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INSIGHT STATEMENT 

The work presented here provides Biological Insight by demonstrating that C-peptide, the 31-amino 

acid that is co-secreted in equimolar amounts with insulin in pancreatic β-cells, demonstrates specific 

binding to erythrocytes when carried by albumin.  Efficacy was confirmed with the Technological 

Innovation of using a 3D-printed fluidic device with membrane inserts that enabled communication 

between rat INS-1 cells and an endothelium when secreted molecular messengers were delivered 

between the two tissues using a stream of blood components.   This in vitro Integration of in vivo events 

was necessary to prove that albumin is required to initiate the inter-tissue communication by carrying C-

peptide, and zinc, to the erythrocyte membrane. 
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ABSTRACT 

People with type 1 diabetes (T1D) must administer insulin exogenously due to the destruction of their 

pancreatic β-cells.  Endogenous insulin is stored in β-cell granules along with C-peptide, a 31 amino acid 

peptide that is secreted from these granules in amounts equal to insulin.  Exogenous co-administration 

of C-peptide with insulin has proven to reduce diabetes-associated complications in animals and 

humans.  The exact mechanism of C-peptide’s beneficial effects after secretion from the β-cell granules 

is not completely understood, thus hindering its development as an exogenously administered 

hormone.  Monitoring tissue-to-tissue communication using a 3D-printed microfluidic device revealed 

that zinc and C-peptide are being delivered to erythrocytes by albumin. Upon delivery, erythrocyte-

derived ATP increased by >50%, as did endothelium-derived NO, which was measured downstream in 

the 3D-printed device. Our results suggest that hormone replacement therapy in diabetes may be 

improved by exogenous administration of a C-peptide ensemble that includes zinc and albumin.   
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Diabetes now affects approximately 25.8 million people in the United States,
1
 and 347 million 

people worldwide.
2
 Currently, the core therapy for diabetes is glucose control by injecting insulin, 

administration of drugs, or a combination of the two.
3
  Such therapies have proven effective and 

significantly prolong the lifespan of people with diabetes, although chronic complications often 

develop.
4
  This is especially true for those with type 1 diabetes (T1D) where β-cell destruction in the 

pancreas results in essentially no insulin production.   

While a single and direct cause of chronic diabetic complications remains elusive, many reports 

suggest that an interface dysfunction between the blood stream and peripheral tissues, resulting in 

vessel dysfunction, may be a major determinant.
5
  For example, Low et al. suggested that poor blood 

flow results in endoneurial hypoxia, decreasing nerve signaling, resulting in neuropathy.
6
  In the retina of 

diabetic patients, blood vessels are damaged and oxygen supply is impaired, which causes retinal cells to 

form new, but fragile, vessels via a vascular endothelial growth factor mechanism.
7
 The breaking of the 

new, weak vessels can cloud the vitreous, while high vessel density is also known to be problematic. In 

diabetic nephropathy, the glomerulus undergoes partial sclerosis or failure to dilate, resulting in hyper 

filtration and subsequent protein leakage.
8
  Collectively, it is anticipated that improvements in blood 

flow would facilitate a reduction in complications associated with diabetes.  It is also likely that insulin 

alone is incapable of ameliorating these complications, and other therapies may be lacking. 

In addition to insulin, pancreatic β-cell granules in the islets of Langerhans also produce and secrete 

C-peptide in equimolar amounts with insulin.
9
  Since its discovery, C-peptide has long been considered a 

byproduct of the insulin production process without biological effects, other than facilitating the proper 

folding of insulin.  Indeed, during the insulin production process in the β-cell granules, insulin and C-

peptide are connected by disulfide bonds and constitute the proinsulin hormone.
10

  Prior to secretion 

from the β-cell granules into the bloodstream, C-peptide is cleaved from insulin.  While there are many 

known roles for insulin after secretion, the most-well known being the stimulation of the GLUT4 glucose 

transporter in fat and muscle tissue, C-peptide has often been thought to be cleared through the urine 

after a 30 minute half-life and without biological consequence.    

Importantly, there has been increasing evidence showing that C-peptide exerts some bioactivity 

after release from the pancreatic β-cell granules.
11

  In relation to diabetic complications, residual β-cell 

activity after onset of the disease had less severe complications in comparison with patients without 

such activity, though they received the same glucose control treatment.
12

 The effects of short-term 

replacement of C-peptide have had beneficial effects on renal function,
13,14

 blood flow,
15

 and 

neuropathies.
16

  In support of reports showing improved blood flow, our group
17

 and others
18

 have 
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shown that C-peptide enhances the ability of erythrocytes (ERYs) to release ATP, a recognized stimulus 

of the vessel dilator nitric oxide (NO) in the bloodstream.  However, in contrast to every report showing 

beneficial effects of C-peptide, we have never measured any cellular effects of C-peptide unless the 

peptide is co-administered to the ERYs with a metal, such as Zn
2+

.
17, 19

  Unfortunately, using a variety of 

methods, we have never been able to demonstrate any significant binding between C-peptide and Zn
2+

 

alone.  Here, we report that C-peptide and Zn
2+

 delivery to the ERY requires the presence of albumin.   

To confirm the necessity of each component in stimulating cellular mechanistic pathways, an in vitro 

system based on microfluidic technologies is employed.   Microfluidic technologies have been used for 

cellular assays
20

 and cell-cell communication studies
21

 for over a decade and the potential for organ-on-

chip and human-on-chip systems remain high.
22

  A novel aspect of results reported here is the use of a 

3D-printed device
23

 to examine tissue-tissue communication between rat INS-1 cells (which can serve as 

a β-cell mimic) and an endothelium.  Furthermore, key to this dynamic, in vitro platform is that the 

cellular communication between the INS-1 cells and the endothelium is carried by a stream of ERYs.  

