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Abstract 
Success of cell therapy in avascular sites will depend on providing sufficient blood supply to transplanted tissues. 
A popular strategy of providing blood supply is to embed cells within a functionalized hydrogel implanted within 
the host to stimulate neovascularization. However, hydrogel systems are not always amenable for removal post-
transplantation; thus, it may be advantageous to implant a device that contains cells while also providing access to 
the circulation so retrieval is possible. Here we investigate one instance of providing access to a vessel network, a 
thin sheet with through-cut slits, and determine if it can be vascularized from autologous materials. We compared 
the effect of slit width on vascularization of a thin sheet following subcutaneous implantation into an animal model. 
Polydimethylsiloxane sheets with varying slit widths (approximately 150, 300, 500, or 1500 µm) were fabricated 
from three-dimensional printed molds. Subcutaneous implantation of sheets in immunodeficient mice revealed that 
smaller slit widths have evidence of angiogenesis and new tissue growth, while larger slit widths contain native mature 
tissue squeezing into the space. Our results show that engineered slit sheets may provide a simple approach to cell 
transplantation by providing a prevascularized and innervated environment. 
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Figure 1. Sheet fabrication, implantation, and explantation 
process. (a) A micro-stereolithographic 3D printer creates 
molds layer by layer. (b) Molds are filled with PDMS to 
create the sheet implants (c) with various slit widths. (d) Two 
sheets are implanted into the subcutaneous space of each 
athymic nude mouse. (e) At 28days, the skin flap shows vessel 
infiltration around the 500µm slit size implant, scale bar: 5mm. 

waste. Thus, considerable advances have been made to 
promote invasion of the host vasculature into these scaf­
folds in an effort to improve cell viability and function. 
Many groups have investigated various approaches such 
as the use of proangiogenic factors, progenitor cells, vas­
cular-inductive biomaterials, bioreactors, microelectro­
mechanical system (MEMS)-related approaches, and 
combinations of these methods to promote neovasculariza­
tion and angiogenesis.3,4 Important to our study, others 
have shown that the geometry of an implant, and not 
chemical factors alone, also plays a role in forming vascu­
lar networks.5–7 

Polydimethylsiloxane (PDMS) has long been used for 
medical device implants in addition to creating tissues,8 

promoting vessel growth,9,10 and regenerating nerves11 in 
vivo. PDMS is considered to be biocompatible and has 
other advantages such as low cost, optical transparency, 
flexibility, and durability. PDMS is a good candidate 
material for tissue engineering strategies that require bio­
compatibility and non-resorption over time. On the other 
hand, physical geometries and shapes, mainly micro-
channels, have also been used to encourage vasculariza­
tion5,7,12,13 and nerve growth13–16 in vivo. We investigate 
if this biocompatible material cast into thin sheet contain­
ing rectangular slits can promote healthy tissue growth in 
vivo (Figure 1). A subcutaneous implantation site allows 
for easy retrieval and removal of cells; therefore, a 
thin profile is desirable, as to not introduce excessive 
strain on the tissue. The purpose of this study was to 
investigate the thin sheet slit architecture as a way to use 
the host’s own tissue response in creating a perfused 
microvascular network in vivo. Tissue response was 
evaluated by implanting PDMS sheets with different slit 
widths in the subcutaneous space of immunodeficient 

mice. Subsequently, the sheets were removed, histologi­
cally processed, and analyzed. 

Materials and methods 

Sheet fabrication 

Thin sheets of PDMS (Sylgard® 184 Silicone Elastomer 
Kit, Dow Corning Corp., Midland, MI, USA), each con­
taining a parallel array of slits, were fabricated by polym­
erization within a custom mold. All slits within each sheet 
were of approximately equal width: 150, 300, 500, or 
1500 µm. Molds were designed in SolidWorks (Dassault 
Systemes Solidworks Corp., Waltham, MA, USA), 
exported to an STL file, and printed by a high-resolution 
stereolithography 3D printer (Pico Plus 27, Asiga, 
Anaheim Hills, CA, USA). The mold was made of a hard 
405-nm light curable resin (PlasCLEAR, Asiga), with x-
and y-resolutions of 27 µm, and fabricated layer-by-layer 
in 10-µm-thick slices (Figure 1(a)). After the build was 
finished, molds were washed three times in isopropanol 
and sonicated for 10 min in isopropanol to remove any 
uncured resin. Molds were air dried for 15 min, then fur­
ther cured by 10 min exposure to an 8W 302 nm UV light 
source (Dual UV Transilluminator, VWR International, 
Radnor, PA, USA), and subsequently baked in an oven 
overnight at 80°C. Finally, liquid PDMS (1:10 ratio of 
crosslinker to monomer base) was poured into the molds 
and baked at 80°C for 2 h (Figure 1(b)). The polymerized 
thin sheets (Figure 1(c)) were removed from the molds 
and autoclaved at 122°C for 20 min. All sheets had planar 
dimensions of approximately 14 mm × 22 mm and thick­
ness 0.5 mm. Slits were placed such that the space between 
neighboring slit edges was 1 mm. 

