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Abstract

Cellular delivery of therapeutic macromolecules such as proteins, peptides, and nucleic acids 

remains limited due to inefficient transport across the cellular plasma membrane. Gap junction 

channels, composed of connexin proteins, provide a mechanism for direct transfer of small 

molecules across membranes, and recent evidence suggests that transfer of larger, polymer-like 

molecules such as microRNAs may be possible. Here, we report direct evidence of gap junction-

mediated transfer of polymeric macromolecules. Specifically, we examined transport of dextran 

chains with molecular weights ranging from 10-70 kDa. We found that dextran chains of up to 

40 kDa can diffuse through at least 5 cell layers in a gap junction-dependent manner within a 

30 minute timeframe. Further, we evaluated the ability of connectosomes, cell-derived vesicles 

containing functional connexin proteins, to be loaded with dextran chains. By opening connexon 

hemichannel pores within the membranes of connectosomes, we found that 10 kDa dextran was 

loaded into more than 90% of vesicles, with reduced levels of loading for dextran chains of larger 

molecular weight. Upon delivering 10 kDa dextran-loaded connectosomes to cells, we further 

found that connectosomes transferred these membrane-impermeable molecules to the cellular 

cytosol with dramatically improved efficiency in comparison to delivery of free, unencapsulated 

dextran. Collectively, these results reveal that polymeric macromolecules can be delivered to cells 

via gap-junctions, suggesting that the gap junction route may be useful for delivery of polymeric 

therapeutic molecules, such as nucleic acids and peptides.

Graphical Abstract

*To whom correspondence should be addressed: Jeanne Stachowiak (jcstach@austin.utexas.edu).
AUTHOR CONTRIBUTIONS
All authors designed and performed experiments. In addition, all authors consulted together on the interpretation of results and the 
preparation of the manuscript.

COMPETING INTERESTS
The authors declare no competing interest.

SUPPORTING INFORMATION
Additional information about materials and methods, additional data and references, can be found in supporting materials. Specific 
topics associated with materials and methods include: chemical reagents, cell culture, cloning, development of cell lines, scratch 
loading assay, connectosome formation and purification, dextran loading, delivery to cells, and flow cytometry.

HHS Public Access
Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 April 11.

Published in final edited form as:
ACS Biomater Sci Eng. 2022 April 11; 8(4): 1566–1572. doi:10.1021/acsbiomaterials.1c01459.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Cellular delivery of macromolecular therapeutics remains a challenge for the drug delivery 

field.1-3 Macromolecular therapies include proteins, peptides, and nucleic acid chains, 

such as DNA and RNA.4, 5 Current barriers to successful delivery of macromolecules, 

specifically DNA and RNA molecules, include stability in circulation as they are rapidly 

degraded by nucleases and RNases present throughout the body.1, 6 Complex chemical 

modifications are often required to achieve sufficient delivery of these macromolecules 

to desired sites of action and to limit adverse effects.7, 8 To overcome some of these 

challenges, macromolecules have been encapsulated within nanoparticles that protect them 

from degradation by enzymes, prolonging their circulation time.7, 9, 10 However, most 

of these particles are internalized by cells via endocytosis, where entrapment within 

endosomes or rapid exocytosis can limit bioavailability of their therapeutic cargo.11, 12 

Towards overcoming the challenges of this inefficient delivery pathway, our lab has 

leveraged the ability of gap junction channels to provide direct access to the cellular 

cytosol. Specifically, we have developed connectosomes, plasma membrane-derived vesicles 

averaging 10 μm in diameter and containing connexin channels embedded in the membrane, 

which enable therapeutic cargo to diffuse from the liposome lumen directly into the 

cellular interior.13-15 Using this approach, we have demonstrated improved delivery of small 

molecule therapeutics to cells both in vitro and in vivo, compared to conventional liposomal 

formulations. Building on that work, in this study we ask to what extent connectosomes are 

capable of delivering polymeric macromolecules to cells.

