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Abstract: An optical window model for the rodent dor-
sum was used to perform chronic and quantitative intravi-
tal microscopy and laser Doppler flowmetry of microvas-
cular networks adjacent to functional and non-functional
glucose sensors. The one-sided configuration afforded
direct, real-time observation of the tissue response to bare
(unmodified, smooth surface) sensors and sensors coated
with porous poly-L-lactic acid (PLLA). Microvessel length
density and red blood cell flux (blood perfusion) within
1 mm of the sensors were measured bi-weekly over 2
weeks. When non-functional sensors were fully implanted
beneath the windows, the porous coated sensors had two-
fold more vasculature and significantly higher blood per-
fusion than bare sensors on Day 14. When functional sen-
sors were implanted percutaneously, as in clinical use, no

differences in baseline current, neovascularization, or tis-
sue perfusion were observed between bare and porous
coated sensors. However, percutaneously implanted bare
sensors had two-fold more vascularity than fully
implanted bare sensors by Day 14, indicating the other fac-
tors, such as micromotion, might be stimulating angiogen-
esis. Despite increased angiogenesis adjacent to percutane-
ous sensors, modest sensor current attenuation occurred
over 14 days, suggesting that factors other than angiogene-
sis may play a dominant role in determining sensor func-
tion. � 2009 Wiley Periodicals, Inc. J Biomed Mater Res
93A: 1348–1357, 2010
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INTRODUCTION

Previously we reported that porous poly-L-lactic
acid (PLLA) coatings were an effective means of
increasing the vascularity of tissue that surrounds
subcutaneous implanted glucose sensors.1 That
study relied on post-implantation histological analy-
sis to quantify microvessel density.

Window chamber models have long been used to
visualize in situ cellular phenomena in living tissue.2–4

Window chambers can be used for days to months in
an animal, permitting long-term, serial investigations
of microcirculation, wound healing, and cellular inter-
actions.5 The two-sided dorsal skin-fold window
chamber6–8 has been used in hamsters, mice, rats, and
rabbits6,9–12 and have been used to monitor tumor

growth,9,10 biomaterial interactions,11,13,14 and tissue
remodeling around implantable sensors.5,6,8 A limita-
tion of the dorsal skin-fold window chamber is the
small separation distance (typically 200 lm or less)
between the two transparent plates, making the
observed tissues essentially two dimensional. One-
sided windows have been used less frequently.10,15,16

The use of window chambers for glucose sensor
research was pioneered by Gough5,6,8 who used dorsal
skin-fold window chambers primarily in hamsters to
serially monitor changes in tissue surrounding
implantable oxygen, glucose, and/or temperature sen-
sors and correlate how these changes impact sensor
function. Sensor fluctuations were attributed to hetero-
geneous mass transfer in tissue from physiological
changes in local microvascular perfusion, metabolite
concentration, and variable oxygen distribution in tis-
sue. The Gough group has also developed numerous
preparations of the dorsal skin-fold model to permit
different tissue types in contact with the sensor arrays.

Recently, we described a one-sided dorsal window
chamber modeled after the work of Shan10 for direct
observation of the tissue that surrounds glucose sen-
sors inserted in dorsal rat subcutis.17 The one-sided
acrylic window exposes the sensor to a larger subcu-
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taneous area, allowing a more realistic sensor-tissue
interaction than that afforded by traditional window
chamber models that sandwich the sensor between a
window and thin piece of tissue.7,9 Although both
Gough5,6,8 and the work described here incorporated
intravital microscopy to visualize microvascular de-
velopment, we also added laser Doppler flowmetry
to glean information about blood perfusion in the
tissue surrounding the implanted sensor.

In the current study, two experimental configurations
using the one-sided window chamber were used to
directly image the vascularity surrounding (1) fully
implanted non-functional sensor strips devoid of glu-
cose oxidase and plastic hub connectors [Fig. 1(A,C)],
and (2) percutaneously implanted functional sensors ca-
pable of continuous interstitial glucose monitoring [Fig.
1(B,D)]. In the first configuration, non-functional sensor
strips were fully implanted without and with porous
PLLA coatings beneath the dorsal one-sided window to
observe changes in the microvascular development and
perfusion adjacent to the sensor surfaces over 14 days.
In the second configuration, percutaneous, functional
sensors without and with porous coatings were
implanted beneath the dorsal one-sided window to cor-
relate microvessel imaging with real-time interstitial
glucose monitoring over 14 days. The goal of the cur-
rent study was to provide direct observation of how
sensor placement and sensor coating may influence tis-
sue remodeling and sensor performance.

