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3D-Printed Biohybrid Microstructures Enable
Transplantation and Vascularization of Microtissues in the

Anterior Chamber of the Eye

Hanie Kavand, Montse Visa, Martin Kéhler, Wouter van der Wijngaart,*

Per-Olof Berggren,* and Anna Herland*

Hybridizing biological cells with man-made sensors enable the detection of a
wide range of weak physiological responses with high specificity. The anterior
chamber of the eye (ACE) is an ideal transplantation site due to its ocular
immune privilege and optical transparency, which enable superior
noninvasive longitudinal analyses of cells and microtissues. Engraftment of
biohybrid microstructures in the ACE may, however, be affected by the
pupillary response and dynamics. Here, sutureless transplantation of
biohybrid microstructures, 3D printed in IP-Visio photoresin, containing a
precisely localized pancreatic islet to the ACE of mice is presented. The
biohybrid microstructures allow mechanical fixation in the ACE, independent
of iris dynamics. After transplantation, islets in the microstructures
successfully sustain their functionality for over 20 weeks and become
vascularized despite physical separation from the vessel source (iris) and
immersion in a low-viscous liquid (aqueous humor) with continuous
circulation and clearance. This approach opens new perspectives in biohybrid
microtissue transplantation in the ACE, advancing monitoring of
microtissue—host interactions, disease modeling, treatment outcomes, and

vascularization in engineered tissues.

1. Introduction

The development of implantable biomedical sensors is mov-
ing toward real-time in vivo screening. Sensors based on elec-
trical, mechanical, or optical modules have been developed for

real-time measuring arterial pressure and
pulse rate ! neuronal activities, >3] glucose
monitoring,¥l and intraocular pressure
(IOP).°) However, biosensors composed
of living cells as a part of their sensing
element, known as biohybrid sensors, are
considered superior to biosensors that
exclusively depend on physicochemical
changes near the sensor. This is because
the biological unit in biohybrid sensors
can sense and respond to a wider range
of weak physiological stimuli with higher
specificityl® and can integrate with the
host through vascularization to create
a more physiological connection to the
external evaluation units. Recent in vitro
studies have shown the potential of bio-
hybrid sensors for applications such as
odorant’l and tastel®) sensing, directional
chemical source detection?! infrared
detection,!% and drug evaluation.[''12]
However, to extend these applications to
in vivo microenvironments, new strategies
are needed that can meet the requirements
of the host tissue, the biological sensing,
and the nonbiological readout units.

We have developed a microstructure that can both securely
hold a microtissue in a specific location within the ACE and
promote tissue engraftment (Figure 1). We chose pancreatic
islets as the model microtissue due to their importance and
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Figure 1. Schematic overview of localization, transplantation, and application of pancreatic islet biohybrid microstructures. a) Microstructures are
designed based on the anatomy of the mouse ACE and fabricated via TPP 3D printing. a-i) The microtissue (here pancreatic islet) is placed in the inner
cavity of the microstructure using a micromanipulator and mechanically confined by the “flap door” feature that opens during the placement by the
gentle pressure of the cannula tip and closes after tip retrieval. a-ii) Photograph of a microstructure with a localized islet inside (Scale bar = 200 um).
The magnified confocal image shows the fluorescence intensity difference between the microstructure and the islet expressing the GCaMP3 biosensor
protein. b-i) Sutureless transplantation to the ACE. The microstructure is placed at the iridocorneal angle (located on the circumference of the ACE)
through an incision in the cornea. b-ii) Photograph of a mouse eye with a transplanted microstructure. Arrowheads denote the microstructure (yellow),
islet (white), and iris (magenta). b-iii) Confocal backscatter image (maximum projection) of a transplanted eye. Corneal transparency allows longitudinal
imaging. Arrowheads denote the cornea (cyan), microstructure (yellow), iris (magenta), and sclera (white) (Scale bar =200 um). c) Schematic illustration

of the engraftment to the host tissue. Ca®* imaging is used to track Ca?* oscillations, as a functional state tracer of the transplants, in vivo.

widespread use in islet transplantation as a curative therapy
for type 1 diabetes and their potential for glucose-sensing
applications. Several locations are used as islet transplanta-
tion sites in rodents and higher mammalian models, includ-
ing the subcutaneous space, intrahepatic infusion, spleen, kid-
ney capsule, and ACE.I"}] The concept of transplanting tis-
sues within the ACE has been present for over a century.l'*1%]
The ACE is an ideal transplantation site due to its immune-
privileged status and a high degree of vascularization, which
provides an excellent environment for engraftment!!*1l and al-
lows for tracking host—transplant interactions,2°-?2] studying tis-
sue function (biology/pathology) at single-cell resolution,[?*) and
holds significant potential for enhancing preclinical and clini-
cal treatments.!?*?] While previous studies have engineered hy-
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brid scaffolds for subcutaneous islet transplantation!?6-2% and