Gap junctions are intercellular channels formed by connexin transmembrane proteins. They 

allow passage of ions and small molecules from the interior of one cell directly to that 

of neighboring cells.16 The diameter of gap junction channels is roughly 2 nm, limiting 

the overall size and shape of molecules that can pass through them freely.16 Globular 

macromolecules that contain substantial tertiary structure cannot pass through gap junctions, 

setting a size threshold of around 1 kDa for globular molecules.16 However, recent work 

suggests that polymer-like macromolecules, including microRNA (miRNA) of up to 7 

kDa are capable of passing through gap junctions.17, 18 Building on this knowledge, here 
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we seek to determine the size-dependency of gap junction-mediated transfer of polymeric 

macromolecules. We use dextran polymers of increasing molecular weight to model flexible 

therapeutic polymers such as unstructured peptides and single-stranded nucleotides. While 

dextran chains are neutrally charged and therefore limited in ability to model the charges 

associated with many of these therapeutic polymers, it is well established that connexin 43 

gap junction channels display very limited charge selectivity.19 Specifically, gap junctions 

exhibit permeability to both positively and negatively charged molecules, suggesting that 

transfer may have a greater dependence on the overall size and rigidity of solutes. The 

persistence length of a polymer-like molecule is the length over which the polymer remains 

rigid. It is an intrinsic property that does not vary with chain length. Dextran chains have 

a persistence length of about 0.4 nm,20, 21 of the same order as that of flexible polymers 

such as polyethylene glycol (PEG), 0.38 nm 22, 23, peptide chains, 0.4 nm,24 and single 

stranded nucleotides, 0.8 nm.25 Further, the diameter of a dextran chain is roughly 0.7 

nm,26 which is similar to that of single stranded RNA 18 and DNA27 chains, and unfolded 

peptides.24 While intercellular transfer of miRNAs and other oligonucleotides has been 

suggested,17, 18 a clear mechanistic understanding of the true size-dependency of molecular 

transport through gap junction channels is still lacking. Towards filling this gap, here we 

evaluated the gap junction-mediated intercellular transport of dextran chains of increasing 

molecular weight. Specifically, we evaluated (i) gap junction-mediated diffusion of dextrans 

in cellular monolayers using a scratch loading and transfer assay, (ii) the ability to load 

connectosomes with dextrans by hemichannel gating, and (iii) the ability of connectosomes 

to transfer dextrans to the cellular interior using confocal imaging and flow cytometry-based 

assays. This work provides a foundation for evaluating gap junctions as an emerging 

delivery route for polymer-like therapeutic macromolecules that are presently difficult to 

deliver to targets within the cell.

RESULTS

To evaluate gap junction-mediated transfer of macromolecules, we first developed a cell 

line that over expressed an mRFP-tagged connexin 43 transmembrane protein with the 

carboxyterminus (C-terminus) deleted (Cx43-delCT-mRFP), Figure 1. The C-terminus of 

connexin 43 is known to contain phosphorylation sites that are responsible for regulation 

of gap junction channel and hemichannel function.28 Specifically, post-translational 

phosphorylation of amino acids within the C-terminus of connexin 43 has been shown 

to impact trafficking and stability of connexin as well as gap junction assembly. On the 

C-terminus alone, phosphorylation of serines 365, 368, 369, 372, and 373 by protein kinase 

C reduces the half-life of connexin 43 on the plasma membrane.28-31 Therefore, deleting 

the C-terminus removes the possibility of post-translational phosphorylation on these serine 

residues, and enables more connexin to accumulate at the plasma membrane and form 

functional gap junction channels with neighboring cells.32 To develop this cell line, a 

plasmid was generated that contained the construct Cx43-mRFP with the C-terminus region 

of connexin 43 deleted, Figure 1B. Following successful cloning of the Cx43-delCT-mRFP 

construct, a lentiviral transduction into Hela cells was executed to generate a stable cell 

line. Cells were then selected for mRFP fluorescence to generate a monoclonal cell line 

stably expressing Cx43-delCT-mRFP. Figure 1 shows a comparison of HeLa cells expressing 
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Cx43-mRFP with the C-terminus still intact (Figure 1A) and with the C-terminus deleted 

(Figure 1B). From these confocal images, it is clear that deleting the C-terminus increases 

the localization of connexin 43 to the plasma membrane. This localization, highlighted by 

the white arrows, is seen in the cobblestone appearance in the mRFP channel for cells 

lacking the C-terminus, Figure 1B. In contrast, when the C-terminus is intact, a large portion 

of mRFP fluorescence is found inside of the cell, and much less signal is seen at the 

junctions between cells, highlighted by the white arrows, Figure 1A.