MATERIALS AND METHOD

Rats

All National Institutes of Health guidelines for the care and
use of laboratory animals (NIH Publication #85-23 Rev. 1985)
were observed. Approval for these studies was granted by the
Institutional Animal Care and Use Committee prior to the ini-
tiation of the studies prior to their initiation. Thirty-six male
Sprague-Dawley type (CD) rats (150–200 g, Charles River Lab-
oratories, Wilmington, MA) were used for the dorsal window
chamber studies: 19 rats for the fully implanted non-functional
sensor strips (n5 6 bare sensors, n5 5 porous coated sensors,
n 5 8 sham windows) [Fig. 1(A,C)], and 17 rats for the percu-
taneously implanted functional sensors [Fig. 1(B,C)] combined
with real-time glucose measurements (n 5 9 bare sensors, n 5
8 porous coated sensors). ‘‘Bare’’ refers to untreated non-func-
tional sensor strips or untreated functional sensors.

Sensors and associated hardware and software

Medtronic MiniMed SOF-SENSORTM glucose sensors,
sensor strips, CGMS1 system goldTM monitors, Mini-
LinkTM transmitters, MiniLink chargers, MiniMed Com-
StationTM, and related software were generously supplied
by Medtronic MiniMed (Northridge, CA).

Sensor preparation

Non-cytotoxic, porous poly-l-lactic acid (PLLA) coatings
with �30 lm pores were constructed using the ammonium
bicarbonate salt leaching/gas foaming technique of Nam
et al.18 Details of the porous coating fabrication and non-
functional sensor strip preparation have been previously
described.1 Non-functional sensors (plastic hub connector
and glucose oxidase removed) were used to investigate the
effects of porous PLLA coating on tissue response. Percu-
taneous Medtronic MiniMed sensors, with or without a
porous PLLA coating were used in the functional sensor
studies to monitor interstitial glucose concentrations.

Window chamber and inactive sensor implantation

Details of the acrylic window implantation procedure
have been described previously.17 Acrylic windows were
generously donated by Dr. Siqing Shan, Duke University.
In brief, a 10 mm diameter circular full-thickness cutane-
ous excision down to fascia was performed �2–3 cm
below the scapular region in isoflurane-anesthetized rats to
accommodate the 15 mm diameter acrylic window (0.75
mm thick). For non-functional sensor studies, a single sen-
sor strip with or without a porous coating was sutured to
the underlying muscle beneath the window. A ‘‘sham win-
dow’’ lacking an implanted sensor served as the control
for the tissue reaction to the implanted window. Rats were
monitored daily for infection and to ensure sutures were
not removed. Additionally, antibiotic ointment was
applied daily to the incised skin and rats were allowed
access to rat chow and water ad libitum.

Laser doppler flowmetry

Details of these procedures have been described previ-
ously.17 In brief, following window implantation, and on
Days 3, 7, 10, 14, capillary blood perfusion was non-inva-
sively measured via laser Doppler flowmetry using the

Figure 1. (A) Non-functional bare sensor strip, (B) Func-
tional bare glucose sensor, (C) Non-functional porous
coated sensor strip, and (D) Functional porous coated glu-
cose sensor. Non-functional sensor strips were devoid of
glucose oxidase and plastic hub connectors. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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LaserFlo1 BPM2 Blood Perfusion Monitor and a P-203
probe (Vasamedics, St. Paul, MN). The rat was anesthe-
tized with 1-5-2.0% isoflurane prior to LDF measurements.
The needle-like fiber optic probe was positioned directly
above the lateral edge of the sensor strip and lowered until
the probe tip gently contacted the window with no observ-
able compression. A total of six locations adjacent to the
sensor strips were sampled for blood perfusion.

