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Abstract

A set of 3D-printed analytical devices were developed to investigate erythrocytes (ERYS)
processed in conventional and modified storage solutions used in transfusion medicine. During
storage prior to transfusion into a patient recipient, ERYs undergo many chemical and physical
changes that are not completely understood. However, these changes are thought to contribute

to an increase in post-transfusion complications, and even an increase in mortality rates. Here,

a reusable fluidic device (fabricated with additive manufacturing technologies) enabled the
evaluation of ERYSs prior to, and after, introduction into a stream of flowing fresh ERYSs, thus
representing components of an /n vivo ERY transfusion on an /n vitro platform. Specifically, ERYs
stored in conventional and glucose-modified solutions were assayed by chemiluminescence for
their ability to release flow-induced ATP. The ERY's deformability was also determined throughout
the storage duration using a novel membrane transport approach housed in a 3D-printed scaffold.
Results show that hyperglycemic conditions permanently alter ERY deformability, which may
explain the reduced ATP release, as this phenomenon is related to cell deformability. Importantly,
the reduced deformability and ATP release were reversible in an /n vitro model of transfusion;
specifically, when stored cells were introduced into a flowing stream of healthy cells, the ERY-
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derived release of ATP and cell deformability both returned to states similar to that of non-stored
cells. However, after 1-2 weeks of storage, the deleterious effects of the storage were permanent.
These results suggest that currently approved hyperglycemic storage solutions are having adverse
effects on stored ERY's used in transfusion medicine and that normoglycemic storage may reduce
the storage lesion, especially for cells stored for longer than 14 days.

Introduction

Blood components collected for medical use are transfused into patients in need due to
trauma, surgery, or as part of therapeutic treatment for disease (such as sickle cell disease,
anemia, and cancer).1* According to the most recent National Blood Collection and
Utilization Survey Report of 2017, the total number of whole blood and erythrocyte (ERY)
transfused annually approached 10.7 million units (not including other blood components)
resulting in a stored unit being utilized every 2-3 seconds in the United States.

Despite its role in healthcare, there are some obstacles still facing the field of transfusion
medicine. For example, while the risk for viral infections associated with blood transfusion
is very low, there is still a risk for bacterial infections and other non-infectious
complications such as hemolytic transfusion reactions, transfusion-related acute lung injury,
and anaphylaxis.> Many reports debate whether the storage duration of the ERY is a
determinant of transfusion-associated complications and overall patient outcomes. Koch
found that patients who received transfusions of ERY's that were stored for more than two
weeks had higher chances for in-hospital mortality, complications occurrence, and even a
higher mortality rate one year after transfusion,® which was supported by other groups.’-13
In contrast, several studies have found no statistical difference in overall mortality between
fresh ERYs and ERYs stored past two weeks.24-18 However, a limitation to most, if not

all of these studies, is the changes to the ERY immediately upon the addition of the
collection and/or storage solutions. If such immediate changes occur, measurement of
further changes to the ERY chemical and physical properties during the first few weeks

of storage (and continuing throughout storage) would be difficult to determine, thus giving
the false appearance that minimal changes occurred to the ERY during storage.

ERYs are stored in solutions that contain very high levels of glucose. One of these solutions,
additive solution 1 or AS-1, contains approximately 110 mM glucose; after the addition of
the packed ERYSs, the glucose concentration is still 40 mM or higher, a level that is nearly

10 times higher than normal glucose concentrations in the circulation.1® During storage,
ERY's undergo various chemical (e.g., increased advanced glycation endproducts or AGEs,
increased accumulation of reactive oxygen species) and physical changes (increased cell
rigidity, a decrease in cell size) which, collectively, are known as the storage lesion.2%-23 The
storage lesion is thought to contribute to post-transfusion complications.

Previously, we reported? that reducing the glucose concentrations in storage solutions to a
normoglycemic level (and maintaining those levels with periodic feeding of the ERY's during
storage) helped maintain many cellular functions of stored ERY's throughout the storage
duration and reduce some aspects of the storage lesion, such as sorbitol accumulation.1®

A shortcoming of our previous studies, however, was that we measured many of the
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ERY chemical and physical properties in the storage solutions. In contrast, a transfusion
would involve taking the stored ERY's and moving them to a human, where the circulation
environment is much different than the storage environment. For example, storage solutions
do not contain key proteins found in the circulation (such as albumin), the pH is typically
lower than the circulation, and, perhaps most importantly, the circulation has a glucose
concentration that is much lower than that found in storage solutions.

Therefore, to add rigor to our prior investigations of low glucose storage solutions with
periodic feeding, we now report novel discoveries involving key ERY measurements after
introducing ERYSs (stored in conventional storage solutions such as AS-1 and our modified,
normoglycemic solutions (AS-1N)) into a physiological salt solution (PSS) that more closely
resembles the /n vivo circulation. Our results suggest that the negative effects of storage in
the hyperglycemic solutions are initially reversible upon dilution in normoglycemic buffers.
However, as the ERY storage duration in the hyperglycemic storage solutions approaches
10-14 days, the damage to the ERY is permanent, even upon dilution in normoglycemic
PSS.