Once the Cx43-delCT-mRFP HeLa cell line was established, these cells were used to 

evaluate the extent to which dextran molecules can diffuse through gap junction channels. 

Dextran, a neutral polysaccharide chain of anhydroglucose, is naturally impermeable to 

healthy cell membranes. A scratch loading and transfer assay33 was performed on Cx43-

delCT-mRFP Hela cells to determine intercellular dextran transfer. This assay provides 

a direct method for assessing gap junction functionality and intercellular transfer of 

molecules,33 see Materials and Methods. To perform this assay, Cx43-delCT-mRFP Hela 

cells were plated and grown to confluency. Once the cells were confluent, the cell culture 

media was aspirated and replaced with 500 μL of 10 kDa dextran, conjugated with 

fluorescein isothiocyanate (FITC) (1 mg/mL) in PBS, pH 7.4. We then made a longitudinal 

scratch through the monolayer of cells using a pipet tip. The cells were incubated at 37 

°C for 30 minutes to allow the scratched cells to take up the dextran and for subsequent 

transfer to neighboring cells to occur. Following incubation, FITC fluorescence was detected 

in neighboring cells, Figure 2A. Specifically, we found that fluorescence signal appeared 

across an average of 10 cell layers from the scratch, Figure 2A. Interestingly, these results 

are in contrast to earlier findings by El-Fouly et. al., who used 10 kDa dextran as a 

negative control in studies on the diffusion of small molecule dyes through junctions.31 This 

discrepancy is likely due to the short incubation time, 5 minutes, used in the earlier studies, 

which may have been insufficient for diffusion of macromolecules through the junctions.

To verify that dye transfer was occurring through gap junction channels and not by 

alternative mechanisms, this scratch loading assay was also performed in the presence 

of carbenoxolone (CBX), a known gap junction inhibitor.34 A confluent monolayer of 

Cx43-delCT-mRFP HeLa cells was incubated with 100 μM of CBX at 37 °C for at least 

30 minutes prior to performing the scratch loading assay. In the presence of CBX we 

observed that the FITC dextran transfer was substantially reduced, Figure 2B. Specifically, 

the fluorescence signal traveled less than 2 cell layers on average, Figure 2B and 2C. The 

sensitivity of dye transfer to the presence of CBX suggests that functional gap junctions 

exist between Cx43-delCT-mRFP HeLa cells and that dextran chains of 10 kDa molecular 

weight can be transferred intercellularly via gap junction channels, Figure 2A-C.

Next, we sought to assess whether dextran molecules of higher molecular weights could 

pass through gap junction channels. The scratch loading and transfer assay was performed 

on Cx43-delCT-mRFP HeLa cells with 20 kDa, 40 kDa, and 70 kDa FITC dextran, Figure 

2D. Following the same protocol outlined above, we found that 20 kDa and 40 kDa dextran 

traveled, on average, 6 and 5 cell layers from the scratch, Figures 2D and 2E. Evaluating 

70 kDa dextran transfer, we found that it only traveled across an average of about 2 cell 

layers from the scratch, in the absence of CBX, Figures 2D and 2E. These results indicate 
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that as the molecular weight of dextran increases, its ability to pass through gap junction 

channels in a given time frame is reduced, as expected. While the scratch loading and 

transfer assay has its limitations, for example, it requires a confluent monolayer of cells as 

well as consistent, uniform scratches performed manually, this approach provides a rapid 

and relatively simple alternative to microinjection, another common functional gap junction 

assay.35

We next sought to load dextran chains into connectosomes. Previous reports have shown 

that connexons, hexamers of connexin proteins that form hemichannel pores on the plasma 