Thus, this 3D-printed platform enables a complex physiological process to be investigated in a controlled 

manner, where systematic inhibition of certain signaling events can be performed to better understand 

cellular mechanistic pathways.   

 

RESULTS  

C-peptide and Zn
2+ 

uptake by ERYs 

Initially, we hypothesized that Zn
2+

 was facilitating delivery of C-peptide to the ERY; to investigate 

this hypothesis, samples of human ERYs were prepared in a physiological salt solution (PSS) in the 

absence and presence of C-peptide and Zn
2+

 as depicted in Fig. 1a.  An ELISA for C-peptide was then used 

to determine the amount of C-peptide binding to the ERY in the presence and absence of Zn
2+

.  Contrary 

to our initial hypothesis, the data in Fig. 1b show that C-peptide binds to the ERY regardless of the 

presence or absence of Zn
2+

. The C-peptide binding appears to be specific and saturates at 

approximately 2 picomoles, or 1800 molecules per cell in both cases.  While C-peptide binds to the ERY 

in the presence or absence of Zn
2+

, Fig. 1c shows that 
65

Zn
2+

 uptake by ERYs occurs in the presence of C-

peptide.  The saturation value is statistically equal to that of C-peptide.  Importantly, in the absence of C-

peptide, Zn
2+

 binding to the ERYs could not be detected, suggesting that Zn
2+

 delivery to the ERY requires 

the presence of C-peptide.        
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Albumin binding to C-peptide and Zn
2+

 

The data in Figs. 2a,b, which were obtained using isothermal titration calorimetry (ITC), do not show 

any specific binding between C-peptide and Zn
2+

, but rather only weak signals, regardless of the titrant, 

perhaps resulting from electrostatic attraction between the Zn
2+

 ions and the C-peptide’s carboxylic 

acid-containing groups.  ITC was also performed by titrating a solution of C-peptide into a solution 

containing human serum albumin (HSA) (Fig. 2c). The binding isotherm was fit using a one-site 

independent binding model where an affinity of 1.75 ± 0.64 x 10
5 

M
-1

 and a binding stoichiometry of 

0.53 ± 0.03 were determined, which indicates two C-peptide molecules bind to a single HSA molecule.  

An evaluation of HSA binding to a mixture containing both C-peptide and Zn
2+

 confirmed that HSA is able 

to bind both C-peptide and Zn
2+

.  The binding event between HSA and a mixture of C-peptide and Zn
2+ 

was detected at pH of 7.40 (to mimic bloodstream conditions) using ITC. In Fig. 2d, a two-phase binding 

event occurred that could be fit into a two-site binding model with binding constants of 5.08 ± 0.98 x 10
7 

M
-1

 (for Zn
2+

) and 2.66 ± 0.25 x 10
5 

M
-1 

(for C-peptide), respectively.  

Enhanced ATP release from ERYs after albumin delivery of C-peptide/Zn
2+  

ERYs from healthy donors were used to determine if albumin was required for the increase of ERY-

derived ATP in the presence of C-peptide and Zn
2+

.  Samples were prepared (Fig. 3a) in a manner similar 

to that shown in Fig. 1a; specifically, in the presence and/or absence of C-peptide and Zn
2+

.  However, 

these combinations were also prepared with and without HSA.  These samples were then pumped 

through a 3D-printed microfluidic device that contained a 6 mm transwell insert.  The insert bottom is 

comprised of a membrane with 0.4 micron pores that allow ATP to pass from the channel of the device 

to the area above the membrane where it is mixed with a solution of luciferin and luciferase to generate 

a chemiluminescent signal proportional to the amount of ATP released from the ERYs.   ERYs incubated 

with C-peptide and Zn
2+

 in PSS stimulated the highest ATP release (319.8 ± 15.2 nM), which was 

significantly higher than the ERYs in the absence of C-peptide/Zn
2+

 in PSS as a control group (194.9 ± 

19.7 nM, p < 0.005).  ERYs incubated with C-peptide or Zn
2+ 

alone, whether in the presence of HSA or 

not, did not show significant ATP release increase.  When the same ERY samples were incubated in 

albumin-free PSS, significant increases in ATP release could not be detected (216.9 ± 23.3 nM vs. 206.8 ± 

19.4 nM), even in the presence of C-peptide/Zn
2+

.   
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A 3D-printed fluidic device reveals possible overlooked importance of C-peptide in type I diabetes 