To facilitate these studies, we also report here the use of multiple 3D-printed devices and
demonstrate that ERY's stored in AS-1N prior to transfusion not only perform better in

the PSS environment, but also display improved response to key signaling molecules that
would be encountered /n vivo. Specifically, in one construct, we introduce stored ERY's

to a rejuvenating solution containing C-peptide and Zn%*, which are both secreted from

the pancreatic B-cells /77 vivo.25 In another construct, we further validate our results by
performing a transfusion on-chip and introduce stored ERYSs into fresh ERY's collected

and purified just hours before merging with the stored cells on a fluidic device. These

mixed streams of ERY's were pushed through channels in the absence and presence of

INS-1 cells,?8 a rat insulinoma cell line capable of secreting insulin, C-peptide, and Zn2*.
Our results suggest that normoglycemic storage solutions reduce properties of the ERY
storage lesion. Furthermore, in contrast to most studies in blood banking and transfusion
medicine that investigate the effect of the ERY on organ function, the printed tools described
here enable us to investigate the effects of the organ and organ function on the stored

ERY. Collectively, our studies provide evidence that current storage solutions such as AS-1
inhibit transfused cells from interacting with otherwise properly functioning organs and their
secretions /n vivo, thus, overall performance of the stored ERYs may be enhanced with our
normoglycemic (AS-1N) versions of AS-1.

Experimental

Design and Fabrication of the Printed Devices.

All devices were designed using Autodesk Inventor Student Edition (Autodesk, San Rafael,
CA) and printed in VeroClear (Stratasys Ltd, Eden Prairie, MN) using an Objet Connex 350
printer (Stratasys) with XY and Z resolution of 100 pm and 16 um, respectively, housed in
the Engineering Department of Michigan State University. The base of the fluidic device

is similar to previous designs2’ and contains measurement wells based on standard 96 well
plate technology that fits in a standard plate reader. The device contains six channels for
sample flow, each of which flows underneath plastic membrane inserts to form a membrane
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barrier between the flow and the insert. Supplementary figure S1A shows the printed block
device, while S1B displays the cross section of a single channel, enabling a side view of the
membrane inserts on a channel, while S1C shows the device in a closed-loop system with

a peristaltic pump. Supplementary figure S1D is a representation of the membrane wells
alongside static wells not in the flow path. These static wells are used for on-chip calibration
of analytes of interest.

A Y-shaped adapter, shown in supplementary figure S2, was used for subsequent studies
involving an on-chip transfusion, consisted of three parts: a flow splitter, a controller, and
a stopcock. Threads were printed on the parts for easy connection. Prior to use, the three
parts were assembled and then the Y-shaped flow splitter was connected to a channel on the
fluidic device. The low branch of the flow splitter was connected with the other end of the
channel using Tygon tubing, which goes around the rollers of a peristaltic pump. The top
branch and the flow controller were connected to a syringe via a male fingertight fitting.
Upon injection, the stopcock was adjusted to make the hole (through the stopcock) align
with the channel through which liquid can be delivered. The stopcock was rotated 90° to
stop delivery of fluids. Teflon tape was used to improve sealing between the stopcock and
the controller in some cases. The top branch and the controller need to be prefilled with
the liquid to be injected at the beginning of an experiment. Otherwise, trapped air in this
component will be injected into the circulation, making the injection amount difficult to
quantitatively determine.

Characterization of the i.v. Injection Device.

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless specified
otherwise. Quantitative injections into the device were characterized by injecting fluorescein
solutions into a stream of circulating water. A 50 L aliquot of fluorescein (300 uM) was
injected into a water-filled loop having a volume of 450 pL. The injection was performed

by switching the valve for 30 s at a flow rate of 100 pL/min. The liquid was allowed

to circulate for 2 min post-injection, after which time, the liquid in the loop (tubing and
channel) was collected and the fluorescein concentration was quantitatively determined
using fluorescence spectroscopy (ex. 494 nm; em. 521 nm). Based on the injection ratio (1
to 10), the concentration of fluorescein in the loop was expected to be 30 uM. The detected
fluorescein concentration was compared with this calculated value, the difference between
which can be used as an indicator of injection accuracy. Complications in measurements due
to the fluidic device material absorbing fluorescein molecules were overcome by detecting
the loss of fluorescence signal intensity of a fluorescein solution after being circulated in a
channel for > 1 hour. The distribution of injected fluorescein molecules in the circulating
loops was also characterized. Fluorescein was allowed to circulate for 2 minutes following
injection, after which, the liquid in the loop was divided into three random sections that were
collected in three vials, respectively. If the fluorescein molecules distribute evenly in the
loop after an injection, the concentrations in the three parts were expected to be the same.
This data is shown in supplementary Tables S1 and S2.

The accuracy of injecting ERY's was also determined. While a 5% ERY sample suspended
in PSS was circulating in a loop, a 50 pL aliquot of 50 % ERY's was introduced to the
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system by injecting at 100 puL/min for 30 s. The calculated hematocrit of ERY's in the loop
after an injection was expected to be 10%. By comparing the detected hematocrit and the
calculated value of 10%, injection accuracy of ERYs was determined. In these experiments,
counting of ERYs on a hemocytometer was performed to validate measured values in the
fluidic device. The distribution of ERY's after an injection was characterized with the same
method as that described for fluorescein above, except 5 minutes of circulation time was
employed before measuring the hematocrit in the three sections of tubing. This data is
shown in supplementary Table S3 and S4.

Fabrication of the 3D-printed Cell Filtration Device.

A filter device was also fabricated using the Objet Connex 350 printer. The main parts of
the filter are two flange-shaped slabs that were printed in VeroClear material and contained
printed O-rings fabricated in the rubber-like Tango black (Stratasys). A sample inlet was
fabricated on the top slab, which was a female fitting with printed threads on the inside. The
two slabs can be combined by binder clips, with a piece of semipermeable membrane in
between representing the filter, while the printed O-rings on the binding sides of both slabs
ensured a secure fit of the membrane without liquid leaking. The engineering sketch of this
device is shown in supplementary Figure S3.

