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ABSTRACT 

The cell-penetrating peptide (CPP) penetratin, has demonstrated potential as a carrier for transepithelial 

delivery of cargo peptides, such as the therapeutically relevant part of parathyroid hormone, i.e. PTH(1-34). 

The purpose of the present study was to elucidate the relevance of pH for PTH(1-34)-penetratin conjugates 

and for co-administered penetratin with PTH(1-34) in terms of transepithelial permeation of PTH(1-34) and 

cellular effects. Transepithelial permeation was assessed using monolayers of the Caco-2 cell culture model, 

and effects on Caco-2 cellular viability kinetics were evaluated by using the Real-Time-GLO assay as well 

as by microscopy following Tryphan blue staining. Morphological Caco-2 cell changes were studied 

exploiting the impedance-based xCELLigence system as well as optically using the oCelloscope setup. 

Finally, the effect of  pH on the folding propensity of the PTH(1-34)-penetratin conjugate and its ability to 

disrupt lipid membranes were assessed by circular dichroism (CD) spectroscopy and the calcein release 

assay, respectively. The transepithelial PTH(1-34) permeation was not pH-dependent when applying the co-

administration approach. However, by applying the conjugation approach, the PTH(1-34) permeation was 

significantly enhanced by lowering the pH from 7.4 to 5, but also associated with a compromised barrier and 

a lowering of the cellular viability. The negative effects on the cellular viability following cellular incubation 

with the PTH(1-34)-penetratin conjugate were moreover confirmed during real-time monitoring of the Caco-

2 cell viability as well as by enhanced Tryphan blue uptake. In addition, morphological changes were 

primarily observed for cells incubated with the PTH(1-34)-penetratin conjugate at pH 5, which was 

moreover demonstrated to have an enhanced membrane permeating effect following lowering of the pH from 

7.4 to 5. The latter observation was, however, not a result of better secondary folding propensity at pH 5 

when compared to pH 7.4.  
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INTRODUCTION 

Peptide drug entities are of high therapeutic interest due to their potency and specific mode of action, and an 

increasing number of these drugs currently enter production lines in the pharmaceutical industry. A major 

obstacle in the successful implementation of peptide drugs, and biopharmaceuticals in general, is that their 

administration to a large extent is limited to invasive routes; often experienced as inconvenient and 

potentially leading to poor patient compliance. When pharmacologically relevant, oral administration of a 

peptide drug may thus, be pursued. However, sufficient delivery of peptide drugs via the gastrointestinal 

tract is limited by poor enzymatic stability and large molecular size, the latter hindering non-aided 

permeation across the intestinal epithelium. Nevertheless, the class of membrane interacting peptides termed 

cell-penetrating peptides (CPPs) has demonstrated promising potential as carriers for transepithelial delivery 

of cargo peptides.1 In order to enhance the transepithelial permeation of a cargo peptide using CPPs, co-

administration with a CPP in a physical mixture2–4 or conjugation to a CPP5 may be pursued.6 The latter 

approach ensures an inherent proximity of the two molecules, but may negatively affect the biological 

activity of the therapeutic cargo as well as the delivery propensity of the CPP. On the other hand, by using 

the co-administration approach one may obtain a pool of poorly defined CPP-cargo complexes due to 

electrostatic and/or hydrophobic interactions between the CPP and the cargo moiety. A previous study 

demonstrated that conjugation of the CPP, penetratin, to the biologically active part of parathyroid hormone 

(PTH(1-34)) negatively affected the potency of PTH(1-34).7 In addition, the ability of penetratin to enhance 

PTH(1-34) permeation across an intestinal epithelium in vitro was more effective when co-administered with 

PTH(1-34) as compared to covalently conjugated to PTH(-34) at the same molar ratios.8 Using the co-

administration approach, a number of previous reports suggest that intermolecular electrostatic CPP-cargo 

interactions as well as the strength of the interaction are essential in order to obtain CPP-mediated 

transepithelial permeation of a cargo peptide.9–11 In addition, a recent study questions whether complex 

formation between insulin and penetratin is a necessity to obtain penetratin-mediated transepithelial insulin 

permeation.12 That study demonstrated that despite using a pH higher than the pI of the cargo (namely pH 6.5 

and 7.4) for induction of high levels of electrostatic interactions between insulin and the CPP, no 

transepithelial penetratin-mediated insulin permeation in vitro was evident. On the contrary, at pH 5, at 

which insulin-penetratin complexation did not dominate the sample, co-administration of penetratin with 

insulin significantly, and without signs of detrimental effects on the epithelial cells, improved the 

transepithelial insulin permeation when compared to insulin administered alone under the same conditions. 

Importantly, pH-lowering compounds are frequently implemented in drug delivery systems as a feasible 

strategy to improve the transmucosal delivery of peptide and protein-drug entities by limiting the enzymatic 

degradation at the absorption site13–15 (reviewed in 16,17); thus demonstrating the relevance of studying the 

impact of applying a slightly acidic pH for improving oral delivery.   
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Thus, to mechanistically explain the influence of  pH and administration approach, the aim of this study was 

to conduct in-depth investigations to explore cellular and membrane effects of applying pH 5 and 7.4 for 

penetratin-enhanced transepithelial PTH(1-34) permeation across epithelial cell layers; focusing on 

potentially associated toxic events induced by using the conjugation approach versus the co-administration 

approach.  

 

RESULTS  

CPP-mediated transepithelial PTH(1-34) permeation depends on administration approach and pH 

Penetratin was successfully conjugated to PTH(1-34)8 resulting in a molecule with higher molecular weight 

and pI than the PTH(1-34). The sequences, molecular weights, and pI values for PTH(1-34), penetratin, and 

the PTH(1-34)-penetratin conjugate are listed in Table 1.  

Table 1. Sequences of PTH(1-34), penetratin and PTH(1-34)-penetratin  

Name Sequence Mw (Da) pI 

PTH(1-34) SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF 4117.6 8.3 

Penetratin RQIKIWFQNRRMKWKK 2245.8 12.3 

PTH(1-34)-penetratin S*SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF 

RQIKIWFQNRRMKWKK 

6433.6 11.1 

*N-terminal serine (S) residue left on the amino acid sequence encoding PTH(1-34)-penetratin after the 

histidine tag was cleaved off. Theoretical molecular weight values are obtained from Expasy.org.  