attempts have been made to develop miniaturize sensors to
measure [OP directly in the ACE,*% no study, to our knowl-
edge, has examined the engraftment of biohybrid microstruc-
tures in this location. Nano/-microencapsulation of microtis-
sues in polymer membranes has been widely used although
it often creates complexities for metabolite and growth factor
diffusion, hinders subsequent engraftment (intra-microtissue
vessel development), and is less flexible to be tailored for de-
velopment of various applications.®!*2) Our strategy involves
assessing engraftment in a micromechanical structure where
cells are in direct contact with the ACE microenvironment, al-
lowing for vascular engraftment without altering the structure
mechanically.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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We aim to investigate the engraftment of biohybrid mi-
crostructures (hereafter called microstructures) in the ACE and to
provide insights for developing future biohybrid platforms, such
as sensors, designed for this site. To successfully integrate biohy-
brid devices with host biology, three requirements must be met:
1) protection of the microtissue during handling, 2) preservation
of functionality of the microtissue, and 3) promotion of integra-
tion through vascularization. The coupling of materials to living
cells is a coveted topic in biomedical engineering, with poten-
tial applications in the localized delivery of therapeutic or im-
munosuppressive drugs, cell and tissue transplantation, and cell
therapy.l>*-3¢] Furthermore, exploring the unique microenviron-
ment of the ACE as a transplantation site for biohybrid structures
is crucial in shaping a general concept in the field.

2. Results and Discussion

2.1. Design and Fabrication of the Microstructure for Microtissue
Transplantation in the ACE

To ensure successful sutureless transplantation of microstruc-
tures to the mouse ACE, we designed two different microstruc-
tures, named “cylinder” and “wedge,” based on the mouse eye’s
anatomy®®) and sutureless transplantation requirements. We
used two-photon polymerization (TPP) technique to 3D print
these microstructures, as illustrated in Figure S1 (Supporting
Information) and Figure 1a. We investigated two different pho-
toresins for the structural component of the microstructures, IP-
Visio and IP-S, and ultimately selected IP-Visio due to its suitable
optical (such as transparency and autofluorescence) and mechan-
ical properties (Figure S2, Supporting Information). To securely
confine the microtissue inside the microstructure during trans-
plantation, we incorporated “flap door” features (Figure S1a, Sup-
porting Information) that open during microtissue placement
using a cannula and then mechanically confine the microtissue
after placement, as shown in Figure S1b,c (Supporting Infor-
mation). The flap doors are designed with two flaps, each con-
structed as a flat surface that tapers at its connection to the main
structure. These tapered areas act as inflection points, allowing
the flaps to bend when mechanically pressed. The design of the
flap door was based on the principle of ensuring compatibility
with the size of the islets and also for a seamless mechanism of
opening and closing without causing any damaging effects on
the microtissue. Furthermore, we accounted for the flap’s abil-
ity to return to its original shape without getting stuck inside the
microstructure cavity. This design provides a flexible passage for
the easy insertion or removal of islets. This feature eliminates
the need for additional ECM-like adhesives, such as collagen hy-
drogels or Matrigel, and avoids related complexities such as tis-
sue/organoid functionality, optical limitations, or diffusion limi-
tation. The cylinder microstructure has a base diameter of 300 um
and height of 240 um, consisting of a base layer with a diameter of
20 um macropores for media exchange, a top layer with flap doors
for microtissue placement, and seven pillars spaced at 70 um in-
tervals to connect the base and top layer, as depicted in Figure
S1b (Supporting Information).

The wedge is specifically designed to fit and mechanically
wedge into the iridocorneal angle of the ACE (Figure 1a) located
on the circumference of the ACE, intermediating the sides of the
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base of the iris, cornea, sclera, and the anterior surface of the cil-
iary body.*”] This location is strategically chosen due to its mini-
mal iris dynamics, which minimizes the risk of continuous dis-
placement during grafting. The rear of the wedge is designed to
fit the angle, with the tip oriented toward the pupil. The wedge
design also incorporates flap doors for easy placement and me-
chanical confinement of the microtissue. We incorporated many
voids into the cylinder and wedge microstructures to ensure op-
timal functionality and long-term use. Studies examining pore
size (40—-632 pm) in different scaffold materials, including beta-
tricalcium phosphate, poly(lactic-co-glycolic acid), and polyethy-
lene glycol hydrogels, suggest that large pore sizes generally pro-
mote more extensive and sustained vascular ingrowth compared
to smaller pore sizes.[*!) Further to their role in promoting vascu-
larization of the confined microtissue, they are necessary to pre-
vent obstruction of aqueous humor drainage via the Schlemm’s
canal, which if blocked, could lead to elevated IOP.

