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ABSTRACT: Background: Exogenous insulin therapy requires -

stabilization of the insulin molecule, which is achieved through the

use of excipients (e.g, phenolic preservatives (PP)) that provide insuiin]

protein stability, sterility and prolong insulin shelf life. However, our Remove PP and evaluate

laboratory recently reported that PP, (e.g., m-creosol and phenol) are

also cytotoxic, inducing inflammation and fibrosis. Optimizing PP l l

levels through filtration would balance the need for insulin
preservation with PP-induced inflammation. Method: Zeolite Y (Z-
Y), a size-exclusion-based resin, was employed to remove PP from
commercial insulin formulations (Humalog) before infusion. Results: ~Protein stability and Tissue response post
S .. . . retention infusion

PP removal significantly decreased cell toxicity in vitro and

inflammation in vivo. Infusion site histological analysis after a 3 day

study demonstrated that leukocyte accumulation increased with nonfiltered preparations but decreased after filtration. Additional
studies demonstrated that a Z-Y fabricated filter effectively removed excess PP such that the filtered insulin solution achieved
equivalent glycemic control in diabetic mice when compared to nonfiltered insulin. Conclusion: This approach represents the proof
of concept that using Z-Y for in-line PP removal assists in lowering inflammation at the site of insulin infusion and thus could lead to
extending the functional lifespan of insulin infusion sets in vivo.
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D iabetes mellitus (DM) should be considered a domestic effect of insulin on adipose tissue is appreciated,"®"’
epidemic in that cases will increase by 54% from investigations are warranted for the role of phenolic
approximately 35 million people today to nearly 55 million preservatives on fatty tissue and LH occurrence.

people by decade’s end." Globally, DM is predicted to affect Significant progress in SIA and CSII technology has been
more than 642 million people in this same interval." Currently, realized over the past two decades.”’’ *° I-Port Advance, as
the American Diabetes Association estimates that 7.5 million distributed by Medtronic, allows for repeated injections into
Americans are insulin-dependent and thus require frequent the same port without the need for repetitive skin punctures.
subcutaneous insulin administration (SIA) for glycemic Emerging new technology in insulin delivery, such as
control. Insulin usage site effects are common and can include distribution by Omnipod, or those in development (e.g.
skin irritation, inflammation, and scarring as a consequence of Tandem mini pump and EoPatch), are tubeless insulin pump

skin puncture and subsequent SIA and continuous subcuta-
neous insulin infusion (CSII).>”® While tissue site reactions
are undoubtedly a limitation for many insulin users, they can
be minimized when adhering to ADA guidelines on utilizing a
stringent device site rotation regiment across multiple skin sites
9—11 1.

(e.g., buttocks, abdomen, and arms). Lipohypertrophy
(LH), an accumulation of excess adipose tissue under the skin,
remains a common complication in the insulin-treated diabetes
patient and is associated with an impaired absorption of
. . 12—15 . . . C .

insulin. Poor injection technique as it relates to injection
site rotation,® injection angle,17 and repeated needle use are
believed to be causative variables.'” Although the anabolic

systems which utilize sophisticated algorithms for precise
insulin delivery. Insulin infusion pumps combined with new
continuous glucose-sensing devices used in a closed-loop
artificial pancreas have shown a greater duration of
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euglycemia.”” Notwithstanding these advances, only a minority
of insulin-dependent diabetes patients achieve optimal glucose
control.”**” Currently, only rapid- or short-acting insulin
formulations are utilized in infusion pumps.>***" All insulin
formulations contain significant amounts (2.3—3.2 mg/mL) of
phenolic preservatives (PP), namely, phenol and/or m-cresol,
which are necessary in insulin formulations to stabilize insulin,
allow for an extended shelf life, and provide sterility to the
formulation.””*® Weber et al. reported that phenol and m-
cresol induce cell death in vitro.”* Both compounds manifested
cytotoxicity at levels significantly less than employed in current
clinical applications.”* Subsequently, our laboratory demon-
strated by using our murine air-pouch model that leukocytes,
specifically neutrophils and monocytes/macrophages, serve a
critical role in the tissue reactions observed at the sites of
insulin and PP infusion.” Specifically, PP-containing infusions
showed significant increases in total inflammatory cell influx,
3-S5 times that of saline.”® This data supports the hypothesis
that PP induces a profound acute inflammatory response in
vivo, which could compromise maintaining euglycemia and
cause permanent destruction of the infusion site (i.e., fibrosis).
Noticeably, investigating methodologies that would attenuate
the inflammatory response could potentially extend the useful
lifespan of CSII devices. It is well-established that removal of
PP from the insulin solution can lead to protein aggrega-
tion.>>3¥3%37 Thus, we further hypothesize that development
of real-time in-line devices that can remove PP immediately
prior to insulin infusion in vivo would maintain insulin stability
during storage while minimizing PP toxicity and inflammation
during infusion, thus ensuring effective blood glucose control
in vivo. Despite convincing data demonstrating the chemo-
toxicity of PP used in insulin formulations,”*** Swinney et al.
recently reported that insulin itself and not the insulin phenolic
preservatives are resE?onsible for inflammation at the site of
infusion pump sets.”” In these studies, regular insulin with and
without 2.5 mg/mL m-cresol was infused into subcutaneous
swine tissue for up to 10 days. Subsequently, the tissue
responses to these agents were compared. The authors
concluded that since similar tissue reactions were observed at
10 days post-infusion that insulin itself was causative. However,
this study did not consider confounding variables. Specifically,
these authors did not investigate infusing the preservative
alone, did not evaluate the tissue reaction at an early time with
comprehensive tissue analyses, and omitted assessing for
possible insulin aggregation without the presence of PP.
Specifically, the formation of insulin aggregates will most likely
exacerbate the tissue reaction at the infusion site.””~*" Current
challenges to extending the lifespan of infusion pump sets
involve surmounting the foreign body reaction (FBR). FBR is
an inflammatory response stimulated by the host’s immune
response to an external irritant. Cumulatively, the catheter
material, shape, size, insulin aggregates/amyloids, and the
infused preservative in an insulin formulation could all
contribute to the FBR. Other challenges include the exposed
wound, the catheter insertion device, the catheter’s needle, and
perhaps the catheter insertion angle.*”~** FBR at an insulin
device location cumulatively contributes to local skin irritation
due to leukocyte recruitment and activation of the inflamma-
tory cascade. Independent of the initiating source(s) of
inflammatory cell recruitment, accumulation of leukocytes
and associated proteases at insulin infusion sites could lead to
increased insulin uptake and/or insulin degradation by
inflammatory cells leading to an exacerbation of the
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inflammatory response and ultimately altering insulin absorp-
tion and blood glucose control. Identifying the targets
triggering inflammation is critical to extending the longevity
of insulin infusion sets. We opine that there are several major
obstacles in achieving infusion set longevity with one being the
chemotoxicity of the insulin solution containing PP.**** Thus,
our present study assessed the role of PP in the initiation of an
inflammatory response. Consequently, our emphasis was
directed at identifying strategies and prototype devices for
PP removal immediately prior to tissue site infusion. Our study
was designed to determine if reduced PP in insulin infusion is
beneficial to minimizing tissue toxicity and inflammation, while
maintaining insulin protein stability and activity.