membrane,16 can be manipulated by the concentration of external calcium.16, 36 Specifically, 

millimolar concentrations of calcium present in solution can close connexon hemichannels, 

limiting molecular diffusion.36, 37 However, when calcium is removed by the addition 

of chelators, the connexon hemichannels open, allowing diffusion of molecules through 

the pores.36 Our lab has previously demonstrated the ability to load small molecule 

fluorescent dyes into connectosomes by leveraging this calcium-based gating of connexon 

hemichannels.13 In our previous work, the chelating agents, ethylene glycol tetraacetic 

acid (EGTA) and ethylenediaminetetraacetic acid (EDTA), each at 5 mM, were added to 

a suspension of connectosomes to sequester calcium from the solution and open connexon 

hemichannels, allowing passage of small molecule dyes. Calcium was then added back to 

the solution at a concentration of 2 mM, to close the hemichannels and retain the dye.13 

Here, we sought to utilize this method to load dextran chains into connectosomes.

Connectosomes were generated from Cx43-delCT-mRFP HeLa cells, by a membrane 

blebbing process,38, 39 see Materials and Methods. This blebbing process largely preserves 

the orientation and function of Cx43 transmembrane proteins.38, 40 Once the connectosomes 

were formed, 200 μM of 10 kDa or 70 kDa FITC dextran was added to the surrounding 

solution. In the presence of calcium, the connectosomes excluded the FITC dextran, 

indicating that the connexon hemichannels remained closed, Figures 3A and 3B and 

Supplementary Figure S1. When calcium was removed from the surrounding solution by 

the addition of chelating agents EGTA and EDTA, 5 mM, the luminal intensity of FITC 

within connectosomes increased after an incubation time of 60 minutes, Figures 3A and 

3B, indicating loading of dextran into connectosomes. We further probed the possibility 

of leakage across the connectosome membranes and its impact on loading, by comparing 

images of vesicles for which channels were closed (chelators absent) to vesicles with open 

channels (chelators present) over a 30 minute timeframe. Here, we found that minimal 

leakage of FITC dextran into connectosomes occurred when channels were kept closed in 

the absence of chelating agents, Supplementary Figure S2.

FITC fluorescence within connectosomes was also quantified by flow cytometry. Here the 

intensity of the connectosomes in the RFP fluorescence channel does not change upon 

loading with FITC-dextran, indicating that the ability to detect connectosomes does not 

depend on loading, Figure 3C (top). In contrast, the rightward shift in FITC fluorescence 

channel indicates successful loading of FITC dextran, Figure 3C (bottom).

While a fraction of connectosomes were fully loaded, as shown by FITC fluorescence within 

the lumen reaching the same level as the background, Figures 3A and 3B, many vesicles 
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remained partially loaded. In these vesicles, the luminal FITC intensity was above that of 

the unloaded connectosomes but did not reach the same level as the background, Figures 

3A and 3B and Supplementary Figure S1. Complete loading or partial loading were each 

determined by quantifying the luminal FITC fluorescence intensity within connectosomes 

and comparing those values to the intensity of FITC in the background of the vesicles. To 

quantify luminal FITC intensity, a horizontal line was drawn through the center of each 

vesicle, as shown by the dashed white lines in Figures 3A and 3B, and the fluorescence 

intensity along the lines was plotted and normalized to the intensity of FITC in the 

background, Figure 3D. Fully loaded vesicles in which the background intensity is similar 

to the luminal intensity can be observed for both 10 kDa and 70 kDa dextran molecules, 

Figure 3C. For vesicles prior to the chelation of calcium and opening of hemichannels, we 

defined the minimum FITC intensity value along those line profiles to represent 0% loading. 