2.2. Islet Isolation, Localization in the Microstructure, and In
Vitro Functionality

We chose pancreatic islets as our microtissue model and used
either wild-type islets or islets that expressed the GCaMP3 Ca**
biosensor in their f-cells (Figure S3a,b, Supporting Information).
After islet isolation and a day in culture, we placed the islets in-
side the microstructures using a cannula and a micromanipu-
lator (Figure 1a). We confirmed islet functionality and absence
of mechanical damage by examining their [Ca?*]; (cytoplasmic
free Ca’* concentration) dynamics in vitro (Figure S3c, Support-
ing Information), where islets in buffer media containing 11 x
1073 ™M glucose presented functional [Ca?*]; oscillations. We as-
sessed the in vitro biocompatibility of the IP-Visio photoresin by
analyzing the islet glucose stimulation response one week after
placement in the microstructure (Figure S3d, Supporting Infor-
mation). The fluctuations of [Ca?*]; in response to different me-
dia containing 3 x 1073 M (basal) and 11 x 10 m (high) glu-
cose and 3 x 107 M glucose with 25 x 10~ M KCl, indicated
a functional p-cell population (Figure S3d, Supporting Informa-
tion). KCl promotes f-cell depolarization, leading to a significant
influx of Ca’*. Our in vitro results confirmed that the material
and localization procedure had no evident adverse effect on g-
cell functionality. Previous studies have recorded Ca?* activities
in IP-Visio-based platforms designed for nerve growth, differen-
tiation, and co-cultures using Ca* dyes in vitro.’®*! Our results
further show that the low background fluorescence intensity of
IP-Visio compared to islets expressing GCaMP3 makes it a suit-
able material combination for evaluating [Ca’*]; dynamics.

2.3. Transplantation and Localization in the ACE

We transplanted the microstructures in the ACE of mice using
a self-healing cannula placement procedure (detailed in the Ex-
perimental Section). This method is a long-standing technique
that involves the creation of small incision to facilitate access
for transplantation.'*! We used donor islets 2-4 d after isola-
tion, utilizing the temporary availability of intra-islet donor en-
dothelial cells for elevated revascularization.!*’] Each eye received

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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one microstructure. As a control, microstructures without islets
and bare islets were transplanted. We did not observe any irrita-
tion or redness after transplantation and our evaluation spanning
over 20 weeks post-transplantation did not unveil any alterations
within the ACE or any unusual behavior in mice that might sug-
gest visual impairment.

We initially transplanted seven eyes with cylinder microstruc-
tures carrying non-sensor-expressing islets. The size and geom-
etry of the microstructures facilitated the transplantation proce-
dure. We evaluated the mice up to 10 months after transplanta-
tion and examined the microstructures for vascularization at sev-
eral time points (Figure S4, Supporting Information). The eyes
showed normal morphology, no visible damage to the cornea
was observed from the transplantation procedure, and the inser-
tion incision was healed after a few days. We observed five struc-
tures constantly localized on the iris, however their orientation
differed at each evaluation time point. We did not detect vascu-
larization in these samples on evaluations after four weeks or ten
months post-transplantation (vascular engraftment is detailed in
Section 2.6) (Figure S4a,b-i, Supporting Information). In com-
parison, we observed engraftment in two structures that were
physically trapped at the angle during our evaluation four weeks
post-transplantation (in contact with the cornea and the iris), and
these structures did not show changes in localization or orienta-
tion during the experimental period (Figure S4b-ii, Supporting
Information).

The low success rate of grafting of the structure on the iris
can be linked to the natural iris dynamics.*!l To resolve this
challenge, we designed the wedge microstructure geometry to
fit the angle dimensions of the ACE. The intimate surface inter-
action between the microstructure and the ACE boundary (iris,
angle, and cornea) mechanically anchors the microstructure in
the ACE. We transplanted 11 wedge microstructures and evalu-
ated them for up to 20 weeks. The wedge dimensions allowed
smooth insertion through the incision yet prevented structural
movement related to the iris dynamics (Figure 2a). We did not
observe wedge rotation or displacement relative to the eye during
the experimental period. Although we were successful in mini-
mizing the impact of iris dynamics on the microstructures to a
great extent, we could not control the orientation during trans-
plantation, which led to the localization of microstructures in two
distinct orientations. Two of them were right-side-up, and nine of
them were upside-down (Figure 2b). We found that one wedge-
shaped microstructure that was oriented upside-down was not
attached or in direct contact with the iris as intended. Instead,
it was attached to the cornea, suggesting a misplacement dur-
ing the transplantation process, possibly due to incorrect place-
ment in the angle. The orientation of wedge microstructures is
determined by the initial orientation during transplantation and
is not affected by iris dynamics. This suggests that the placement
procedure could benefit from additional enhancements. These
enhancements may include developing better tools, such as can-
nulas and holders, making modifications to the transplantation
procedure, or integrating materials that ensure consistent orien-
tation when transplanted.