Fig. 4a shows the top-down view of the strategy employed to verify downstream effects of the INS-1 

secretions, while Fig. 4b is a side-view of the system, showing ERYs circulating underneath the various 

inserts.  Once a 7% solution of ERYs (in PSS) was circulating through the system, the INS-1 cells (located 

in the top insert, represented by the blue ovals) were stimulated with a 12 mM solution of glucose.  The 

secretions from these cells, which include C-peptide and Zn
2+

, diffuse through the membrane and into 

the channel where they are carried to the ERYs. ERYs were pumped through the channels in PSS, except 

for channel 2, which was albumin-free PSS.  After 20 minutes of circulating the ERYs through the system, 

measurements of ATP in the middle inserts (orange circles) and NO in the  bottom inserts (green circles) 

were performed by placing the fluidic device in a plate reader.  The data in Fig. 4c clearly show ATP 

levels are only increased when INS-1 cells are stimulated with glucose and albumin is present in the 

flowing stream of ERYs (channel 1).  It is anticipated that this increase in ATP release from the ERYs is 

due to the release of C-peptide and Zn
2+

 from the INS-1 cells, which is subsequently carried to the ERYs 

by albumin in the PSS.  Note in Fig. 4c that the absence of albumin in the stream of ERYs (channel 2) 

results in no significant increase in ATP release.   There is also no increase in ATP release in the absence 

of INS-1 cells in the first well (clear oval in channel 3).  In channel 4, the system contained INS-1 cells and 

albumin while the third well containing endothelial cells was incubated with PPADs, a P2Y purinergic 

receptor inhibitor.  This antagonist was added to block ATP binding to the endothelial cells for inhibition 

of NO production; therefore, it has no effect on ATP release.  Fig. 4d shows similar trends for 

measurement of ERY-derived ATP, although these measurements represent the amount of ATP 

determined in the channels underlying the membrane-based inserts.  

Fig. 4e contains results from measurements of NO from the bottom wells on each channel.  These 

wells contained endothelial cells which, upon stimulation with ATP, will produce NO.  As expected, 

based on data in Fig. 4c, the most NO production is measured when glucose is used to stimulate INS-1 

cells in the presence of an albumin-containing buffered stream of ERYs (channel 1).  In the absence of 

albumin (channel 2), there is reduced ATP release, thus resulting in decreased amounts of NO being 

produced.  Reduced levels of NO were also measured when there were no INS-1 cells in the first well 

(channel 3); again, reduced ATP in channel 3 (both insert and channel) suggests that reduced levels of 

NO would be measured this channel, and this is confirmed in Fig. 4e.  Finally, the last bar in Fig. 4e 

shows that the addition of the ATP receptor blocker, PPADS, blocks ATP released by the ERY from 

binding to the endothelial cells, thus inhibiting NO production.     
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DISCUSSION 

C-peptide, the 31 amino acid peptide that is co-secreted in equimolar amounts with insulin from 

pancreatic β-cell granules, has been shown to display beneficial health effects in animals and humans 

with type 1 diabetes (T1D).
11, 24

 Improved outcomes related to such diabetic complications as 

neuropathy and nephropathy have been reported,
16

 as are improvements in blood flow in skin and 

muscle tissue.
15, 25

  Recently, it has been shown to reduce post-hemorrhagic shock in male rats.
26

  

Despite these and other reports demonstrating biological efficacy of C-peptide, C-peptide’s use as a 

replacement therapy for people with T1D (who no longer produce insulin or C-peptide) has been slow to 

develop for a multitude of reasons, including the lack of an identified receptor for C-peptide.
27

 

In previous studies performed by our group involving C-peptide and its effects on ERYs, ATP release 

from ERYs could only be elicited when these cells were added to a buffer containing C-peptide and a 

transition metal ion.
17

  The metal that was originally discovered to play a role in C-peptide/metal activity 

was iron (Fe
2+

), which was determined by mass spectrometry to be an impurity in the commercially 

obtained C-peptide.  Due to its well-established presence at millimolar levels in the pancreatic β-cell 

granules (where C-peptide and insulin are also stored prior to secretion), we suspected that
 
Zn

2+
 may be 

the metal responsible for cellular activity in vivo.  A subsequent report confirmed that Zn
2+

, in the 

presence of C-peptide, is able to stimulate ATP release from ERYs.
19

  The addition of either C-peptide or 

Zn
2+

 alone did not result in an increase in ERY-derived ATP, resulting in the initial hypothesis that Zn
2+

 

may somehow facilitate delivery of C-peptide to the ERY.  Results in Fig. 1 prove our initial hypothesis 

concerning the role of Zn
2+

 incorrect, as our data show that C-peptide binds to the ERYs in the presence 

or absence of Zn
2+

, but that Zn
2+

 delivery to the ERY required the presence of C-peptide.  While our initial 

hypothesis was incorrect, the notion of C-peptide binding to cells in the absence of exogenously added is 

metal is not without precedence.  Despite the lack of a receptor, C-peptide displays specific binding to 

such cells as human renal tubular cells, fibroblasts, and venous endothelial cells.
28

   Here, we report 

similar binding characteristics of C-peptide to human ERYs.   

  Despite our data suggesting that Zn
2+

 delivery to the ERY required, numerous attempts to 

demonstrate C-peptide binding to Zn
2+

 were unsuccessful. Due to the absence of binding between C-

peptide and Zn
2+

, it was anticipated that another molecule in our system was participating in the 

delivery of Zn
2+

 to the ERY.  The PSS used in all previous studies by our group involving C-peptide 

contained albumin, a protein well known for its ability to serve as a carrier of peptides, proteins, and 

drug molecules in vivo.
29

  Here, we noticed that solubility of C-peptide in PSS is enhanced when albumin 

is present, although we do not suspect this enhanced solubility as the sole reason behind C-peptide 
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binding to the ERY as the C-peptide is soluble in solution even in the absence of albumin.  The binding 

data in Fig. 2c suggests that albumin is a determinant in C-peptide and Zn
2+

 binding and perhaps delivery 

to the ERY, thus prompting a reappraisal of the ELISA-based measurements of C-peptide binding to the 

ERYs, as well as the radioisotopic determination of Zn
2+

 delivery to the ERYs (shown in Figs. 1b and 1c).  