Thus, this study endeavored to identify a mechanism for PP
removal to minimize inflammation while maintaining protein
stability and activity. We developed an efficient method of
excipient removal by filtration immediately before insulin
infusion using zeolites, based on previous studies by
Eriksson.*® Zeolites are a type of porous aluminosilicate used
commercially for their adsorptive and catalytic capabilities.
Zeolites are utilized in numerous applications ranging from
petrochemical processing to medical devices for concentrating
oxygen.46_48 The porous structure of zeolite makes it an ideal
filter material for size-exclusion filtration by trapping small
components in the pores and allowing larger components to
pass. Specifically, this study investigated the filtration efficiency
of two types of zeolite, mordenite and zeolite Y, with further
validation to determine protein adsorption in filtration
materials and spectroscopic analysis monitoring protein
structure. This investigation also evaluated the effects of
filtration on insulin in vivo using a modified murine air-pouch
model, which delivers a predictable infusion site permitting the
evaluation of insulin absorption and activity.

B MATERIALS AND METHODS

Cell Types Used for In Vitro Studies. Macrophage cells
(RAW 264.7; mouse), embryonic fibroblasts (3T3-L1;
mouse), and fat cells were derived from embryonic fibroblasts
(3T3-L1; mouse) using methylisobutylxanthine, dexametha-
sone, and an “insulin cocktail” as described by Madsen et al.*’
Murine bone-marrow-derived mast cells (BMMC) were
isolated and derived from CS7BL/6j mice (Jackson Labo-
ratory, Bar Harbor, ME) as previously described by Klueh et
al.®® THP-1 human monocytes cell lines (ATCC TIB-202)
were obtained from ATCC Bioproducts (Manassas, VA).
Human mast cells (HMC-1.2) were acquired from Millipore
(Burlington, MA). All cell lines were cultured according to
suppliers’ instructions.

Peripheral Blood Mononuclear Cells Isolation. Human
peripheral blood mononuclear cells (PBMC) were isolated
from heparinized blood obtained from healthy donors via
informed consent following the manufacturer’s Histopaque-
1077 (Sigma-Aldrich, St. Louis, MO) protocol and Wayne
State University Institutional Review Board (IRB) regulations.
Briefly, heparinized blood was diluted at a ratio of 1:1 with
Histopaque-1077 and gently mixed prior to centrifugation at
400g for 30 min at room temperature. Next, the PBMC-
containing middle layer was removed and suspended using
PBS. Cells were centrifuged at 250g for 10 min prior to plating
the cells at a concentration of 2.5 X 10° cells/plate in a 48-well
plate for use in MTT cytotoxicity assay.

In Vitro Cytotoxicity Assay. Metabolic cytotoxicity was
measured via MTT assay (ATCC bioproducts Manassas, VA)
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Figure 1. Mouse infusion setup: air-pouch infusion set up. (a) Air pouch prior to catheter insertion. (b) Air pouch with catheter. (c) Overview of
our infusion setup including pump and integral swivel component. (d) Close up of in-line zeolite filter.

according to the manufacturer guidelines. Briefly, plated cells
were incubated overnight in 250 uL of respective culture
medium containing 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin, without phenol red. Sterile diluent
(Eli Lilly, Indianapolis, IN) with phenol and m-cresol
concentrations of 0.65 and 1.60 mg/mL, respectively, and
Humalog (Eli Lilly) were added at a serial dilution of 1:3.
Following an incubation period of 1 or 3 days, the MTT
reagent was added to the cells and incubated for a minimum of
1 h. Following incubation, supernatant was removed and
replaced with dimethyl sulfoxide (Thermo Fisher, Waltham,
MA) to dissolve the MTT reagent. Aliquots from each well
were plated in a 96-well plate in duplicates and read at
absorbance of 570 nm for analysis.