ERY Collection, Storage, and Preparation Protocols.

A graphical summary of the blood collection and preparation is shown in supplementary
figure S4. Prior to blood collection, solutions for collection and storage were prepared.

For whole blood collection, two versions of citrate-phosphate-dextrose (CPD) solutions
were prepared; namely the conventional, FDA-approved version of CPD (containing 128.8
mM glucose) or a modified version labeled CPD-N (normoglycemic, containing 5.5 mM
glucose). Both CPD solutions also contained 89.4 mM sodium citrate, 15.6 mM citric acid,
and 16.1 mM NaH,PO, at pH 5.6. In addition to the collection solutions, two versions of

an additive solution were prepared. The FDA approved additive solution 1 (AS-1, 111.1 mM
glucose) or a modified, normoglycemic version (AS-1N, 5.5 mM glucose). Both AS-1 and
AS-1N also contained 154 mM NaCl, 2.0 mM adenine, and 41 mM mannitol at pH 5.8.

Once the collection and additive solutions were ready for use, 6 non-siliconized and
untreated (no anticoagulant) 10 mL glass Vacutainer tubes (BD, Franklin Lakes, NJ) were
obtained. A volume of 1 mL of CPD was injected into 3 of the tubes using a syringe, and

1 mL of CPD-N was injected into the remaining 3 tubes. Next, approximately 7 mL of
whole blood were collected into each tube from a consented donor. All blood collection
procedures from informed and consented donors were approved by the Biomedical and
Health Institutional Review Board at Michigan State University. Researchers in the study
completed bloodborne pathogen safety training prior to handling blood samples. The blood
remained in the collection solutions for 30 minutes at room temperature, approximately 22
°C. All 6 blood-containing tubes were then centrifuged at 2000g for 10 minutes, followed
by removal of the plasma and buffy coat (white blood cells) layers by aspiration. Purified
ERYs from the 3 tubes containing CPD were then combined into a single 15 mL tube,
followed by the addition of AS-1 such that the volume ratio of the ERY's to AS-1 was 2:1.
The same protocol was followed for ERYs collected in CPD-N and stored in AS-1N. Finally,
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2 mL of the ERYs from the tubes (processed in the AS-1 or AS-1N) were added to PVC
bags and stored at 4°C. The PVC bags were prepared in-house using rolled PVC (ULINE,
Pleasant Prairie WI) and a heat sealer. Prior to use, the PVVC bags were sterilized under

UV light overnight. All blood collection and storage processes were performed under sterile
conditions.

During storage, the ERYs continually consume glucose.28-30 Therefore, ERYs stored in
normoglycemic solution (AS-1N) must be periodically administered glucose to maintain
concentrations between 4-6 mM throughout the period of storage.® 24 Thus, AS-1N stored
cells were “fed” weekly by opening the PVC storage bag and adding 20 L of 400 mM
glucose in saline, and then re-sealing the bag in a sterile environment. The glucose levels

in all storage solutions were monitored by a portable glucose meter (Accu-Chek Aviva,
Indianapolis, IN). The authors acknowledge this practice would not be feasible in practice
but is necessary to investigate our normoglycemic processing solutions.

Fresh ERY samples were prepared for later studies that attempt to mimic an /n vitro
transfusion. These samples were obtained by collecting whole blood from healthy humans
into heparinized tubes. The plasma and buffy coat were removed by centrifugation

and aspiration. ERYs were then washed 3 times in a normoglycemic physiological

salt solution (PSSN, in mM, 4.7 KCI, 2.0 CaCly, 140.5 NaCl, 12.0 MgSQy, 21.0
tris(hydroxymethyl)aminomethane, 5.5 glucose, and 5% bovine serum albumin (BSA), final
pH 7.40).

On each day of experiments, an aliquot of both AS-1 and AS-1N stored ERY's was removed
from storage PVC bags and placed in microcentrifuge tubes. ERY hematocrit was then
determined by microhematocrit centrifugation with a microhematocrit centrifuge (CritSpin
M960-22, StatSpin, Westwood, MA) and a microcapillary reader (StatSpin). Samples were
prepared by re-suspending stored ERYSs in either PSSN, or hyperglycemic physiological salt
solution (PSSH, containing the same components as PSSN with glucose level equal to the
extracellular glucose level of 111.1 mM in AS-1 storage bags). Two groups of stored ERY
samples were prepared with each group (shown in Table 1) having three samples. The first
sample in group one was AS-1N stored ERY's transferred into PSSN to a final hematocrit

of 5%, referred to as AS-1N-PSSN sample. The second and third samples were AS-1 stored
ERYs transferred to PSSH and PSSN to a same final hematocrit of 5%, referred to as
AS-1-PSSH and AS-1-PSSN samples, respectively. The second group of three samples were
the same as in the first group (for AS-1-PSSN, AS-1-PSSH, and AS-1N-PSSN) except that
all contained 10 nM exogenously added human C-peptide and Zn%*.

Determination of ATP Release and Reversibility.

While an ATP sample is flowing in a channel, ATP diffuses through the membrane into

the preloaded buffer in the insert (above the membrane). The ATP collected via diffusion

is proportional to the amount of flowing ATP in the channel, and thus by measuring

the ATP amount in the preloaded buffer, the ATP in the channel can be determined.