As anticipated, C-peptide binding to the ERY could not be detected in the absence of albumin; 

furthermore, Zn
2+

 delivery to the ERY was also absent in an albumin-free version of PSS, regardless if C-

peptide was present (data not shown).  These results show that the presence of albumin is necessary for 

C-peptide and Zn
2+

 delivery to the ERY.     

Although the 3-component ensemble seems to be necessary for delivery of C-peptide and Zn
2+

 to 

the ERY, a structure of this system is not yet known, nor are the binding sites completely understood.  In 

the literature, it is well-established that the glutamic acid residue at position 27 (E27) is required for C-

peptide to affect cells.
11, 30

  Interestingly, many linkages between albumin molecules and other peptides 

and proteins often occur through carboxylate linkages.  Here, an E27 mutant to alanine (E27A) was 

prepared and its ability to bind albumin using ITC was determined to be essentially non-existent, as 

shown in Supplementary Fig. S1a.   Furthermore, using radioisotopic assays, it was determined that the 

mutant (when used in the 3-component ensemble with albumin and Zn
2+

) could not successfully deliver 

Zn
2+

 to the ERY (Fig S1b).  The binding of the mutant itself to the ERY was not determined as the ELISA kit 

(using an antibody for C-peptide) could not detect the mutant.  Collectively, the data shown here may 

explain past reports that emphasize the importance of E27; without E27 present in C-peptide, binding to 

albumin is reduced and therefore the peptide is not delivered to the cell.  These results are of particular 

importance considering that, in the studies reported here, rat C-peptide was used in conjunction with 

human ERYs.  Rat C-peptide and human C-peptide have dissimilar sequences.  However, the glutamic 

acid at position 27 is conserved in both species; in this construct, based on past results showing the 

importance of E27 in C-peptide, it is probable that C-peptide from different species (having different 

sequences) may still show activity on cells derived from different species. 

While the data in Figs. 1 and 2 suggest that albumin is required for C-peptide and Zn
2+

 delivery to the 

ERY, such static measurements do not provide any information about the potential mechanism by which 

C-peptide improves blood flow in both animal and human T1D subjects.  A 3D-printed fluidic device was 

designed and fabricated that enables dynamic and flow-based investigations of ERYs with C-peptide, 

Zn
2+

, and albumin.  The results summarized in Fig. 3, showing an increase in ATP release from ERYs 

incubated with C-peptide/Zn
2+

/albumin, support the results from our binding studies.   
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In order to create a more realistic version of in vivo events using our 3D-printed in vitro platform, rat 

INS-1 cells, which are capable of secreting both insulin and C-peptide and contain the ZnT-8 protein (a 

protein found in β−cell granules responsible for transport of Zn
2+

), were cultured on 6 mm transwell 

membrane inserts placed in the fluidic device.  Upon INS-1 stimulation with glucose, ATP release and 

subsequent NO production by endothelial cells could only be detected when the INS-1 cells and ERYs 

were present and when the ERYs were in a buffered stream that contained albumin.  Importantly, the 

data shown in Supplementary Fig. S3a,b show the C-peptide secretion levels in the insert over a time 

course of about 2 hours and the concentration of C-peptide that was able to diffuse into the device 

channels and affect the flowing stream of ERYs is shown in Supplementary Fig. S3c,d.  These 

concentrations, between 0.5 nM and 2.0 nM, are similar to those reported to occur in vivo.   Therefore, 

not only do the results here involve complete characterization and validation of C-peptide purity using 

mass spectrometry prior to use, we also validate the concentration affecting the cells in this study. 

The downstream, pathophysiological importance of the C-peptide/ Zn
2+

/albumin effects is shown by 

the measurement of the important vasodilator, NO.  The use of PPADs, a known inhibitor of the ATP 

binding site on endothelial cells, reduced endothelium-derived NO production, confirming that the 

increase in measured NO was due to ATP release which, in turn, had been stimulated by albumin 

delivery of C-peptide/Zn
2+

 to the flowing ERYs.   

While the data presented here strongly suggests a role for albumin in the delivery of C-peptide and 

Zn
2+

 to the ERY, it should be noted that the necessity of Zn
2+

 in conjunction with C-peptide is not without 

precedence.  Multiple reports have shown that the addition of EDTA to various C-peptide formulations 

abolished all cellular/tissue effects.
31

  It was suspected that the added EDTA was binding to Ca
2+

 stores 

necessary for cellular function.  However, based on relative binding affinities of EDTA to Zn
2+

 and Ca
2+

, it 

is much more likely that EDTA was competitively binding Zn
2+

 prior to delivery to cells in vivo.  Separate 

studies have shown that Zn
2+

 supplementation prior to addition of C-peptide in hemorrhagic shock 

reduced inflammatory pathways when compared to addition of C-peptide alone.
32

   

 

CONCLUSION 

Since its discovery nearly 50 years ago, the biological role of C-peptide has been mostly limited to 

facilitating the proper folding of insulin in the β-cell granules prior to secretion into the bloodstream, 

despite numerous studies showing benefits outside of this role.  Here, we demonstrate that C-peptide 

binding to ERYs requires the presence of albumin.  Furthermore, binding of Zn
2+

 to the ERY, a requisite 

for the release of ATP from these cells, only occurs in the presence of both albumin and C-peptide.  A 
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3D-printed fluidic device was used to demonstrate that ERYs, when flowing in an albumin-containing 

buffer underneath INS-1 cells, secreted significant increased amounts of ATP.  Downstream effects of 

the increased ATP included enhanced NO production by a cultured endothelium, thus possibly 

explaining the improved blood flow characteristics seen in animal and human T1D subjects when 

administered C-peptide.   