Zeolite Preparation. Zeolite preparation was modified
from the protocol outlined by Eriksson.* Briefly, zeolite Y and
mordenite (Tosoh Corporation, Tokyo, Japan) were heated at
250 °C for 30 min prior to dextran coating (MW 40 000; Alfa
Aesar, Ward Hill, MA) to ensure pyrogen free compounds. To
achieve proper dextran coating, dextran and zeolite Y were
mixed 20:1 in PBS, respectively, and subsequently incubated at
room temperature and 60 rpm for a minimum of 20 min. Next,
the solution was centrifuged at 500g for 6 min, and the
precipitate was washed with PBS. This step was repeated five
times prior to resuspension in distilled water and drying
overnight at 60 °C.

Phenolic Preservative Filtration. For filtration in vitro,
20 mg of zeolite was used to filter 1 mL of diluent or Humalog
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insulin using a 1 mL syringe and a 0.2 um syringe filter.
Diluent is commercially available from Eli Lilly and was used in
our studies representing insulin preservatives.”> Diluent has a
combined PP concentration of 2.25 mg/mL with 1.60 mg/mL
m-cresol and 0.65 mg/mL phenol. In vivo insulin infusion for
mouse studies was performed with an in-line lab-made filter
system. Components included a 0.2 ym syringe filter, a male
luer adapter, and two 25 g blunt-tip needles. Zeolite (20 mg)
was loaded into the syringe filter and luer-locked to the male
luer adapter (depicted in Figure 1d).

Zeolite Adsorption Analysis Using HPLC. Adsorption
measurements were derived from the protocol outlined by
Eriksson with modifications.*® Stock solutions of 3.5 mg/mL
m-cresol and 2.0 mg/mL phenol (Fisher, Hanover Park, IL)
were added to increasing amounts of zeolite (5S—80 mg/mL)
and vortexed for at least 15 s. Zeolite aliquots were separated
from the solution through centrifugation at 4000 rpm for S
min. Following centrifugation equal amounts of MeOH for
HPLC analysis were added. HPLC was performed to
determine phenolic adsorption and insulin retention. Phenolic
adsorption was measured with a Waters 2685/996 PDA series
HPLC system with a SynChropack C18 column (5 um, 4.6
mm X 250 mm). The mobile phase flow rate was set to 1 mL/
min. For each sample, 10 uL was injected by an autosampler.
Mobile phase A utilized water containing 0.1% formic acid,
whereas phase B employed methanol (MeOH). Solvent
starting conditions were 0—1.5 min at 50% A and 50% B.
After 1.5 min, the conditions were 30% A and 70% B for 6.5
min. The detection wavelength was 272.4 nm as determined
from previous trial runs of analytes. m-Cresol and phenol
standards for HPLC were purchased from SPEX CertiPrep
(Metuchen, NJ) for calibration. Calibration equations were
generated using linear regression. Eight samples of each m-
cresol and phenol at 1 ppm were used to evaluate limits of
detection (LOD). On the basis of ICH guidelines, LOD was
determined by the mean area of the signal plus 3 standard
deviations over the slope of the calibration line, whereas the
limit of quantification (LOQ) was determined by the mean of
the signal area plus 10 standard deviations over the slope of
calibration line.”' When plotted against the calibration curve,
the LOQ was 2.7 ppm. Protein adsorption following filtration
was determined (20 mg of zeolite/1 mL of Humalog) using a
Waters 125 A X-bridge SEC column pre-equilibrated with
mobile phase (10 mM TRIS HCl, 140 mM NaCl, pH 7.5.
degassed and 0.2 uM filtered) set to 1 mL/min.”* Absorbance
was measured at 215 nm, and spectra were collected on 3
independent samples.

Pressure Measurement of In-Line Zeolite Filters.
Pressure changes in-line were measured using a PressureMAT
pressure monitoring system and PRESS-S-000 pressure sensor
(Pendotech, Princeton, NJ), used in conjunction with an
Animas OneTouch Ping (West Chester, PA) and in-house in-
line zeolite filters (Figure 1 d). Testing was carried out at basal
infusion rate of 0.5 U/h.

Circular Dichroism of Humalog Protein. Circular
dichroism (CD) was used to characterize the secondary
structure and oligomeric state of Humalog because of filtration
through the dextran-coated zeolite. An average of 10 scans
were collected from 3 different lots of Humalog. Data was
collected on a Jasco 1500 CD spectrophotometer under
nitrogen from 400—250 nm at 50 nm/min in a 1 mm quartz
cuvette (near-UV) and 250—200 at 20 nm/min in a 0.01 mm
quartz cuvette (far-UV). Scans were accumulated and buffer-
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subtracted to reduce the signal-to-noise ratio. Excipients in
Humalog contributed to noise in the 265—285 nm region
despite background subtraction. Data presented below
represent the average of all samples and scans (error bars are
not presented for clarity). Humalog protein was scanned first,
then filtered through Z-Y and scanned immediately after.

