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Abstract: Type-1 diabetes is one of the most prevalent metabolic disorders worldwide. It results
in a significant lack of insulin production by the pancreas and the ensuing hyperglycemia, which
needs to be regulated through a tailored administration of insulin throughout the day. Recent studies
have shown great advancements in developing an implantable artificial pancreas. However, some
improvements are still required, including the optimal biomaterials and technologies to produce
the implantable insulin reservoir. Here, we discuss the employment of two types of cyclic olefin
copolymers (Topas 5013L-10 and Topas 8007S-04) for an insulin reservoir fabrication. After a pre-
liminary thermomechanical analysis, Topas 8007S-04 was selected as the best material to fabricate
a 3D-printed insulin reservoir due to its higher strength and lower glass transition temperature
(Tg). Fiber deposition modeling was used to manufacture a reservoir-like structure, which was
employed to assess the ability of the material to prevent insulin aggregation. Although the surface
texture presents a localized roughness, the ultraviolet analysis did not detect any significant insulin
aggregation over a timeframe of 14 days. These interesting results make Topas 8007S-04 cyclic olefin
copolymer a potential candidate biomaterial for fabricating structural components in an implantable
artificial pancreas.

Keywords: diabetes; thermal characterization; mechanical characterization; additive manufacturing;
3D-printing; Topas; surface roughness; insulin aggregation

1. Introduction

Type-1 diabetes mellitus (T1DM) is one of the most common metabolic disorders. It
consists of a dysfunction of the pancreatic β-cells, which induce a significant deficiency
of insulin and consequent hyperglycemia [1]. The traditional approach to treat T1DM is
the recurrent injection of insulin throughout the day, a strategy that has been considered
suboptimal since it cannot provide a finely tuned glucose profile, as in healthy conditions.
In fact, it leads to an uncontrolled oscillation of hypo-/hyperglycemic occurrences, a
scenario that has been demonstrated to be critical in the long term [2].

Several approaches have been proposed to obtain an optimal glucose profile in diabetic
patients, including surgical approaches (i.e., pancreas or islet transplantation) that, however,
are limited by the shortage of organ donors and the need for an immunosuppressive drug
therapy to avoid rejections [3,4]. A different avenue consists of the development of an
artificial organ [5], namely, an artificial pancreas (AP). This appears definitely to be an
intriguing approach, since it would allow a closed-loop control of glucose and the reduction
in extra needs given by peaks/shortage of insulin [6,7]. In recent years, APs have been
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classified based on the body placement (i.e., external, wearable vs. internal, implantable),
or on the insulin route (i.e., subcutaneous vs. intravenous vs. intraperitoneal, the most
reliable for the expected outcome) [8,9]. Independently of the architecture, the final goal of
an AP is to recover a normal lifestyle in patients with a low-impact solution. In view of
this challenging goal, researchers have been developing autonomous and implantable APs,
facing several issues, including, but not limited to, anatomical and biological constraints,
insulin storage and aggregation, efficient pumping, and algorithmics modeling for glucose
monitoring in closed loop [10–13]. The reservoir of insulin, however, has been considered
one of the most critical components for an efficient AP, since it must safely store insulin,
thus preventing insulin degradation and aggregation, which would render the entire
system unsuitable because of clot formation. Insulin is, indeed, a delicate biomolecule,
which can aggregate due to multiple factors, including temperature, mechanical stress,
and contact with air [14–16]. Among the noted critical conditions, some of them cannot
actually be controlled, as they depend on aleatory in-body conditions (i.e., mechanical
agitation, temperature). Therefore, although researchers have developed stable insulin
formulations [17], a new research avenue consists of the search for a constitutive material
for the reservoir, inherently able to prevent the formation of insulin clots [18,19].

Specifically, some main features are important to be characterized, namely, the material
chemistry [20,21] the surface texture and the mechanical stirring, since they primarily
affect the insulin-material behavior [22,23], including those in which they are used as
thermoplastics to heal epoxy resins. Iacovacci et al. have recently investigated the possibility
to fabricate this component with Nylon 6 and Polytetrafluoroethylene (PTFE), showing,
through a mechanical characterization and UV spectra analysis, that a smooth Nylon
6 coating is a good insulin reservoir candidate, as it favors insulin stability by preventing
localized aggregations [13].

In this work, we present a different approach for fabricating insulin reservoirs, using
cyclic olefin copolymers (COCs). COCs are a family of materials obtained through the
chain copolymerization of cyclic monomers, such as commercial Topas® or Apel®). This
process is an alternative to the ring-opening metathesis polymerization of cyclic monomers
followed by hydrogenation that leads to cyclic olefin polymers (COPs) such as Zeonex ®

or Zeonor®. In both cases, different materials can be achieved depending on the cyclic
monomer and the polymerization process used for their synthesis [24]. COCs show re-
markable physico-chemical properties, such as glass-like transparency, rigidity, heat and
chemical resistance, and low permeability to gas and water. These features make COCs
potential candidates for a large number of applications [24–29], including those in which
they are used as thermoplastics to heal epoxy resins [30–32]. In the biomedical field, COCs
have been employed as materials for drug packaging (i.e., blisters), as liquid blends for
injectable formulations [27,33–35], and as polyethylene coatings for bone replacement ap-
plications [36]. In our study, we approach the design of an insulin reservoir by investigating
the suitability of two COC grades, namely, the Topas 5013L-10 and Topas 8007S-04, as
constitutive material candidates. Before addressing the suitability of the material for insulin
storage, we characterized both COCs from a thermomechanical standpoint to select the
best candidate for the subsequent additive manufacturing process (Figure 1).
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Figure 1. Schematic of the synthesis of Topas 5013L-10 and Topas 8007S-04 COCs through chain 
polymerization; X = norbornene, and Y = olefin units; R = functional group. 
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round shape with dimensions of 3.13 ± 0.19 mm. The two commercial grades of COCs 
used in this study contain a norbornene content of 65 w% and 75 w% for the T8007 and 
T5013, respectively [37]. Insulin injectable solution for human use (Humalog® 100 U/mL) 
was supplied by Eli Lilly Itala S.p.a. (Sesto Fiorentino, FI, Italy). 
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2. Materials and Methods
2.1. Materials