In vivo study 

Approximately 8-week-old male athymic nude mice 
(Charles River Laboratories, Inc., Wilmington, MA, 
USA) weighing between 20 and 25 g were used in this 
study. All procedures were approved by the UC Irvine 
Institutional Animal Care and Use Committee (IACUC 
#2008-2850). Animals were anesthetized with 2%–4% 
isoflurane for surgical experiments. A midline incision 
through the dorsal skin was created via sterile surgical 
scissors and two subcutaneous pockets were created by 
blunt dissection, one on the left and one of the right side 
of the incision. A single sheet was placed within each 
pocket (Figure 1(d)), and then a drop of blood (5–10 µL) 
from a donor mouse was spread across the upper surface 
of the sheet (in situ) in order to fill the slits with clotted 
blood.17,18 The pocket on the left side was sealed by 
sutures running between the bottom layer of subcutaneous 
tissue and the underlying muscle layer to prevent the 
sheets from shifting and overlapping each other. The dor­
sal incision was sutured closed and secured with surgical 
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Figure 2. H&E staining reveals vascularized and innervated tissue. Samples were cut either in a vertical orientation (a) or in 
a horizontal orientation (b). Histological images post 28days implantation into the subcutaneous space of athymic nude mice 
are shown for each slit width: (c, g, k) 150µm, (d, h, l) 300µm, (e, i, m) 500µm, and (f, j, n) 1500µm. Vertical sections at 4× 
magnification (c–f) are marked with a dashed rectangle, which were imaged again at 10× magnification (g–j). Arrows point to what 
appears to be invagination of native tissue into the slit space. Horizontal sections are shown in (k–n) at 20× magnification. Hollowed 
arrows point to erythrocyte-filled blood vessels. Scale bar: (c–f): 500µm; (g–j): 200µm; (k–n): 100µm. 

clips (Fine Science Tools, Inc., Foster City, CA, USA). 
The animals received ibuprofen, between 50 and 
80 mg/kg, via drinking water for 2 days following surgery. 
Five animals were studied in each slit width group 
(150, 300, 500, and 1500 µm). Animals were monitored 
daily and after 28 days sheets were removed and animals 
were sacrificed (Figure 1(e)). 

Histological preparation 

Sheets were removed on day 28 by cutting through the full 
thickness of surrounding skin while leaving the tissue 
above and below the sheet intact. The excised tissue was 
immediately fixed by submersion in a 4% solution of 
phosphate-buffered formalin for 24 h. Samples were 
placed and sectioned in one of two orientations as illus­
trated in Figure 2(a) and (b). For each slit width, four 
sheets were placed for horizontal sectioning and one sheet 
for vertical sectioning. Vertical samples were prepared by 
first cutting the sheets with a trimming knife (Cancer 
Diagnostics, Inc., Durham, NC, USA) through their center 
in a direction transverse to the long axis of the slits and 
then transferring each half sheet into cassettes. Samples 
were processed and embedded within a paraffin block with 
the cut end facing the surface of the block (by Harris 
Histology Services, Tustin, CA, USA) and sectioned 
(Figure 2(a)). Horizontal samples were prepared by first 
cutting the sheets along the long axis of the center slit and 
then transferring each sheet half into cassettes. Samples 
were processed and blocked in paraffin wax with one half 

of the cut sheet with the skin facing the surface of the 
block and the other half with the muscle facing the surface 
of the block, side by side in one block (by Harris Histology 
Services) and sectioned (Figure 2(b)). Serial sections were 
cut (5µm thickness) and mounted onto slides. 

