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Abstract

Transplantation of pancreatic islets within a biomaterial device is currently under investigation in clinical trials for the
treatment of patients with type | diabetes (TID). Patients’ preferences on such implants could guide the designs of next-
generation implantable devices; however, such information is not currently available. We surveyed the preferences of 482
patients with TID on the size, shape, visibility, and transplantation site of islet containing implants. More than 83% of parti-
cipants were willing to receive autologous stem cells, and there was no significant association between implant fabricated by
one’s own stem cell with gender (x> (I, n = 468) = 0.28; P = 0.6) or with age (3 (4, n = 468) = 2.92; P = 0.6). Preferred
location for islet transplantation within devices was under the skin (52.7%). 48.3% preferred microscopic disks, and 32.3%
preferred a thin device (like a credit card). Moreover, 58.4% preferred the implant to be as small as possible, 25.4% did not
care about visibility, and 16.2% preferred their implants not to be visible. Among female participants, 81% cared about the
implant visibility, whereas this number was 64% for male respondents (x” test (I, n = 468) = 16.34; P < 0.0001). 22% of those
younger than 50 years of age and 30% of those older than 50 did not care about the visibility of implant (? test (4, n = 468) =
23.69; P < 0.0001). These results suggest that subcutaneous sites and micron-sized devices are preferred choices among
patients with T1D who participated in our survey.
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Introduction have included glucometers, continuous subcutaneous insulin

With the advancement of diabetes medical technology, the infusions, and continuous glucose monitors (CGMs) leading
use of medical devices has quickly reached the forefront of  to reductions in hypoglycemia, complications, and improve-
how care is provided to patients with type 1 diabetes (TID). ~ ments in overall glycemic control'. Additionally, upon intro-
Thus far, Food and Drug Administration-approved devices duction® and a multicenter trial> of clinical islet
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transplantation, many efforts have been devoted to further
optimize transplantation of islets into humans with T1D as a
long-term treatment. Critical barriers have impeded long-
term efficacy of islet transplantation. For instance, islets are
prone to Anoikis (detachment of islets from extracellular
matrix after transplantation)* as well as instant blood-
mediated inflammatory reaction’, which eventually elimi-
nates the transplanted islets from a recipients’ body. To
counteract these effects, immunosuppressive drugs have
been employed in islet allotransplantation and xenotrans-
plantation; however, the amount of immunosuppressive regi-
men required after islet transplantation may make patients
more prone to infection, mouth ulcers, diarrhea, and acne®.
To partly address these challenges, the use of a protective
shield around the islets’ has helped the functional longevity
of the transplant through the protection of islets from the
host’s immune response, while still providing the diffusion
of insulin and glucose across the membrane®”’.

At least three factors are known to play vital roles in the
success of islet transplantation within an immune-isolating
device': islet survival and function after transplantation,
lack of immune response against the implant, and func-
tional integration of the transplant with the host. While
extensive research has been devoted to modulating the
physical, chemical, immunological, and mechanical prop-
erties of implantable devices, there is a lack of understand-
ing regarding patients’ preferences on devices. Such
information is critical because it could guide the designs
of next-generation implantable devices, as T1D patients are
the ultimate users of these products. These devices could
generally be classified into two categories, that is, macro-
devices''° and microdevices’?!"%7. In most cases, macro-
devices are few centimeter-sized made of biomaterials with
channels or chambers that could hold islets within. The
fundamental aspect of these devices is the protection of
islets from immune attack while allowing the diffusion of
nutrients, glucose, cellular waste, and insulin. Microdevice,
also known as encapsulation device, refers to encapsulating
islets within a semipermeable biomaterial, mostly with a
spherical shape and micron-scale diameters. Similarly,
microencapsulation has also been developed to block the
immune attack against islets*®, while allowing the diffusion
of nutrients, glucose, cellular waste, and insulin. These
implants are now under preclinical and clinical investiga-
tions with the goal of providing long-term glycemic control
for patients with T1D**°.