Two COCs were used: Topas 5013L-10 (T5013) and Topas 8007S-04 (T8007), based
on their potential employment in a biomedical prosthetic scenario. Both materials are
purchased from Advanced Polymers (Frankfurt, Germany and Florence, CA, USA) in the
form of granules. As reported in Figure 1, the T5013 granule had a cylindrical shape with
dimensions of φ 2.09 ± 0.11 mm × 2.94 ± 0.22 mm whereas the T8007 granule has an odd
round shape with dimensions of 3.13 ± 0.19 mm. The two commercial grades of COCs
used in this study contain a norbornene content of 65 w% and 75 w% for the T8007 and
T5013, respectively [37]. Insulin injectable solution for human use (Humalog® 100 U/mL)
was supplied by Eli Lilly Itala S.p.a. (Sesto Fiorentino, FI, Italy).

2.2. Mechanical Characterization

The two COCs were extruded in a co-rotating conical twin-screw extruder Minilab II
HaakeTM Rheomex CTW 5 (Thermo Fisher Scientific, Waltham, MA, USA). The molten
material was then transferred to a Thermo Scientific Haake Minijet II (Thermo Fisher
Scientific, Waltham, MA, USA). Tensile tests were performed using dog-bone tensile bars
molded through injection using the Haake Type 3 (557-2290), following the protocols
reported in ASTM D 638. The fabrication conditions used for both samples are reported in
Table 1.

Table 1. Processing parameters for the two COC grades.

Material
Extrusion

Temperature
(◦C)

Screw Speed
(rpm)

Cycle Time
(s)

Injection
Temperature

(◦C)

Injection
Pressure

(bar)

Molding
Time

(s)

Mold
Temperature

(◦C)

T5013 250 100 60 250 700 20 140

T8007 230 100 60 230 650 20 80

Tensile tests were carried out using the Instron 5500R universal testing machine
(Canton, MA, USA) equipped with a load cell of 10 kN and a crosshead speed of 10 mm/min.
Data were collected with the TestWorks 4.0 software (MTS Systems Corporation, Eden
Prairie, MN, USA).

Following the standard method ISO 179:1993, Charpy’s Impact test samples
(80 × 10 × 4 mm3 parallelepiped) are performed on V-notched specimens using a 15 J
Charpy pendulum (CEAST 9050, Instron, Canton, MA, USA).

For each mechanical test, five replicates (n = 5) were tested at room temperature (RT)
for each sample.

2.3. Thermal Characterization

A first assessment of the thermal properties was performed using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). TGA measurements were car-
ried out in duplicate (n = 2) on 20 mg of sample, using the Q500 TGA (TA Instruments, New
Castle, DE, USA), under nitrogen flow (60 mL/min) and a heating speed of 10 ◦C/min from
RT to 600 ◦C. The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves
for the two COC grades were performed at a constant heating rate of 10 ◦C/min. The onset
temperatures (Tos) of degradation were obtained from the TGA curves by extrapolating
back to the initial weight of the polymer from the curve at the peak of degradation. We
estimated the end temperature of degradation (Te) from the TGA curve by extrapolating
the degradation peak. This parameter and the associated temperature (Tp) were calculated
from the DTG plot thermograms at the maximum rate of weight loss.

DSC measurements were performed with a DSC Q200 (TA Instruments, Waters LLC,
New Castle, DE, USA) calibrated with standard indium. Both the samples (12 mg) were
first heated from RT to 300 ◦C at a heating rate of 10 ◦C/min to cancel any previous thermal
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history. After an isotherm profile at 300 ◦C for 2 min, the samples were cooled down
and kept at −70 ◦C for 5 min, before being heated again up to 300 ◦C with an increasing
temperature rate of 10 ◦C/min.

A second assessment concerned the evaluation of the thermal diffusivity (α), specific
heat capacity, and conductivity that were measured at 25 ◦C with a light flash apparatus
LFA 467 Hyperflash (NETZSCH-Gerätebau GmbH, Selb, Germany). Round samples with
a diameter of 12.7 mm were die-cut from compression-molded 2 mm thick sheets and
sprayed with graphite. At least two specimens per sample (n = 2) were tested, and five
pulses are performed on each specimen. The thermal diffusivity (α) was determined using
the Transparent method with a pulse correction (software Proteus V.8.0.2); the specific heat
capacity (CP) was determined using Pyroceram 9606 as the reference material. Finally,
the thermal conductivity (λ) was calculated as the product of α, CP, and the gravimetric
density, equal to 1.02 g/cm3 for the T5013 and 1.01 g/cm3 for the T8007, respectively, as
reported on the technical datasheets.

2.4. Design and Fabrication of Reservoir

A reservoir was designed aimed at providing a structure to test the quality of the
surface finishing (aka roughness) and fabricated with an additive manufacturing approach.
The produced samples were also used to assess possible insulin aggregation.