The design of static wells between channels enables simultaneous on-chip calibration,
which simplifies experimental procedures and improves experimental rigor. The three ERY
samples were pumped through the six channels of the device in duplicate, where each
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channel formed a closed loop by connecting to soft tubing (the volume of a loop is

450 pL). The circulation in the loops was driven by a peristaltic pump (IDEX Health

& Science LLC, Oak Harbor, WA) at a flow rate of 200 pL/min. A 50 pL aliquot of

PSS was then loaded in wells above each channel to collect ATP from the flowing ERY
samples via diffusion. The entire setup of the pump, the device, and closed loops with
circulating samples were then placed in an incubator at 37 °C for 20 minutes to better
mimic circulation conditions, after which, the bulk fluidic device was detached from tubing
and placed in a spectrophotometer (SpectraMax 4, Molecular Devices, Sunnyvale, CA).
The well-established luciferase/luciferin (L/L) chemiluminescence assay was used to detect
ATP in the inserts. An aliquot of 10 pL of L/L mixture (prepared by dissolving 2.0 mg of
D-luciferin in 5 mL of deionized water and adding 100 mg of firefly extract) was added
into the wells simultaneously by a multichannel pipet. After 15 s, the chemiluminescence
intensity was detected by the plate reader. To confirm that the increase of released ATP
was not due to cell lysis, an absorbance measurement was performed to evaluate if free
hemoglobin was detected in the supernatant after flow was concluded. If hemoglobin

was detected, that particular sample would be discarded due to indication of lysis. In the
studies reported here, there were no samples discarded due to lysis. A calibration curve
was obtained for quantification purposes by circulating five ATP standards (concentrations
of 0, 100, 200, 300, and 400 nM) prepared in PSS in five randomly chosen channels with
identical subsequent detection processes as described above. The device can be reused after
simple rinsing with diluted bleach and deionized water. The determination of ATP in the
three samples, throughout the 36-day storage, was performed on the same device.

ERY Deformability Measurement Using the 3D-printed Cell Filtration Device.

A piece of polycarbonate membrane with a pore size of 5 um, which is smaller than

the mean diameter (6-8 um) of ERY's, was used in the filtration device. Only cells with
sufficient deformability can go through the membrane and as deformability increases, more
cells are expected in the effluent. Tubing for sample introduction was connected to the top
slab by screwing the male fingertight adapter at the end of the tubing into the female inlet.
The tubing was driven by peristaltic pumping at a pressure of 12 cm H,O column (~0.17
psi). All three samples of AS-1N-PSSN, AS-1-PSSH, and AS-1-PSSN were measured
through the device in a random order. The effluent was collected for 10 minutes, after which,
the number of cells in the effluent was counted on the hemacytometer as a measurement of
relative ERY deformability.

ELISA-based Determination of C-peptide Uptake by ERYSs.

On each day of the experiment, three AS-1N-PSSN, AS-1-PSSN, and AS-1-PSSH samples
containing 10 nM exogenously added C-peptide and 7% ERY's were prepared. All three
samples were incubated at 37 °C for 2 hours. Next, samples were centrifuged at 500g for

5 min, and the supernatant was collected to determine the C-peptide concentration using

a C-peptide ELISA (ALPCO, Salem, NH). The ERY C-peptide uptake was calculated by
subtracting the moles of C-peptide remaining in the supernatant from the total number of
moles added.

Lab Chip. Author manuscript; available in PMC 2022 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 8

Results and Discussion

Determination of ATP Release and Potential for Recovery after Transfer to a
Normoglycemic Environment.

ATP also has a well-established role in participating in the regulation and maintenance

of blood flow.31-32 Therefore, maintenance of the concentration of ATP in the circulation

is important. We previously reported that ERY's stored in hyperglycemic AS-1 solution
released less ATP than those stored in AS-1N.19: 24 However, the ATP release from those
ERY's was measured while the ERY's were still in the AS-1 solution. In an actual transfusion,
the AS-1 stored ERY's would be introduced into an environment (the patient circulation)

that would have glucose levels closer to 5 mM, which may enable the ERYs to “recover”
from their hyperglycemic storage solutions and release normal levels of ATP. This potential
for recovery of ATP release from AS-1 stored ERY's was studied using the 3D-printed
circulation mimic device. This protocol enables studies that more closely resemble the actual
conditions of stored ERY's by circulating samples in a flowing stream at 37 °C after these
stored cells had been introduced to a normoglycemic environment (the PSSN). Furthermore,
it allows for simultaneous measurements of ERY's stored under various conditions (AS-1 or
AS-1N) using a plate reader in a high throughput fashion. All these features make it an ideal
platform for flow induced ATP measurements from stored ERYS.

Three experimental trials were conducted as described previously in Table 1. As shown in
Figure 1, ATP release from AS-1N-PSSN cells (green bars) was statistically unchanged from
day 1 of storage (215 * 13 nM) thru day 36 of storage (206 = 11 nM). In comparison, the
release of ATP from ERYSs stored in the AS-1-PSSH system (grey bars) stayed at a much
lower level throughout storage. On the first day of storage, ERY's stored in AS-1-PSSH
released 144 + 8 nM ATP, which was significantly less than AS-1N-PSSN samples and
continued to decrease throughout storage to a day 36 value of 90 + 4 nM. Interestingly, the
ATP release from ERYs on day 1 in the AS-1-PSSN environment (222 + 14 nM, red bars)
was statistically equal to the AS-1N-PSSN day 1 value. However, by day 8 the ERY-derived
ATP release from the ERY's stored in the AS1-PSSN system began to decrease (167 + 12
nM) and continued this trend through the end of the study to a value that was equal to those
ERYs stored in AS-1 and transferred to PSSH (90 + 8 nM) (p < 0.05).