Vesicles with an average luminal intensity near this threshold were defined as unloaded and 

were present in both the 10 kDa and 70 kDa dextran conditions, Figure 3D. Partially loaded 

connectosomes were defined by luminal intensities equivalent to or greater than 50% of the 

background intensity, as shown by the dashed black lines on the plots in Figure 3D, see 

materials and methods. For both the 10 kDa and 70 kDa dextran example images in Figures 

3A and 3B, the average FITC fluorescence intensity of partially loaded connectosomes was 

found to be about 65% of the background intensity. Based on this analysis, 96% ± 3% of 

connectosomes exposed to 10 kDa FITC dextran were either fully loaded or partially loaded, 

Figure 3E. In contrast, only 18% ± 5% of connectosomes exposed to 70 kDa FITC dextran 

were fully or partially loaded, Figure 3E.

The substantial reduction in loading of 70 kDa dextran into connectosomes, in comparison 

to loading of 10 kDa dextran, can likely be explained using principles from polymer 

translocation through nanopores.41 Prior work in this area suggests that the mean 

translocation time for a polymeric macromolecule through a nanopore is directly 

proportional to the chain length of the polymer raised to an exponential factor.42 Therefore, 

as the polymer chain length increases, the time it will take to cross a pore of a consistent 

diameter will increase nonlinearly. Owing to the 7-fold difference in molecular weight 

between 10 kDa and 70 kDa dextran chains, a substantial decrease in loading efficiency, as 

we have observed, is expected.

To probe the ability of connectosomes to deliver dextran to the cytosol, we examined 

the fluorescence of cells 24 hours after exposure to connectosomes loaded with FITC-

conjugated dextran. We compared these results to the fluorescence of cells exposed to 

free, unencapsulated FITC-dextran at equivalent concentrations. We began by incubating 

retinal pigmented epithelial (RPE) cells, known to express high levels of connexin 43,43 

the most abundant connexin in the cell,44 with connectosomes, loaded with either 10 kDa 

or 70 kDa FITC dextran. Cells received equivalent doses of dextran as determined using a 

fluorescence-based calibration curve, see materials and methods and Supplementary Figures 

S3 and S4. After 24 hours, confocal images of cells that received connectosomes loaded 

with 10 kDa and 70 kDa dextran were acquired. Some of the connectosomes on the surfaces 

of cells are marked with arrows. The images of cells exposed to connectosomes loaded with 

10 kDa dextran show a substantial amount of FITC fluorescence within the cytoplasm, as 

marked with the star symbol in Figure 4A. Specifically, the diffuse FITC fluorescence within 
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these cells suggests that dextran reached the cellular cytosol. In contrast, confocal images of 

cells receiving connectosomes loaded with 70 kDa dextran showed little to no cytoplasmic 

FITC fluorescence, Figure 4A. For these cells, the majority of FITC fluorescence appears to 

come from vesicles stuck to the surface of the cell, indicating that little transport into the cell 

interior occurred. All cells showed some potential internalization of connectosome vesicles, 

possibly taken up by endocytosis, though this phenomenon must be probed further. It also 

seems as though more substantial internalization of connectosome membranes has occurred 

and not full vesicle internalization, as indicated by punctate intracellular fluorescence in the 

mRFP channel. This internalization of vesicle membranes is expected since the plasma 

membrane surface to which connectosomes bind is continuously recycled by the cell. 

However, this internalization does not lead to cytosolic delivery, as indicated by the absence 

of 70 kDa dextran in the cytosol.

To determine the impact of connectosomes on delivery, we compared results to delivery of 

unencapsulated, free dextran. Confocal images of recipient cells after 24 hour incubation 

with an equivalent dose of free 10 kDa dextran revealed negligible amounts of FITC 

fluorescence in the cell interior, Figure 4B. As expected, upon incubation with an equivalent 

concentration of unencapsulated 70 kDa dextran, FITC fluorescence in the cell interior was 

also minimal, Figure 4B.

We then quantified cellular delivery of dextran loaded connectosomes by measuring the 

FITC fluorescence intensity of recipient cells using flow cytometry, see materials and 

methods. In agreement with the cell images in Figure 4A, exposure to connectosomes 

loaded with 10 kDa dextran resulted in the greatest increase in median FITC fluorescence, 

when compared to cells exposed to free 10 kDa dextran. In each case, cells were washed 3 

times with trypsin, which was sufficient to remove the majority of connectosomes bound to 

the cell surface. Therefore, fluorescence from dextran that remained inside connectosomes, 

rather than entering cells, was unlikely to contribute significantly to flow cytometery trends, 

Supplementary Figure S5. In contrast to our earlier work, where small molecule dyes could 

be transferred to the cytosol by connectosomes within short incubation periods,13, a 24 

hour incubation period was used in our experiments with dextran, owing to its slower 

diffusion through gap junctions and into cells. The toxicity of CBX over this long incubation 

period made it impossible to conduct control experiments in which channels were blocked. 