 

PTH(1-34) conjugated to penetratin or co-administered with penetratin in a 1:1 molar ratio were evaluated 

for its ability to permeate Caco-2 cell monolayers at pH 7.4 or pH 5 in order to investigate the effect of 

lowering the pH . At pH 7.4, the co-administration approach was significantly more effective than the 

conjugation approach with respect to enhancing the transepithelial PTH(1-34) permeation (Figure 1a). 

Lowering the pH of the PTH(1-34)-penetratin conjugate from 7.4 to 5 increased the PTH(1-34) permeation 

3.1-fold and to the same level as if co-administered (Figure 1b) as also reflected in the calculated Papp values 

(Table 2). In contrast, lowering the pH from 7.4 to 5 for PT H(1-34) co-administered with penetratin resulted 

in only a 1.4-fold increase in the amount of permeated PTH(1-34) (Table 2).    
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Figure 1. Permeation of PTH(1-34) after application of 40 µM PTH(1-34)-penetratin conjugate or 40 µM  

PTH(1-34) co-administered with penetratin (molar ratio 1:1) at pH 7.4 (a) or pH 5 (b). Data are presented as 

mean ± SEM (n = 6, N = 2). Grey: PTH(1-34) + penetratin pH 7.4, black: PTH(1-34)-penetratin pH 7.4, 

orange: PTH(1-34)-penetratin pH 5, blue: PTH(1-34) + penetratin pH 5. Levels of significance are **: 

p<0.01, ***: p<0.001. 

 

Table 2. The apparent permeability coefficient (Papp) determined after application of 40 µM PTH(1-34)-

penetratin fusion peptide or similar total concentrations of PTH(1-34) co-administered with penetratin (ratio 

1:1) at pH 7.4 or 5 across Caco-2 monolayers. Data are based on calculations to the end-point and presented 

as mean ± SEM (n = 6, N = 2). 

 Papp (10
-9
 cm/s) 

Test sample pH 7.4 pH 5 

PTH(1-34) + penetratin 3.4 ± 0.6 4.7 ± 1.4 

PTH(1-34)-penetratin 1.5 ± 0.5 4.6 ± 0.2 

 

Only for the conjugate, decreasing the pH negatively affects epithelial integrity and cellular viability  

In order to evaluate the integrity of the Caco-2 cell monolayers and potential cytotoxicity resulting from 

exposure to PTH(1-34) and penetratin as either co-administered or conjugated, the TEER was determined 

before and after each permeation study (Figure 2a), and the cellular viability was evaluated after each 

permeation study (Figure 2b).  

Neither of the pH 7.4 samples affected the integrity of the epithelium or the cellular viability, whereas 

lowering the pH to 5 resulted in a significant decrease in both epithelial integrity and cellular viability as a 

result of incubation with the PTH(1-34)-penetratin conjugate. Thus, the observed increase in PTH(1-34) 

permeation as a result of lowering the pH of the PTH(1-34)-penetratin conjugate from 7.4 to 5 (Figure 1, 
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Table 2) can be ascribed to an effect on cell viability accompanied by partly disruption of the Caco-2 

monolayer integrity (Figure 2a). Surprisingly, no effect on neither the epithelial integrity (Figure 2a) nor the 

cellular viability (Figure 2b) was observed as a result of co-administering PTH(1-34) with penetratin at pH 5.  

 

Figure 2. The relative TEER (a) and cellular viability (b) evaluated after apical exposure to 40 µM PTH(1-

34)-penetratin conjugate or 40 µM PTH(1-34) co-administered with penetratin (ratio 1:1) at pH 7.4 or pH 5 

for 3 h. Results are shown as % relative to control (10 mM HEPES in HBSS pH 7.4) ± SEM (n = 6, N = 2). 

Level of significance is ***: p<0.001 when compared to control (pH 7.4 buffer).  

 

For assessment of whether the negative effects on the epithelial integrity and cellular viability resulting from 

incubation with the PTH(1-34)-penetratin conjugate at pH 5 (Figure 2) were reversible, a recovery study was 

carried out by incubating the Caco-2 cell monolayers with cell culture medium and 5 % CO2 at 37°C for 24 h 

prior to evaluation of the TEER (Figure SI 1a) and the cellular viability (Figure SI 1b). After a 24 h recovery 

period, neither the TEER of the monolayers nor the viability of the cells previously incubated with the 

PTH(1-34)-penetratin conjugate at pH 7.4 or PTH(1-34) co-administered with penetratin at pH 5 and 7.4 was 

lower than that of the buffer-treated controls. However, the TEER of the monolayers, previously incubated 

with the PTH(1-34)-penetratin conjugate at pH 5, was 50 % higher when compared to the buffer-treated 

monolayers (Figure SI 1a), and the level of cellular viability only reached 75 % when compared to the 

buffer-treated control cells (Figure SI 1b). Thus, complete recovery of the monolayer integrity was observed, 

but the viability of the PTH(1-34)-penetratin treated cells was still compromised when compared to the 

control cells.  

 

Real-time cellular viability kinetics differ according to pH and administration approach 

The viability of proliferating Caco-2 cells incubated with PTH(1-34) conjugated to penetratin or co-

administered with penetratin at pH 5 or 7.4 was monitored in real-time over 5 h using the RealTime-Glo 
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assay; a luminescent-based assay measuring the reducing potential of the cells and thus, their viability 

(Figure 3). As observed in Figure 3a, the kinetics of the cellular viability resulting from incubation with 

PTH(1-34) co-administered with penetratin or conjugated to penetratin differed both according to pH and 

administration approach. Comparing the cellular viability resulting from incubation with PTH(1-34) 

conjugated to penetratin or PTH(1-34) co-administered with penetratin at pH 7.4, the kinetics of the cell 

viability did not differ until the 3 h time-point. Hereafter, the viability of the cells incubated with the PTH(1-

34)-penetratin conjugate began to decrease. On the other hand, the viability of the cells incubated with 

PTH(1-34) co-administered with penetratin did not decrease before reaching the 4 h time-point. At pH 5, 

differences in the cellular viability kinetics also differed according to whether the cells were incubated with 

the PTH(1-34)-penetratin conjugate or PTH(1-34) co-administered with penetratin. The cellular viability 

decreased after approximately 45 min regardless of whether the cells were incubated with the conjugate or 

the co-administered PTH(1-34) and penetratin. However, the overall viability of the cells incubated with the 

PTH(1-34)-penetratin conjugate at pH 5 was significantly lower than for any of the remaining test samples, 

as also reflected in the calculated area under the curve (AUC) as illustrated in Figure 3b. 