Despite our findings, enhanced in vitro platforms are still required in order to gain a complete 

understanding of the β-cell secretions from the Islets of Langerhans and their effect on cells and tissues.  

Studies demonstrating beneficial effects of C-peptide usually require co-administration of insulin.  

Indeed, synergistic effects between insulin and C-peptide exist.  Specifically, Sprague has shown that 

ATP release from ERYs incubated with C-peptide and insulin is largely dependent upon the C-peptide: 

Zn
2+

 ratio in the sample.
33

  The ATP release was stimulated by exposing the ERYs to a hypoxic 

environment after incubation in solutions with various C-peptide:insulin concentration ratios. We have 

previously shown that the addition of insulin to C-peptide (rather than a Zn
2+

 salt, such as ZnCl2) is 

capable of stimulating ATP release from ERYs.  In contrast, when a Zn
2+

-free version of insulin was used, 

or when EDTA was co-administered with a Zn
2+

-containing form of insulin, there was no significant 

increase in ATP release from the ERYs.
34

  It is anticipated that preparation and characterization of C-

peptide with mass spectrometry prior to use, as well as the addition of albumin and Zn
2+

 in known 

stoichiometry, will enhance precision and understanding of C-peptide’s biological effects beyond ATP 

release and downstream NO production.  For example, a C-peptide receptor has never been discovered.  

If albumin is a determinant in C-peptide binding to cells, it may accelerate attempts to find the elusive C-

peptide receptor.  It may also be possible to now grow crystals containing albumin, Zn
2+

, and C-peptide 

to determine a structure of the assembly that may be involved in receptor-based binding.   

 

 

Experimental 

Collection and purification of ERYs 

All procedures involving human subjects, including consent forms, were approved by the Biomedical and 

Health Institutional Review Board (BIRB) at Michigan State University.   Whole blood was obtained from 

consented healthy human donors by venipuncture and collected into heparinized tubes. Blood was then 

centrifuged at 500 g for 10 min and the plasma and buffy coat were removed by aspiration. ERYs were 
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washed 3 times in a physiological salt solution (PSS, in mM, 4.7 KCl, 2.0 CaCl2, 140.5 NaCl, 12 MgSO4, 

21.0 tris(hydroxymethyl) aminomethane, 5.5 glucose, and 5% bovine serum albumin, final pH = 7.40). All 

reagents were purchased from Sigma-Aldrich (St. Louis, MO).  For all albumin free experiments, ERYs 

were washed in albumin-free PSS. The hematocrit was determined using a hematocrit measurement 

device (CritSpin, Iris sample processing, Westwood, MA).  

ELISA-based determination of C-peptide binding to ERYs  

C-peptide binding to ERYs in the presence and absence of albumin was performed using a commercially 

available ELISA kit.   ERY samples (7% hematocrit) were prepared in either PSS or in albumin-free PSS.  

These PSS solutions, prior to the addition of the ERYs, contained varying (0, 1, 2, 4, 10, 20 nM) 

concentrations of C-peptide (Genscript, Piscataway, NJ).  For certain studies, these solutions were also 

prepared to contain 0-20 nM Zn
2+

.  All samples were incubated at 37 °C for 2 hours after the addition of 

the ERYs. Next, samples were centrifuged at 500 g for 5 min and the supernatant was collected and used 

as the sample in the ELISA-based determination of C-peptide.  This particular ELISA assay is a sandwich-

based assay using an enzymatically-tagged secondary antibody that catalyzes a colorimetric reaction.  

The absorbance of the product of this reaction was measured using a standard plate reader at 450 nm 

(Molecular Devices LLC, Sunnyvale, CA).  To determine the C-peptide uptake by the cells at each 

concentration point, the moles of C-peptide remaining in the supernatant were subtracted from the 

original number of moles added to the ERYs. 

Radiometric determination of 
65

Zn
2+

 uptake by ERYs 

To determine if albumin and C-peptide are necessary for Zn
2+

 uptake by the ERY, samples containing 7% 

ERYs (by volume) were prepared in either PSS or albumin-free PSS, with varying concentrations (0, 1, 2, 

4, 10, 20 nM) of combined C-peptide and 
65

Zn
2+

, or 
65

Zn
2+

 alone. All samples were incubated at 37 °C for 

2 hours after the addition of the ERYs. Next, samples were centrifuged at 500 g for 5 min, and the 

supernatant was collected. The amount of 
65

Zn
2+ 

remaining in the supernatant was measured using a 

scintillation counter after mixing 200 μL of each supernatant with 100 μL of scintillation cocktail. The 

amount of 
65

Zn
2+

 uptake by the cells at each concentration point was determined by subtracting the 

65
Zn

2+
 concentration in the supernatant from the originally added concentration. 

Isothermal titration calorimetry (ITC) 
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Data for determination of all thermodynamic parameters were obtained using a microisothermal 

titration calorimeter (ITC) (MicroCal, Piscataway, NJ) at 25 °C. All solutions used for ITC experiments 

were prepared in 0.5 mM Tris-HCl buffer at a pH of 7.40 ± 0.01, except for C-peptide/Zn
2+

 titrations, 

which were prepared in doubly deionized water (DDW, 18.2 MΩ). Before ITC titration, commercially 

available C-peptide was further purified by HPLC and confirmed by mass spectrometry. Determination of 

the enthalpy of reaction requires known concentrations; therefore, the concentration of purified human 

C-peptide solution was determined by human C-peptide ELISA, and the concentration of human serum 

albumin (HSA) solution by Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).  