Optical coherence tomography (OCT) scans provided confir-
mation that the cornea remained intact after transplantation
(Figure 2c-i) and localization of the microstructures at the ter-
minal time point (Figure 2c-ii). It should be noted that the mi-
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crostructure (IP-Visio) is not visible due to its transparency at the
acquisition wavelength of the OCT scanner (840 nm). Neverthe-
less, the islet and the foreign body reaction (FBR) cells attached
to the microstructure (detailed in Section 2.5) were visible in the
OCT scans.

2.4. In Vivo Functionality

Presence of [Ca**]; oscillations after transplantation is a critical
indicator of success of the procedure. Our in vivo imaging anal-
ysis showed [Ca?*]; oscillations on the day of transplantation and
2, 8, and 20 weeks after transplantation, as depicted in Figure 2d.
Notably, mice were not subjected to fasting to maintain low blood
glucose levels or injected with glucose to elevate their blood glu-
cose levels during Ca’* imaging. Therefore, a variation in fre-
quency and magnitude of [Ca?*]; oscillations on the separate days
of recording was expected and observed. Nevertheless, the consis-
tent occurrence of [Ca?*]; oscillations throughout the study pe-
riod suggests successful graft integration with the host.

We encountered a challenge in verifying the functionality of
the islets in vivo. This was due to the difficulty in imaging objects
in the iridocorneal angle, which we found to be the ideal site for
microstructure engraftment. The positioning of the microstruc-
ture in the angle and the limited field of view caused by the un-
controlled orientation of the microstructure made it challenging
to focus on and image the entire islet (J ~ 150-200 um) us-
ing confocal imaging. However, despite this limitation, we could
record [Ca?*); oscillations successfully in 10 out of 11 samples,
indicating in vivo functionality of islet f-cells.

2.5. Foreign Body Reaction

Less than 24 h after transplantation in a mouse model recog-
nized for inducing strong FBR,/?! we observed an accumulation
of cells on the microstructure, implying FBR (Figure S4b, Sup-
porting Information). The sparse monolayer coverage of circular
cells on the microstructures remained consistent between differ-
ent in vivo assessment time points, as observed by intravital mi-
Croscopy.

After graft retrieval at 10 months (cylinder) and 20 weeks
(wedge) post-transplantation, we observed that most of the cells
covering the microstructure had brownish compartments in-
side their cytoplasm, indicating the presence of macrophages
with phagosomes (Figure 3a). We further investigated the pres-
ence of macrophages and foreign body giant cells (FBGCs)*? as
markers of inflammation on the transplanted structures. We ob-
served cells staining positive for F4/80 (the most specific marker
for murine macrophages), CD11b (a marker for murine den-
dritic cells*?)), and @-SMA (a myofibroblast marker!*!]) with a
round/oval, round/spread, and spindle shape morphology, re-
spectively (Figure 3b,c). We identified multinucleated FBGCs
with filopodial®! by immunostaining for intracellular vimentin,
a highly abundant cytoplasmic intermediate filament protein ex-
pressed in inflammatory macrophages (Figure 3d). Since pro-
and anti-inflammatory cytokines stimulate macrophages to se-
crete vimentin,[*®l we also stained the samples for extracellular
vimentin (Figure 3e). We found no evidence of thick ECM or ac-
cumulation of multilayered cells on the surface of the structure.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Wedge transplantation and in vivo functionality. a) Photographs of a transplanted eye at different time points show the microstructure firmly
localized at the transplantation site. The white arrowhead denotes the transplantation incision and the yellow arrowhead points to the microstructure. The
white patches seen in the images of week 1 and week 2 are temporary and frequently observed after the specific anesthesia used. b) Confocal backscatter
images from different microstructures (1, 2, and 3 d) after transplantation. Arrowheads denote the cornea (cyan), iris (magenta), and microstructure
(yellow) (Scale bar =100 um). c-i) OCT scan of an eye transplanted with a microstructure showing intact morphology of the cornea after transplantation.
c-ii) Confocal backscatter images of the microstructures at the end of the experiment (Scale bar = 200 um). Confocal images are presented as maximum
intensity projections in the XY-plane. d) Longitudinal intravital [Ca®*]; imaging of an islet in a microstructure by confocal microscopy at indicated time
points after transplantation. GCaMP3 fluorescence (green) was optically measured and plotted in the respective graphs. Images and graphs represent
one sample over the experimental period.
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Figure 3. Foreign body reaction characterization of microstructure explants retrieved after 10 months (cylinder) and 20 weeks (wedge) of transplantation.
All scale bars represent 100 um unless otherwise stated. a) Optical image of a microstructure explant covered by cells including a high concentration of
phagosome (green arrowhead), moderate cytoplasmic phagosomes (blue arrowhead), and residual endothelial cells (red arrowhead) with noncytoplas-
mic phagosomes. b,c) Cell characterization by confocal microscopy after immunofluorescently labeling for F4/80, a macrophage marker (red), a-SMA,
the myofibroblast marker (green), CD11b, a macrophage marker (magenta), and nuclei (blue). d) Immunofluorescence images of cell cytoskeletal mor-
phology (intermediate filaments) using immunostaining for vimentin (red). Foreign body giant cells (FBGCs) are identified by the appearance of multiple
nuclei (Scale bar = 50 um). e) Immunostaining images of extracellular vimentin secreted by the cells represented in maximum projection. The white
arrowhead points to FBGCs, and the green arrowhead points to a cell with incomplete imaging stacks showing the stained cells’ cross-sectional view. f)
Confocal images of a microstructure (side and top (cross-section) views) with an islet immunolabeled for insulin (magenta) and a-SMA (green). White