Figure 2A reports the design of the reservoir in the form of a 2D CAD drawing and
Figure 2B reports a trimetric 3D view. In particular, the reservoir was designed with a
cone-shaped structure (slope of about 45◦) to minimize the material content and, in parallel,
to ensure a good printed outcome. The structure that will be filled with diluted insulin
possesses two holes on the top surface to enable an efficient flushing of the tank with
nitrogen, needed to prevent air from being in contact with insulin.
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Topas filaments were made using a 3devo maker system (Utrecht, The Netherlands),
heating the extruder up to 195 ◦C and using a processing speed of 3.5 rotations per min
(rpm). The fabrication of the reservoir was performed with a filament-based Ender3
Pro (Creality, Shenzhen, China), equipped with a dyze extruder (LeMoyne, Quebec City,
QC, Canada). The filament and the printing bed were heated up to 265 ◦C and 80 ◦C,
respectively, while the deposition velocity was set up to 50 mm/s.

A geometrical assessment was performed using a caliper to evaluate potential de-
viations on the main topological features, namely the bottom diameter, the height, and
the diameter of the top-surface holes. Surface finishing was measured using a Mitutoyo
SJ-310 (Mitutoyo Italiana S.r.l., Lainate, Milano, Italy) on three locations of the structure
positioned on the bottom and lateral surfaces. We acquired profile lengths of about 1 mm
and estimated the roughness in terms of Ra, defined as the arithmetic average of profile
height deviations from the mean line.
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2.5. Insulin Aggregation Tests

To evaluate the ability of the material to prevent insulin aggregation, the ultravio-
let (UV) spectra of insulin solutions from samples collected over 14 days were assayed.
Specifically, the protocol consisted in pouring 4 mL of insulin (Humalog 100 U/mL equals
to 3.5 mg/mL) into the fabricated tank, flushed with gaseous nitrogen at 70 mL/min.
Therefore, the tank was firmly sealed and kept at 35 ◦C. At each observation point (day
0, 1, 7, 10, and 14), a total of 100 µL of insulin was collected and diluted to 0.1 mg/mL
for the UV-spectrophotometric analysis. The absorbance (A) values were observed at two
different wavelengths, 276 nm (A276) and 350 nm (A350). In particular, A276 allowed the
transparency of the solution to be observed, thus enabling the evaluation of the insulin
concentration. In contrast, A350 was associated with the formation of fibrils in insulin, thus,
a null value of the absorbance corresponded to the absence of any aggregation [6]. As a
reference, all results were compared to those of commercial insulin stored in their original
glass sterile case. Additionally, we have performed a 7-day long experiment to assess the
potential agglomeration of the insulin when the reservoir is mechanically agitated. We
have placed the reservoir in a thermostatic bath at 37 ◦C endowed with and oscillating
plate, and measured the absorbance at 350 nm at days 3 and 7.

Figure 3 reports schematically the protocol followed to assess the ability of the COC-
made container to prevent insulin aggregation.
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Figure 3. Schematic showing insulin storage set-up and aggregation tests. After filling the tank with
insulin, a gaseous nitrogen was fluxed to remove the air present inside, before a firm sealing. On day
1, 7, 10 and 14, a sample of insulin was taken from the tank for UV assays. Between sampling days,
the tank was kept firmly sealed with an inert atmosphere made of nitrogen.

2.6. Statistical Analysis

Statistical analysis was carried out to discuss the significance of the differences ob-
served between the T5013 and T8007, and between the groups of data collected for the
insulin aggregation tests. Data were expressed as mean and standard deviation. Inde-
pendent student t-test analyses were performed using the Jamovi Software (version 2.2.5),
considering the numerosity of the samples, and setting a significance threshold of 0.05.

3. Results
3.1. Mechanical Characterization

The mechanical characterization of the two COCs encompassed tensile tests and
Charpy’s impact test, which enabled the evaluation of the Young’s modulus and the
ultimate strength and strain, as well as of the energy stored before break, respectively.
As reported in Figure 4, T5013 presented an elastic–fully plastic behavior with a higher
stiffness than that of the T8007 (2.7 ± 0.3 GPa vs. 2.5 ± 0.4 GPa). Although the T8007
showed a lower elasticity, it possessed a higher yield stress than T5013, which corresponded
to the ultimate stress of the material (56 ± 4 MPa vs. 40 ± 2 MPa). The strain at break
for the T8007 was slightly higher than that of the T5013 (2.8% ± 0.1% vs. 2.1% ± 0.3%).
These results, together with the estimated ultimate strengths matched the outcomes of the
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Charpy’s impact tests, in which a higher energy at break was observed for the T8007, with
respect to that for T5013 (18 ± 2 kJ/m2 vs. 10 ± 2 kJ/m2).
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3.2. Thermal Characterization

The thermal assessment of the two COC grades encompassed the degradation tem-
perature and thermal stability (assessed via TGA and DSC), as well as the conductivity,
the specific heat, and the diffusivity. Figure 5 shows the main results obtained by TGA
and DSC characterization. In particular, from the TGA analysis (Figure 5A), similar results
for both the COC grades were detected, and specifically Tos ~ 450 ◦C, Tp ~ 470 ◦C, and
Te ~ 480 ◦C. From the DSC analysis, it was highlighted that T5013 had a higher heat flow
across temperature than that of the T8007 (Figure 5B). Interestingly, the Tg values were
lower for the T8007 (Tg = 75 ◦C) with respect to that of T5013 (Tg = 130 ◦C).
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Figure 6 shows the outcomes of the other thermal properties. For all the considered
parameters, namely, the conductivity, specific heat, and diffusivity, T8007 presented higher
values, with statistical significance, than those of the T5013 (p-value ≤ 0.001).
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3.3. Fabrication of the Insulin Reservoir

Based on the previous results, we fabricated the insulin reservoir with the T8007, since
it possesses a lower Tg and higher mechanical properties than the T5013. Figure 7 shows
the result of the fabrication process, comparing the CAD drawing and the actual structure
obtained with the modeling approach.
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Figure 7. Fabrication of the reservoir to test the insulin anti-aggregation properties of the geom-
etry/material: (A) CAD model, and (B) 3D-printed device (left); a 2 EUR coin for size compari-
son (right).

