration (CMC) was reported to between 3.32 µM and 29 µM in aqueous media.(61, 62) In this 

case, the affinity value might be mainly due to the solubilization of peptides in the core of GM1 micelles, 

rather than specific interactions.  

The second unexpected result was the internalization pathway of peptide conjugates. G23-FL1 and P3-

FL1 were weakly but significantly internalized in Caco-2 and T84 cells. However, this uptake was not 

mediated by GM1, since it was not impacted by a supplement of GM1 in Caco-2 (Figure 2C), nor by 

inhibition of ganglioside synthesis in T84 (Figure 2D). Consistent with this, the permeability of the 

peptide conjugates was only slightly increased in T84 as compared to the Cys-FL1, representative of the 

model drug alone (Figure 3B). Several hypotheses can be raised: (i) G23 and P3 might bind to GM1 but 

do not trigger internalization of the conjugates. Since these peptides have been discovered by phage 

display, they have not been selected on their ability to trigger endocytosis. Although transcytosis has been 

reported for G23-decorated nanoparticles through in vitro BBB models (hCMEC/D3 (30, 63) and bEnd.3 

(31)), this was dependent on the nanoparticle composition.(64) Smaller, soluble bioconjugates might not 

trigger the same endocytosis pathway as nanoparticles. (ii) Conjugation to peptides might alter their 

internalization pathway, in the same way it impacted the affinity for GM1. This phenomenon was 

reported for the Angiopep peptide, which exploited different internalization mechanisms alone and when 

conjugated to a -secretase inhibitor.(60) Our preliminary study indicated that caveolae-mediated 

endocytosis was involved in G23-FL1 internalization, since genistein decreased the cell uptake in both 
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cell lines (Figure S3). This process was already reported for internalization of CTB in Caco-2 cells,(65) 

although several other routes have been reported for CTB in Caco-2, including caveolae-mediated, 

clathrin-mediated, noncaveloae/nonclathrin-dependent processes.(16) As for G23-decorated 

nanoparticles, their internalization was a saturated process on hCMEC/D3 cells (30) and involved 

receptor-mediated uptake on PC-12 (neurons),(27) but the endocytosis pathway was not investigated in 

Caco-2 cells. Interestingly, G23 ligand increased the uptake of nanoparticles into neurons (PC-12), but 

did not colocalize with CTB, suggesting a different internalization pathway.(64) Nevertheless, further 

studies, i.e. colocalization studies and/or the effect of dominant negative mutants of specific regulators of 

endocytosis are necessary to elucidate the endocytotic route of G23-peptide conjugates, since these 

chemical inhibitors lack specificity.(52)  

Conversely to peptides, CTB-FITC exhibited a GM1-dependent pathway in Caco-2 and T84 cells (Figure 

1C and 1D). It should be mentioned that in our experiments, Caco-2 did not express much GM1 (Figure 

S2) and required supplementation with external GM1 to trigger CTB endocytosis (Figure 1C). Our 

optimization study supported the idea that linkers containing ethylene glycol motifs enhanced the yield of 

the conjugated protein. The click chemistry requires only a 2-step reaction: (i) the grafting of a linker onto 

each protein, followed by (ii) the bioconjugation of functionalized macromolecules. As compared to the 

recombinant protein strategy, this method is versatile and can be easily translated to conjugate CTB with 

various macromolecules, such as heparin or siRNA. Furthermore, this strategy allows tuning the linker 

structure to be cleaved by pH or enzyme in a specific environment.(66) Nevertheless, the purification of 

the conjugated product, namely from the unreacted macromolecules, should be optimized in each case. 

As expected the conjugation of CTB to BSA strongly improved the internalization of BSA in T84, and 

the process was still GM1-dependent (Figure 3C and 3D). Although the experiment showed a large 

variability, the Papp values reached 5.6 for T84 cells, which is higher than Papp of G23 conjugates (Figure 

2). Lencer et al. have demonstrated that Cholera Toxin (CT) is endocytosed in an apical endosome also 

called “common endosome”(18). CT is then sorted according to the ceramide anchor of GM1 either to the 
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endoplasmic reticulum (ER) in a retrograde pathway,(14, 16) or to transcytotic vesicles in a distinct 

pathway.(18) In these studies, transcytosis of CTB through T84 cells was qualitatively observed (by gel 

electrophoresis), but was not quantified. We might hypothesize that transcytosis traffics a minor amount 

of CTB as compared to the portion processed through ER. It appears, however, that this process was 

sufficient to induce an immune response (24) or a pharmacological effect for insulin, myelin binding 

protein and amyloid-peptide B.(20-22) Further biodistribution studies after oral administration of 

fluorescent CTB, could be envisaged to quantify the relevance of this mechanism and its impact in 

clinical translation.  

Conclusion  

In this study, we questioned the ability of GM1-binding peptides to improve the permeability of poor 

permeable drugs through a monolayer of intestinal cells. G23, P3 and Scramble peptide did improve the 

internalization into Caco-2 and T84 cells, but did not translate into improved permeability. Our results 

indicate that conjugation impacted the affinity for GM1 and suggest a strong contribution of non-specific 

interactions. In both cell lines, the peptides conjugates were internalized independent of the amount of 

GM1 in the cells, suggesting a different mechanism than CTB. On the other hand, conjugating cholera 

toxin subunit B (CTB) to a poorly permeable protein such as bovine serum albumin (BSA) provided 

promising improvements in internalization through a GM1-dependent pathway. Conjugating CTB to 

biomacromolecules via click chemistry seems a promising approach to improve cellular uptake of 

proteins such as vaccines, antibodies, heparins or siRNA in intestinal cells.  
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