Intravital microscopy

Intravital microscopy was performed immediately fol-
lowing LDF measurements while the rat was anesthetized.
The rat was positioned on the microscope stage and epi-
illumination was used to focus the sensor beneath the win-
dow. For non-functional sensor strips, a bolus of 10 mg of
sodium fluorescein (Sigma-Aldrich, St. Louis, MO) in 0.1
mL sterile saline was injected into the tail vein. Microves-
sels around the sensor strips were imaged immediately fol-
lowing injection using a Leitz Laborlux 12 ME ST fluores-
cence microscope (Leica, Rockleigh, NJ), a 6.3 3 objective
(Carl Zeiss, Thornwood, NY), a 75 W xenon arc lamp
(Osram GmbH, Augsburg, Germany), a fluorescein filter
set (excitation 450–490 nm, emission 5 515nm) and a
Nikon CoolPix 5400 digital camera. When possible, images
were also captured during injection to observe vessel pat-
ency as the fluorescein perfused the microvascular network
beneath the window. The rat was imaged for �10 min.

Microvessel length density

Details of image analysis have been previously
described.17 In brief, intravital microscopic digital images
were opened using Image J 1.37a software (National Insti-
tutes of Health, Bethesda, MD). Three or four 1 3 1 mm2

digital boxes were digitally drawn immediately adjacent to
the sensor-tissue interface. Using the Measure Cumulative
Distances macro from Image J, each vessel within a digital
1 mm2 box was traced, followed by recording the sum of
the accumulated lengths measured per box in Microsoft
Excel. The total cumulative microvessel length (mm) was
tabulated for each sensor group, as well as for each sham
window. The two primary criteria for defining a blood
microvessel were: (1) length of structure greater than di-
ameter (to minimize counting dark areas as vessels), and
(2) good contrast between the dark vessel structure and
the green fluorescent tissue. The presence of branches
stemming from the structure of interest, or if the structure
of interest was a branch stemming from a structure that
met the vessel criteria, were also a defining criteria. Micro-
vessel length density (mm/mm2) was calculated by divid-
ing the total microvessel length for each image by the
known area of the image.

Functional sensor implantation
and experimentation

Windows were implanted as described above. Either a
bare sensor or porous coated sensor was inserted percuta-

neously beneath the window, while the plastic hub was
sutured to the rat skin to allow connection with the Mini-
Link Transmitter on test days. MiniLink transmitters were
activated for less than 6 h on Days 3, 7, 10, and 14 to mini-
mize tension on the sutures, and also reduce mechanical
irritation along the sensor-tissue interface. While anaesthe-
tized, blood was sampled via tail vein sticks to measure
baseline glucose concentrations. Cumulative microvessel
length, LDF blood flow, and sensor response to glucose
challenge were recorded for bare and porous coated sen-
sors at Days 3, 7, 10, and 14.

Blood perfusion and intravital microscopic measure-
ments were performed as described above with the follow-
ing modifications. Once focused for imaging, 0.5 mL of
50% D-glucose (Sigma, St. Louis, MO) with 20 mg/mL flu-
orescein (Sigma, St. Louis, MO) was injected into the tail
vein at 0.5 mL/min. The glucose and fluorescein mixture
permitted correlation of microvessel length with sensor
response to a glucose challenge. Interstitial glucose concen-
trations at the sensor surface were downloaded from the
MiniLink as electrical current (nA). The downloaded data
were plotted in GraphPad Prism software to evaluate sen-
sor baseline current, maximum sensor current in response
to the bolus injection, and lag time between injection and
peak sensor current. One to two hours post bolus injection,
the MiniLink transmitter and jacket were removed, the e-
collar replaced and antibiotic ointment applied to the win-
dow area.

Explanted sensor analysis

Following animal sacrifice, the functional sensors were
carefully removed from beneath the window and stored at
248C. The post-implantation sensor sensitivity and
response time were determined in vitro by connecting
explanted sensors to CGMS1 system goldTM monitors,
soaking the sensors in unstirred PBS (0 mg/dL glucose)
overnight at 378C, and then recording nA responses to
step increases in glucose concentration ranging from 0 to
400 mg/dL at 1 h intervals. Sensitivity was defined as the
slope of the regression line of sensor current (nA) against
known glucose concentrations (mg/dL).19 Ninety percent
response time (t90) was defined as the time required for
the sensor to reach 90% of peak sensor current following a
step increase in glucose concentration.

Statistical analysis

Comparison of cumulative vessel lengths and laser
Doppler Flowmetry measurements were performed by
two-factor ANOVAs with Bonferroni post-hoc tests. To
measure intra-group differences, a single-factor ANOVA
with Tukey’s multiple comparison post-hoc test was used.