Mice. Hsd:ICR (CD-1) mice were purchased from Envigo
(Somerset, NJ) or maintained at in-house facilities. Mice used
in these studies had an average weight between 30—40 g. All
studies were conducted with approval from the institutional
animal care and use committee (IACUC) at Wayne State
University.

Streptozotocin Induction of Diabetes in CD-1 Mice.
Diabetes was induced following the protocol developed by Wu
et al>® Briefly, male mice received daily intraperitoneal
injections of streptozotocin (STZ) (50 mg STZ/kg body
weight) for S days (Sigma-Aldrich, St. Louis, MO). STZ was
prepared by dissolving S0 mg of STZ in 100 mM sodium
citrate buffer (pH 4.5) and immediately injected following the
preparation. Blood glucose levels were monitored at least twice
weekly following STZ treatment using a Bayer Contour Next
EZ Meter (Ascensia Diabetes Care, Parsippany, NJ). Mice with
a blood glucose level above 250 mg/dL for two sequential
blood glucose tests were designated as diabetic.

Murine Air-Pouch Model and Infusion Systems. The
classic murine air-pouch model was adapted to evaluate the
tissue response to infused agents.”® Briefly, a total of 3 mL of
filtered air (Millipore, 0.22 um) was injected subcutaneously
(s.c.) into the shaved back of female CD-1 mice and male
STZ-induced diabetic mice, creating a sustained compartment
(pouch) (Figure 1 a). Following air-pouch generation, infusion
set cannulas are implanted into the air pouch while mice were
anesthetized (Animas Inset 30 Infusion System, ADW
Diabetes, Pompano Beach, FL) (Figure 1 b). An infusion
rate of 50 yL/h was maintained continuously for the duration
of each study utilizing infusion-only pumps obtained from
Harvard Apparatus (Holliston, MA), and 1000 series gastight
infusion syringes were obtained from Fisher Scientific
(Waltham, MA) (Figure 1c). In-line zeolite filters were utilized
to remove excipients from the insulin just prior to infusion
(Figure 1d). Saline, diluent (sterile diluent for Humalog, Eli
Lilly & Co., Indianapolis, IN), and Humalog insulin were
infused at a continuous rate of S0 yL/hour for 3 days in STZ-
induced diabetic mice. The continuous rate was based on a
delivery rate of 25 uL/h, which approximates an average 60 U
per day including insulin boluses.”* This infusion rate was
doubled to account for additional surface area in the air-pouch
model. Humalog U100 was diluted in sterile diluent from Eli
Lilly. The concentration of the Humalog was varied between
0.25-2 U/100 pL depending on the diabetic mice blood
glucose (BG) levels to maintain blood glucose levels as close to
euglycemia as possible. BG levels were monitored using a
Bayer Contour Next EZ Meter (Ascensia Diabetes Care,
Parsippany, NJ).

Leukocyte Isolation from Air Pouch. Mice were
sacrificed 72 h after the infusion’s initiation. The air pouch
was lavaged using 10 mL of 0.9% saline (Baxter, Deerfield, IL)
for cell fluid collection. The collected cell fluid was centrifuged
at 1000 rpm for 5 min. The cells were washed twice with 10
mL of a 2% fetal bovine serum (Atlanta Biologicals, Flowery
Branch, GA) in phosphate-buffered saline (Fisher Scientific,
Waltham, MA)).

https://doi.org/10.1021/acsptsci.1c00047
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Figure 2. Zeolite filtration of phenols: (a and b) Evaluation of both Z-Y and mordenite show that both types of zeolite are capable of filtering m-
cresol and phenol from solutions containing either m-cresol or phenol (n = 2, triplicate measurements). Z-Y shows a higher overall affinity for m-
cresol and phenol than does mordenite at all concentrations (error bars too small to display. All SD < 1%). (c) Z-Y coated with dextran showed
negligible amounts of insulin adsorption to the material. Error values represent standard deviation (n = 3, triplicate measurements).

Flow Assisted Cell Sorting (FACS) Analysis. Air-pouch
leukocyte populations were identified through flow cytometry,
as previously conducted in our laboratory.” FACS analyses
were performed on a BD LSR II utilizing the services of the
microscopy, imaging, and cytometry core laboratory (MICR),
at Wayne State University, Detroit, MI, and data were analyzed
with FlowJo software (FlowJo, LLC).

Histological Evaluation. To evaluate tissue responses in
each respective animal model after infusions, qualitative
histopathologic evaluation was performed.”> Mouse tissue
was evaluated 3 days post-infusion. Mice were euthanized, the
air pouch was lavaged, and the tissue was removed and fixed in
10% buffered formalin (VWR, Radnor, PA) for 24 h, followed
by standard tissue preparatory steps, embedded in paraffin, and
sectioned.”® Tissue samples were cut into 5 ym sections and
stained using standard hematoxylin and eosin stain (H&E) as
well as anti-mouse CD31 (Abcam, cat: ab28364) and anti-
mouse F4/80 (Fisher Scientific, cat: MF48000) antibody
stains. Tissue samples were cut into S ym sections and H&E
stained. Tissue samples were evaluated using a Nikon
microscope and imaging system.