Figure 3. Real time viability of proliferating Caco-2 cells incubated with 40 µM PTH(1-34)-penetratin or 40 

µM of PTH(1-34) co-administered with penetratin. Orange: PTH(1-34)-penetratin pH 5, black: PTH(1-34)-

penetratin pH 7.4, blue: PTH(1-34) + penetratin pH 5, grey: PTH(1-34) + penetratin pH 7.4. Data are 

presented as luminescent signal over 5 h. (a) or AUC (b) ± SEM (n = 6, N = 2). Level of significance is ***: 

p<0.001.  

 

Trypan Blue compromised cell staining is pronounced following incubation with the PTH(1-34)-

penetratin conjugate at pH 5 

Proliferating Caco-2 cells incubated with the PTH(1-34)-penetratin conjugate or PTH(1-34) co-administered 

with penetratin at pH 5 or 7.4 were visually inspected following removal of the test samples and incubation 

with Trypan Blue (a vital stain taken up only by live cells) (Figure 4). Already after 15 min incubation with 

the PTH(1-34)-penetratin conjugate at pH 5, a high number of the cells stained positive with Trypan Blue 
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when compared to the cells incubated with the PTH(1-34)-penetratin conjugate at pH 7.4 or PTH(1-34) co-

administered with penetratin at pH 5 or 7.4. An observation supporting the other viability studies (Figure 2, 

3). Simply lowering the pH from 7.4 to 5 slightly affected the staining of proliferating Caco-2 cells with 

Trypan Blue; a tendency also observed from using the RealTime-Glo viability assay following incubation 

with the pH 5 and 7.4 buffers (Figure SI 2). However, when assessed using the MTS/PMS assay, the 

viability of the well-differentiated Caco-2 cells was not affected by lowering of the pH of the  sample (Figure 

2b) or buffer from 7.4 to 5 (Figure SI 1b).        

 

 

Figure 4. Representative bright field microscopy images from Trypan Blue assay on proliferating Caco-2 

cells incubated with 40 µM PTH(1-34)-penetratin conjugates or 40 µM PTH(1-34) co-administered with 

penetratin at pH 5 or 7.4 at time points 0, 15, 60, and 180 min.  

Cells undergo changes in their surface adherence following exposure to the PTH(1-34)-penetratin 

conjugate at pH 5 
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Measuring changes in impedance during incubation with various samples were achieved using the 

xCELLigence system, which allows label-free measurements in real-time, thus, eliminating potential adverse 

effects caused by a label or e.g. additional substrates necessary for a read-out. This approach was 

implemented in order to explore whether the cellular effects observed earlier with respect to lowering of 

TEER (Figure 2a) and the cellular viability (Figure 2b, 3, 4) were associated with morphological changes, 

since changes in impedance can be correlated to changes in adherence of the cells and thus, changes in 

morphology. A dimensionless value defined as cell index (CI), derived from changes in impedance 

originating from changes in the cellular coverage of the electrodes, which were incorporated in the bottom of 

each cell culture well (E-plate), was used to compare the changes in impedance between different treatments. 

In the present study, the CI of proliferating Caco-2 cells was monitored during a 26.5 h proliferation period 

followed by a 2 h sample incubation period and finally, a recovery period in cell culture medium for 

approximately 26 h (Figure 5a). Washing steps were included between each incubation period in order to 

ensure complete removal of cell medium and sample, respectively. The effect on the CI of the washing step 

before sample application is observed in Figure 5b between the first two time-points.   
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Figure 5. Monitoring  morphological changes of Caco-2 cells during a 24 h proliferation period (a), 2 h 

sample incubation (a, b), and a recovery period (a, c) using the xCELLigence system. Samples: 40 µM 

PTH(1-34)-penetratin conjugates or 40 µM PTH(1-34) co-administered with penetratin were applied. 

Orange: PTH(1-34)-penetratin pH 5, black: PTH(1-34)-penetratin pH 7.4, blue: PTH(1-34) + penetratin pH 

5, grey: PTH(1-34) + penetratin pH 7.4. Data are presented as the average of cell index over 55 h ± SD (n = 

3).  

After a 20 h proliferation period, the cells had reached a plateau (Figure 5a), and after approximately 27.5 h 

the cell culturing medium was replaced with the samples (Figure 5b). During sample incubation, an increase 

in CI was mostly observed for the cells incubated with the PTH(1-34)-conjugate at pH 5 and PTH(1-34) co-

administered with penetratin at pH 5, whereas almost no increase in CI was observed for cells incubated with 

the PTH(1-34)-penetratin conjugate at pH 7.4 or PTH(1-34) co-administered with penetratin at pH 7.4.  

Nevertheless, the effect on the cell adherence was most pronounced during the recovery period following 

incubation with the PTH(1-34)-penetratin conjugate at pH 5 (Figure 5c). A slight increase in CI was, 

however, observed as a result of incubation with PTH(1-34) co-administered with penetratin at pH 5, when 

compared to incubation with the PTH(1-34)-penetratin conjugate or PTH(1-34) co-administered with 

penetratin at 7.4. Surprisingly, dramatic changes in the adhesive properties of Caco-2 cells exposed to 

penetratin alone at pH 5, but not at pH 7.4, were observed during the recovery phase (Figure SI 3). However, 

only a slight increase in Trypan Blue uptake was observed during incubation with penetratin alone at pH 5 

when compared to pH 7.4 (Figure SI 4). Thus, the changes in adherence resulting from incubation with 

penetratin alone at pH 5 is not a result of cell death as was the case for incubation with the PTH(1-34)-

penetratin conjugate at pH 5 (Figure 5).  