To compare intra-group differences in sensor response,
baseline, magnitude of sensor response and time to reach
maximum sensor current following a glucose bolus injec-
tion, single-factor ANOVAs with Tukey’s Multiple Com-
parison Tests were used. To compare inter-group differen-
ces in baseline and times to reach maximum sensor current
following a glucose bolus injection between porous coated
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and bare sensors for each time point, two-factor ANOVAs
with Bonferroni post-hoc tests were used, while unpaired
(two-tailed) t-tests were used to compare inter-group dif-
ferences in sensor response between porous coated and
bare sensors at each time point. To compare differences
between new and explanted sensors in (1) sensor current
and (2) time to reach 90% maximum sensor current follow-
ing step changes in glucose concentration, a two-factor
ANOVA with a Bonferroni post-hoc test, and an unpaired
two-tailed test were used, respectively. All data with n 5 3
or greater is presented as 6SEM.

RESULTS

Non-functional sensors

For all treatment groups, minimal to moderate
exudate, minimal tissue debris, and minimal red
blood cell extravasation persisted to Day 7, at which
point new vessel growth was observed that persisted
to Day 14. Only two incidences of infection occurred
by Day 14.

Figure 2(A,B) show images typical of Day 14 ves-
sel growth associated with bare and porous coated
sensor strips, respectively, beneath the acrylic win-
dow. These figures illustrate the difference in tissue
response between a bare sensor strip with a smooth
surface and a sensor strip with a porous coating. Fig-
ure 2(C) shows the more random vessel growth typi-
cal of Day 14 tissue beneath a sham window.

Figure 3 shows the trend in average cumulative
vessel length within 1 mm2 of the bare and porous
coated sensor strips and in the tissue beneath the
sham window. By Day 7, the microvessel lengths for
all three cases were small and statistically indistin-
guishable. By Day 10, the microvessel lengths adja-
cent to the bare sensor strips were one-third the
microvessel lengths of the porous coated sensor
strip, but still not statistically different than the
sham control. By Day 14, the microvessel lengths ad-
jacent to the bare sensor strips were significantly
lower than the sham control and still only half the
microvessel length of the porous coated sensor
strips.

Figure 4 shows the corresponding LDF blood flow
data. Similarly, Day 10 and 14 LDF blood flow values
for bare sensor strips were two-thirds the blood flow
measured for porous coated sensor strips; however,
there were no differences compared to the sham con-
trol except for a significantly higher blood flow for po-
rous coated sensors on Day 14. These data further
suggest that the porous coatings promote a foreign
body response favoring neovascularization.

It is interesting to note that the sham produced cu-
mulative vessel length data that more closely
resembled that of the porous coated sensors strips

(Fig. 3), while the sham control yielded blood flow
data that more closely resembled the bare sensor
strip data (Fig. 4).

Functional sensors

Fluorescein-glucose bolus injections and intravital
microscopy were performed on Days 3, 7, 10, and 14

Figure 2. After 14 days fully implanted in the rat subcu-
tis (A) minimal vascularization around the bare sensor
strip; (B) directed vascularization around the porous
coated sensor strip; (C) randomly branched vessels visible
beneath sham window. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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for nine rats with bare sensors and eight rats with po-
rous coated sensors implanted percutaneously
beneath an acrylic disk in the rat dorsum. LDF mea-
surements were also taken at these time points, as
well as on Day 0 immediately following sensor and
window implantation. No additional sham studies
were performed because they would have been
redundant to sham studies shown in Figures 3 and 4.

Each experiment on a given day was considered
successful only if the sensor (1) remained securely
implanted and visible beneath the viewing window,
(2) was not infected, (3) had no technical difficulties
injecting the bolus into the tail vein, or collecting/
downloading data from the MiniLink digital camera,
and (4) responded to glucose challenge.

Seventeen functional sensors were implanted on
Day 0. According to these criteria, one failure
occurred by Day 3, nine sensor failures occurred by
Day 7, and two failures occurred between Days 11
and 13. Six sensors remained intact and infection-
free by Day 14; however, we were unable to prop-
erly administer the bolus to the tail vein in one of
the remaining six sensors. The overall success rate
was therefore 5 of 17 sensors (30%), with three being
bare and two being porous coated. Five failures
occurred by sensor pull out, three from loss of sen-
sor visibility beneath the window, two from data ac-
quisition difficulties, and two from infection. There
appeared to be no component-related failures, and
none of these failure appeared to be related to
whether the sensor was bare or porous coated.