Histological and immunofluorescence staining 

For histological observations, sections were stained 
with H&E. For immunohistochemistry, sections were 
deparaffinized followed by antigen retrieval via over­
night incubation in 0.1 M Tris/HCl buffer, pH = 9.0 at 
80°C.19 Sections were then washed with phosphate-
buffered saline (PBS), permeabilized with 0.5% Triton 
X-100, and blocked with 5% Donkey serum (Jackson 
ImmunoResearch, Inc., West Grove, PA, USA) for 30 min 
at room temperature. After serum blocking, slides were 
incubated with 1:200 monoclonal rabbit anti-alpha 
smooth muscle actin (αSMA) (Abcam, Cambridge, MA, 
USA) in 1× PBS supplemented with 5% Donkey serum 
and 0.5% Triton X-100 at 4°C overnight. Detection of 
peripheral nerve axons was performed with incubation of 
1:400 polyclonal rabbit anti-S100 (Dako North America, 
Inc., Carpinteria, CA, USA). Slides were then washed 
with PBS and incubated with 1:500 AlexaFluor® 

488 donkey anti-rabbit (Life Technologies, Carlsbad, 
CA, USA). Images were taken on an Olympus IX83 
microscope at 20× with an Orca R2 camera (Hamamatsu 
Photonics K.K., Hamamatsu City, Japan) through Micro­
Manager.20 
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Quantification of vessel and nerve count/ 
morphology 

For analysis, H&E slides were imaged with a Nikon eclipse 
E800 microscope at 20× using Olympus cellSens Entry 
program. Images that contained vessels or nerve axons on 
multiple adjacent images were stitched together using 
Photoshop (Adobe Systems, Inc., San Jose, CA, USA). At 
least three slits were imaged for each slit size group. Images 
(or stitched images) for each slit were analyzed with a cus­
tom MATLAB (MathWorks, Inc., Natick, MA, USA) code 
for manual tracing of blood vessels and nerve tissue within 
each image and calculations of area and lengths of major 
and minor axes of the tracings. Vessels were identified by 
three criteria: (1) hollow lumen, (2) endothelial cell lining, 
and (3) luminal erythrocytes.21–23 Nerve axonal tissue was 
identified by characteristic morphology: wavy bundles of 
eosinophilic fibers associated with spindled Schwann cells. 
Identifications and tracings were confirmed by a blinded 
dermatopathologist. The vessel (or nerve) area percentage 
or count was calculated as total vessel (or nerve) area or 
count divided by total slit tissue area. Circularity of vessels 
(or nerves) was defined as the length of the minor axis 
divided by the length of the major axis. 

Statistical analysis 

Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) 
was used for graphing and statistical testing. Data did not 
pass tests for normality necessitating non-parametric 
Kruskal–Wallis tests followed by post hoc Dunn’s multi­
ple comparisons test. Tests were determined statistically 
significant when p < 0.05. Vertical and horizontal section 
data were analyzed separately. Data represented by 
box plots show the median, IQR (interquartile range), 
and maximum and minimum values or 1.5IQR, which­
ever is shorter. Data represented by bar plots show the 
median ± IQR. 

Results 

Sheets were fabricated as described in section “Materials 
and methods” (Figure 1(a)–(c)) and implanted in pairs in 
the subcutaneous space along the back of male nude mice 
(Figure 1(d)). Animals tolerated the implants well, show­
ing no changes in eating habits or signs of discomfort. No 
adverse reactions such as infection or necrosis were 
observed out to 28 days post-implantation. Digital photo­
graphs of sheets during explantation indicated local vascu­
larization. Note that vessels can be resolved through the 
transparent sheet indicating the lack of thick fibrotic and 
opaque tissue at the sheet surface (Figure 1(e)). H&E 
staining of both vertical (Figure 2(a), (c)–(j)) and horizon­
tal (Figure 2(b), (k)–(n)) sections showed host tissue infil­
tration within the slit space including erythrocyte-filled 

blood vessels and nerve tissue. On vertical sections through 
the larger slits (300, 500, and 1500µm), the upper and 
lower region of each slit contains vessels, nerves, connec­
tive tissue, and muscle, suggesting that mouse superior 
and inferior dermis have squeezed into the larger slits 
(Figure 2(d)–(f), (h)–(j)). Tissue within all slits exhibits a 
foreign body response comprising macrophages and multi­
nucleated giant cells in contact with the material edges. 
The presence of mature vessels (Figure 3(a)) and Schwann 
cells24 (Figure 3(b)) was confirmed by immunohisto­
chemistry staining for αSMA (Figure 3(c)) and S100 
(Figure 3(d)), respectively. 