arrowhead points to the interaction site between the islet and the a-SMA* cells.

This could be attributed to the immune-privileged microenviron-
ment of the ACE or a minimized immunogenicity of IP-Visio. In
some samples, we noticed FBR cells partially in contact with the
islet (Figure 3f). While studies on intraocular implants such as
polyimide micro-stents(*’! transplanted in the supraciliary space
and in contact with the aqueous humor have demonstrated fibro-
sis and other chronic complications, it is suggested that the aque-
ous humor reinforces fibrotic encapsulation.[*8] Possible direct
FBR-islet interaction needs further assessment. However, we did
not observe a specific alteration in f-cell function in this study.
To our knowledge, this is the first in vivo study of IP-Visio and
therefore we cannot compare our results with other transplanta-
tion studies.

2.6. Vascular Engraftment
The physiological function of pancreatic islets in glycemic con-

trol (sensing blood glucose and secreting hormones) requires
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vascularization.[*”] Consequently, revascularization of the trans-
planted islets is a critical step in ensuring their survival and
function. To evaluate islet revascularization eight weeks post-
transplantation, we injected a fluorescent dye solution into
the tail vein of the mouse while monitoring islet fluorescence
(Figure 4). We used DyLight conjugated Lectin as the neovascu-
larization tracer to perfuse the vessels. Figure 4a depicts the fluo-
rescent profile of a confined islet within a microstructure before
and after injecting the fluorescent dye. Movements related to an-
imal respiration and injection can cause a loss of focus, leading
to changes in signal (Figure 4a-iii). As a positive control for ob-
serving engraftment, we also transplanted bare islets, for which
vascularization is stimulated by the proximity to the abundant
vessels in the iris (Figure 4b). Previous studies conducted in dor-
sal skin,[*! kidney capsule,[*] and the ACE,>%! have shown that
capillary sprouts and new vessels start to form in transplanted
islets within 2—4 d after transplantation.

During in vivo imaging, we observed the perfusion of ten
confined islets with the fluorescent dye, confirming successful
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Figure 4. Biohybrid microstructure vascularization. All scale bars represent 100 um unless otherwise stated. Arrowheads denote cornea (cyan), mi-
crostructure (yellow), iris (magenta), and vessels (white). a-i) Confocal backscatter image of a transplanted microstructure. a-ii) Intravital fluorescence
image of a microstructure 20 weeks after transplantation. The fluorescent dye, DyLight-Lectin, perfused blood vessels and was administered through
tail vein injection (Scale bar = 50 um). The time-dependent increase in fluorescence signal plotted in (a-iii) indicates successful vascularization of the
islet. The arrows point to the animal’s transient movement (motion artifact) during preparation for injection, while the dotted line marks the time when
the dye reaches the intra-islet vessels via the bloodstream. Movements result in a loss of focus and changes in the signal that could also be seen in
the backscatter/reflection channel. b) Photograph of an eye transplanted with a microstructure and a bare islet as a positive control for the engraftment
procedure. Confocal images of the engrafted bare islet to the iris with the B-cells expressing GCaMP3 (green) and vessels perfused with DyLight-Lectin
(red). Green arrowhead points to the islet grafted to the iris (magenta arrowhead). c) Intravital fluorescence imaging of transplanted microstructures.
c-i) Image of an islet being vascularized from the iris. c-ii) Vessels (white arrowheads) from the iris have sprouted and branched to vascularize the islet
despite being far and in no direct contact (in a few tens of micrometers away) with the iris. A fully vascularized islet is also shown in (c-iii), which has
been vascularized from the iris. Although most samples are vascularized from the iris, (c-iv) shows a sample that is vascularized from both the iris and
the cornea.