In order to obtain more detailed information about the changes in adherence indirectly observed based on the 

changes in the CI values using the xCELLigence system (Figure 5), the morphology of the proliferating 

Caco-2 cells was evaluated by an optical approach using the oCelloscope setup (Figure 6). The oCelloscope 

is an automated optical detection system enabling real-time image recording collected while scanning 

through a sample. This optical detection approach was used to evaluate proliferating Caco-2 cells incubated 

with the PTH(1-34)-penetratin conjugate or PTH(1-34) co-administered with penetratin at pH 5 or 7.4. For 

each structure caught in focus, a 3D object is generated from which, several morphological parameters can 

be extracted, such as area and circularity, as depicted in Figure 6. During incubation with PTH(1-34) co-

administered with penetratin at both pH 5 and 7.4, an increase in cell area was observed for the first hour, 

where after a slight decrease in cell area was observed for the rest of the study (3 h in total) (Figure 6a). On 

the other hand, an almost constant area was detected for cells incubated with the PTH(1-34)-conjugates when 

compared to cells incubated with PTH(-34) co-administered with penetratin. However, the area of the cells 

incubated with the PTH(1-34)-penetratin conjugate at pH 5 was much smaller than that of the cells incubated 

with PTH(1-34) co-administered with penetratin at both pH 5 and 7.4 or the PTH(1-34)-conjugate at pH 7.4. 
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Assessing the cell morphology according to circularity (Figure 6b), the cells incubated with the PTH(1-34)-

penetratin conjugate at pH 5 were more circular when compared to the cells incubated with the PTH(1-34)-

penetratin conjugate at pH 7.4 or PTH(1-34) co-administered with penetratin at both pH 5 and 7.4. The 

degree of circularity of the cells incubated with the PTH(1-34)-penetratin conjugate at both pH 5 and 7.4 

appeared to increase within the first 20 min, where after steady state was reached. On the contrary, an initial 

increase in circularity of the cells incubated with PTH(1-34) co-administered with penetratin was not 

obvious.  

 

Figure 6. Monitoring of morphological changes of proliferating Caco-2 cells according to area (a) and 

circularity (b) during a 3 h sample incubation period (40 µM PTH(1-34)-penetratin conjugates or 40 µM 

PTH(1-34) co-administered with penetratin) using an oCelloscope. Orange: PTH(1-34)-penetratin pH 5, 

black: PTH(1-34)-penetratin pH 7.4, blue: PTH(1-34) + penetratin pH 5, grey: PTH(1-34) + penetratin pH 

7.4. Data are presented as mean ± SD (n = 2). 

 

The folding propensity of the PTH(1-34)-conjugates upon membrane contact is not pH-dependent 

Penetratin adapts an α-helical secondary structure in the vicinity of negatively charged lipid membranes,18 

which is furthermore believed to be of importance for its cell penetrating propensity.19,20 Thus, the ability of 

the PTH(1-34)-penetratin conjugates to fold into a well-defined α-helical structure may differ according to 

pH, and thereby, add to the explanation of the earlier observed pH-dependent effect on the transepithelial 

PTH(1-34) translocation (Figure 1), cellular viability (Figure 2-5), and cellular morphology (Figure 5, 6). 

The folding propensity of the PTH(1-34)-penetratin conjugates at pH 5 and 7.4 was assessed in the presence 

of POPC:POPG liposomes representing a negatively charged lipid membrane using circular dichroism (CD) 

spectroscopy (Figure 7). However, no difference in folding propensity was observed; both at pH 5 and at pH 

7.4 the PTH(1-34)-penetratin conjugate adapted α-helical structures to the same degree with characteristic 

minima at 208 nm and 222 nm.   
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Figure 7. Circular dichroism spectroscopy spectra of 10 µM PTH(1-34)-penetratin at pH 5 (orange) or pH 

7.4 (black) in the presence of 1 mM POPC:POPG liposomes corresponding to a molar 1:100 peptide to lipid 

ratio.  

The PTH(1-34)-penetratin conjugate is more membrane active at low pH 

Finally, the ability of the PTH(1-34)-penetratin conjugates to induce calcein release from POPC:POPG 

liposomes was assessed at pH 5 and 7.4 over 20 min (Figure 8). Both at pH 5 and 7.4, an instant calcein 

release was observed upon applying 0.625 µM (Figure 8a), 1.25 µM (Figure 8b), or 2.5 µM (Figure 8c) of 

the PTH(1-34)-penetratin conjugate and the release of calcein from the liposomes was concentration-

dependent. Moreover, the calcein release was pH-dependent, with the highest percentage of calcein release 

observed at pH 5 compared to pH 7.4; thus, suggesting a higher degree of membrane interaction exerted by 

the PTH(1-34)-penetratin conjugate at pH 5 as compared to pH 7.4. 

 

Figure 8. Release of calcein from POPC:POPG liposomes during incubation with 0.625 µM (a), 1.25 µM (b), 

or 2.5 µM (c) PTH(1-34)-penetratin at pH 5 (orange) or pH 7.4 (black). Data are presented as % calcein 

release over 1200 seconds ± SD (n = 3). 

 

DISCUSSION  
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The aim of the present study was to investigate the cellular effect of applying CPPs as permeation enhancers 

for peptide transport across the intestinal epithelial barrier. Within this context, the influence of pH as well as 

administration approach, being co-administration or covalent conjugation, was evaluated using various 

methods.  

A previous study investigating the effect of decreasing the pH from 7.4 to 5 of insulin co-administered with 

penetratin in a 1:4 molar ratio resulted in a 6-fold increase of insulin permeation across Caco-2 monolayers, 

whereas no effect was observed at pH 7.4.12 At pH 7.4 the propensity of penetratin to enhance PTH(1-34) 

permeation across Caco-2 monolayers, when administered in a 1:1 ratio, was dependent on the 

administration approach applied with co-administration being more effective than conjugation (Figure 1a, 

Table 2); likely due to the larger molecular size of the conjugate. The outcome of the present study therefore, 

complements earlier results by concluding that both pH and the molar therapeutic protein or peptide to 

penetratin mixing ratio influences the penetratin-mediated transepithelial permeation of the former.  

By lowering the pH from 7.4 to 5, covalent conjugates of penetratin to PTH(1-34) were as effective in 

mediating transepithelial PTH(1-34) permeation as if PTH(1-34) was co-administered with penetratin 

(Figure 1b, Table 2). However, at pH 5 the PTH(1-34)-penetratin conjugate negatively affected the cellular 

viability (Figure 2a) as well as the epithelial integrity (Figure 2b). A recovery study demonstrated that after 

terminating the exposure to the PTH(1-34)-penetratin conjugate at pH 5 and subsequently, incubating the 

cells with cell medium, the epithelial integrity was restored when assessed after a 24 h (Figure SI 1a). 