Examination of all detected vessels in horizontal slices 
shows that tissue within the 1500 µm slits contains vessels 
with larger cross-sectional area as compared to the other 
groups (Figure 4(a)), and vessels within the 500 µm slits 
were of significantly smaller area as compared to the 
other groups. While differences in area were statistically 
significant, the physiological implications may be subtle, 
and absolute values of vessel area are consistent with 
other studies on vascularization of scaffolds.22,25 No sta­
tistically significant differences in vessel area were found 
for vertical sections. Similarly, when investigating vessel 
circularity (Figure 4(b)) across all detected vessels in hor­
izontal slices, we found that the 1500 µm slits contained 
vessels of greater circularity as compared to the other 
groups. In interpretation of circularity, it should be con­
sidered that circularity is dependent not only on vessel 
shape but also on the orientation of the vessel relative to 
the plane of sectioning. Assuming that vessels are on 
average circular in cross section, vessels that appear round 
(circularity ≅ 1) likely run more perpendicular to the 
direction of sectioning as compared to those appearing 
oblong (circularity < 1), which may have a long axis at an 
angle to the section. Next, we compared vessel count and 
total vessel area percentage between multiple slits of the 
same width. For each individual slit, we determined total 
vessel count normalized by total slit area (Figure 4(c)), as 
well as the percentage of slit area occupied by vessels 
(Figure 4(d)). Interestingly, vessel count per slit area 
appears to decrease with increasing slit width (in both 
horizontal and vertical sections), and a statistically sig­
nificant difference was detected between the 150 and 
1500 µm groups. No trends or statistical differences were 
observed for percent vessel area. 

Nerve axons were analyzed using the same metrics as 
for vessels. No nerves were detected within 150-µm-wide 
slits, but were detected within wider slits. While horizontal 
sections show nerves in the 300µm slits had significantly 
larger areas as compared to those in the 500 µm slits 
(Figure 5(a)), this difference is biased by the unusually 
large nerve found in the 300µm slit. In horizontal sections, 
nerve circularity within 300-µm-wide slits (Figure 5(b)) 
was significantly lower than that for the wider slits, a 
similar trend was observed for vertical sections. Next we 
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Figure 3. Immunohistochemistry detects both mature blood vessels and nerve tissue. Vertical sections of 500µm slit samples were 
stained with H&E where arrows indicate (a) blood vessels or (b) nerves. The presence of (c) mature blood vessels via αSMA and 
(d) nerves via S100 were confirmed with immunohistochemistry of serial sections. Dashed white lines indicate the border of the 
material and tissue interface. Scale bar=100µm. 

investigated variability in nerve count and total area 
between multiple slits of the same width. For each indi­
vidual slit, we determined total nerve count normalized by 
total slit area (Figure 5(c)), as well as the percentage of 
total slit area occupied by nerves (Figure 5(d)). No trends 
were observed for nerve percent area. 

Discussion 

In this work, we describe a method to fabricate thin sheet 
silicone devices with varying slit widths to harness the 
host’s tissue response to not only vascularize but also 
innervate an implant. Using a micro-stereolithographic 
printer for the quick prototyping of molds, sheets can be 
easily reconfigured (e.g. for slit width) and prototyped 
with PDMS or alternatively other moldable materials. 

Tissue within slits contained nerve axons after 28 days 
of subcutaneous implantation. While the presence of 
nerve tissue in a device or scaffold typically indicates 
healthy tissue, it remains unclear if these nerve axons 
were formed de novo after implantation, or if they belong 
to native tissue that has fallen into the slits. There is con­
flicting evidence as to which mechanism is likely at day 
28. A study of an engineered skin26 implanted at the site of 
a full-thickness skin excision in nude mice shows absence 
of nerve tissue on day 40, with sparse innervation observed 

by day 60. This result suggests that insufficient time has 
passed for the de novo formation of nerve tissue in the 
slits and that only native nerve tissue is present. 
Conversely, new nerve tissue has been detected at day 
28 in porcine-derived extracellular matrix scaffolds 
implanted intramuscularly within the rat abdominal wall27 

as well as in regenerated silk fibroin scaffolds implanted 
subcutaneously in immune-competent mice.28 Relevant to 
these findings, slits in our sheets also contain a scaffold 
comprising fibrin polymerized from fibrinogen and other 
factors of autologous blood loaded into our sheets during 
implantation. Thus, there is a possibility that we observe 
new nerves at day 28. 

To help elucidate which mechanism is responsible for 
innervation, we examined H&E-stained histological slides 
and notice, unexpectedly, what appears to be native tissue 
within slits that is innervated. This putative native tissue 
seems confined to the distal and proximal slit opening 
(Figure 2(h), black arrows) for the 300-µm-wide slits and 
penetrates increasing deeper within 500- and 1500-µm-wide 
slits (Figure 2(i) and (j), black arrows). The relationship 
between slit width and native tissue penetration is consist­
ent with the fact that resistance of tissue to physical defor­
mation into the narrow slits will increase with decreasing 
slit width. If this were the case, and if nerves were exclu­
sively from native tissue, then we would expect at some 
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Figure 4. Quantification and comparison of vessel area, circularity, count, and area percentage within each slit width (150, 300, 
500, 1500µm) for both horizontal (H) and vertical (V) sections. Aggregate data of every detected vessel across all examined slit 
widths for (a) vessel area and (b) circularity. Each data point corresponds to a single vessel. The box plots show median (red), 
IQR (box), and 1.5IQR (or max and min values; whichever is shorter (whiskers)). Per slit, (c) the number of vessels per square 
millimeter tissue area and (d) the percentage of vessel area normalized by the total tissue area were quantified. Each data point is 
for a single slit. Data represent the median± IQR. Statistical differences are indicated by ***p <0.001, **p<0.01, and *p <0.05. 