The results in Figure 1 confirm our previous findings'® 24 that hyperglycemic storage
solutions reduce ERY-derived ATP. Furthermore, these data also now show that the ERY's
stored in AS-1 can recover from the hyperglycemic storage conditions, as measured by
ATP release from the cells, during early stages of storage. Prior to day 15 of storage, the
hyperglycemic (AS-1) stored ERY's were able to recover (completely or at least partially)
the ability to release ATP; beyond this point the reversibility or recovery was not observed.
Numerous studies and surveys have demonstrated the existence of adverse complications
after transfusion and often cite 2 weeks of storage as a turning point in the quality of
ERYs.7-13 It is premature to assume that the inability to recover ATP release from ERYs
after 15 days of storage in hyperglycemia is the root cause of these clinical consequences.
However, the ATP reversibility trend as a function of storage time and glucose levels in the
storage solutions are motivation for further clinical studies investigating these conditions.
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Determination of ERY Deformability.

The mechanism describing reduced ATP release from ERY's stored in hyperglycemic
solutions remains unknown. However, the mechanism may lie in one of two possible
scenarios: hyperglycemic solutions result in less intracellular ATP production, or these
solutions affect the ATP release process. Wang? reported that intracellular ATP levels in
hyperglycemia stored ERY's were higher than those stored in normoglycemic solutions and
did not significantly decrease throughout the 36-day storage, which led to the inference
that hyperglycemia may adversely alter the ATP release process, rather than reducing
intracellular ATP production.

Sprague reported that shear stress induced deformability of ERY's leads to ATP release
suggesting that ATP release is related to cell deformability.33-34 These findings provided

a clue to potentially explain the failed ATP reversibility by studying the deformability of
stored ERYSs. Filtration tests have been widely used to study ERY deformability due to

its low instrument requirements and high reproducibility. Because no proper commercial
devices were found for this application, 3D-printing, which can model objects with high
resolution based on the users’ demands, was applied to fabricate a filtration device that
minimizes dead volumes, saves the usage of filter membranes and simplifies experimental
operation. As shown in Figure 2A, the device is comprised of two slabs, with simultaneously
3D-printed O-rings to seal a piece of semipermeable membrane in between for cell filtration.
Due to the small sizes of the O-rings, the dead volume of the filter is minimized to ~ 55

pL. Figure 2B shows the device assembly, which was achieved by clamping the slabs with
four binder clips on the wings. Figure 2C demonstrates a real ERY filtration experiment on
the device. ERY samples were pumped into the inlet on the top slab and were forced to go
through the membrane into the cone shaped chamber in the bottom slab and were collected
for cell counting. Cells that had sufficient deformability would deform to pass through the
filter, whose pore size (5 pm) was smaller than the cell’s diameter (6—8 um), while less
deformable cells would not be able to go through (Figure 2D).

Resuspended AS-1N-PSSN, AS-1-PSSH and AS-1-PSSN cells were evaluated with this
method. For a clear data presentation, the cell number in the filter effluent of the AS-1N-
PSSN trial on day 1 was set to 100%, and all other collected data were normalized to

this 100% value. Supplementary Figure S5 shows the relative increases compared to fresh
ERYs as well as controls of C-peptide and Zn?* added alone to the ERYS. As shown in
Figure 2E, the deformability of AS-1N-PSSN ERY's maintained constant at around 100%
during the whole 36-day storage, while AS-1-PSSN trials kept decreasing from 100% on
day 1 to 60% on day 36. The deformability of AS-1-PSSH ERYSs also decreased over time,
but at a significantly lower level than AS-1N-PSSN. Comparatively, on day 1, AS-1-PSSH
cell deformability was 25% lower than AS-1N-PSSN stored cells, while AS-1-PSSN cells
completely recovered their deformability after being transfused to normoglycemic PSS. The
trend continued until day 8, when deformability of AS-1-PSSN trials decreased to levels
similar to AS-1-PSSH trials. After day 8, however, the deformability of AS-1-PSSN cells
continued to decrease, without any observed reversibility.

Collectively, the data in Figure 1 and Figure 2 suggest a relationship between deformability
and ATP release from stored ERY's used in transfusions. During the first five days of
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storage in AS-1, ERY deformability completely recovered after being transferred into a
normoglycemic condition, as did the ATP release in Figure 1. On Day 8 and 12, however,
the deformability of ERY's did not recover, and the ATP release only partially reversed and
was significantly lower than AS-1N-PSSN cells. After 15 days of storage, a permanent
alteration of cell deformability and ATP release had occurred. These similarities suggest
that hyperglycemia may permanently and adversely alter the deformability of ERY's, which
eventually leads to decreased ATP release.