However, the TEER across the monolayers initially incubated with the PTH(1-34)-penetratin conjugate at 

pH 5 was 150 % compared to the buffer control when assessed after the 24 h recovery period. This 

significant increase in TEER is likely to be a stress-induced effect following incubation with and removal of 

the seemingly toxic pH 5 PTH(1-34)-penetratin conjugate, and may not necessarily reflect the integrity of 

healthy epithelial cells in a monolayer. This is well in line with the fact that the cellular viability was still 

significantly lower for the cells initially incubated with the PTH(1-34)-penetratin conjugate at pH 5 when 

compared to the buffer-treated control cells (Figure SI 1b). 

It was previously demonstrated that covalent conjugation of an R9 sequence to PTH(1-34) negatively 

affected the viability of Caco-2 cells at pH 7.4, whereas co-administration of PTH(1-34) with the R9 

sequence in similar concentrations did not affect the cellular viability.8 In that study, it was speculated that 

the observed toxic effect was a result of the PTH(1-34)-R9 conjugate being longitudinal amphipathic.  

In the present study, exposure to the PTH(1-34)-penetratin conjugate did not give rise to any adverse effects 

at pH 7.4 in accordance with findings in the previous study.8 Conjugation of R9 to PTH(1-34) adds up to a 

higher density of terminal positive charges when compared to the penetratin sequence. Hence, the degree of 

longitudinal amphipathicity is greater for the PTH(1-34)-R9 conjugate than the PTH(1-34)-penetratin 

conjugate, which may explain the difference between R9 and penetratin-conjugates. Also, the degree of 

cytotoxicity has previously been shown to increase as a result of conjugating the CPP Tat to a peptide cargo 
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when compared to administration of Tat alone to HeLa or CHO cells;21 possibly due to the fact that terminal 

conjugation of the highly positively charged Tat sequence (pI 12.3) results in longitudinal amphipathicity. 

However, the negative effect on cellular viability resulting from conjugating a peptide cargo to Tat was in 

that study not observed as a result of cargo conjugation to penetratin, undecaarginine (R11), or transportan. 

Thus, whether or not covalent conjugation of a peptide cargo to a CPP will negatively affect the cellular 

viability is dependent on multiple factors counting the specific CPP and cargo sequences, their 

concentrations, as well as the cell type and, as demonstrated in the present study, the pH of the formulation.    

In order to elaborate on the negative effect on the cellular viability exerted by the PTH(1-34)-penetratin 

conjugate at pH 5 following incubation with well-differentiated Caco-2 monolayers (Figure 2b), the viability 

of proliferating Caco-2 cells were followed using a real-time assay (Figure 3), and compromised cells were 

visualized using Trypan Blue staining (Figure 4). Both assays supported the outcome of the MTS/PMS assay 

carried out after the transport study, demonstrating that the PTH(1-34)-penetratin conjugate at pH 5 has a 

greater negative effect on the cellular viability. In addition, it was clear that the kinetics of the cell viability 

differed both according to pH of the sample as well as the administration approach being covalent 

conjugation or co-administration (Figure 3a). A steeper increase in the luminescent signal was observed 

during incubation with PTH(1-34) co-administered with penetratin at pH 5 when compared to pH 7.4. Due to 

the fact that the Trypan Blue staining was also more pronounced for the co-administered sample at pH 5, as 

opposed to at pH 7.4 (Figure 4), the steep initial increase in the luminescent signal could in principle 

represent a stress-induced effect by the low pH. However, a similar steep initial increase in the luminescence 

was observed for the pH 7.4 buffer-treated control cells (Figure SI 2), and therefore, apparently reflect the 

state of non-compromised cells.  

Morphological changes were studied using the xCELLigence system as well as the oCelloscope. In the 

xCELLigence study (Figure 5), morphological changes were detected for cells during incubation with the 

PTH(1-34)-penetratin conjugates at pH 5 and PTH(1-34) co-administered with penetratin at pH 5, whereas 

almost no effect on the cell morphology was observed during incubation with the pH 7.4 samples (Figure 

5b). A similar trend was observed during the post-recovery phase. Here, only a minor increase in CI was 

observed for cells exposed to PTH(1-34) co-administered with penetratin at pH 5, whereas a dramatic 

increase in CI was obvious for cells exposed to the PTH(1-34)-penetratin conjugate at pH 5 (Figure 5c). 

Hence, the incubation at pH 5 facilitates cell detachment from the solid support, and the extent to which this 

occurs, is highly dependent on whether penetratin is covalently conjugated to PTH(1-34) or co-administered 

with PTH(1-34). Interestingly, penetratin applied alone at pH 5 had a similar dramatic effect on the cell 

morphology during the post-recovery phase as observed for the cells subjected to incubation with the PTH(1-

34)-penetratin conjugate at pH 5 (Figure SI 3). However, this post-recovery effect was only observed to a 

minor extent resulting from incubation with PTH(1-34) co-administered with penetratin at pH 5. Likely due 

to the fact that the interaction between penetratin and the cell membrane is hindered by competitive PTH(1-
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34)-membrane interactions and/or e.g. hydrophobic interactions between PTH(1-34) and penetratin, thus, 

limiting the availability of penetratin to interact with the cell membrane. Morphological changes of the Caco-

2 cells during the sample incubation phase were moreover assessed according to cell area and circularity 

using the oCelloscope (Figure 6). Clear differences in both the cell area and the cell circularity were 

observed according to administration approach as well as pH. The most pronounced effect on the cell 

morphology was observed during incubation with the PTH(1-34)-penetratin conjugate at pH 5 resulting in 

smaller cell areas (Figure 6a) and more circular cells (Figure 6b) as compared to cells incubated with the 

PTH(1-34)-penetratin conjugate at pH 7.4 or PTH(1-34) co-administered with penetratin at pH 5 or 7.4. 

Thus, the interaction between the proliferating Caco-2 cells with the PTH(1-34)-penetratin conjugate at pH 5 

promotes a rounding up of the cells (Figure 6b), thus, making them prone to detachment from the solid 

support as demonstrated using the xCELLigence system during the post-recovery period after sample 

replacement with cell medium (Figure 5c).   