Statistical Analysis. All analyses were conducted using
SAS version 9.4 (SAS, Inc., Cary, NC). A two-tailed t-test was
performed to assess for statistical significance at an alpha of
0.0S. In vitro data sets were analyzed by two-way ANOVA for
multiple comparisons. Following FACS staining and analysis of
the cell populations, a one-way ANOVA test was employed to
assess for statistical significance at an alpha of 0.0S. Pairwise

comparisons were further performed with a Tukey adjustment.
All cell numbers are displayed as boxplots, which were
generated by R 3.6.2 software.

B RESULTS

Zeolite Filtration of Commercial Insulin. The porous
structure of zeolite allows it to function as a molecular sieve,
which can remove excipients from insulin formulations, while
permitting insulin passage. The two types of zeolites evaluated
were Z-Y and Mordenite. While both are aluminosilicates, they
have their own unique properties.*® Each type of aluminosi-
licate is capable of binding both phenol and m-cresol (Figure
2). However, Z-Y demonstrated a greater overall adsorption
for both m-cresol and phenol when compared to that of
mordenite (Figure 2ab). These results are consistent with
prior reports and are likely due to the 3D pore structure of Z-Y
as opposed to the 2D structure found in mordenite.”® Z-Y did
not absorb insulin, as demonstrated from HPLC analysis
following Z-Y passage (97.8% =+ 0.6) (Figure 2c) while
providing minimal removal of zinc (Figure S1). Therefore, Z-Y
was chosen as the zeolite agent for subsequent in vitro and in
vivo studies. In-line pressure tests revealed that pressure was
directly proportional to the amount of Z-Y (Figure S2). Z-Y
amounts of 40 mg or greater induced pressures at or greater
than 80 psi, which were sufficient to trigger occlusion pump
errors.

Cytotoxicity of Commercial Insulin and Diluents In
Vitro: Human and Mouse Cell Lines. Mouse and human
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Figure 3. Human cell exposure: Saline (A), diluent (M), insulin (@), zeolite-filtered diluent (), and zeolite-filtered insulin (V). Z-Y at a
concentration of 20 mg/mL used to filter Humalog U-100 diluent and Humalog U-100 Insulin showed significant differences in cell viability a high
concentration of both insulin and diluent when peripheral blood mononuclear cells (PBMC) (a and b), human mast cells (HMC-1) (c and d), and
human monocytes (THP-1) (e and f) were exposed for 24 and 72 h. Error bars represent standard deviation (n = 3, triplicate measurements).
Diluent contains lower total PP than Humalog (2.25 and 3.15 mg/mL, respectively).

primary cells and cell lines were utilized to determine which
cell types are susceptible to m-cresol and phenol cytotoxicity
and to assess the effect of Z-Y filtration on cellular cytotoxicity
(e.g, Z-Y leaching). To distinguish between insulin and
excipient-derived cytotoxicity, Eli Lilly diluent containing 2.25
mg/mL m-cresol/phenol (no insulin protein) was adminis-
tered. In vitro studies depicted in Figures 3 and 4 demonstrate
that Z-Y filtration of both m-cresol and phenol from Humalog
mitigated the cytotoxic effects of these excipients. Different
primary cells and cell lines in both the human and mouse
categories all manifested similar reactivity to m-cresol and
phenol, which emphasizes the nonspecific cytotoxicity of these
two compounds in vitro. A significant decrease in cell viability
in 3T3-L1 cell lines was noted at a 1:6 dilution, which equates
to an m-cresol/phenol concentration of 0.53 mg/mL in insulin
samples and 0.27 mg/mL in diluent samples (p < 0.0S).
Significance across all other mouse cell lines is apparent at the
1:12 dilution, or 0.27 mg/mL of m-cresol/phenol in insulin
samples and 0.13 mg/mL in diluent samples (p < 0.05) (Table
S1). A decrease in cell viability for human PBMCs was noted at
a 1:6 dilution, while HMC-1 and THP-1 cells showed
decreases in viability at lower concentrations of 1:12 and
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1:24 dilution respectively (p < 0.05) (Table S2). Data sets for
1 and 3 days for each respective cell line demonstrate minimal
changes in cell viability implying that viability is diminished
within the first 24 h of exposure. On the basis of in vitro
findings, it was anticipated that a reduction of m-cresol and
phenol by >80% during infusion would improve adverse tissue
reaction during infusion.

Mouse Air-Pouch Model. Leukocyte influx and tissue
reaction to infused saline (S), diluent (D), insulin (I), and Z-Y-
filtered diluent/insulin (ZD and ZI) were assessed in the
murine air-pouch model. In vivo experiments demonstrated a
significant decrease in inflammatory cells when Humalog U-
100 insulin and diluent were passed through the Z-Y filter
(Figure S). These results were analyzed using flow cytometry
FACS analysis. FACS results yielded quantitative values for
each inflammatory cell population present in the air pouch at
the time of lavage and tissue harvest.