Figure 5(A,B) are plots of the cumulative micro-
vessel length adjacent to the surface of functional
percutaneous sensors. The cumulative microvessel
lengths for percutaneously implanted sensors with
and without a porous coating were not statistically
different at any of the four time points examined.
Note: vessel length data for the percutaneously
implanted porous coated sensor on Day 10 was

excluded from statistical analysis due to n 5 1. The
microvessel lengths measured for porous coated per-
cutaneously implanted sensors [Fig. 5(B)] were also
not statistically different than the porous coated fully
implanted sensors [Fig. 3(B)]. The only significant
difference was a two-fold increase in vascularity on
Day 14 for percutaneously implanted bare sensors
[Fig. 5(A)] compared with the fully implanted bare
sensor strips [Fig. 3(A)].

No intra- or inter-group statistically significant dif-
ferences between LDF measurements were observed
over the 14 days for either porous coated or bare
sensors percutaneously implanted (Fig. 6); nor were
there any statistical differences in LDF measure-
ments between bare sensors and sensor strips, or po-
rous coated sensors and sensor strips, respectively,
from Day 3 to Day 14 (Fig. 4 vs. Fig. 6).

Sensor response to glucose challenge

Sensor responses to glucose bolus challenges
showed typical asymmetric parabolic profiles. Figure
7 compares pre glucose bolus injection baseline cur-
rent (A,C) and post glucose bolus injection maxi-
mum sensor current (B,D) and blood glucose concen-
trations for bare and porous coated percutaneous
sensors for 14 days. Sensor currents closely matched
blood glucose concentrations for both baseline glu-
cose and maximum glucose concentrations. Sensor
currents were similar regardless of the days
implanted, or whether the sensors were bare or po-
rous coated; however, variance was observed in the
time to reach maximum response (Fig. 8), ranging
from 13 to 23 min post bolus injection. Note that
Day 10 and 14 porous coated sensors were limited to
n 5 2, thus not statistically valid. No statistically sig-
nificant intra- or inter-group trends were observed
for these data, with the exception of bare sensor

Figure 3. Comparison of cumulative vessel length (mm)
within 1 mm2 of fully implanted bare and porous coated
sensor strips and beneath sham window over 14 days.
Lowest cumulative vessel length occurred adjacent to the
bare sensor strips, highest vessel length found adjacent to
porous coated sensor strips. (l p < 0.001 compared with
sham; ^ p < 0.001 compared with bare; n p < 0.05 com-
pared with sham).

Figure 4. Comparison of blood perfusion adjacent to fully
implanted bare (n 5 5–6) and porous coated (n 5 4–5) sen-
sor strips, as well as beneath sham windows (n 5 6–9)
from Day 0 to Day 14. Tissue surrounding the porous
coated surfaces had significantly higher LDF measure-
ments on Days 10 and 14 compared to tissue adjacent to
bare sensor strips, correlating with the increased cumula-
tive vessel length observed around porous coated sensor
strips compare with bare sensor strips. (l p < 0.01 com-
pared with bare; u p < 0.001 compared with sham).
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response on Day 7, in which the response to the glu-
cose challenge was slightly faster and larger than po-
rous coated sensors (p < 0.05). Time required for
maximum blood glucose concentration post tail vein
injection was 8 min. Eight minutes might be conser-
vatively high as the first blood sample measured
post injection ranged from 2 to 10 min depending on
ease of locating the tail vein. Therefore, maximum
blood glucose concentration may have occurred
prior to the first blood glucose measurement.

In vitro testing of explanted sensors

Of the 17 implanted sensors, 13 remained suffi-
ciently intact (not destroyed by rats) to be tested
post-implantation in vitro with step changes in glu-
cose concentration from 0 mg/dL to 400 mg/dL.
Explanted sensors had a t90% response time of 5 6
1 min and a mean in vitro sensitivity (Dcurrent/
Dconcentration) of 0.13 6 0.0 nA/mg/dL. Twenty
new MiniMed sensors responded to the same in vitro
step increase testing with a t90% response time of
2 6 0 min with a mean sensitivity of 0.20 6 0.0 nA/
mg/dL. Thus, the explanted sensors had a signifi-
cantly slower mean response time (p < 0.0001) and a
significantly lower sensitivity (p < 0.001) than the
new sensors.