Finally, in order to explain the pH-dependent penetratin-mediated PTH(1-34) permeation across the Caco-2 

monolayer as well as effect on the cell viability only observed following incubation with the PTH(1-34)-

penetratin conjugate, but not following co-administration of PTH(1-34) with penetratin (Figure 1b, Figure 2), 

CD spectroscopy and a calcein release assay was conducted employing the conjugates. Potential pH-

dependent structural changes of the PTH(1-34)-penetratin conjugate in the vicinity of lipid membranes was 

assessed using CD spectroscopy (Figure 7), and its ability to disrupt lipid membranes at pH 5 and 7.4  was 

evaluated by a calcein release assay (Figure 8). A recent study in which different amino acid analogues of the 

lipidated CPP PepFect 3 were used, demonstrated a direct correlation between the degree of α-helical content 

and the ability to perturb negatively charged lipid membranes for some, but not all CPPs.22 This is in line 

with the outcome of the present study, demonstrating that the PTH(1-34)-penetratin conjugate adapted an α-

helical structure, and that to the same extent, at both pH 5 and pH 7.4 (Figure 7). However, the ability of the 

PTH(1-34)-penetratin conjugate to perturb lipid membranes was highly pH-dependent as demonstrated by 

the calcein release assay (Figure 8). Thus, the PTH(1-34)-penetratin conjugate is likely to be able to 

penetrate into lipid membranes, and a direct translocation mechanism may therefore account for the 

penetratin-mediated transepithelial PTH(1-34) permeation when applied as a conjugate (Figure 1). 

Furthermore, this is more effective at the lower pH, at which the penetratin sequence bears the highest degree 

of positive charge. This result supported the outcome of the Caco-2 transport assay demonstrating an 

increase in PTH(1-34) permeation, when lowering the pH of the PTH(1-34)-penetratin conjugate to the pH at 

which the conjugate is most membrane active, i.e. being longitudinal amphipathic (Figure 1). On the other 

hand, the penetratin-mediated transepithelial PTH(1-34) permeation following co-administration may take 

place mainly via endocytic uptake following transcytosis due to the lack of the longitudinal amphipathicity. 

Endocytic uptake has earlier been suggested to be the main mechanism driving the cellular internalization of 

penetratin and a number of additional CPPs.23,24 However, the conjugation of a cargo peptide to highly 
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positively charged CPPs adds longitudinal amphipathicity to the resulting molecule, which then acts on cell 

membranes in a detergent-like manner. Nevertheless, more focused mechanistic studies must be conducted in 

order to fully explain the mechanisms in play for the CPP-mediated transepithelial cargo delivery as a result 

of covalent conjugation or co-administration and variable pH.  

 

CONCLUSIONS  

In the present study the penetratin-mediated PTH(1-34) permeation across Caco-2 monolayers was evaluated 

at pH 7.4 and 5 as a result of either co-administering PTH(1-34) with penetratin or with penetratin 

conjugated to the C-terminal of PTH(1-34). At pH 7.4, the co-administration approach was significantly 

more effective than the conjugation approach. Decreasing the pH of the PTH(1-34)-penetratin conjugate to 

pH 5 increased the PTH(1-34) permeation significantly, reaching the same level as when co-administered at 

pH 7.4. However, this pH-mediated increase in PTH(1-34) permeation was associated with a negative effect 

on the cell viability as also reflected by a decrease in the integrity of well-differentiated Caco-2 monolayers 

as well as morphological changes of proliferating Caco-2 cells grown on solid supports. On the contrary, no 

cytotoxic effect was observed as a result of co-administering PTH(1-34) with penetratin at pH 5, 

demonstrating that the co-administration approach may constitute the safer alternative to the conjugation 

approach. Finally, membrane interaction studies revealed that the enhanced epithelial permeation of the 

PTH(1-34)-penetratin conjugate observed at pH 5 was associated with negative effects on the cell viability, 

but cannot be explained by differences in the ability of the conjugate to adapt a well-defined α-helical 

structure upon membrane interaction. Nevertheless, the PTH(1-34)-penetratin conjugate lead to calcein 

leakage from lipid vesicles to a greater extent at pH 5 than at pH 7.4 indicating some difference in the 

membrane interaction at different pH values.  

Thus, from the present study it can be concluded that when applying highly positively charged CPPs as 

epithelial permeation enhancers for a peptide cargo, the covalent conjugation approach may, in synergy with 

a change in local pH, compromise the cells in the epithelium when the pH dictate full protonation of the CPP 

and thus, ensures longitudinal amphipathicity of the conjugate.  

 

MATERIALS AND METHODS 

Materials 

Coupling reagents and rink amide resin for the synthesis of penetratin were obtained from Fluka (Buchs, 

Switzerland). Solvents and amino acids for the penetratin synthesis were obtained from Iris Biotech 

(Merktredwitz, Germany). Primers for the PTH(1-34)-penetratin fusion peptide was designed using 

VectorNTI software (Life Technologies, Naerum, Denmark) and obtained from GeneArt (Life Technologies, 

Naerum, Denmark). Forward primer: TACTTCCAATCCTCGGTTAGCGAAATTCAGCTGATG-

CATAATCTGG. Reverse primer: TATCCACCTTTACTGTTAAAAGTTATGCACATCCTGCAGT-
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TTTTTACGCAG. E. coli Mach1 cells (Life Technologies, Naerum, Denmark) were used for cloning with 

kanamycin (50 µg/mL) and chloramphenicol (35 µg/mL) (Sigma Aldrich, Buchs, Switzerland). The cells 

were grown in Terrific Broth (TB) medium (tryptone 12.0 g/L, yeast extract 24.0 g/L, K2HPO4 9.4 g/L, 

KH2PO4 2.2 g/L) supplemented with 8 g/L glycerol (Sigma Aldrich, Buchs, Switzerland). For inhibition of 

enzymatic activity during protein purification complete Mini EDTA-free Protease Inhibitor Tablets were 

used (Roche, Hvidovre, Denmark). All enzymes were purchased from New England Biolab (Ipswich, MA, 

USA) and synthetic PTH(1-34) was obtained from Bachem (Bubendorf, Switzerland). Dulbecco's Modified 

Eagle Medium (DMEM) for cell culturing was obtained from Life Technologies (Naerum, Denmark) and 

Hanks Balanced Salt Solution (HBSS) from Invitrogen (Naerum, Denmark). 3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega 

(Madison, WI, USA). Liposomes were prepared using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC): 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPC:POPG) obtained from Avanti Polar 

Lipids (Alabaster, AL, USA). All other materials were obtained from Sigma Aldrich (Buchs, Switzerland).  