There was a decrease in total cell accumulation in the S, ZD,
and ZI infusions compared to those in D and I infusions at 3
days (p < 0.01, Table 1b). No statistical differences were seen
between the D- and I-infused groups (Table 1b). Cellular
subgroup analysis for each infusion state was also analyzed. A
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Figure 4. Mouse cell exposure: Saline (A), diluent (M), insulin (@), zeolite-filtered diluent, () zeolite-filtered insulin (V). Zeolite Y at a
concentration of 20 mg/mL used to filter Humalog U-100 diluent and Humalog U-100 insulin showed significant differences in cell viability a high
concentration of both insulin and diluent when RAW macrophages (a and b), mouse fibroblast (3T3-L1) (c and d), mouse fat cells (3T3-L1
derived) (e and f), and BMMC (g and h) were exposed for 24 and 72 h. Error bars represent standard deviation (n = 3, triplicate measurements).
Diluent contains lower total PP than Humalog (2.25 and 3.15 mg/mL, respectively).

one-way ANOVA demonstrated that there was no statistical
difference in neutrophils in the S-infused STZ-induced diabetic
mice when compared to either the D- or I-infused mice (p >
0.0S, Table 1d). Tukey’s post hoc analysis revealed significance
in the ZD and ZI groups when compared to the D-infused
group but not the I-infused group (p < 0.05, Table 1d).
Macrophage/monocyte data demonstrated statistical signifi-
cance in the S, ZD, and ZI infusions compared to that in the D
and I infusions at 3 days, similar to the total cell data (p < 0.0,
Table 1f). Lymphocyte data manifested a decrease in the S,
ZD, and ZI groups when compared to the I-infused group (p <
0.01) but not the D-infused group (p > 0.05) (Table 1h).
Qualitative Evaluation of Postlavage Air-Pouch
Tissue for Histopathology before and after Z-Y Treat-
ment of Commercial Insulin and Diluent In Vivo. H&E,
F4/80, and CD31 staining assessed the inflammatory cell
accumulation in the air pouch postinfusion, as well as
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vascularization of the infusion site. Histological analysis
revealed a reduction in inflammatory cell recruitment and a
reduction in neovascularization in the Z-Y-filtered insulin
compared to Humalog U-100 (Figure 5). The most significant
accumulation of inflammatory cells was predominately macro-
phages as confirmed using F4/80 immunohistochemistry.
Analysis of macrophage distribution demonstrated limited
numbers of macrophages present for saline, Z-Y-filtered
diluent, and Z-Y-filtered insulin infusions (Figure 6a,bk,n).
Diluent and insulin infusions showed significant accumulation
of macrophages at the air pouch interface (Figure 6eh).
Neutrophils and macrophages were both present at the air-
pouch interface, whereas macrophages were the predominant
cell in the surrounding tissue. Analysis of blood vessel
distribution demonstrated limited neovascularization present
for saline, Z-Y-filtered diluent, and Z-Y-filtered insulin
infusions (Figure 6¢)l,0). Diluent and insulin infusions showed
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Figure S. FACS: Cell counts via flow cytometry (FACS) analysis give quantifiable differences in the amounts of inflammatory cells present in each
infusion scenario. (a) Total leukocyte counts, (b) neutrophil counts, (c) macrophage/monocyte counts, and (d) lymphocyte counts. Cell
populations from saline (n = 7), filtered diluent (n = 7), and filtered insulin (n = 6) show decreased cell counts in relation to diluent (n = 7) and

insulin (n = 6) in all cases.

significant vascularization in the tissue surrounding the air
pouch, providing more opportunity for inflammatory cell
infiltration (Figure 6fi). Moreover, the tissue reaction to
infused Z-Y-filtered diluent and insulin were equivalent or less
than the saline infusion, implying that Z-Y-filtered insulin
alleviates the observed inflammatory response from insulin due
to lack of m-cresol/phenol.

Insulin Stability In Vitro. Crystallographic data demon-
strates that PP stabilizes the insulin hexamer and, in part,
prevents insulin degradation.’® While an efficient mechanism
for removal has been demonstrated, this must be balanced
against protein stability. CD was used to characterize the
secondary structure and oligomeric state of Humalog because
of filtration through dextran-coated Z-Y. CD spectroscopy is
beneficial for protein analysis as it is a nondestructive
technique performed in the same pharmaceutical solution for
drug delivery. An excess of Z-Y was used for filtration of
Humalog for complete removal of m-cresol/phenol. Humalog
protein was scanned first, then filtered through Z-Y, and
scanned immediately after. The R6 hexamer of fast-actin
insulin is evident by a negative feature around 260—250 nm.”
Humalog in its commercially available form shows a negative
feature in this region, which is lost after passing through the Z-
Y filter (Figure 7 a). To determine changes in the protein’s
secondary structure, far-UV CD was utilized. Secondary
structure spectra for Humalog and Z-Y-filtered Humalog are
shown in Figure 7b. The difference between the « helix (208
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and 222 nm) peaks are <1.5 mdeg, suggesting that removal of
PP does not significantly alter the secondary structure of
Humalog protein and that it is expected to retain its activity.
To confirm insulin activity of Z-Y-filtered insulin, STZ-induced
diabetic mice blood glucose averages (Figure 8, NS between
Humalog and ZF-Humalog) were observed following admin-
istration of Humalog and ZF-Humalog during infusion over 3
days. Average blood glucose levels were maintained with no
significant difference in total units of Humalog and Z-Y-
Humalog. These data demonstrate that blood glucose levels
were equally maintained over 72 h between Humalog and Z-Y-
Humalog.