Performing the geometrical assessment with the caliper on the main dimensions (i.e.,
height, base circumference, hole diameters on the top surface), an average dimensional
error of 2% with a maximum deviation of about 3% for the top-hole diameters could be
estimated. The assessment of the surface texture was analyzed using a digital optical
profilometer. The analysis of three characteristic profiles displayed a roughness Ra in the
range of 6.84–8.55 µm and localized variations between peaks and notches in a range of
0–40 µm, as reported in Figure 8.
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Figure 8. Roughness measurements on the surfaces of the insulin reservoir in three characteristic
locations of the insulin reservoir.

3.4. Insulin Aggregation Tests

Insulin aggregation tests were performed using the UV spectrophotometric analysis
at 276 nm (A276), corresponding to the insulin absorption peak, and at 350 nm (A350),
corresponding to the region of total transparency of the substance. The results from the
samples from the insulin reservoir were compared with those obtained from a reference
liquid insulin stored in its sterile glass cartridge.

While the A276 was almost insensitive to time (data not shown), the analysis of the
A350 presented some relevant results. In Figure 9, a statistically relevant increasing trend
in the A350 was observed for both samples after day 1 (p-value ≤ 0.005), which however
gave values almost null (i.e., below 16 × 10−3). At each observation point, the comparison
of the results between the sample and the reference did not report any significant statistical
difference (p-values ≥ 0.317).
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bars). Results from the statistical analysis are reported with the following symbols: ◦ p-value ≥ 0.317;
* p-value ≤ 0.005.

As for the experiments conducted to evaluate the potential agglomeration of insulin
under a mechanical agitation, we observed values of A350 of 10 × 10−3 ± 1 × 10−3 and
9 × 10−3 ± 2 × 10−3 at days 3 and 7, respectively, with no significant statistical difference
(p-value ≤ 0.001).
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4. Discussion

An insulin reservoir is a main component of an implantable AP, the latter currently
considered to be the way forward for future treatment of Type-1 diabetes [2]. This artificial
organ is in fact expected to provide a fine glycemic control in the blood stream, keeping its
values in line with a healthy condition throughout the day [7]. The insulin reservoir may a
critical component for an AP, as it has to comply with three key requirements: (i) be made of
a non-biodegradable biocompatible material able to be hosted by the surrounding tissues;
(ii) safely store insulin, thus preventing its aggregation, i.e., via suitable chemistry and
surface texture; (iii) be shaped with a macro-scale geometry that fits the stringent require-
ments for an efficient, safe and life-long implantation. The first issue has been explored by
Cristallini et al. [38], who proposed a composite multifunctional coating to modulate the
host response, considering the reservoir made of titanium. Iacovacci et al. focused on the
second and third issues, by comparing the employment of Nylon 6 (i.e., hydrophilic) and
polytetrafluoroethylene (PTFE; i.e., hydrophobic), as potential candidate polymers to fabri-
cate insulin reservoirs by means of lathe and milling-based manufacturing systems [13].
Their work demonstrated the influence of the number of surface discontinuities on insulin
aggregation, beside hydrophilic/hydrophobic properties. Among the technologies that
could be used for reservoir fabrication, 3D-printing of bioinert thermoplastic polymers can
address microscale surface features and be used to produce an insulin reservoir with the
desired shape. Additive manufacturing approaches allow, indeed, a customized shaping of
materials with fewer constraints than traditional fabrication processes [39]. Having suitable
materials for insulin reservoir development would contribute to the advancement towards
an AP device, which can impact millions of people around the globe.

In this study, we also focused on the second and third issues by investigating different
polymers and manufacturing technologies. Indeed, we provided a complete characteriza-
tion of two COC grades in view of possible employment as bulk materials for an insulin
reservoir, because of their declared biocompatibility properties, bioinertness and possi-
bility to be processed from the molten state. In particular, we analyzed the T5013 and
T8007, which are characterized by a different norbornene content (i.e., 75% vs. 65%, respec-
tively), from a thermomechanical point of view, to identify the best COC candidate for the
reservoir 3D-printing.

The analysis of the mechanical properties showed that the higher the norbornene
content, the lower the ethylene sequences, and, consequently, the higher the Young’s
modulus and the shorter the elongation at break [40]. This occurred for the T5013, whose
stiffness was slightly higher than that of the T8007 (2.7 GPa vs. 2.5 GPa, respectively).
However, from the mechanical standpoint, the T8007 was preferred over the T5013, because
of its higher toughness (18 kJ/m2 vs. 10 kJ/m2) and ultimate strength (56 MPa vs. 40 MPa).
The preference towards the T8007 was also corroborated by the thermal properties. In
fact, the T8007 showed a lower Tg than the T5013 (75 ◦C vs. 130 ◦C), but it possessed
significantly higher thermal conductivity, specific heat, and diffusivity than the other COC,
thus leading to a lower amount of energy required to melt the filament and better quality of
the 3D-printing process. The increase in norbornene content in COC is usually correlated
with a linear increase in the Tg, which was in agreement with our results [37].