DISCUSSION

Histology continues to provide a well-defined, but
static snap-shot of tissue composition and structure
at the time of sacrifice. Many valuable parameters,
such as microvessel density, cellular composition,
collagen content, and capsule thickness, can be quan-
tified from such analysis. However, one primary dis-
advantage of histology is the inability to collect se-
rial, real-time data from a single animal.

The often-erratic behavior of implanted glucose
sensors presents a dynamic experimental scenario
that is impacted by time-dependent changes at the
sensor-tissue interface. Gough and co-workers noted
that direct tissue visualization is necessary to under-
stand the underlying physiology behind unpredict-
able sensor response.5 While subject to limitations, a
window chamber model is the only way to simulta-
neously image changes at the sensor-tissue interface
while collecting live sensor data, particularly during
the first 2 weeks post-implantation that are the least
favorable time for glucose measurement.20 The win-
dow chamber model also lends itself to incorpora-
tion with other non-invasive detection methods; i.e.,
blood perfusion adjacent to sensor could be gathered
by coupling intravital microscopy with laser Doppler
flowmetry, providing valuable information on the
health of the surrounding tissue.

In the current study, a window chamber
implanted into a single animal allowed direct moni-
toring of changes in the microvascular network and
sensor function over several days. Microvessel num-
ber, patency, and orientation were visualized repeat-
edly, and non-destructively using fluorescent dyes,
and correlated with sensor function using glucose
bolus injections. Two implantation conditions were
also monitored, fully implanted non-functional sen-
sor strips and percutaneously implanted functional
sensors. Each sensor was also either implanted bare
(unmodified, smooth) or implanted with a PLLA po-
rous coating (Fig. 1).

In the non-functional sensor strip studies, a signifi-
cant and predictable increase in cumulative micro-
vessel length as well as significantly higher laser
Doppler flowmetry values adjacent to porous coated
sensors compared to bare sensors was measured.
The observation that Day 14 tissue vascularization
for bare sensor strips was significantly lower than
both the porous coated sensor strips and the sham
supports the well-established observation that
smooth-surfaced implants are encapsulated by rela-

Figure 5. Cumulative vessel length (mm) within 1 mm2

of sensor surfaces. No difference in vessel length between
bare and porous coated percutaneously implanted sensors
over 14 days. (*p < 0.001 compared with bare sensor sur-
face on Day 3 and Day 7; u p < 0.01 compared with po-
rous coated sensor surface on Day 3; n p < 0.05 compared
with porous coated sensor surface on Day 7).

Figure 6. Comparison of blood perfusion adjacent to per-
cutaneously implanted bare (n 5 3–9) and porous coated
(n 5 4–8) sensors from Day 0 to Day 14. No significant dif-
ference in blood perfusion was observed between bare and
porous coated sensors between Days 3 and 14.
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tively avascular tissue.21–24 This observation was
expected given our previously reported histology
findings of a three-fold increase in microvessel den-
sity adjacent to porous coated MiniMed glucose sen-
sors compared with bare sensors after 3 weeks fully
implanted in the rat subcutis.1 These results vali-
dated that our window chamber model could quan-
tify local changes in microvascularity and also pro-
vided the justification for the analogous study of
percutaneously implanted functional sensors.

In the functional studies, rats received bolus injec-
tions of fluorescein-glucose to simultaneously illumi-
nate the microvascular network beneath the window
and measure sensor response to the glucose chal-
lenge. Unlike the non-functional sensor strip studies
that provided a clear distinction in tissue response
between the bare and porous sensors, the functional
sensor studies generated a more ambiguous out-
come. The following discussion focuses on the sur-
prising disparity between the results of the non-
functional fully implanted and functional percutane-
ous sensor studies.

Tissue irritation

Numerous studies have shown that fully
implanted porous materials stimulate angiogenesis
compared with smooth materials.19,21,23,25,26 In these
studies, the implants were fully implanted, and thus,
relatively free of mechanical stresses. In contrast, me-
chanical irritation of percutaneous devices is a lead-
ing cause in device failure. Acute mechanical interfa-
cial stresses tear the device from its implantation
bed,27 while chronic, small mechanical stresses cause
localized injury, resulting in inflammation28 and
increased susceptibility to infection.27 Mechanical
forces also prevent an epidermal seal to form,
increasing infection risk.27

When non-functional sensors were fully implanted
in the rat dorsum, we observed a two-fold increase
in cumulative vessel length adjacent to the porous
coated sensor by Day 14, compared with the smooth
surface (bare sensor). The lumbar sacral region
where the sensors were implanted is located in an
area on the rat subjected to limited muscle motion,29

Figure 7. Average baseline current and maximum sensor current following a glucose bolus injection (nA) on Days 3, 7,
10, and 14 for bare (A,B) and porous coated (C,D) sensors. Corresponding baseline and maximum blood glucose concen-
trations have also been included.
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therefore, minimal shear forces were expected at the
implant-tissue interface.