While these efforts and discoveries are setting the stage
for successful clinical outcomes, patient’s preferences on the
devices have not been explored to the best of our knowledge.
We therefore aimed to reach out to patients with T1D to gain
a better understanding of their perspectives regarding
implants through an online survey. Such information may
influence the design of future implantable devices to better
suit the needs of patients with T1D. In a broader context, this
study aids the cell transplantation and implantable

biomedical devices fields to consider and implement the
preferences of their endpoint users.

Materials and Methods
Respondent Recruitment and Inclusion Criteria

The inclusion criteria for this survey required respondents
to be any individual diagnosed with T1D residing in the
United States. Respondents were recruited from the Juve-
nile Diabetes Research Foundation (JDRF) Orange County
chapter, Savvy Diabetic, and Close Concern Communities
panel of patients with T1D, who are engaged in a web-
based community. Our study was conducted in accordance
with the relevant guidelines stated by the Declaration of
Helsinki. Based on the nature of this survey that includes
the use of anonymous responses, there was no requirement
for the involvement of an ethics board and informed con-
sent from participants, and we received an IRB Exemption
Approval from the University of California Irvine, Irvine,
CA, USA (Exemption Category 2b Approval: 12-04-2018)
for the same.

Data Handling

We set the best scientific practice by defining a minimum
requirement for the validity of the responses. We eliminated
responses where respondents did not complete the survey or
completed the survey in an unpractically short time (defined
as less than 1.5 min based on the minimum amount of time
required to read and answer all questions). These results
were removed to produce a final validated dataset (overall,
13 participants [ ~3%] of surveys were excluded from sub-
sequent analysis). No specific product or brand names were
mentioned in the survey. Data were categorized based on age
and gender, and * analysis was performed to identify sta-
tistical significance using SAS 9.4 software.

Results were reported as y° (degree of freedom, sample
size) = test statistic value; P value.

Results
Cohort Characteristics

We first classified patients and identified our participants
based on age, sex, duration of T1D, and current treatment
they use (Table 1). The cohort that participated in our survey
was of different ages. One hundred and sixty-three people
(34.7%) were aged between 31 and 50, 115 people (24.5%)
between 51 and 64, 76 people (16.2%) were 65+, 59 people
(12.6%) were between 18 and 30, and 56 people (11.9%)
were 16—18 years of age. Among the participants, 297 were
female (63.3%), and more than 86.5% of the cohort were
diagnosed with T1D for more than 5 years. Moreover, 34
(7.3%) and 29 (6.2%) patients were diagnosed with T1D
between 2 and 5 and less than 2 years, respectively. More
than 82.3% of patients are using both CGMs and insulin
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Tablel. Participants in the Survey.

Choices Number
Age 16-18 56
18-30 59
31-50 163
51-64 115
65+ 76
Sex Female 297
Male 172
TID duration <2 years 29
2-5 years 34
>5 years 405
Current treatment MDI 65
Insulin pump + CGM 386
Others 18

CGM, continuous glucose monitoring; MDI, multiple daily injections; TID,
type | diabetes.

pump for managing their blood glucose levels. In addition,
77 participants are using multiple daily injections (MDI); 12
of whom are using CGM simultaneously. One of the patients
was transplanted with the pancreas, and three others used
MDI and flash glucose monitors.