A Potential Rejuvenating Solution Comprised of C-peptide and Zn?2*,

Previous work from our group and others indicates that C-peptide, a 31 amino acid peptide
secreted from pancreatic p-cells in equimolar amounts with insulin, binds to ERY's and
other cell types.2> When bound to ERYs as part of a complex with albumin and Zn2*, the
cell deformability and cell-derived ATP release increased. However, we also reported in the
C-peptide/Zn2* studies that these effects are reduced when using ERYs from people with
diabetes, who often have a circulation with elevated glucose levels (e.g., between 7-10 mM
or higher). Here, we measured the ATP release and deformability of the stored ERY's using
the same protocols as those employed to gather the data in Figures 1 and 2. However, just
prior to measurement, rather than incubating the ERY's in PSS (either PSSN or PSSH) alone,
the ERY's were incubated in these versions of PSS that also contained 10 nM C-peptide and
10 nM Zn2* and then circulated through the channels of the fluidic device or placed in the
3D-printed filtration device in Figure 2.

Data in Figure 1 indicated that 215 + 13 nM ATP was released from AS-1N-PSSN samples
on day 1 of storage, and that value remained stable through the last day of storage (at 206
+ 11). As shown in Figure 3A, ATP release increased to 321 + 22 nM for samples stored

in AS-1N-PSSN that also contained C-peptide and Zn%*. This increase in ATP release from
the ERY's was well preserved by the normoglycemic storage condition during the entire
period of storage, maintaining a statistically equivalent value of 300 + 13 nM on day 36

of storage. For the ERYs stored in AS-1-PSSH, the C-peptide/Zn2* rejuvenating strategy
was less effective. C-peptide and Zn2* were able to slightly increase the ATP release from
ERYs stored in the AS-1-PSSH samples to 163 + 11 nM on day 1 (in comparison to the
144 + 8 nM value reported in Figure 1 for the same storage system), but this minor effect
became less obvious with time and no longer observed beyond 15 days of storage (90 + 7
nM). Finally, the data in Figure 3A indicate that the AS-1-PSSN ERYs are initially affected
by the C-peptide/Zn2* rejuvenating solution in a positive manner. The day 1 ATP release in
AS-1-PSSN samples that also contained C-peptide and Zn?* was 321 + 6 nM on day 1 and
remained above 200 nM for about one week (day 8). However, these ATP values began to
decline significantly, decreasing to 84 + 8 nM on day 36, a value statistically equal to the
high glucose system (AS-1-PSSH) on that same day.

The deformability of ERYSs stored in the various solution systems and then incubated in
C-peptide and Zn2* prior to measurement was similar to the ATP release data. Specifically,
the data in Figure 3B suggest that, up to around day 8 of storage, the C-peptide and Zn2*
rejuvenating solution was having a positive impact on ERY deformability, even in the high
glucose AS-1-PSSH storage system. C-peptide and Zn2* improved the deformability of
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AS-1-PSSH samples by 25% on day 1 and 20% on day 5 (in comparison to the same system
without C-peptide and Zn2*): however, these increases were no longer measured beyond the
first few days. The ERYs stored in the AS-1 and transferred to PSSN revealed a marked
increase in deformability on day 1 of 33% + 2% and 25% + 3% on day 5 after C-peptide/
Zn2* treatment. Not unlike the AS-1-PSSH storage solution, however, the C-peptide/Zn2*
rejuvenation strategy had no significant effect on the AS-1-PSSN ERY's beyond day 8.

In fact, these two storage solutions were statistically equal at day 12 and the duration of
storage. In contrast, the ERYSs stored in the AS-1N-PSSN system with periodic feeding of
glucose demonstrated a marked response to the C-peptide and Zn%* rejuvenating treatment
that remained nearly constant throughout storage (day 1 increase of 36% + 4% and a day 36
increase of 26% + 7%).

Not unlike the data in Figures 1 and 2, Figure 3 suggest that ERY's stored in the FDA
approved AS-1 solutions do not appear to be affected by the high glucose levels in the AS-1
if transferred or moved to a solution containing normal levels of glucose, as would be the
case in a normal transfusion. Importantly, however, if this transfer doesn’t occur within the
first two weeks (or sooner) of storage, the damage to the ERY's appears to be permanent. The
ERY doesn’t seem to be able to recover its ability to release ATP and the reduction in its
deformability seems to be permanent. The data in Figure 3 also suggest that, in addition to
the ERY having some level of permanent damage to its structure and function when stored

in AS-1, it also does not respond to physiological cues that would occur in vivo, such as the
secretion of key signaling molecules (here, the C-peptide and Zn2*).

In accordance with the data in Figure 3, the data in Figure 4 clearly show that one reason

for this failure to respond to the C-peptide and Zn2* is that the ERY's stored in the AS-1
based solutions simply do not bind as well to C-peptide. According to our previous extensive
work in this area, about 2 picomoles of C-peptide bind to a 7% solution of ERY's (or

about 1,800 molecules of C-peptide per ERY).2° Here, the data in Figure 4 show that there
was an average stable binding of 2.07 + 0.04 picomoles of C-peptide to ERYS stored in
AS-1N-PSSN samples over a 36 day period, a value that is statistically equal to our previous
work. Binding of C-peptide to ERYSs stored in the AS-1-PSSH resulted in an average of 1.60
+ 0.04 picomoles of C-peptide binding in the first week of storage, which was 25% less
compared to AS-1N-PSSN samples. This binding number continued to decrease to less than
1 picomole after day 15. AS-1-PSSN samples bound 2.13 + 0.14 picomoles of C-peptide

on day 1, but beyond day 12, bound values that were statistically equal to the AS-1-PSSH
system.