engraftment. We observed that seven of these islets were vascular-
ized from the iris, with the vascular connections originating from
beneath the islets as well as from the surrounding region in close
proximity (Figure 4c-i—iii). Notably, we observed that there were
vascular connections to the iris in the microstructure that was not
in direct contact with the iris (Figure 4c-ii). This microstructure
was only secured mechanically to the cornea, and upon dissect-
ing the eye and breaking the delicate free-standing vasculature,
we found that the microstructure was entirely free-floating.
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Vascular network formation is an intricate process that
involves endothelial cells, soluble growth factors, extracellu-
lar matrix (ECM) components as well as remodeling and
is influenced by biochemical and biomechanical cues in the
microenvironment.>%2] Our results present compelling evi-
dence of endothelial sprouting through the ECM-free microen-
vironment of aqueous humor. The aqueous humor is secreted
at a rate of 1.5-3.0 uL min~! and undergoes clearance approx-
imately every 100 min,[>*>*l resulting in a complex signaling
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environment for pro-angiogenic mediators such as vascular en-
dothelial growth factor (VEGF).

In the three remaining samples, we observed that the islets
had vascular connections to the iris and cornea, as shown in
Figure 4c-iv, representing a typical sample with a good trans-
plantation procedure and a fully localized islet in the microstruc-
ture. However, in the second sample, a mechanical complication
during transplantation led to cornea damage, resulting in subse-
quent haziness of the cornea, as shown in Figure S5a (Support-
ing Information). This haziness suggested a condition known as
cornea edema, which can occur when the cornea becomes ex-
cessively hydrated and gradually loses transparency, leading to
corneal vascularization.>! Cornea edema can arise from various
causes, including surgical interventions. For instance, a study!*®
reported that a retained lens fragment, measuring 960 um x
750 pm, after phacoemulsification in the ACE, caused cornea
edema. Finally, in one of the 11 cases, the islet was trapped be-
tween the flap doors. Fifteen weeks after transplantation, we ob-
served the islet outside the microstructure and attached to the
cornea, exhibiting morphological changes (Figure S5b-i, Sup-
porting Information). Furthermore, we observed that the islet
had a vascular connection with the iris and cornea, as shown in
Figure S5b-ii (Supporting Information). In this sample, we ob-
served the same vascular extensions in the aqueous humor as
in the previous samples that had solely vascular connection with
the iris. In this sample, we recorded [Ca?*]; oscillation at week 15
post-transplantation.

Graft revascularization rates depend on various factors such as
blood vessel density of the transplanted site, inflammation, oxy-
gen tension, and intra-islet endothelial cells.’'257] Qur approach
did not involve using exogenous angiogenic growth factors, such
as VEGF, to induce or accelerate vascular engraftment. The entire
engraftment process relied on the inherent physiological interac-
tions between the microtissue (transplanted islets secrete VEGF)
and the ACE microenvironment. In addition, the VEGF produced
by FBGCs helps recruit and maintains immature neovessel.l’8] Tt
has also been proposed that extracellular vimentin secreted by
FBGCs is pro-angiogenic and has similar functionality as VEGF,
including VEGF-receptor signaling.[*] In the context of biohy-
brid engraftment, the role of FBR in forming and maintaining
the vascular network can be advantageous. Further investigation
is necessary to determine the exact role of FBR in biohybrid en-
graftment and to potentially modulate FBR for more favorable
engraftment outcomes.

3. Conclusion

In this study, we focused on investigating biohybrid microstruc-
ture transplantation. We used TPP’s benefits to fabricate mi-
crostructures capable of delivering and fixating microtissues in
the ACE. The fabrication procedure is simple and easily ad-
justable to fit various tissues. The flap door feature makes mi-
crotissue confinement free from using additional adhesive ma-
terials, such as hydrogels. This strategy can be used for vari-
ous applications such as biohybrid sensors, microtissue delivery,
and defined tissue—tissue interaction studies. We report the first
transplantation and in vivo study on IP-Visio, as an off-the-shelf
material. We provide evidence that the material is biocompati-
ble with pancreatic islets by evaluating their in vitro/in vivo func-
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tionality and observed minimal signs of FBR upon transplanta-
tion. We show that the corneal transparency and tissue morphol-
ogy remain unaffected after transplantation and 20 weeks post-
transplantation. However, more research is necessary to under-
stand the material’'s immunogenicity in other tissue microenvi-
ronments. This could involve exploring different surface mod-
ification or coating approaches, such as local delivery of anti-
inflammatory or antifibrotic agents,[® to promote subsequent
tissue repair and improve the biohybrid transplant’s functional-
ity.