However, our earlier studies showing that CBX blocks connectosome-mediated transfer of 

small, more permeable dyes,13 suggests that the larger, lesspermeable dextran chains are 

unlikely to cross the plasma membrane passively. This assumption is consistent with the lack 

of dextran transfer to the cytosol after a 24 hour incubation with unencapsulated dextran, 

Figure 4B. Connectosomes loaded with 70 kDa dextran were not tested in this study because 

they failed to drive cytosolic delivery in the imaging studies, Figure 4A.

DISCUSSION

This work has evaluated gap junction-mediated transfer of dextran chains, 10 - 70 kDa in 

molecular weight, to the cellular cytosol. We used a scratch loading assay to demonstrate 

that dextran chains of 10 kDa molecular weight can diffuse across an average of 10 cell 

layers via gap junction channels, in a 30 minute timeframe, Figures 2A-C. As we increased 
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the molecular weight of dextran, we observed a decrease in diffusion distance, where 20 

kDa dextran and 40 kDa dextran traveled 6 and 5 cell layers, respectively, Figures 2D and 

2E. Upon evaluating 70 kDa dextran, we observed minimal gap junction-mediate transfer 

in a 30 min timeframe, demonstrating diminishing transport with increasing molecular 

weight, as expected. This observation can be explained by recent literature suggesting 

that translocation time for polymers through nanometer-scale pores increases exponentially 

with chain length.42 We further demonstrated that 10 kDa dextran can diffuse through gap 

junction channels fairly efficiently, leading to efficient loading into connectosomes and 

delivery to the cellular cytosol. These results suggest that other flexible molecules, such as 

PEG chains, or more eminently, therapeutic macromolecules of similar physical properties, 

have the potential to be delivered to cells via gap junction channels. Here, we evaluate 

delivery to RPE cells, yet future studies should investigate transfer of these polymeric 

molecules to other cell types for disease specific indications. Previous results from our lab 

have shown that connectosomes expressing certain targeting ligands on their surface are able 

to selectively isolate distinct cell types.38 Developing targeted connectosomes for delivery of 

single-stranded, polymeric molecules would be a potential next step towards furthering their 

use for therapeutic purposes.

Examples of polymer-like therapeutic macromolecules for connectosome-mediated delivery 

include peptides, single stranded RNAs, and oligonucleotides. The persistence lengths of 

single stranded RNA and DNA are below one nanometer,25 which is substantially less 

than their overall length, illustrating the flexibility of the chains. Further, the width of 

individual DNA and RNA nucleotides is 0.3 – 0.4 nm,18, 27 similar to that of dextran 

monomers, 0.7 nm,26 and substantially smaller than the luminal diameter of the gap junction 

channel, 2 nm.16 These physical properties suggest that single stranded RNA or DNA chains 

could be transferred through gap junction channels for therapeutic delivery. Consistent 

with this reasoning, several reports have suggested that microRNAs18 and oligonucleotides 

of varying lengths are capable of passing through gap junction channels in living cells 

and tissues.17, 45 These examples mainly consist of single-stranded segments, where the 

single strand provides greater flexibility over double-stranded segments, supporting the 

entropic rearrangements that are necessary for the passage of polymers through the nano-

scale gap junction pore.46 Together, these examples and our reported results suggest the 

potential for connectosome vesicles to provide a direct delivery route for polymer-like 

macromolecular therapeutics to the cellular cytoplasm. Next steps will be to evaluate 

transfer of these functional macromolecules via connectosome vesicles and assess their 

efficacy for therapeutic indications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Development of Cx43-delCT-mRFP HeLa cell line. (A) Fragment of plasmid sequence 

containing CMV promoter for expression of mRFP labeled connexin 43 containing the 

C-terminus (+ C-terminus), along with confocal images of gene expression in HeLa cells. 