All ITC experiments were performed using 10 μL titrant injections into a 1 mL volume in an adiabatic cell, 

120 s spacing between injections, and 310 rpm stirring speed. ITC measurements of C-peptide 

interactions with Zn
2+

 were performed by titration of a 3 mM Zn
2+

 solution into a 250 μM C-peptide 

solution, or by titrating a 250 μM C-peptide solution into a 20 μM Zn
2+ 

solution. ITC measurements of C-

peptide binding to HSA were performed by titration of a 225 μM HSA solution into a 30 μM C-peptide 

solution.  Measurements of combined C-peptide and Zn
2+

 binding to HSA were performed by titration of 

a 225 μM HSA solution into a pre-mixed solution containing C-peptide/Zn
2+

, each at 25 μM. 

Measurements of E27A (Peptide 2.0 Inc., Chantilly, VA) binding to HSA was performed by titration of a 

200 μM HSA solution into a 20 μM E27A solution. The background dilution heats were determined in 

separate experiments by titration of HSA solution into buffer, and buffer into C-peptide, C-peptide/Zn
2+

, 

and E27A solution. All measurements were performed at least in triplicate to confirm reproducibility. 

The net heat obtained was analyzed using the one-site independent binding model implemented by 

Origin software, with the exception of the HSA titration to C-peptide and Zn
2+

, where a two-site 

independent binding model was used to obtain the net heat. 

Measurement of ATP on a 3-D printed fluidic device 

ATP was quantified by the luciferase/luciferin chemiluminescence assay (L/L assay) on a 3-D printed 

fluidic device previously described and characterized by our group.
35

 The device design was modeled as 

a 96-well plate for subsequent measurement on a standard plate reader.  Six channels were fabricated 

in the device, with wells above these channels that align with the internal robotics of the plate reader 

for measurement convenience.  A 6 mm diameter transwell insert whose bottom is porous polyester 

(0.4 micron) is placed in each of the wells. During use, ERY samples flow through the channels and 

released ATP is able to diffuse through the membrane pores into buffer that was pre-loaded in the 
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insert above the membrane.   Aliquots (10 µL) of the L/L mixture were then injected into each well, and 

the entire device was placed in the plate reader for chemiluminescence measurement.   

Before measuring ERY samples, a calibration curve was obtained by circulating four ATP standards 

prepared in PSS (concentrations of 0, 100, 200 and 400 nM) in four randomly chosen channels at a flow 

rate of 50 µL/min using a peristaltic pump (IDEX Health & Science LLC, Oak Harbor, WA) as part of the 

pumping mechanism. To facilitate ATP diffusion through the membrane pores and into the well insert, 

50 µL of PSS was loaded in the membrane inserts on row E above each channel. After flowing for 20 

minutes, the 3D-printed device was detached from the peristaltic pump tubing and was placed on the 

holder of a plate reader (Molecular Devices LLC, Sunnyvale, CA), followed by the simultaneous addition 

of 10 µL of L/L assay mixture into each insert to measure chemiluminescence intensity values resulting 

from the reaction of the L/L mixture with ATP. A standard curve was generated by plotting the 

chemiluminescence intensity values against the known concentrations of ATP. 

Four samples were prepared containing ERYs at a 7% hematocrit in different conditions: buffer only, 

buffer with C-peptide, buffer with both C-peptide and Zn
2+ 

(ZnCl2), and buffer with Zn
2+

. Buffer choices 

included PSS and albumin-free PSS in order to study the effect of albumin on C-peptide and Zn
2+

 delivery 

to the ERYs, as well as subsequent ATP release from the ERYs. C-peptide and Zn
2+

 stock solutions (800 

nM for both) were prepared in doubly deionized water (DDW, 18.2 MΩ). The working samples (10 nM) 

were then pumped to fill four randomly chosen channels on the device, after which each channel and 

corresponding tubing were closed to form a loop.  The samples with different C-peptide treatments 

were then introduced into the device to form four circulating loops. The whole setup was then placed in 

a 37 °C incubator for 2 hours, during which, C-peptide/Zn
2+

/albumin that were mixed in circulating ERY 

samples would exert their effect on the cells.  The entire set up of pump, device, and closed loops with 

circulating samples were placed in an incubator at 37 °C. The samples were allowed to circulate through 

the system for 1.5 h. 50 µL of PSS were loaded in the inserts in row E to collect ATP from samples via 

diffusion through the pores in the insert membrane. ERY-derived ATP was determined in the same 

manner as the ATP standards, other than the fact that a stream of ERYs was delivered through the 

channels as opposed to ATP standards.  