B DISCUSSION

Infusion set failure and underlying tissue damage caused by PP
could impede the progress of CSII technology.”*** Limited
wear time accompanied by infusion site rotation are the
current solutions to minimize tissue damage and maintain
infusion site integrity over time.” These practices, while
ultimately beneficial, will not allow for insulin infusion sets to
perform beyond a few days. The removal of PP prior to
infusion into the skin and its immediate effects on insulin
protein stability in regard to insulin dwell time postfiltration
are still under investigation. In our mouse studies, the dwell
time is less than 1 h given the placement of the filtration
apparatus (Figure 1). Nevertheless, infusion set length used in
clinical settings are up to 43 in., which could result in a dwell
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Table 1. Statistical Analysis of Total Cell Data from the Mouse Air-Pouch Model”

a. Total Leukocyte Count (X 1000)

3 days
mouse status n mean standard deviation
S 7 48.6 7.2
D 7 269.9 173.8
diabetic I 6 298.7 1782
ZD 7 19.1 14.1
Z1 6 41.2 23.8
b. Post Hoc Multiple Comparisons (Tukey-Adjusted)
p-value D ZD I Z1
S <0.01 NS <0.01 NS
diabetic 3 days <001 NS <001
7D <0.001 NS
1 <0.01
c. Neutrophil Count (X 1000)
3 days
mouse status n mean standard deviation
N 7 36.9 6.6
D 7 164.5 170.5
diabetic I 6 114.6 77.7
ZD 7 6.6 4.0
Z1 6 20.6 19.1
d. Post Hoc Multiple Comparisons (Tukey-Adjusted)
p-value D 7D I 71
S NS NS NS NS
diabetic 3 days <0.08 NS <0.05
ZD NS NS
1 NS
e. Macrophage/Monocyte Count (X 1000)
3 days
mouse status n mean standard deviation
S 7 10.1 43
diabetic D 7 95.6 46.5
1 6 168.8 96.2

e. Macrophage/Monocyte Count (X 1000)

3 days
mouse status n mean standard deviation
7D 7 9.9 11.5
Z1 [ 18.7 112
f. Post Hoc Multiple Comparisons (Tukey-Adjusted)
p-value D 7D I Z1
N <0.05 NS <.0001 NS
diabetic 3 days <005 NS <005
ZD <.0001 NS
I <.0001
g. Lymphocyte Count (X 1000)
3 days
mouse status n mean standard deviation
S 7 1.4 1.1
D 7 8.1 6.4
diabetic I 6 14.0 8.9
7D 7 2.6 3.1
71 6 1.9 1.6
h. Post Hoc Multiple Comparisons (Tukey-Adjusted)
p-value D ZD I Z1
N NS NS 0.001 NS
diabetic 3 days NS NS NS
7D <0.01 NS
I <0.01

“Data represent n-value, mean, and standard deviation followed by
statistical analysis for total leukocyte (a, b), neutrophil (c, d),
macrophage/monocyte (e, f), and lymphocyte (g, h) recruitment
following infusion of saline (S), diluent (D), insulin (I), zeolite-
filtered insulin (ZI), and zeolite-filtered diluent (ZD) for 3 days in
diabetic mice. For total cells and macrophages, there was a significant
difference between zeolite-filtered and non-filtered insulin and diluent,
suggesting that the removal of m-cresol and phenol reduced the total
inflammatory response at the site of infusion.

time of 4 h at an infusion rate of 0.5 U/h>* Additionally,
occlusion of the cannula tip has been reported after extended
insulin infusion usage.30’56’57 Therefore, it warrants further
investigation if cannula tip occlusions are associated with
insulin-preservative-induced inflammation. Nevertheless, the
effects of PP removal on the infusion site demonstrate the
possibilities of extending the useful lifespan of CSIL In the
present study, we demonstrated that zeolite Y filtration
effectively removes cytotoxic m-cresol and phenol excipients
from standard insulin formulations. The resultant degree of
tissue inflammation was comparable to that observed with
saline injections. Thus, excipient removal has the potential to
extend the longevity of insulin infusion sets by mitigating the
inflammatory response. Nonetheless, as demonstrated in
Figure 2, Z-Y is only capable of removing 87% of phenol
and 97% of m-cresol at the highest Z-Y concentration assessed
(80 mg/mL). Figure 2c demonstrated Z-Y coated with dextran
showed negligible amounts of insulin adsorption for the tested
parameters (20 mg zeolite:1 mL Humalog). Nevertheless, it
might be possible that insulin adsorption will vary depending
on the zeolite insulin ratio utilized. Even without 100%
removal, in vitro data demonstrates that excipient toxicity is
diminished after a 1:12 dilution (~83%) (Figures 3 and 4),
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indicating that cytotoxicity is negligible when most PP are
removed from insulin formulations. In vivo data (Figures S and
6) further elucidate the effects of PP removal. With a
statistically significant reduction in total inflammatory cells,
and specifically in macrophage populations (Table 1), in-line
filtration of PP resulted in an overall reduced inflammatory
response. It was also noted that wound healing responses, such
as increased vascularization, were seemingly reduced after
removal of PP. These effects could result in reduced irritation
that would extend the useful lifespan of infusion sets beyond 3
days.