The white arrow points to concentrated mRFP fluorescence within the cytoplasm of cells at 

20x magnification, and the arrow points to low mRFP fluorescence at cell-to-cell junctions 

compared to the cytosolic mRFP signal at 100x magnification. (B) A fragment of the 

plasmid sequence containing CMV promoter for expression of mRFP labeled connexin 

43 with the C-terminus deleted (−C-terminus), along with confocal images of plasmid 

expression in HeLa cells. The white arrow points to mRFP (Red) fluorescence at cell-to-

cell junctions at both 20x and 100x magnification. Scale bars indicate 50 μm at 20x 

magnification and 10 μm at 100x magnification.
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Figure 2. 
Scratch loading FITC Dextran into Cx43-delCT-mRFP HeLa cells. (A) Gap junction 

mediated intercellular transfer of 10 kDa FITC dextran in the absence (B) and presence 

of 100 μM carbenoxolone (CBX) gap junction inhibitor. The white arrow indicates the 

direction from the scratch that the dextran is diffusing. (C) The distance in cell layers that 

10 kDa FITC dextran traveled from the scratch was quantified for both + and − CBX 

conditions. (D) The scratch loading assay was performed for dextran molecules of 20 kDa, 

40 kDa, and 70 kDa. (E) The distances in cell layers that these larger molecular weight 

dextran molecules traveled from the scratch were quantified and plotted. Here data for 10 

kDa dextran is repeated from (C). Scale bars indicate 50 μ. A two-tailed t-test indicates p < 

0.05.
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Figure 3. 
Gap junction-mediated loading of 10 kDa and 70 kDa FITC dextran into connectosomes. 

(A) Confocal fluorescence images displaying 10 kDa FITC dextran being excluded from 

Cx43-delCT-mRFP connectosomes when 2 mM Ca2+ is present in solution and loaded into 

connectosomes when Ca2+ is removed from solution by the addition of 5 mM EGTA and 

EDTA chelators. (B) 70 kDa FITC dextran is also excluded from connectosomes when 

calcium is present and can be loaded into connectosomes when calcium is removed, again 

by the addition of chelators. Scale bars indicate 5 μm. (C) Flow cytometry histograms 

showing mRFP fluorescence of connectosomes and FITC fluorescence of 10 kDa dextran 

for unloaded and dextran loaded vesicles. Histograms quantify fluorescence from at least 

10,000 events. (D) Line plots quantifying FITC fluorescence intensity across the dashed 

white lines in the confocal images, reveals the luminal FITC intensity within unloaded, 

completely loaded, and partially loaded connectosomes. The dashed black lines indicate 

50% between unloaded and completely loaded luminal FITC intensity for both 10 kDa and 

70 kDa dextran molecular weights. (E) A bar chart quantifies the percent loading of dextran 

into connectosomes when calcium is present or absent, and for both 10 kDa and 70 kDa 

dextran molecular weights. Error bars indicate standard deviation, n = 10 for all conditions.
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Figure 4. 
Connectosome-mediated delivery of dextran chains to cells. (A) Confocal images of 10 kDa 

and 70 kDa FITC dextran loaded connectosome delivery to cells. Images show cells after 

24 hr incubation at 37°C with equivalent concentrations of both 10 kDa and 70 kDa dextran 

loaded connectosomes. (B) Confocal images of cells treated with unencapsulated dextran 

chains at both 10 kDa and 70 kDa molecular weights. Scale bars indicate 20 μm. (C) Flow 

cytometry histogram and bar chart quantify the FITC fluorescence above the fluorescence of 

untreated cells for cells receiving treatment of 10 kDa dextran loaded connectosomes or 10 

kDa free dextran. The bar chart plots the median values of the histograms after subtracting 

the median value of the untreated cells. A two-tailed t-test indicates p < 0.05, n = 3. Error 

bars indicate standard deviation.
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