To further improve the experimental rigor leading to the results shown in Figures 3 and

4, we employed a rat insulinoma cell line (INS-1) that secretes insulin, C-peptide, and

Zn2*. Thus, as opposed to adding exogenous C-peptide and Zn?* to the stored ERYS (the
procedure used to procure data in Figures 3 and 4), the ERY's would be exposed to C-peptide
and Zn?* that were secreted from these cells (as well as any other hormones secreted from
the INS-1 cells). Rat INS-1 cells were cultured and stimulated in inserts, which were then
placed above channels in the 3D-printed device to allow for direct interaction of endogenous
C-peptide and Zn2* with ERYs. The data from this experimental design, shown in Figure 5,
is consistent with the data in Figures 3 and 4. AS-1N-PSSN samples responded to the INS-1
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secretions, with consistently higher ATP release from these ERY's over the entire storage
duration (350 + 26 nM on day 1 and 330 + 29 nM on day 36) in comparison to the other
storage strategies.

Finally, motivated by the results from Figure 5, we employed the microfluidic design
described in the methods section to mimic a transfusion of stored ERY's flowing into

a stream of fresh ERYs. We employed a 3D-printed, Y-shaped connector with a screw

valve to deliver ERYSs stored in either AS-1 or AS-1N to a stream of ERY's that were
obtained just hours before the experiment was performed. As a control, we also delivered

a stream of the fresh ERYs into flowing fresh ERY's. These three streams were delivered
into channels containing the INS-1 cells above membranes. Three other identical streams
were also pumped through the same device, but into channels that were void of the INS-1
cells (thus, no exposure to C-peptide and Zn?*). As expected, the data in Figure 6 confirm
that the ERY's stored in the low glucose AS-1N solution and “transfused” into a stream

of fresh ERYSs release more ATP than the ERY's stored in FDA-approved AS-1 that were
“transfused” into the fresh ERY stream. In fact, the ERY's stored in AS-1N and “transfused”
into fresh ERY's released statistically equal amounts of ATP as the fresh ERYSs introduced
to a separate stream of flowing fresh ERYSs for the entire 36-day duration of storage. In
contrast, the ATP measured from the stream of ERYs stored in AS-1 and “transfused” into
fresh ERY's was statistically less than the other two systems studied on the device. An
interesting feature of the data shown in Figure 6 related to the AS-1 stored ERYS is also
revealed during these last set of experiments; specifically, in all other data shown in our
studies, the AS-1 ERY's were affected long-term (typically after day 12) by the storage, but
were able to recover certain attributes (deformability, ATP release, C-peptide binding) when
placed in normoglycemic PSS. The results from Figure 6 show that the AS-1 stored ERYSs,
when introduced to fresh ERYS, underperformed in comparison to AS-1N ERYs from day 1
and remained at that constant, low value throughout storage duration. While more evidence
is needed to draw impactful conclusions from this data, it appears that the ERY's stored in
AS-1, in addition to undergoing adverse physical and structural changes during storage, may
also have a negative impact on fresh ERY's already in the circulation, as confirmed by the
decrease in ATP release from the fresh ERY's mixed with ERYS stored in AS-1.

Conclusion

In this study, a set of 3D-printed analytical devices were applied to study ERYSs stored in
conventional and FDA-approved AS-1 and a modified, normoglycemic version of AS-1,
called AS-1N. Specifically, these studies examined the ability of the stored ERY's to recover
both functional (ATP release) and structural (relative cell deformability) properties after
transfer or /in vitro transfusion into normoglycemic buffers as a function of duration storage.
The ruggedness of the 3D-printed device enabled quantitative determinations of ATP release
from stored ERY's throughout the 36-day storage period on the same device, which enhanced
the reproducibility and reliability of the results. Our results show that AS-1 stored ERY's
cannot recover their ability to release ATP to normal levels after 15 days of storage,

while AS-1N stored ERY's retained their ability to release this key signaling molecule,

even after 5 weeks of storage. In addition to the 3D-printed circulation fluidic device,

we also employed additive manufacturing technology to create a device enabling relative
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deformability measurements of the stored ERYs. Similar to ATP release measurements, the
AS-1 storage system induced a permanent deformability alteration on stored ERY's after

8 days of storage that was not reversible, even upon transfer to normoglycemic buffer.
Finally, our /n vitro transfusion device confirmed that, not only do the AS-1 stored ERY not
respond to normally functioning cells (in this case, C-peptide and Zn2* secreting rat INS-1
cells), but also the AS-1N stored ERY's perform as well as fresh ERYs when introduced into
a stream of flowing, fresh ERYS, even after 5 weeks of storage. These studies will hopefully
inform and motivate future /n7 vivo studies using the CPD-N/AS-1N storage strategy.
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Figure 1.

Flow-induced release of ATP from ERYSs stored in various additive solutions and transferred
to various buffer systems prior to introduction to the fluidic device. The green bars,
representing our normoglycemic AS-1N transferred into a normoglycemic physiological
salt solution (PSSN) maintained ATP release levels above 200 nM throughout storage.
ERYs stored in AS-1 and moved to a hyperglycemic PSS (PSSH), represented by the gray
bars, released significantly less ATP than AS-1N stored ERYs and continued to decrease
throughout storage duration. AS-1 stored ERY's after transfer to PSSN (red bars), initially
released statistically equivalent amounts of ATP until day 8, after which the ERY's released
less ATP, eventually settling to a value that was statistically equal to the AS-1-PSSH system.
This data suggest that the FDA-approved AS-1 storage solution may be damaging to the
stored ERY's and that the damage is non-reversible after two weeks of storage. Error bars are
+SEM, n=6 for all, *p<0.05 to AS-1N-PSSN day 1.
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Figure 2:
3D-printed Cell Filter Device for ERY Deformability Measurements. A) The two 3D-printed