We used pancreatic islets expressing a genetically encoded
Ca** indicator (GECI), GCaMP3, to evaluate their in vivo func-
tionality over the transplantation period. GECIs are ideal for eval-
uating cell function in transplantable biohybrid devices since
they enable longitudinal readouts and avoid the challenges asso-
ciated with using fluorescent dyes in vivo, such as labeling and in-
jection, concentration optimization, and experimental repeatabil-
ity due to their short half-life.[®!] After evaluating the in vitro func-
tionality of the microstructures, we assessed the in vivo function-
ality and vascularization over 20 weeks using microscopy. Our
analysis of different microstructures suggests that the dynam-
ics of the iris is a critical factor for successful engraftment and,
in this context, the localization and stability of the transplanted
microstructures are essential. By targeting the iridocorneal an-
gle, where the iris dynamics are minimal, we developed a more
stable geometry for our microstructure design. The difficulty in
imaging and verifying the functionality of the transplanted mi-
crostructures in the angle highlights the need for further im-
provements in the sensing modules. One promising solution is
the development of integrated biohybrid sensors that can pro-
vide real-time monitoring of microtissue function. Such sensors
could potentially overcome limitations of current imaging tech-
niques and provide more accurate data on the functionality of
biological units.

Our work represents a significant advance in the field of
biohybrid structural engraftment in the ACE, providing com-
pelling empirical evidence of successful integration. Moreover,
our study highlights the potential for this unique site and strat-
egy to be leveraged in a broad range of investigations requiring
bio-microsystem integration with the host microenvironment.
This includes studies enabling real-time measurements of physi-
ological responses with high specificity and sensitivity, investiga-
tions into various microtissue—microtissue interactions, and ex-
ploration of ECM-free vascularization strategies. Our finding that
endothelial sprouting can occur in a dynamic fluid environment
with low viscosity underscores the critical role that the physical
and chemical properties of the microenvironment play in tissue
regeneration and integration. By shedding light on these funda-
mental principles, our work lays a foundation for future research
to improve the efficacy of biohybrid structural integration and tis-
sue engineering strategies.

4. Experimental Section

Mice for Isolation and Transplantation: The sensor expressing islet, ex-
pressing the fluorescent Ca?* indicator protein (GCaMP3), was obtained
from heterozygous donor mice (RIP-Cre:GcaMP3).[23] The recipient mice,
immunocompetent C57BL/6), were obtained from the breeding colony
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at Karolinska Institutet, Stockholm, Sweden. Mice were kept on a 12 h
light/12 h dark cycle. All experimental procedures and animal studies were
carried out in strict accordance with the Karolinska Institutet’s guidelines
for the care and use of animals in research and were approved by the re-
gional Animal Ethics Committee (No. 1184-2021).

Islets of Langerhans Isolation and Culture: Pancreatic islets were iso-
lated from 8 to 10 weeks old adult wild-type and double heterozygous
RIP-Cre:GCaMP3 male mice. In brief, mice were sacrificed by cervical dis-
location and incision was made in the abdominal region to gain access
to the internal cavity. To ensure controlled containment, the common
bile duct was methodically clamped, limiting the spread of the digestion
buffer in pancreas after bile duct injection. The digestion buffer consisted
of ice-cold collagenase P (1.5 mg mL~", Roche) in the washing buffer
(Hanks’ Balanced Salt Solution (HBSS, Gibco) supplemented with BSA
(2.5 mg mL~", Fisher) in HEPES (25 x 1073 ™, Gibco), and pH adjusted
to 7.4). The perfused pancreas was separated from the abdomen, collected
in a vial containing the washing buffer, and placed in a water bath (37 °C,
25 min). To help with liberation from the tissue ECM, the digested solu-
tion was passed through an 18G steel needle and washed (twice, 5 min).
Islets were handpicked under a stereomicroscope and incubated at stan-
dard conditions (37 °C, 5% CO,, in humidified air) in a medium contain-
ing RPMI-1640 (Gibco) supplemented with 10% FBS (Gibco), L-Glutamine
(2 x 1073 M, Gibco), penicillin (100 IlU mL~", Gibco), and streptomycin
(100 ug mL~", Gibco) until use.

Microstructure ~ Fabrication and Islet Localization: Microstructures
were fabricated in a single printing procedure using a commercial TPP
3D printer (Nanoscribe) in a commercially available biocompatible pho-
toresin (IP-Visio and IP-S, Nanoscribe). According to the MSDS of the sup-
plier, IP-Visio photoresin is composed of (95%) 7,7,9(or 7,9,9)-trimethyl-
4,13-dioxo-3,14-dioxa-5,12diazahexadecane-1,16diylbismethacrylate,
(<1%)  phenylbis(2,4,6-trimethylbenzoyl)phosphine  oxide,  (<2%)
(bis(2-methacryloxyethyl)-N,N’-1,9-nonylenebiscarbamate), and (<1%)
2,6-di-tert-4-butylhydroxytoluene. Photoresin was dispensed on indium tin
oxide (ITO) coated glass, and the designs (designed in SolidWorks) were
printed. Following TPP structuring, samples were developed in propylene
glycol methyl ether acetate (PGMEA, Sigma-Aldrich) and washed with
isopropanol (VWR Chemicals) for 25 and 5 min, respectively. To prepare
the structure for hosting an islet inside, samples were washed with culture
media and centrifuged (2200 g for 5 min) to remove air bubbles trapped
inside the microstructure voids. Islets were picked and localized in the
structures using a micromanipulator (Eppendorf, 5170). Borosilicate
glass micropipettes were pulled and grinded to create microcapillaries
or cannulas. Islets were localized inside the microstructures 1 d after
isolation. This delay gave the freshly isolated islets time to produce ECM
around themselves and better tolerate the possible mechanical tensions
during the localization procedure.