In contrast, we observed no difference in neovas-
cularization or sensor response between bare and
porous coated percutaneous sensor groups. This sim-
ilarity in angiogenesis translated into similar sensor
responses over 14 days for both groups. It is possible
that suturing of the plastic hub connector to the rat
dermis may have contributed to chronic mechanical
stress and irritation of the tissue along the sensor-tis-
sue interface, resulting in increased inflammation.30

The integration of the porous coating with the sur-
rounding tissue may have further increased tissue
trauma at the porous coating-tissue interface com-
pared with a smooth, non-tissue integrated surface.
It is well known that chronic inflammation and
angiogenesis are strongly linked.31 The similar tissue
responses between bare and porous coated sensors
suggest that the capillarity adjacent to the sensor
surface was induced less by surface texturing and
more from mechanical irritation resulting from nor-
mal rodent movement (i.e., ambulation, grooming)
and scratching the plastic hub connector sutured to
the dermis.

The percutaneous functional sensors also showed
no correspondence between cumulative microvessel
length and sensor response to glucose bolus. Cumu-
lative microvessel length adjacent to the sensor
surfaces increased three- to seven-fold from Day 7 to
Day 10, and up to two- fold by Day 14. However,
the lowest sensor responses to glucose bolus chal-
lenge were recorded for both smooth and porous
coated sensors on Day 14. Though modest, this attenu-
ation in sensor current, despite increased angiogenesis,
suggests that angiogenesis plays a secondary role in
maintaining sensor function long-term.

Dungel et al.32 recently observed that porous sen-
sor coatings increase fibrosis and subsequently
reduce sensor longevity compared with non-porous

coated sensors despite the increased vascularity of
the surrounding tissue. We similarly observed in
previous studies that increased collagen deposition
often accompanies increased vascularity.1 Extrapola-
tion of the functional sensor studies presented here
suggests that increased collagen was a strong factor
in attenuating baseline current than the beneficial
effects of increased angiogenesis surrounding the po-
rous coating. However, the reason for the attenuat-
ing effect of increased collagen deposition is not
apparent. Unlike histology, the intravital microscopy
and laser Doppler flowmetry did not allow for meas-
uring the extent of collagen deposition.

A number of steps were taken to minimize anes-
thetic effects. In the current study, animals were
anaesthetized twice weekly for glucose bolus chal-
lenges using inhaled isoflurane rather than injectable
pentobarbital, as inhaled anesthetics provided better
control over length and depth of anesthesia than
injectable anesthetics.33 Although isoflurane is
known to elevate blood glucose levels, we believe
the observed increases in sensor current were the
result of the 50% glucose solution injected for the
glucose bolus challenge. Rats were anaesthetized for
�15 min with isoflurane to allow for glucose bolus
injection and imaging, following which the rat was
removed from the anesthetic. Moreover, a high dose
(2.5% isoflurane) was used initially to induce rapid
anesthesia (�5 min), then reduced to 1.5% isoflurane
for the remainder of the experiment. However, for
future studies, fasted rats may be used instead of
fed rats to minimize any effects of isoflurane on glu-
cose levels since hyperglycaemia does not occur during
isoflurane administration when rats are first fasted.34

Finally, we observed a significant reduction in sen-
sor sensitivity between explanted and new (non-
implanted) sensors, as well as an increase in sensor
response time to step changes in glucose concentra-
tion. (We did not test the sensor sensitivity and
response times prior to sensor implantation to main-
tain sensor sterility). Possible reasons for the
observed changes in sensor sensitivity and response
time are changes in glucose oxidase activity, as well
as changes in permeability of the glucose limiting
membrane and/or porous PLLA coating (e.g., from
protein adsorption, biofouling, collagen deposition).
Overnight soaking in unstirred conditions may not
have adequately removed the fouling agents from
the sensor surfaces. Severed vessels and collagen
deposition within the porous matrix could further
limit glucose diffusion during ex vivo testing.35

Caveats

Capillary diameter in subcutaneous tissue is �5
lm,36–39 while less than 5% of microvessel diameters

Figure 8. Times to reach maximum sensor response (min)
post bolus injection for bare and porous coated sensors on
Days 3, 7, 10, and 14. Times to reach maximum blood glu-
cose concentrations have been included. (n p < 0.05 com-
pared with Day 7 porous coated sensor response time).