Responses to Survey

We first sought to investigate patients’ preference for the
physical characteristics of the implants (Table 2). Figure 1
depicts the schematic representation of the implants and their
transplantation location asked in the survey. We chose these
shapes and locations because they resemble devices cur-
rently under investigation in clinical trials and research
laboratories®®. These preferences were defined as implant
location (under the skin, in the abdomen, and outside of the
body, schematically presented in Figs. 1A, B, and C, respec-
tively), shape (multiple microscopic small disks deposited in
a fluid, a thin device which is soft and the size of a credit
card, and rod shaped of the size of a 3" pencil, schematically
presented in Figs. 1D, E, and F, respectively), and visibility
(small or invisible, do not care about visibility). To evaluate
these data and find associations between implants’ physical
characteristics with age and gender, we examined the
responses by gender (Fig. 2A) and age (Fig. 2B). We asked
patients “If you receive an implant containing insulin-
secreting cells, where do you prefer it to be? (Assume that
size and shape are comfortable in each case)”. Two hundred
and forty-seven (52.7%) preferred the device to be trans-
planted under their skin. The next most popular location was
intra-abdominal with 141 patients (30.1%) choosing this
location. Interestingly, only 34 (7.2%) participants
responded, “outside my body.” Moreover, 47 patients
(10.0%) commented on the question and chose the “Others”
option. Some comments pointed out that depending on the
longevity of the device’s activity, their preferences could
vary, where longer-acting devices would be preferred to be
transplanted into the abdomen. Interestingly, 16 patients

Table 2. Preferences of Individuals with Type | Diabetes
Regarding Implants Characteristics.

Question Choices Percentage
Implantation site  Under the skin 52.7
Inside abdomen 30.1
Outside of body 72
Size and shape of  Multiple microscopic disks 48.3
implants deposited in a fluid
A thin device (soft and size of 323
the credit card)
Rod-shaped device (size of a 3" 9.8
pencil)
Visibility Not at all 254
importance Prefer it to be as small as 584
possible
Not visible at all 16.2
Immunoregulatory Implants that only regulate 30.6
implants blood glucose
Implants that regulate blood 69.4
glucose and immune system
Implants with stem Prefer an implant fabricated 83.7
cell with my own stem cells
DO NOT prefer an implant 16.3
fabricated with my own
stem cells

noted that as long as the device functions, they are open to
any location. Considering age and gender of participants, we
found no significant association between implant location
and gender (% (3, n = 468) = 2.08; P = 0.6), and age group
(% (12, n = 468) = 13.74; P = 0.3).

We then asked our participants their preferences on the
device’s shape. The top choice was “multiple microscopic
disks deposited in a fluid” (n = 226, i.e., 48.3% of partici-
pants). A thin device (soft and size of the credit card) was the
second top choice with 151 (32.3%) votes. A rod shape
device (size of a 3” pencil) was the least popular choice
(n = 46, i.e., 9.8%). Nearly 10% (n = 45) had comments
on the question and chose the “Others” option, 14 of which
again noted that if functional, the shape is irrelevant. The
majority of the other 31 patients pointed out the visibility in
their comments. In the next question, we asked them “how
much do you care about the visibility of the implant on your
body”? More than 58.4% (n = 274) replied that they prefer
the device to be as small as possible; 25.4% (n = 119) did not
care about the visibility, while 16.2% (n = 76) preferred the
device to be not visible at all. We found no significant asso-
ciation between shape preference and gender (x> (3, n =
468) = 2.74; P = 0.4), but the association between shape
preference and age group was significant (x* (12, n = 468) =
25.59; P = 0.01). Among the four options (multiple micro-
scopic small disks deposited in a fluid, thin device which is
the size of a credit card under the skin, rod-shaped device of
the size of 3” pencil, and other), multiple microscopic small
disks deposited in a fluid is the most preferred shape among
all age group (46%—52%) except for the those 65 or older
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Figure |. Schematic representations of the implants and possible transplantation sites. Implants could be transplanted (A) under the skin
(subcutaneously), (B) into the peritoneal cavity through laparoscopic surgery, or (C) outside of the body. Implant shapes could be (D)
multiple microscopic small disks deposited in a fluid, (E) a thin device which is soft and the size of a credit card, and (F) rod shaped of the size

of a 3" pencil.

(38%) where they preferred thin device which is the size of a
credit card under the skin (43%).

We also sought to further understand the possible role of
gender and age on the implants’ visibility (Figs. 2C, D).
Evaluating these results, we found a significant association
(% (1, n = 468) = 16.34; P < 0.0001) between gender and
participant’s preference on implant visibility. Among female
participants, 81% (239 out of 296) cared about the implant
visibility, whereas this number was 64% (110 out of 172) for
male respondents. Around 22% of those younger than 50 did
not care about the implant visibility (61 out of 277), as
compared with 30% (58 out of 191) for our respondents older
than 50. There was a significant association between age and
the participants’ preference on implant visibility (3 (4, n =
468) = 23.69; P < 0.0001).