Cell to cell communication using a 3D-printed fluidic platform 

The membrane inserts were prepared for cell culture by coating the membrane with 30 μL of a 

fibronectin solution (50 μg/mL), and subsequent sterilization by exposure to UV light.  Rat INS-1 cells 
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were cultured in RPMI-1640 medium (Life technologies, Carlsbad, CA) with 1 mM sodium pyruvate, 100 

U/mL penicillin, 100 μg/mL streptomycin, 55 μM mercaptoethanol, 10% fetal bovine serum, 2 mM L-

glutamine and 10 mM HEPES. When the cells were confluent, as verified by optical microscopy, they 

were detached from the flask with trypsin/EDTA, then centrifuged at 1000 g for 4 min. The pellet was 

resuspended in 400 μL of the RPMI-1640 medium. Cell density was by hemacytometer (Reichert, Buffalo, 

NY), based on which, the cell suspension was further diluted to a cell density of 0.1 million/μL. An 

aliquot of 200 μL of the cell suspension was added into a coated membrane insert, which was then 

placed in an incubator with 5% CO2 at 37 °C. After two hours, the medium in the inserts was removed 

and 200 μL fresh medium was added. The cells were given another 24 hours incubation to grow before 

using on the 3D printed fluidic platform. Prior to use, the medium was removed and 200 μL Krebs buffer 

containing 12 mM glucose and 0.1 % albumin was added to stimulate secretion of these cells for 1 hour.  

Endothelial cell culture was accomplished using bovine pulmonary arterial endothelial cells (bPAECs) 

that were cultured in T-75 flasks with DMEM media containing 5.5 mM glucose, 10% (v/v) fetal bovine 

serum, and penicillin/streptomyocin. When the cells were confluent as verified with optical microscopy, 

they were detached from the flask with trypsin/EDTA and centrifuged at 1500 g for 5 min. The pellet 

was then resuspended in 400 μL of the DMEM media. Cell density was determined by hemacytometer, 

and the cell suspension was then diluted to a density of 0.05 million/μL. An aliquot of 200 μL of the cell 

suspension was added into a coated membrane insert, which was then placed in an incubator with 5% 

CO2 at 37 °C. After two hours, the medium in the inserts was removed and 200 μL of fresh medium were 

added. The cells were given another 24 hours to grow before using on the 3D printed fluidic device.  

PPADS (pyridoxalphosphate-6-azophenyl-2’, 4’-disulfonic acid) was used in the experiments involving 

inhibition of P2Y receptors on endothelial cells.  A PPADS working solution was prepared by diluting 50 

μL of 100 mM PPADS stock solution (in DMSO) with 450 μL of Hanks’ balanced salt solution (HBSS) to 

create a final concentration of 10 mM.  DMEM medium was removed from the insert, followed by 

rinsing with HBSS. Next, 50 μL of the PPADS working solution was added to the insert. After a 30 min 

incubation at 37 °C, the insert was rinsed with HBSS to remove excess PPADS solution. 

Images of the circulation platform setup can be found in Fig. S2.  The same 3D printed device used to 

quantify ATP was used here to set up a 3-tissue, circulation mimic platform. When β-cells and 

endothelial cells cultured in membrane inserts were ready to use, the insert with β-cells was placed into 

well #1, while the endothelial cell insert was placed into well #3. The bPAEC medium was then removed 

and replaced by 200 μL of HBSS. A clean insert was placed in well #2 for ATP collection. As mentioned 
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above, fresh ERYs at a 7% hematocrit were prepared in corresponding buffers (albumin-containing or 

albumin-free PSS), and then pumped into each channel to form a closed-loop circulation. The entire 

setup was then placed in a 37 °C incubator. The peristaltic pump was then started, and ERYs circulated 

at 200 μL/min in the loop (circulation period was around 2 min) for 2 hours. 

ERY-derived ATP was quantified in well #2 as detailed above. A fluorescent probe DAF (4-amino-5-

methylamino, Invitrogen Inc.) was used for the quantitative determination of endothelium-derived NO. 

To prepare working solutions, 1 mg of DAF was dissolved in DMSO to make a 5 mM solution. This 

solution was diluted to 25 μM in HBSS immediately before use. An aliquot of 50 μL of this DAF solution 

was then added into the endothelial cell inserts, to react with produced NO. After circulation of the ERYs 

for 2 hours, the detached bulk device was placed in the plate reader for fluorescence detection (ex 480 

nm, em 520 nm) above corresponding wells to quantify NO. The NO donor Spermine NONOate (Cayman 

Chemicals, Ann Arbor, MI), whose half-life is 37 min, was applied in this study to prepare standard NO 

solutions for calibration. Spermine NONOate was dissolved in 0.01 M NaOH as a 1 mM stock solution, 

which can be stored at -20 °C for several months. This stock solution was diluted in HBSS to four 

standard solutions of 0, 0.5, 1, and 2 μM, followed by immediate addition of 25 μM DAF solution (100 μL 

of DAF solution into 400 μL of Spermine NONOate solution). The mixed solutions were then kept in the 

dark (to reduce photobleaching) and placed in a 37 °C incubator for 40 min, after which, 250 μL of each 

mixed solution were pipetted into the four inserts on column 10 of the fluidic device, which was then 

placed in the plate reader for fluorescence intensity measurement. A calibration curve was obtained by 

plotting fluorescence intensity versus the corresponding NO concentration. 

Statistical analysis 

Analysis of means was performed using a paired t-test.  p-values showing the level of statistical 

significance associated with certain figures are provided in the figures and in the text. 
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Fig.2 
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Fig.3 
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Fig.4  
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Figure Captions 

Fig.1. C-peptide and Zn
2+

 binding to ERYs.  The sample preparation strategy for C-peptide and 
65

Zn
2+

 

uptake by the ERYs is shown in (a). A buffered PSS was incubated with equal molar concentrations of C-

peptide, 
65

Zn
2+

, or a combination of the two, resulting in final concentrations ranging from 0-20 nM for 

each, followed immediately by an appropriate aliquot of ERYs resulting in a 7% (v/v) solution of ERYs. 