  

PTH(1-34)-penetratin fusion peptide production and peptide synthesis 

Expression constructs: The PTH(1-34)-penetratin fusion peptide was cloned, expressed and purified as 

previously described.8 Penetratin was synthesized and purified as earlier described.12 

 

Cell culture model 

Caco-2 cells were obtained from American Type Cell Cultures (ATCC, Manassas, VA, USA) and 

maintained as previously described 12. For the permeability experiments 1.0×105 cells were grown on 

polycarbonate membrane inserts (diameter 12 mm, area 1.13 cm2, pore size 0.4 µm) (Corning Costar, Costar, 

NY, USA) in a 12-well Transwell plate (Corning Costar, Costar, NY, USA) for 20 days to form a tight 

epithelium.  

For experiments applying proliferating Caco-2 cells in 90 % confluent monolayers, cells were seeded on 

collagen-coated 96-well plates at a density of 6×104 cells/well and cultured for 24 h in DMEM supplemented 

with 90 U/mL penicillin, 90 µg/mL streptomycin, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 

and 10 % (v/v) fetal bovine serum (FBS) (Fischer Scientific, Slangerup, Denmark). 

For impedance measurements with the xCELLigence system, 6×104 Caco-2 cells suspended in cell culturing 

medium were seeded in each well of a collagen-coated E-plate (ACEA Biosciences, San Diego, CA, USA) 

and incubated in the xCELLigence system (at 37°C and 5 % CO2), and grown for 26.5 h. 

 

In vitro transepithelial permeability  

Test samples containing 40 µM PTH(1-34)-penetratin fusion peptide or equimolar concentration of  PTH(1-

34) in a physical mixture with penetratin were prepared in HBSS immediately before the experiment. The 
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solutions were either supplemented with 10 mM MES and adjusted to pH 5 (mHBSS) or with 10 mM 

HEPES and adjusted to pH 7.4 (hHBSS). The experiment was performed at 37°C and with horizontal 

shaking as previously described.12 The Caco-2 cell monolayers were washed twice apical and basolateral 

with 37°C hHBSS and equilibrated to room temperature in hHBSS, before the transepithelial electrical 

resistance (TEER) was measured using an EVOM equipped with an Endohm-12 cup (World Precision 

Instruments, Sarasota, FL, USA). Only filters with an initial TEER > 200 Ω*cm2 were used for transports 

experiments. Upon re-equilibration to 37°C, 500 µL test sample was added to the apical side of the Caco-2 

cell monolayer, and 100 µL samples were withdrawn from the basolateral side at defined time points. 

Samples containing PTH(1-34) were withdrawn every 60 min for 3 h with following quantification using a 

PTH(1-34) EIA kit (Bachem, Bubendorf, Switzerland) and absorbance measurement at 450 nm using a 

FLUOstar OPTIMA plate reader (BMG Labtech, Offenburg, Germany). 100 µL samples were withdrawn 

every 30 min over 3 h and subsequently, analyzed using a scintillation counter (Packard Tri-Carb 2100 TR, 

Canberra, Dreieich, Germany) after mixing with 2 mL Ultima Gold (Perkin Elmer, Waltham, MA, USA). 

After the permeation experiment, the epithelia were washed twice on the apical and basolateral sides with 

37°C hHBSS and equilibrated to room temperature before the TEER was assessed in order to evaluate the 

effect on the monolayer integrity following sample incubation. All experiments were performed in triplicate 

each on 2-3 consecutive passages between number 5 and 20.  

The apparent permeability coefficient (Papp) was calculated by using the equation:  

Papp (cm/s) = dQ/dt × 1/(A × C0)                (Eq. 1) 

where dQ/dt is the steady state flux, A (1.13 cm2) is the area of the Caco-2 monolayer and C0 is the initial 

donor concentration applied to the apical side of the cell monolayer. 

 

Cellular viability and cytotoxicity   

The MTS/PMS assay previously described by Cory et al 25 was used to determine the cellular viability of the 

Caco-2 cells in the monolayer after the permeability study. Briefly, after the experiment and TEER 

measurement, the monolayers were washed twice on the apical and basolateral sides with 37°C hHBSS, and 

0.32 mL MTS/PMS solution (240 µg/mL MTS, 2.4 µg/mL PMS) was added to the apical side of the 

monolayer and incubated for 1.5 h protected from light under horizontal shaking (50 rpm, 37°C). 2 x 100 µL 

samples were withdrawn from the apical side of each filter and the absorbance of the formed formazan 

product was measured at 492 nm using a POLARstar OPTIMA plate reader (BMG Labtech, Offenburg, 

Germany). The relative cellular viability was determined by: 

Relative viability (%) = (Asample – ASDS)/(Abuffer – ASDS) x 100%             (Eq. 2) 

where Asample is the absorbance of the withdrawn samples, ASDS is the absorbance of cell monolayers 

incubated with (0.2 % (w/v) sodium dodecyl sulphate) corresponding to 0% cell viability (positive control), 
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and Abuffer is the absorbance of the negative control; i.e. cells incubated with buffer  corresponding to 100 % 

cell viability.  

The viability of 96-well grown Caco-2 cells during exposure to test samples was assessed in real-time using 

the RealTime-Glo MT Cell Viability Assay (Promega, Madison, WI, USA) according to the manufacturer's 

directions. Briefly, the cells were washed twice in 0.2 mL 37°C hHBSS prior to incubation with 100 µL 

reagent (MT Viability Substrate and NanoLuc Enzyme 1:1) for 5 min at 37°C. Double concentrated test 

samples, in equal volumes as the reagent, were added to the cells and luminescence was measured every 30 

sec at 37°C using a FLUOstar OPTIMA plate reader (BMG Labtech, Offenburg, Germany). Cells incubated 

with buffer served as negative control. 