In contrast, the Tos and Tp of degradation for both the COC grades were similar
(~450 ◦C), and these properties can be attributed to their chemical and microstructure
features (i.e., branching and the steric nature of the polymer chain) [41]. As the degradation
temperatures (Te) are in the order of 480 ◦C, the chemical structure and microstructure
of COC may play a significant role, since the branching nature of the cyclic structure
increases the reaction rate but, in contrast, their chain stiffness hampers the mobility of the
polymer chains, thus decreasing the reaction rate and improving thermal stability [42]. In
general, the difference between the thermal and mechanical properties of the two COC
grades depends on the ratio of cyclic monomer (i.e., typically, norbornene) to olefin (i.e.,
ethylene): the higher is the norbornene content, the stiffer is the main chain with the
substitution of ethylene units by the bulky ring structure [43]. To fabricate an insulin tank



J. Funct. Biomater. 2023, 14, 145 10 of 13

to be permanently implanted in the human body, the biomaterial strength and resistance to
impacts is of utmost importance, since any accidental break of the device would cause a
massive release of insulin, thus a fatal hypoglycemic event.

As a result of the thermomechanical characterization of the two COC grades, we
decided to fabricate a prototype of the insulin reservoir using T8007, which therefore was
used to perform insulin aggregation tests. Concerning the assessment of this relevant
property, we referred to the protocol described by Iacovacci et al. in [13], which included
an evaluation of the insulin aggregation effect played by surface roughness of the polymers
to be used for the reservoir and subsequent UV analysis to determine insulin aggregation.
The first analysis served to discriminate how the fabricated smooth/rough textures can
affect the hydrophobic properties and the formation of localized areas that may favor the
aggregation of the insulin. This set of information was finally cross-checked with the results
of the UV spectra analysis over time. In this framework, we achieved interesting results,
showing that COCs may offer an alternative to Nylon 6 and PTFE for insulin storage
tanks. It is well known that insulin can aggregate by forming fibrils due to environmental
conditions, such as mechanical stirring, temperature, pH and concentration, which can be
controlled to a certain extent in an implanted reservoir [44]. It is also demonstrated that
biomaterial-insulin interaction can lead to the formation of fibrils, due to several factors,
including surface roughness and hydrophobicity, which are invoked in air bubble trapping
at the surface in touch with fibrin [21,23]. Clotting is harmful as can hinder the proper
delivery of the therapeutic molecule and make the glycemic control inefficient. Therefore,
controlling the reservoir topography can be vital to ensure a long-term function of an
AP. Differently from Nylon 6, COCs are hydrophobic in nature [45], thus worse insulin
aggregation outcomes could be expected. The quality of the surfaces obtained using the
3D-printing process displayed a roughness (Ra) similar to that reported for Nylon 6 and
PTFE, even though with profiles varying in a wider range (−20/+20 µm vs. −10/+10 µm,
from the average value) than those described by Iacovacci et al. [13].

Differently from the abovementioned protocol, in our study insulin aggregation tests
were performed mainly in static conditions to decouple the mechanical stirring from the
chemical and topographic factors. In fact, the authors performed the experiment using a
continuous stirring of the tank at 37 ◦C, which aimed to mimic harsh conditions for insulin
aggregation, but it inherently included different factors imputed in this phenomenon,
i.e., chemistry, topography, and mechanical agitation [13]. Although our environmental
conditions could have favored the aggregation of insulin due to the rough and hydrophobic
nature of the COC device surface, we demonstrated that the absorbance at 350 nm (A350),
corresponding to fibril-induced turbidity, was not different from that of the insulin in its
commercial vial until 14 days. The values obtained were lower values than those of Nylon
6 and PTFE. Specifically, using T8007 we achieved a value of A350 equal to 0.12 on day 14
while, in contrast, PTFE and Nylon 6 devices reached similar numerical values already on
day 5. This difference could be induced by the mechanical stirring applied in that study;
therefore, further investigation would be necessary to better compare T8007 COC to Nylon
6 [13]. Moreover, to further validate our approach, we carried out tests using a thermostatic
bath at 37 ◦C endowed and oscillating plate. Additionally, in this case, the absorbance
measured always showed values close to zero, meaning that no agglomeration occurred.

Our result, along with the outcomes obtained from the surface pattern analysis, is
particularly interesting, since we demonstrated that local irregularities of surface had less
impact on insulin aggregation than a global evaluation of the pattern (i.e., roughness). In
this view, additive manufacturing technologies, such as 3D-printing, could offer intriguing
options for insulin reservoir fabrication.

Finally, the main limitation of this study concerns the geometry of the reservoir. In fact,
the final geometry will be different since it will have to comply with the overall topological
constraints of the artificial pancreas apparatus. Therefore, we expect that the designers
will have to provide a particular attention to any topological feature that might favor the
agglomeration of insulin.



J. Funct. Biomater. 2023, 14, 145 11 of 13

5. Conclusions

In this study, we provided a detailed characterization of two COC grades for their
employment as bulk material for an implantable insulin reservoir. Between the two, Topas
T8007 was identified as the best material to fabricate a biocompatible device to store in-
sulin, because of its physico-chemical and mechanical properties (i.e., superior mechanical
strength and impact resistance), which enabled an optimal manufacturing of the reservoir
and superior functional performance. The 3D-printed T8007 showed excellent ability to
prevent insulin aggregation up to 14 days in static conditions, which was comparable to
that observed in the commercially stored insulin vials. In these experimental conditions,
the manufactured T8007 (i.e., an inherently hydrophobic polymer) showed that local irreg-
ularities of the surface had less impact on insulin aggregation than a global evaluation of
the pattern (i.e., roughness). These findings may disclose new opportunities in developing
insulin reservoirs for AP, in terms of biomaterials and manufacturing technologies.