INTRAVITAL MICROSCOPY OF ANGIOGENESIS NEAR SENSORS 1355

Journal of Biomedical Materials Research Part A



measured beneath the window in this study were
less than 6 lm. This discrepancy suggests that
microvessel structures less than 10 lm were difficult
to resolve, and cumulative vessel length was under-
reported in this study. A 6.33 objective with low nu-
merical aperture was used to maximize working dis-
tance and depth of field; however, resolution may
have been compromised. Variability in light intensity
was substantial over the entire image preventing the
use of a simple (automatic) threshold analysis to
quantify microvascularity.

Sensor migration beneath the window was sub-
stantial in some rats, which may have been due to
animal movement and/or loosening of sutures
anchoring the sensor. In most cases, gentle manipu-
lation of the dorsum dermis permitted window
repositioning over the migrated sensor. Typically,
sensor migration occurred during the first 24 to 48 h
post-implantation, after which further sensor migra-
tion was minimal. Cyclic sensor motion from animal
respiration was minimized for laser Doppler
readings and for intravital microscopy by attaching
the LDF probe to a ring stand and capturing
microscopic images at the end of expiration. Also,
LDF acquires most of its signal from 500 to 1500
microns into the tissue,40 which is much deeper
than the 100 to 200 microns typically observed using
intravital microscopy. Therefore, caution is justified
in comparing observed microvascularization and
tissue perfusion. Nevertheless, laser Doppler flow-
metry provides an indication of perfusion within the
vicinity of the implanted sensor.

Exudate occasionally accumulated beneath the
window following sensor connection to the Mini-
Link, possibly stimulated by increased motion expe-
rienced by the sensor once connected to the Mini-
Link. Exudate also accumulated beneath the window
which limited optimal focusing. Resolution was
improved by aspirating the accumulated exudate
with a syringe inserted several millimeters away from
the window to prevent bleeding under the window.17

Finally, window infection must be minimized by
daily topical application of antibiotics around the
window perimeter. The antibiotics were not applied
to the subcutaneous tissue adjacent to the sensor and
it is unlikely that antibiotics would diffuse from the site
of application on the skin adjacent to the edge of the
window to the viewing area; since that would require
traversing through the stratum corneum, through the
epidermis, through the dermis, and laterally several
millimeters to the site of the sensor observation.17

Future considerations

In this study, attempts were made to correlate sen-
sor response with perfusion and clearance of the tis-

sue using injection of a glucose bolus doped with
fluorescein. Although fluorescein provided an excel-
lent marker for observing vessel patency, conclu-
sions were not be drawn about glucose perfusion of
the sensor based on visualizing fluorescein diffusion
as these two molecules have different transport
mechanisms. Further, diffuse reflectance and auto-
fluorescence spectroscopy into the window chamber
model may provide repeatable and non-destructive
methods for quantifying tissue changes beneath the
window, such as collagen deposition and hemoglo-
bin saturation.41–44

CONCLUSIONS

The window chamber successfully provided a
method for directly visualizing microvessel forma-
tion and remodeling in the tissue surrounding
implanted sensors. The benefit of tissue integration
of a porous coating to promote angiogenesis, which
was clearly evident in the fully implanted non-func-
tional sensor studies, was not apparent in the percu-
taneous functional sensor studies. We postulate that
the effect of the porous coating may have been over-
ridden by chronic mechanical irritation of the tissue
adjacent to percutaneously implanted functional sen-
sors. Although our functional sensor experiments
extended beyond the FDA-approved 3-day range for
the MiniMed sensors, the percutaneously implanted
sensors became increasingly subject to animal-related
failure that reduced the number of fully-functional
sensors at longer time points. Ultimately, longer-
term experiments will be needed to better under-
stand why sensor attenuation occurs despite
increased angiogenesis at the sensor-tissue interface,
regardless of surface topography.

The authors thank Dr. Lori Norton for his helpful dis-
cussion.
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