In addition to generic details about implants, we further
attempted to understand participants’ opinion on emerging
features of implants. Among recent developments, immune-
regulatory devices are showing promise in long-term glyce-
mic control in rodents and nonhuman primates®'**. Future
developments may also consider other immune-regulatory
devices, where an implant could reduce and/or regulate the
immune insults against B-cells, providing B-cells regenera-
tion capability. We followed the survey question by gaining
knowledge about patients’ willingness to receive

immunoregulatory devices after islet transplantation. We
asked “if you have type 1 diabetes, your immune system is
dysregulated. Which option would you prefer?” There were
two choices “l. An implant that only regulates my blood
glucose” and “2. An implant that not only controls my glu-
cose but also capable of regulating my immune system to a
healthy state.” Among responders, 143 (30.6%) chose the
former, and 325 (69.4%) preferred the latter. There was no
significant association between the preference on immune-
regulatory implants with gender (x> (1, n = 468) = 0.98; P =
0.3) or with age (x> (4, n = 468) = 7.6; P = 0.14).

Lack of allogeneic cell donors is one of the main impedi-
ments for pancreatic islet transplantation. Much effort has
been devoted to develop islets from xenosources®'. In addi-
tion, reprogramming stem cells into insulin-producing cells
has been under investigation®*~>. To understand our partici-
pants’ perspective on such developments, we asked them “do
you prefer to receive an implant fabricated with stem cells
derived from your own body?”. More than 83.6% (390 peo-
ple) answered yes, while 16.3% (n = 76) responded no,
implying the acceptability of stem cell research and devel-
opment among our cohort. We found no significant associ-
ation between implant fabricated by one’s own stem cell
with gender (x> (1, n = 468) = 0.28; P = 0.6) or with age
(x* (4, n = 468) = 2.92; P = 0.6).
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Figure 2. Dependence of (A) gender and (B) age on respondents’ preference with respect to implant location (under the skin, in the
abdomen, and outside of the body), shape (multiple microscopic small disks deposited in a fluid, a thin device which is soft and the
size of a credit card, and rod shaped of the size of a 3" pencil), and visibility (very small or invisible, do not care about visibility). Note
that for the visibility, “Yes” means the respondent is fine with the implant to be visible, and “No” means otherwise. There is a
significant association between age and implants’ shape (x> (12, n = 468) = 25.59; P = 0.01). However, no significant association was
found between age and implant location preference (3 (12, n = 468) = 13.74; P = 0.3). Gender had no significant association with
shape preference (x> (3, n = 468) = 2.74; P = 0.4) and implant location (x> (3, n = 468) = 2.08; P = 0.6). There was also an
association of implant’s visibility with (C) gender and (D) age. Male participants were more indifferent regarding implant visibility (x>
(I, n =468) = 16.34; P < 0.0001). Among male participants, 36% (62 out of 172) were indifferent about implant’s visibility, while this
ratio was 19% (57 out of 296) for female participants. The age also was a determinant factor in the implant’s visibility preference
among respondents. Around 22% of those younger than 50 (61 out of 277) do not care about the implant visibility compared with
30% (58 out of 191) of those older than 50 (3 (4, n = 468) = 23.69; P < 0.0001).

breakdown these barriers, patients’ preferences on the out-
come products are largely unknown. Such information
bridges the gap between science-oriented thinking
paradigms in designing the biomedical devices to patient-
oriented or at least patient-considered designs. This
consideration could guide the designs of next-generation
implantable devices, as T1D patients are the ultimate users
of these products. We therefore aimed to target a small
population of the T1D community and get an understanding
of their preferences for such devices and stem cells. We
designed a short online survey and distributed among