Author Contributions: Conceptualization, N.M., M.M., S.D. and P.C.; methodology, N.M., M.M.,
S.D., N.B. and C.C.; software, M.M.; validation, N.M., M.M., N.B., C.C., G.F. and A.D.; formal analysis,
N.M., M.M., N.B., C.C., G.F. and A.D.; investigation, N.M., M.M., S.D., N.B. and C.C.; resources, S.D.
and P.C.; data curation, N.M., M.M., N.B., C.C., G.F. and A.D.; writing—original draft preparation,
N.M., M.M. and S.D.; writing—review and editing, All authors; visualization, N.M. and M.M.;
supervision, S.D. and P.C.; project administration, S.D. and P.C.; funding acquisition, S.D. and P.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Tuscany Region (MIUR-MISE-Regione Toscana DGRT
758/2013, Bando PAR FAS 2007–2013—Azione 1.1.2; BANDO FAS SALUTE 2014), Robo-Implant
Project (CUP J82F17000050005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the Corresponding Authors.

Acknowledgments: The authors acknowledge Arianna Menciassi and Leonardo Ricotti (both from
Scuola Superiore Sant’Anna) for providing technical hints to this study under the cooperative project
Robo-Implant, Daniele Rigotti (University of Trento) for his technical support to the manufacturing
of the Topas reservoir, and Virgilio Mattoli and Arianna Mazzotta (both from the Italian Institute of
Technology, IIT) for their technical support to roughness measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mellitus, D. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 2006, 29, S43.
2. Peyser, T.; Dassau, E.; Breton, M.; Skyler, J.S. The Artificial Pancreas: Current Status and Future Prospects in the Management of

Diabetes. Ann. N. Y. Acad. Sci. 2014, 1311, 102–123. [CrossRef]
3. Harpstead, S.D. Effect of Laminin on the Interaction Between Islets and an Implantable Immunoisolation Polyurethane Membrane.

J. Med. Devices 2009, 3, 027521. [CrossRef]
4. Iacovacci, V.; Ricotti, L.; Menciassi, A.; Dario, P. The Bioartificial Pancreas (BAP): Biological, Chemical and Engineering Challenges.

Biochem. Pharmacol. 2016, 100, 12–27. [CrossRef] [PubMed]
5. Tsukamoto, Y.; Kinoshita, Y.; Kitagawa, H.; Munekage, M.; Munekage, E.; Takezaki, Y.; Yatabe, T.; Yamashita, K.; Yamazaki, R.;

Okabayashi, T.; et al. Evaluation of a Novel Artificial Pancreas: Closed Loop Glycemic Control System with Continuous Blood
Glucose Monitoring. Artif. Organs 2013, 37, E67–E73. [CrossRef]

6. Hoadley, D.; Ananthan, A. Using Modeling and Simulation in the Design of Closed-Loop Insulin Delivery System. J. Med. Devices
2013, 7, 020923. [CrossRef]

7. Lee, S.W.; Welsh, J.B. Upcoming Devices for Diabetes Management: The Artificial Pancreas as the Hallmark Device. Diabetes
Technol. Ther. 2015, 17, 538–541. [CrossRef] [PubMed]

8. Ricotti, L.; Assaf, T.; Dario, P.; Menciassi, A. Wearable and Implantable Pancreas Substitutes. J. Artif. Organs 2013, 16, 9–22.
[CrossRef] [PubMed]

9. Dassau, E.; Renard, E.; Place, J.; Farret, A.; Pelletier, M.-J.; Lee, J.; Huyett, L.M.; Chakrabarty, A.; Doyle III, F.J.; Zisser, H.C.
Intraperitoneal Insulin Delivery Provides Superior Glycaemic Regulation to Subcutaneous Insulin Delivery in Model Predictive

http://doi.org/10.1111/nyas.12431
http://doi.org/10.1115/1.3136844
http://doi.org/10.1016/j.bcp.2015.08.107
http://www.ncbi.nlm.nih.gov/pubmed/26325612
http://doi.org/10.1111/aor.12068
http://doi.org/10.1115/1.4024340
http://doi.org/10.1089/dia.2014.0303
http://www.ncbi.nlm.nih.gov/pubmed/26237307
http://doi.org/10.1007/s10047-012-0660-6
http://www.ncbi.nlm.nih.gov/pubmed/22990986


J. Funct. Biomater. 2023, 14, 145 12 of 13

Control-Based Fully-Automated Artificial Pancreas in Patients with Type 1 Diabetes: A Pilot Study. Diabetes Obes. Metab. 2017, 19,
1698–1705. [CrossRef]

10. Lee, S.H.; Lee, Y.B.; Kim, B.H.; Lee, C.; Cho, Y.M.; Kim, S.-N.; Park, C.G.; Cho, Y.-C.; Choy, Y. Bin Implantable Batteryless Device
for On-Demand and Pulsatile Insulin Administration. Nat. Commun. 2017, 8, 15032. [CrossRef] [PubMed]

11. Renard, E. Implantable Insulin Delivery Pumps. Minim. Invasive Ther. Allied Technol. 2004, 13, 328–335. [CrossRef] [PubMed]
12. Yang, G.-Z.; Bellingham, J.; Dupont, P.E.; Fischer, P.; Floridi, L.; Full, R.; Jacobstein, N.; Kumar, V.; McNutt, M.; Merrifield, R.; et al.

The Grand Challenges of Science Robotics. Sci. Robot. 2018, 3, eaar7650. [CrossRef] [PubMed]
13. Iacovacci, V.; Tamadon, I.; Rocchi, M.; Dario, P.; Menciassi, A. Toward Dosing Precision and Insulin Stability in an Artificial

Pancreas System. J. Med. Devices 2019, 13, 011008. [CrossRef]
14. Schlein, M. Insulin Formulation Characterization—The Thioflavin T Assays. AAPS J. 2017, 19, 397–408. [CrossRef] [PubMed]
15. Xue, C.; Lin, T.Y.; Chang, D.; Guo, Z. Thioflavin T as an Amyloid Dye: Fibril Quantification, Optimal Concentration and Effect on

Aggregation. R. Soc. Open Sci. 2017, 4, 160696. [CrossRef] [PubMed]
16. Bratlie, K.M.; York, R.L.; Invernale, M.A.; Langer, R.; Anderson, D.G. Materials for Diabetes Therapeutics. Adv. Healthc. Mater.