For visualizing membrane-compromised cells, Trypan Blue was used. Caco-2 cells cultured in 96-wells were 

washed twice in hHBSS prior to incubation with test samples containing 40 µM PTH(1-34)-penetratin fusion 

peptide or an equimolar concentration of PTH(1-34) in a physical mixture with penetratin. The experiment 

was carried out at 37°C with horizontal shaking (50 rpm). Following sample incubation for 15 min, 60 min, 

120 min, and 180 min, the cells were washed twice in 37°C hHBSS followed by incubation with 0.2 % (w/v) 

Trypan Blue in hHBSS for 15 min (50 rpm, 37°C). The Trypan Blue solution was removed and the cells 

were washed twice in 37°C hHBSS, and visualized by using a Nikon Eclipse Ti inverted microscope (Nikon, 

Tokyo, Japan) equipped with a CFI S Plan Fluor 20X objective and a 12/100 W halogen lamp (Nikon 

instruments, Amsterdam, The Netherlands). Images were recorded with an Lt425C Lumenera camera and 

processed using LuCam image software (both Lumenera, Ottawa, ON, Canada).  

 

Cellular morphology and adherence real-time experiments 

The morphology of Caco-2 cells cultured for 24 h were followed optically using the oCelloscope system 

(Philips BioCell A/S, Alleroed, Denmark) and their adherence/intercellular interactions electrochemically by 

measuring changes in impedance employing the xCELLigence setup (ACEA Biosciences, San Diego, CA, 

USA).  

For the studies with the oCelloscope, Caco-2 cells cultured for 24 h in a 96 well plate were washed twice 

with 37°C hHBSS. The focus was manually adjusted for each well and the illumination level was set to 186 

and the illumination time to 2 ms. The experiment was performed at 37°C and 5 % CO2 with scans of the 

wells obtained every 2 min within the first 30 min and every 5 min the following 150 min. At each time 

point 15 images were collected of each well creating a 1470 µm length of the scan covering 2.5 mm2. Images 

were processed using the UniExplorer software version 6.0 and the segmentation feature was used to 

calculate cell area and circularity.  

For impedance measurements with the xCELLigence system, the cells were washed twice in 37°C hHBSS 

pH 7.4, 100 µL test sample per well was added and the incubation continued under the same conditions for 2 

h. Hereafter, the samples were discarded, the cells were washed twice in 37°C hHBSS before continuous 
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incubation in cell medium for an additional approximately 26 h. The experiment was performed in triplicate 

and the cell index (CI) was recorded over 55 h in total.  

CI = (Impedance at time point n – impedance in the absence of cells)/nominal impedance value (Eq. 3) 

 

Liposome preparation  

CD spectroscopy, unilamellar anionic POPC:POPG liposomes in a molar 80:20 ratio were produced by the 

thin film method as previously described by Foged et al.26 Briefly, dry lipid films were formed for lipid 

solutions in round bottom flasks by applying vacuum over night before hydration in HEPES buffer (10 mM 

HEPES, 150 mM KCl, 1 mM NaN3, 0.04 mM EDTA, 0.03 mM CaCl2, pH 7.4) to a final lipid concentration 

of 20 mM with agitation every 10 min for 1 h before annealing for 1 h. The obtained liposomes were 

extruded (Lipex Biomembranes Extruder, Vancouver, BC, Canada) 10 times through 100 nm polycarbonate 

filters (Whatman, Herlev, Denmark) and vesicle sizes verified by dynamic light scattering at 25°C using a 

Zetasizer Nano ZS (Malvern Optics Instruments, Worcestershire, UK) equipped with a 633 nm laser. The 

phospholipid content was assessed by using a Phospholipid B enzymatic kit (mti Diagnostics, Idstein, 

Germany) according to the manufacturer´s recommendations. 

For the calcein release assay, lipid films were prepared as described above, but hydrated in HEPES buffer 

containing 70 mM calcein before agitation and annealing. Excess calcein, not entrapped in the liposomes, 

were removed by passing the liposome suspension through four Sephadex G-50 columns (GE Healthcare, 

Broendby, Denmark) before the vesicle sizes were verified by DLS.  

 

Peptide folding propensity  

CD spectra were measured in the range of 180-260 nm on a JASCO CD spectrophotometer (Easton, MD, 

USA) using a 1 mm cuvette (Helma Analytics, Müllheim, Germany). Measurements were performed at 20°C 

with peptides dissolved in 2.5 mM MES pH 5 or 2.5 mM HEPES pH 7.4 in the presence of POPC:POPG 

(80:20 molar ratio) liposomes with a fixed peptide-to-lipid ratio of 1:50. All spectra represent an average of 

10 scans, which have been background-corrected and transformed into mean residue ellipticity (MRE) as 

calculated by:   

MRE (deg×cm2×dmol-1) = (MRW×λ)/(10×d×C)              (Eq. 4) 

where MRW is the mean residue molar weight, λ is the ellipticity in mdeg, d is the path length in cm, and C 

is the molar concentration.  

 

Membrane disruption 

180 µL volumes of test samples in concentrations ranging 0.625-5 µM were added to the wells of black 

clear-bottom 96-well plates (Corning Costar, Costar, NY, USA) and 20 µL of calcein-loaded liposome 

suspension was added to each well (reaching a final lipid concentration of 25 µM) immediately before 
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starting the measurement of the fluorescence intensity. The fluorescence was measured at 37°C on a 

POLARstar Optima plate reader (BMG Labtech, Offenburg, Germany) every 10 sec for 1 h with excitation 

and emission set at 485 nm and 520 nm, respectively. After the last measurement, 10 % (w/v) Triton X-100 

was added as control for 100 % calcein release.  

Percent encapsulated calcein was calculated for liposomes without added test samples by: 

% encapsulated calcein = ((FaTX – FbTX)/FaTX)*100 %            (Eq. 5) 

where FaTX and FbTX is fluorescence after and before the addition of Triton X-100, respectively.  

Percent calcein release was calculated as: 

% calcein release = 100 – (% encapsulated at x min/% encapsulated at 0 min)           (Eq. 6) 

 

Data and statistical analysis  

Microsoft Office Excel 2010 and GraphPad Prism version 7 (GraphPad Software, San Diego, CA, USA) 

were employed for data processing. Statistical analysis was done in GraphPad Prism version 6 using one way 

analysis of variance (ANOVA) and two-way ANOVA. Data are presented as mean ± standard error of mean 

(SEM) or mean ± standard deviation (SD) with n representing the total number of replicates, and N 

representing the number of passages. 
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