Despite these in vitro and in vivo data, complete removal of
m-cresol/phenol at the manufacturer is not a viable solution as
these compounds are required for insulin protein stabilization
and as an antimicrobial agent.””>® We observed a loss in
hexameric structure with m-cresol/phenol removal (Figure 7)
despite the retention of zinc in the formulation (Figure S2).
The hexameric state is used to stabilize the protein as the
monomer can degrade or form large oligomers predominated
by a stacked f-sheet structure known as amyloid fibrils.”**’
Insulin fibrils have demonstrated inflammatory effects which
further reduce insulin efficacy.’" Despite the changes in
overall oligomeric state, we did not observe significant
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differences in the secondary structure analysis following Z-Y
filtration. Near-UV CD has been used to examine tertiary
structure of insulin with and without PP.° Size-exclusion
HPLC or mass spectrometry is typically used to determine
either the presence or absence of oligorneriza.tion.g’2 However,
CD allows for protein analysis in PP solution which otherwise
complicates HPLC absorbance due to the presence of
aromatics. Most importantly, our CD data revealed no
observable increase in characteristic f-sheet wavelengths,59
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suggesting the filtration does not immediately produce
significant amounts of insulin fibril. Furthermore, the
dissociation from hexamer to monomer, which we demon-
strated to occur postfiltration, is a key step in insulin
absorption.’”®" It is possible that certain pharmacokinetic
parameters, T, may decrease and align more closely with
endogenous insulin absorption.”” Other considerations are
dwell time for infusion sets, which vary based on tubing length
and infusion rate. Considering a basal infusion rate of 0.5 U/h
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and a 43 in. tubing set, the maximum dwell time would be up
to 4 h from insulin reservoir to delivery.”* Previous studies in
vitro have not shown fibrillation or degradation occurring at 4
h.33%6%%* However, it remains to be determined how
exposure to tubing and filter conditions will impact protein
stability without PP over time.

Notwithstanding these conformational changes, we tested
insulin activity following Z-Y filtration by infusion in
chemically induced diabetic mice. Our in wvivo results
demonstrate that average blood glucose levels are equally
maintained for Humalog compared to ZF-Humalog (Figure 8).
To overcome protein stability challenges, we used an in-line
filtration approach, wherein Humalog was passed through
standard infusion tubing with Z-Y and a sterile filter built in as
depicted in Figure 1d. By having the filter in line, this reduces
the total dwell time of filtered Humalog in the tubing. Long-
term exposure to tubing conditions could contribute to protein
fibril formation or degradation. However, to translate this
approach into clinical practice, further investigations into the
stability and lifespan of filtered protein are warranted. Patients
wearing infusion pumps could expose their insulin to a variety
of conditions which could promote insulin protein aggregation,
(e.g, fibril formation), through increased heat or agitation.**®*
Therefore, an in-depth biochemical and in vivo activity analysis
should be performed longitudinally to measure insulin fibril
formation and a possible loss of biochemical protein activity at
clinically relevant time points and exposure conditions
postfiltration. Murine models provide the foundation to
address mechanistic questions at the molecular level. Never-
theless, limitations of murine subdermal implant models are
clear when compared to human skin. For example, rodent skin
differs from human skin in that it lacks apocrine sweat glands
and rete ridges/dermal papillae.”® Rodent skin also presents a
panniculosus carnosus layer, which produces rapid contraction
after wounding, which differs from human wound healing that
occurs by re-epithelialization and granulation tissue forma-
tion.">®” The relative lack of meaningful subcutaneous fatty
tissue levels in the mouse model is an additional critical species
difference and study limitation. These are all important
differences to consider when evaluating infusion devices
considered for human adipose-rich sites. Thus, future studies
should be directed at assessing tissue reaction and insulin
viability following unadulterated insulin infusion and Z-Y
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insulin infusion while evaluating insulin absorption and glucose
variability over time in a preclinical porcine animal model,
which more closely approximates human skin.

We recently demonstrated that PP, currently present in all
commercially available insulin formulations, contribute to
leukocyte recruitment and activation of the inflammatory
cascade.” The present study demonstrated that the usage of
in-line exchange resins, such as zeolite Y, successfully remove
PP. Excipient removal prior to insulin infusion significantly
reduced infusion site associated inflammation without
compromising insulin functionality. This approach represents
the proof of concept that in-line Z-Y PP removal assists in
lowering inflammation at the site of insulin infusion and thus
could lead to extending the functional lifespan of insulin
infusion sets in vivo. Nevertheless, Z-Y might not prove to be
the optimal material given its associated backpressure
potentially leading to pump failure over time, its inability to
remove all diluents/excipients from current insulin formations,
and the loss of the insulin hexamer structure. However, given
that hexameric dissociation is a rate-limiting step for rapid-
acting insulin absorption, this could result in faster insulin
absorption after removal of phenolic preservative, which might
be a desirable outcome. Overall, these results provide a
foundation for investigating other methods or materials that
may overcome Z-Y limitations. Future research directed at
mitigating the toxic effects of these PP/insulin-stabilizing
excipients is warranted.
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