In Vitro [Ca?*]; Imaging: Four samples consisting of a wild-type islet,
biosensor (GCaMP3) expressing islet, microstructure made of IP-S, and
IP-Visio were prepared. Their fluorescence was examined using a laser
scanning confocal microscope (TCS SP8, Leica) with gating of the emis-
sion signal to exclude reflection. To check the functionality of the localized
islets before transplantation and absence of mechanical damage stem-
ming from the localization procedure, in vitro confocal Ca?* imaging was
acquired. To verify the biocompatibility of IP-Visio on islet’s function, sam-
ples were localized in the structures, and a stimulation experiment, using
30r11x 1073 m glucose, and KCI (25 x 103 m), was performed after one
week of culture using wide-field Ca?* imaging as previously described.[?3]
Microstructures were first incubated in low glucose buffer medium (3 x
1073 m) for 1 h, and after 100 s of baseline Ca?* signal recording, media
was changed to a higher glucose concentration (11 X 1073 m) and then
back to a low glucose medium. In the final step, KCl was added to depo-
larize the cells. The experiment was conducted at 37 °C.

Transplantation:  Microstructures were manually transplanted in the
ACE of 8-10 weeks old C57BL/6) mice. Mice were anesthetized with isoflu-
rane (2%—-2.5% (v/v), Baxter) using the UNIVENTOR 400 anesthesia unit,
and the head was supported and fixed under a stereomicroscope using a
head holder (Narishige). Body temperature was maintained at 37 °C + 0.5
using a heating pad. A small incision was manually created on the cornea
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near the sclera using an 18-gauge steel needle. The microstructure was
carefully transplanted in the ACE using a glass capillary connected to a
Hamilton syringe via polyethylene tubing. Microstructures were injected
in the ACE and positioned on the iris and at the iridocorneal angle. A drop
of Viscotears (Novartis) was placed on the cornea to avoid desiccation. To
visualize the state of the cornea after transplantation regarding any dam-
age created during transplantation, eyes were visualized using an OCT
scanner (OQ LabScope, Lumedica).

In Vivo [Ca®*]; Imaging of the Transplanted Islets: Anesthesia was in-
duced and maintained by inhalation of vaporized isoflurane. Mice were
fixed with the head holder and placed on the customized confocal laser
scanning microscope (TCS SP5, Leica) stage as previously described.[?]
Viscotears was used as an immersion medium between the eye and the
objective. Fluorescence emission from GCaMP3 was acquired at Ao, =
488 nm and Agp,; = 500-550 nm. To visualize the microstructure and its
location in the ACE, a backscatter signal was also acquired by a 633 nm
laser (Aeyc: 633 NM, Aepi: 630-636 nm). In vivo Ca®* imaging was per-
formed on the day of transplantation and after 1, 2, 8, and 20 weeks post-
transplantation.

In Vivo Vascularization Assessment: For in vivo vascularization, per-
fused blood vessels were identified by intravenous injection of DyLight 649
conjugated Lectin (1 mg per mouse, Invitrogen) using microscopy.

Immunohistochemistry:  Animals were euthanized by cervical disloca-
tion, and eyes were enucleated and fixed immediately (2 h) in formalin so-
lution (10% neutral buffered, Sigma). Microstructures were then retrieved
from the ACE and permeabilized and blocked using a buffer (0.25% Triton
X100 (Sigma-Aldrich) and 10% FBS in 1x PBS). Samples stained for extra-
cellular vimentin were not permeabilized and the buffer excluded Triton-
X100. Samples were then incubated (overnight at 4 °C) with a cocktail of
primary antibodies diluted in a buffer (0.25% Triton-X100 and 5% FBS in
1x PBS). The primary antibodies used in this study include anti-vimentin
(Abcam ab92547, 1:100), anti-a-smooth muscle actin (a-SMA) (Invitro-
gen, 1:500), anti-F4/80 (Invitrogen, 1:100), anti-CD11b (BD Bioscience,
1:200), and anti-insulin (Dako 1:200). Samples were washed three times
in blocking buffer and incubated with the secondary antibodies (1-2 h,
room temperature). After three additional washes with PBS, nuclei were
stained using DAPI (1:1000) or Hoechst (1:2000) and visualized using a
laser scanning confocal microscope.
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Supporting Information is available from the Wiley Online Library or from
the author.
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