critical slit width that no nerves would be detected. In sup­
port of this notion, the 150-µm-wide slits alone did not 
indicate infiltration of native tissue and excluded nerves. 

These same 150-µm-wide slits do contain a dense 
population of blood vessels, which normally form by 
angiogenesis during wound healing. Considering that 
blood within the slits forms a fibrin scaffold known to 
support angiogenesis, we speculate angiogenesis domi­
nated vascularization in 150-µm-wide slits, whereas 
both native and new vessels penetrated the 300- and 
500-µm-wide slits. In support of this, we found more 
vessels per cross-sectional area in the narrower slits 
(Figure 4(c)), indicating that de novo vascularized tissue 
was formed containing vessels typically smaller than 
those observed in 1500-µm-wide slits that contain native 
tissue (Figures 4(a) and 2(g)–(j)). Interestingly, no matter 
the slit size, the tissue still maintains similar vessel area 
percentage (Figure 4(d)), which may be a critical finding 

with respect to the design of cell therapy devices because 
narrower slits increase the remaining area of the sheet 
available to house transplanted cells. 

Finally, and importantly, our method exploits the host’s 
own tissue response to vascularize and innervate an implant 
without the need for synthetic hydrogels or exogenous 
proangiogenic factors. Additionally, we observed vessel 
area percentage values ranging from 1.3% to 8.1%, which 
are similar to that reported for other scaffolds.21,29,30 Thus, 
our approach of utilizing the body’s own response to pro­
mote tissue infiltration into a thin sheet not only provides a 
dense vasculature, but will not be considered a drug-device 
combination product by regulatory agencies. To the best of 
our knowledge, this is the first study to investigate rectan­
gular slit architecture in promoting tissue growth. Numerous 
geometries have been investigated previously, the most 
common being pores or microchannels with spherical or 
cylindrical shapes.5,6,10,12–16,22 
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Figure 5. Quantification and comparison of nerve area, circularity, count, and area percentage in each slit width (150, 300, 500, 
1500µm) for both horizontal (H) and vertical (V) sections. Aggregate data of every detected nerve across all examined slit widths 
for (a) vessel area and (b) circularity. Each data point corresponds to a single nerve. Hollow symbols indicate that no nerves were 
detected in an individual slit. The box plots show the median, IQR (box), and 1.5IQR (or max and min values; whichever is shorter). 
Per slit, (c) the number of nerves per square millimeter tissue area and (d) the percentage of nerve area over the total tissue 
area were quantified. Each data point is for a single slit. Data represent the median± IQR. Statistical differences are indicated by 
***p <0.001, **p<0.01, and *p <0.05. 

Our findings demonstrate that rectangular slits are also a 
suitable geometry for promoting subcutaneous tissue infiltra­
tion. In general, the 150-µm-wide slits may be preferred over 
the wider slits if a vascularized, but not necessarily inner­
vated, environment is required. On the other hand, the larger 
slit widths are more suitable to generate an innervated envi­
ronment while remaining well vascularized. These results 
may be important for cell therapy devices in which vasculari­
zation is essential and nerve activity may be required. 

Conclusion 

Thin PDMS sheets with varying slit widths were molded 
via the simple and inexpensive technique of projection 
micro-stereolithography and implanted into the subcutane­
ous tissue of athymic nude mice. While no differences 
were found in blood vessel area percentage between the 
slit widths, vessel count did increase inversely with slit 
width likely due to active angiogenesis. We observed the 
infiltration of de novo tissue, an invagination of mature 

host tissue, or a combination of both. The presence of 
developed blood vessels and Schwann cells was confirmed 
by the expression of αSMA and S100, respectively. Further 
studies must be conducted to determine if results general­
ize to other tissue compartments such as the intramuscular 
space, omentum, or kidney capsule, or if our findings are 
exclusive to the subcutaneous space. In future work, sheets 
could contain openings or channels for cells to reside 
within the thickness of the sheet as a method for transplan­
tation into a prevascularized and innervated network. 
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