Discussion

Islet transplantation has been the focus of 50 years of
research to treat TID**?°. The ultimate goal of islet trans-
plantation is to routinely restore insulin independence with
no (or minimal) immunosuppression in T1D patients. How-
ever, two main barriers are yet to be overcome for the suc-
cessful clinical islet transplantation. The first challenge is the
scarcity of the allogeneic islet source, which heavily relies
on the deceased donors. The second issue is the death of
transplanted islets shortly after transplantation due to

immune reactions and ischemia, which limits the intended
long-term benefits of islet transplantation'®. These two chal-
lenges have been under extensive investigations, where
xenotransplantation and stem cell research are mainly under
development for the former barrier. For the latter, biomedi-
cal devices with a variety of sizes, shapes, and materials have
been under development. While recent advances in stem cell
engineering and biomaterials science have paved the way to

patients with T1D engaged in a web-based community.

In the first section of the survey, we attempted to get
information on the characteristic of our participant cohort.
Our participants’ age followed a normal distribution curve,
and their duration of diabetes was weighted toward >5 years
(~86%). The most widely used current treatment among our
cohort was CGM and insulin pump (82.3%), implying their
familiarity with external devices. Interestingly, only about
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7% preferred an implant outside their bodies, which may
imply the patients’ discomfort. The subcutaneous (under the
skin) spot was the top choice for our respondents. Ease of
implantation and explantation, along with less surgical com-
plexity make subcutaneous transplantations a good choice
for implantable devices. In the case of islet transplantation,
however, subcutaneous implantation is challenging due to
poor vascularity, which causes islets to suffer from hypoxic
conditions®*. Therefore, strategies have been developed to
vascularize and prevascularize the subcutaneous space for
islet transplantations.

The size and shape of the implants were another aspect
about which we sought to understand patients’ perspec-
tives. Classically, islet transplantation devices have been
classified into microdevices and macro-devices. Multiple
microscopic disks were preferred by ~48% of patients.
This option was phrased to suggest the microencapsulation
technologies to the participants. Fortunately, some recent
microencapsulation technologies have shown promise for
islet transplantation in rodents and nonhuman primates®'-**,
Participants’ preference for receiving microencapsulated
islets matches their other preference regarding the
implant’s visibility, where 58.4% of patients prefer the
implant to be as small as possible. The second choice of
our participants was a “thin soft device in the size of a
credit card,” which fits the specifications most of the cur-
rent macro-devices under development.

The use of an immunoregulatory implant is an emerging
concept, where the implant “engineers” the immune system
of the host. A few examples are antigen-releasing scaffolds
that enhance vascularization®®, biological scaffolds that
inhibit tumor growth through alterations in immunocyte
recruitments®®3’, and bioresponsive biomaterials for
immune checkpoint blockade®®. Immunoregulatory
implants could be envisioned from two perspectives in the
treatment of T1D. First, any implant including microcap-
sules or macro-devices need not elicit an immune response,
that is, no immunocyte activation due to the implant itself.
Second, T1D is inherently a disease of immune system
dysregulation. Therefore, it is expected that immunoregu-
latory implants will get more attention in T1D research.
Accordingly, ~70% of participants preferred implants that
would address this issue.

The paucity of cell donors remains one of the main impe-
diments for the islet transplantation into patients. Much
effort has been devoted to xenotransplantation®'~° and stem
cell research®>. We asked participants their willingness to
receive autologous stem cells (i.e., generated from their own
body). More than 83% of participants preferred to receive
devices with stem cells derived from their own body, imply-
ing that autologous stem cell transplantations may be an
acceptable approach among patients with T1D.

This study represents the first attempt in reflecting the
perspectives of a small cohort of patients with T1D on their
preferences to receive an implantable islet containing
device. This work aids bridging the gap between fully

science-oriented designs to patient-considered implantable
devices. This study gives not only insight to the future devel-
opers of biomedical devices for islet transplantation but also
inspires the general biomedical devices field to seek and
implement their users’ perspectives.
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