2012, 1, 267–284. [CrossRef] [PubMed]
17. Schaepelynck, P.; Riveline, J.-P.; Renard, E.; Hanaire, H.; Guerci, B.; Baillot-Rudoni, S.; Sola-Gazagnes, A.; Catargi, B.; Fontaine,

P.; Millot, L.; et al. Assessment of a New Insulin Preparation for Implanted Pumps Used in the Treatment of Type 1 Diabetes.
Diabetes Technol. Ther. 2014, 16, 582–589. [CrossRef] [PubMed]

18. Feingold, V.; Jenkins, A.B.; Kraegen, E.W. Effect of Contact Material on Vibration-Induced Insulin Aggregation. Diabetologia 1984,
27, 373–378. [CrossRef] [PubMed]

19. Melberg, S.G.; Havelund, S.; Villumsen, J.; Brange, J. Insulin Compatibility with Polymer Materials Used in External Pump
Infusion Systems. Diabet. Med. 1988, 5, 243–247. [CrossRef] [PubMed]

20. Liu, W.; Johnson, S.; Micic, M.; Orbulescu, J.; Whyte, J.; Garcia, A.R.; Leblanc, R.M. Study of the Aggregation of Human Insulin
Langmuir Monolayer. Langmuir 2012, 28, 3369–3377. [CrossRef] [PubMed]

21. Sluzky, V.; Tamada, J.A.; Klibanov, A.M.; Langer, R. Kinetics of Insulin Aggregation in Aqueous Solutions upon Agitation in the
Presence of Hydrophobic Surfaces. Proc. Natl. Acad. Sci. USA 1991, 88, 9377–9381. [CrossRef] [PubMed]

22. Malik, R.; Roy, I. Probing the Mechanism of Insulin Aggregation during Agitation. Int. J. Pharm. 2011, 413, 73–80. [CrossRef]
[PubMed]

23. Li, S.; Leblanc, R.M. Aggregation of Insulin at the Interface. J. Phys. Chem. B 2014, 118, 1181–1188. [CrossRef] [PubMed]
24. Shin, J.Y.; Park, J.Y.; Liu, C.; He, J.; Kim, S.C. Chemical Structure and Physical Properties of Cyclic Olefin Copolymers (IUPAC

Technical Report). Pure Appl. Chem. 2005, 77, 801–814. [CrossRef]
25. Lamonte, R.R.; MCNALLU, D. Uses and Processing of Cyclic Olefin Copolymers. Plast. Eng. 2000, 56, 51–55.
26. Khanarian, G. Optical Properties of Cyclic Olefin Copolymers. Opt. Eng. 2001, 40, 1024–1029. [CrossRef]
27. Eakins, M.N. New Plastics for Old Vials. BioProcess Int. 2005, 3, 52–58.
28. Woods, E.J.; Thirumala, S. Packaging Considerations for Biopreservation. Transfus. Med. Hemother. 2011, 38, 149–156. [CrossRef]

[PubMed]
29. Mlejnek, P. Cycloolefin Copolymers: Processing, Properties Application. Bachelor’s Thesis, Univerzita Tomase Bati ve Zline,

Faculty of Technology, Zlin, Czech Republic, 2007.
30. Mahmood, H.; Dorigato, A.; Pegoretti, A. Healable Carbon Fiber-Reinforced Epoxy/Cyclic Olefin Copolymer Composites.

Materials 2020, 13, 2165. [CrossRef]
31. Mahmood, H.; Dorigato, A.; Pegoretti, A. Thermal Mending in Novel Epoxy/Cyclic Olefin Copolymer Blends. Express Polym.

Lett. 2020, 14, 368–383. [CrossRef]
32. Dorigato, A.; Mahmood, H.; Pegoretti, A. Optimization of the Thermal Mending Process in Epoxy/Cyclic Olefin Copolymer

Blends. J. Appl. Polym. Sci. 2021, 138, 49937. [CrossRef]
33. Limam, M.; Tighzert, L.; Fricoteaux, F.; Bureau, G. Sorption of Organic Solvents by Packaging Materials: Polyethylene Terephtha-

late and TOPAS®. Polym. Test. 2005, 24, 395–402. [CrossRef]
34. Eakins, M.N. INJECTABLES: Plastic Pre-Fillable Syringes and Vials: Progress Towards a Wider Acceptance. Am. Pharm. Rev. 2010,

13, 12.
35. Qadry, S.S.; Roshdy, T.H.; Char, H.; Del Terzo, S.; Tarantino, R.; Moschera, J. Evaluation of CZ-Resin Vials for Packaging

Protein-Based Parenteral Formulations. Int. J. Pharm. 2003, 252, 207–212. [CrossRef] [PubMed]
36. Petrtyl, M.; Bastl, Z.; Krulis, Z.; Hulejova, H.; Polanska, M.; Lisal, J.; Danesova, J.; Cerny, P. Cycloolefin-Copolymer/Polyethylene

(COC/PE) Blend Assists with the Creation of New Articular Cartilage. In Macromolecular Symposia; Wiley: Weinheim, Germany,
2010; Volume 294, pp. 120–132.