After incubation for 2 hours at 37 °C, samples were centrifuged. The concentration of remaining C-

peptide in the supernatant was measured by ELISA, and remaining 
65+

Zn
2+

 was measured by scintillation 

counting. The C-peptide and 
65

Zn
2+

 uptake was determined by subtracting the remaining moles in the 

supernatant from the original number of moles added to the ERY samples. The concentration-

dependent C-peptide uptake by the ERYs in the presence (open circles) and absence (filled circles) of 
65

Zn
2+

in albumin-containing PSS is shown in (b). Saturable C-peptide uptake by the ERYs in the presence 

of 
65

Zn
2+

 (2.0 picomoles) and absence of 
65

Zn
2+

 (2.2 picomoles) was statistically equal (n=4, error bars are 

SEM, p<0.05). 
65

Zn
2+

 uptake by the ERY in the presence (filled circles) and absence (open circles) of C-

peptide in albumin-containing containing PSS is shown in (c). 
65

Zn
2+ 

uptake by the ERYs in the presence 

of C-peptide saturated at approximately 2.5 pmoles, while no 
65

Zn
2+ 

uptake was by the ERY could be 

measured in the absence of C-peptide (n=3, error bars are SEM).  These data suggest that C-peptide can 

bind the ERY in the presence and absence of Zn
2+

, but Zn
2+

 binding to the ERY requires C-peptide. 

 

Fig.2. Isothermal titration calorimetric (ITC) analysis of C-peptide, Zn
2+

, and albumin binding.  No 

specific binding between C-peptide and Zn
2+

 was observed when Zn
2+

 was titrated into C-peptide (a), nor 

when C-peptide was titrated into Zn
2+ 

(b).  Specific binding of HSA and C-peptide was observed in (c)     

(N = 0.53 ± 0.03, averaged Ka = 1.75 ± 0.64 × 10
5 

M
-1

, n=4). Specific binding of HSA to both C-peptide and 

Zn
2+

 is shown in (d) (N1 = 0.33 ± 0.01, K1 = 5.08 ± 0.98 × 10
7 

M
-1

; N2 = 1.15 ± 0.01, K2 = 2.66 ± 0.25 × 10
5 
M

-

1
, n=3).  A correction was applied for the heat of dilution.  

 

Fig.3. The importance of albumin in C-peptide/Zn
2+

-induced ATP release from ERYs.  The sample 

preparation strategy for C-peptide/Zn
2+

 stimulation of ATP release from ERYs is shown in (a). The 

protocol was similar to that describe in Fig.1(a) except that a non-radioisotopic version of Zn
2+

 was used 

and each sample was prepared in an albumin-containing and an albumin-free version of PSS. A 3D-

printed fluidic device shown in (b) was used during the measurement of ERY-derived release of ATP. 

Four ERY samples were pumped into separate channels of the device and released ATP diffused from 

the channel through the porous membrane representing the bottom of the transwell insert (which had 

been manually loaded with 50 µL of PSS buffer just prior to ERY delivery to the device channels). The 

moles of ATP that diffused into the insert are proportional to the amount of ATP in the channel, enabling 

a quantitative determination of ERY-released ATP (c). While ATP was released from each ERY sample, a 

significant increase in ATP release was only measured from the ERY sample prepared in an albumin-

containing buffer that had been incubated with both C-peptide and Zn
2+

.  The absence of any one of 

these 3 components (C-peptide, Zn
2+

, or albumin) resulted in no significant increase in ERY-derived ATP 

(n=5, p<0.005).  

 

Fig.4. Inter-tissue communication using a 3D-printed platform.  Top-down, color-coded view of the 

strategies used to study inter-tissue communications between INS-1 cells, ERYs, and endothelial cells is 

shown in (a). Each channel contained flowing ERY samples (red bars) and membrane inserts (colored 

ovals) above the channels for either INS-1 culture (top, blue ovals), ATP measurement (middle, orange 

ovals), or endothelial cell culture (bottom, green ovals).  An actual image is shown in Fig. S2 in SI. 

Channel 2 did not contain any albumin in the flowing PSS buffer (lighter red flow channel), while channel 

* 
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3 did not contain INS-1 cell (clear oval).  Channel 4 contained endothelial cells incubated with PPADS to 

block ATP binding to the P2Y purinergic receptor on these cells.   A schematic side view of the system is 

shown in (b), where secretions from the INS-1 cells (labeled as β-cells) can diffuse into the stream of 

ERYs; the resultant ATP release from the ERYs can be measured in the second insert well, while ATP-

stimulated NO by the endothelial cells (bPAECs) is determined in the last insert.  The amount of ERY-

derived ATP that diffused into the middle inserts on each channel is shown in (c).   Note the significant 

decrease when albumin is absent from the ERY stream (channel 2) or when there are no INS-1 cells 

(channel 3).  The amount of ERY-derived ATP measured in the channel is shown in (d)  and shows the 

same trend as in (c), specifically, albumin and INS-1 cell secretions are required for increases in ERY-

derived ATP.  The concentration of NO production from endothelial cells (e) is greatest for channel 1, 

where albumin and INS-1 cells are present.  Importantly, channel 4 NO production is also reduced due to 

the blocking of ATP binding to endothelial cells by PPADS.  For all channels, n=5 ERY biological samples 

and error bars represent the SEM of those measurements, * represents values statistically different from 

channel 1, p<0.01. 
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