slabs with holes in the center for O-ring fittings, plus the addition of the 5 um polycarbonate
membrane. B) The two slabs and membrane are secured using binder clips on the four
wings. C) A view of the assembled device and experimental set-up. The sample is
introduced through the fitting in the top slab and forced through the membrane using a
peristaltic pump. Only cells with sufficient deformability will pass through the filter. The
cells are then counted with a hemocytometer. D) A schematic cross view of the filtration
process within the device. E) AS-1N-PSSN samples (green bars) possessed the highest
deformability and maintained a stable level throughout 36 days of storage. AS-1-PSSH
samples (light grey bars) showed the least deformability, which also decreased with time.
Deformability of ERYs in AS-1-PSSN samples (red bars) were able to completely recover
(day 8) to a normal level of deformability or were no longer able to recover (beyond day 12)
upon transfer to PSSN. Error bars are +SEM, n=3, *p<0.05 to AS-1N-PSSN day 1.
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Figure 3.

ERY release of ATP and relative deformability after addition of a C-peptide and Zn?*
rejuvenating solution. A) ERY-derived ATP was measured in a similar manner to that
described to obtain data in Figure 1; however, prior to flowing ERY's through the fluidic
device, all ERYs were incubated with various forms of PSS that contained C-peptide
and Zn2*. ATP release from ERYs stored in the AS-1N-PSSN environment (green bars)
increased to values above 300 nM and remained statistically equal to day 1 values
throughout the 36-day storage period. AS-1-PSSH samples (gray bars) did not respond
to C-peptide and Zn2*, showing a slight increase in day 1 values from similar samples in
Figure 1 but remaining well below the values from the AS-1N stored ERYs. ATP release
from AS-1-PSSN samples (red bars) was increased to 300 nM until day 5, after which
the values were significantly reduced. B) An almost identical trend was measured for
deformability of the ERY's stored in the same systems. Error bars are +SEM, n=6 for all,
*p<0.05 to AS-1N-PSSN day 1 of the respective graph.
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Figure 4.

ELISA determination of C-peptide uptake by stored ERY's transferred to various buffer
systems. A constant, ~2 pmol amount of C-peptide binding to ERY's was measured in the
AS-1N-PSSN system (green bars). C-peptide binding to ERYs in the AS-1-PSSH samples
(light grey bars) continued to decrease over time. C-peptide binding to ERYs in the AS-1-
PSSN samples (red bars) were statistically equal to the AS-1N system in the first 5 days and
partially reversed until day 12 but did not recover to bind equal amounts of C-peptide after
day 15. Error bars are +SEM, n=5, *p<0.05 to AS-1N-PSSN on day 1.
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Figureb.
Response of stored ERY's to B-cell-like secretions from rat INS-1 cells as determined by

ERY-derived ATP. AS-1N-PSSN samples (green bars) responded to p-cells in a manner
similar to the direct addition of exogenous C-peptide and Zn%*. ERYs stored in the AS-1-
PSSH solutions (gray bars) responded with significantly less release of ATP, suggesting less
binding of the C-peptide and Zn?* to these ERYs in hyperglycemic solutions. Response

of AS-1-PSSN samples (red bars) to secretions followed a similar pattern as data shown

in other figures; specifically, the high glucose levels in the AS-1 were overcome upon
addition to PSSN. However, beyond day 8 of storage in the AS-1, the ERYs were unable

to fully recover in the normoglycemic PSSN. Error bars are £SEM, n=3 for all, *p<0.05 to
AS-1N-PSSN day 1.
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Fresh ERY's were circulated through the fluidic device with a peristaltic pump containing a
unique mechanical screw valve on the top part of a Y-shaped connector at the device channel
entrance (see supplementary figure S5). This valve enabled an on-chip transfusion of stored
ERYs in AS-1N (green bars), fresh ERYs (gray bars), or ERYs stored in AS-1 (red bars)
into a stream of fresh ERY's that were collected just prior to experiment. Furthermore, in
(A) the ERY's were delivered through channels underneath membrane inserts containing the
INS-1 cells (thus, these ERY's were subjected to C-peptide and Zn?* secretions. The same
device had 3 other channels accepting similar ERY systems but without INS-1 cells (B).
ATP was measured downstream in separate transwell inserts. In (A), note the level of ATP
release (> 300 nM for the entire duration) for the ERY's stored in AS-1N and merged with
the fresh ERY's that were subjected to the INS-1 secretions. These values are statistically
equal to fresh ERY's merged with a separate stream of the same fresh ERY's each day of the
study. The AS-1 ERYs showed much less ATP release when merged with the fresh ERY's
throughout storage duration. A similar trend is shown in (B) for each storage set, although
the ATP release is lower, presumably from having no C-peptide/Zn2* secretions due to the
absence of the INS-1 cells. Error bars are +SEM, n=3 for all, *p<0.05 to AS-1N-PSSN day

1.
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ERY Storage Sample Conditions. The conditions of the solution that ERY's were stored in and the solution that

ERY's were added to post storage.

Table 1:

Name Storage Solution [Glucose] | Preparation

AS-I-PSSN 1111 mM ERYs stored in AS-I transfused into PSSN
AS-1-PSSH 111.1 mM ERYs stored in AS-I transfused into PSSH
AS-IN-PSSN | 55mM ERYs stored in AS-1N and transfused into PSSN
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