37. Leech, P.W.; Zhang, X.; Zhu, Y. Effect of Norbornene Content on Deformation Properties and Hot Embossing of Cyclic Olefin
Copolymers. J. Mater. Sci. 2010, 45, 5364–5369. [CrossRef]

38. Cristallini, C.; Danti, S.; Azimi, B.; Tempesti, V.; Ricci, C.; Ventrelli, L.; Cinelli, P.; Barbani, N.; Lazzeri, A. Multifunctional Coatings
for Robotic Implanted Device. Int. J. Mol. Sci. 2019, 20, 5126. [CrossRef] [PubMed]

39. Milazzo, M.; Contessi Negrini, N.; Scialla, S.; Marelli, B.; Farè, S.; Danti, S.; Buehler, M.J. Additive Manufacturing Approaches for
Hydroxyapatite-Reinforced Composites. Adv. Funct. Mater. 2019, 29, 1903055. [CrossRef]

http://doi.org/10.1111/dom.12999
http://doi.org/10.1038/ncomms15032
http://www.ncbi.nlm.nih.gov/pubmed/28406149
http://doi.org/10.1080/13645700410004582
http://www.ncbi.nlm.nih.gov/pubmed/16754138
http://doi.org/10.1126/scirobotics.aar7650
http://www.ncbi.nlm.nih.gov/pubmed/33141701
http://doi.org/10.1115/1.4042459
http://doi.org/10.1208/s12248-016-0028-6
http://www.ncbi.nlm.nih.gov/pubmed/28000098
http://doi.org/10.1098/rsos.160696
http://www.ncbi.nlm.nih.gov/pubmed/28280572
http://doi.org/10.1002/adhm.201200037
http://www.ncbi.nlm.nih.gov/pubmed/23184741
http://doi.org/10.1089/dia.2013.0369
http://www.ncbi.nlm.nih.gov/pubmed/24735100
http://doi.org/10.1007/BF00304853
http://www.ncbi.nlm.nih.gov/pubmed/6389243
http://doi.org/10.1111/j.1464-5491.1988.tb00977.x
http://www.ncbi.nlm.nih.gov/pubmed/2967145
http://doi.org/10.1021/la204201w
http://www.ncbi.nlm.nih.gov/pubmed/22263642
http://doi.org/10.1073/pnas.88.21.9377
http://www.ncbi.nlm.nih.gov/pubmed/1946348
http://doi.org/10.1016/j.ijpharm.2011.04.024
http://www.ncbi.nlm.nih.gov/pubmed/21540086
http://doi.org/10.1021/jp4101202
http://www.ncbi.nlm.nih.gov/pubmed/24328184
http://doi.org/10.1351/pac200577050801
http://doi.org/10.1117/1.1369411
http://doi.org/10.1159/000326083
http://www.ncbi.nlm.nih.gov/pubmed/21566715
http://doi.org/10.3390/ma13092165
http://doi.org/10.3144/expresspolymlett.2020.31
http://doi.org/10.1002/app.49937
http://doi.org/10.1016/j.polymertesting.2004.09.004
http://doi.org/10.1016/S0378-5173(02)00641-5
http://www.ncbi.nlm.nih.gov/pubmed/12550796
http://doi.org/10.1007/s10853-010-4585-2
http://doi.org/10.3390/ijms20205126
http://www.ncbi.nlm.nih.gov/pubmed/31623142
http://doi.org/10.1002/adfm.201903055


J. Funct. Biomater. 2023, 14, 145 13 of 13

40. Scrivani, T.; Benavente, R.; Pérez, E.; Pereña, J.M. Stress-Strain Behaviour, Microhardness, and Dynamic Mechanical Properties of
a Series of Ethylene-Norbornene Copolymers. Macromol. Chem. Phys. 2001, 202, 2547–2553. [CrossRef]

41. Liu, C.; Yu, J.; Sun, X.; Zhang, J.; He, J. Thermal Degradation Studies of Cyclic Olefin Copolymers. Polym. Degrad. Stab. 2003, 81,
197–205. [CrossRef]

42. Stivala, S.; Kimura, J.; Gabbay, S. Degradation and Stabilization of Polyolefins; Allen, N., Ed.; Applied Science Publishers: New York,
NY, USA, 1983.

43. McNally, D. Encyclopedia of Polymer Science and Technology, 3rd ed.; Herman, F., Ed.; Wiley–Blackwell: Hoboken, NJ, USA, 2007.
44. Nielsen, L.; Khurana, R.; Coats, A.; Frokjaer, S.; Brange, J.; Vyas, S.; Uversky, V.N.; Fink, A.L. Effect of Environmental Factors on

the Kinetics of Insulin Fibril Formation: Elucidation of the Molecular Mechanism. Biochemistry 2001, 40, 6036–6046. [CrossRef]
[PubMed]

45. Stachowiak, T.B.; Mair, D.A.; Holden, T.G.; Lee, L.J.; Svec, F.; Fréchet, J.M.J. Hydrophilic Surface Modification of Cyclic Olefin
Copolymer Microfluidic Chips Using Sequential Photografting. J. Sep. Sci. 2007, 30, 1088–1093. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/1521-3935(20010801)202:12&lt;2547::AID-MACP2547&gt;3.0.CO;2-X
http://doi.org/10.1016/S0141-3910(03)00089-2
http://doi.org/10.1021/bi002555c
http://www.ncbi.nlm.nih.gov/pubmed/11352739
http://doi.org/10.1002/jssc.200600515
http://www.ncbi.nlm.nih.gov/pubmed/17566345

	Introduction 
	Materials and Methods 
	Materials 
	Mechanical Characterization 
	Thermal Characterization 
	Design and Fabrication of Reservoir 
	Insulin Aggregation Tests 
	Statistical Analysis 

	Results 
	Mechanical Characterization 
	Thermal Characterization 
	Fabrication of the Insulin Reservoir 
	Insulin Aggregation Tests 

	Discussion 
	Conclusions 
	References

