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In this study, we examined the in vivo pharmacological effects of the sequential delivery of dexameth-
asone (DX) followed by vascular endothelial growth factor (VEGF) on the immune response and localized
vascular network formation around a hydrogel-coated, micro-capillary implant for single-walled carbon
nanotube based fluorescence sensors. We demonstrate, for the first time, imaging of an SWNT fluores-
cence device implanted subcutaneously in a rat. For tissue response studies, the chick embryo
chorioallantoic membrane (CAM) was used as a tissue-model for an 8-day implantation period. The
average vascular density of the tissue surrounding a hydrogel-coated microdialysis capillary sensor with
simultaneous, sequential, or no delivery of DX and VEGF was 1.24� 0.35� 10�3 vessels/mm2,
1.15� 0.30� 10�3 vessels/mm2 and 0.71� 0.20� 10�3 vessels/mm2, respectively. Calculation of the
therapeutic index (vasculature/inflammation ratio), which reflects promotion of angiogenesis versus the
host immune response, demonstrates that sequential DX/VEGF delivery was 60.3% and 139.3% higher
than that of VEGF and DX release alone, respectively, and was also 32.1% higher when compared to
simultaneous administration, proving to be a more effective strategy in utilizing the pharmacological
impact of DX and VEGF around the biosensor-model implant.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, single-walled carbon nanotubes (SWNT) for use as
near infrared (nIR) fluorescence based biomedical sensors have
been developed [1–4]. Such sensors have advantages over
conventional fluorescence sensors for use in in vivo applications.
SWNT have tunable emission, from 900 to 1400 nm [5], in a region
of the electromagnetic spectrum through which tissue and blood
are most transparent while also exhibiting a low autofluorescent
background signal [6]. Additionally, SWNT do not photobleach
making them ideally suited as long-term sensors [7]. Previous work
has demonstrated the specific detection of glucose [1], divalent
metal cations [3] and DNA hybridization [4] even through blood
and other highly scattering media [3]. The logical extension of such
sensors, especially those aimed at glucose detection, is in use as
miniaturized, implantable biosensors. However, the in vivo
performance of biosensors capable of generating accurate and
replicable real-time analyte measurements is often hampered by
: þ1 617 324 4323.
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two major obstacles: the immune response to the sensor and
limited transport of analytes [8,9]. Specifically, biosensors inside
the body result in local inflammation in response to the trauma
caused by the implantation process and foreign body recognition
[10]. Subsequent protein adsorption and cell adhesion (biofouling),
as well as fibroblast encapsulation-induced blood vessel regression,
isolates the biosensor from the vasculature, resulting in limited
analyte diffusion into the sensor [11–13]. These unfavorable
physiological responses cause biosensors to progressively lose their
accuracy and proper function within minutes to hours after
implantation [11,14,15], and are therefore the main challenges in
the widespread clinical use of in vivo biosensors.

Extensive efforts have been made in coating the biosensor
surface with hydrogels to improve the biocompatibility and reduce
biofouling and encapsulation effects [16–18]. The hydrogel coating
has also been used as a drug depot for tissue response modifiers:
dexamethasone (DX), an anti-inflammatory agent, has been used to
further inhibit the local inflammatory response [19,20], and
angiogenic growth factors, such as vascular endothelial growth
factor (VEGF), have been administered to increase the vascularity
around the biosensor [21–24].
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Individual or dual, concurrent release of DX and VEGF from
biosensor hydrogel coatings has been used in previous studies to
produce a local environment favorable for biosensor performance
[24–27]. Simultaneous delivery of these agents proved to be
successful in suppressing tissue inflammation and inducing
angiogenesis [25]; however, the counteraction of the pharmaco-
logical effects of DX and VEGF has often been ignored. It has been
reported that DX constricts vasculature growth [28,29], while the
presence of the exogenous protein VEGF triggers an immune
response and attracts inflammatory cells [30]. The development of
a more efficient strategy of utilizing these agents (e.g. the sequence
of delivery) is investigated in this study.

We hypothesized that, compared to the simultaneous delivery
of the two tissue response modifiers, sequential delivery of DX,
followed by VEGF, would mitigate the pharmacological counter-
action, and therefore allow a more effective inhibition of the in vivo
inflammatory response while concomitantly increasing the
vascular network around a biosensor implant. We examined this
hypothesis using a microdialysis capillary-based, sensor architec-
ture proposed by ourselves and others [1,7,31]. The sequential
delivery method was conducted by an initial, bolus addition of DX
delivered directly to the implant site following implantation.
Meanwhile, VEGF that had been encapsulated inside the porous,
polyethylene glycol (PEG) hydrogel coating was continuously
released into the vicinity of the capillary implant.

To evaluate the in vivo tissue response, we used the chorioal-
lantoic membrane (CAM) of a developing, ex ova chicken embryo.
The avian CAM is the outermost extra-embryonic membrane lining
the inner surface of the eggshell, and serves as a support for
respiratory and nutrient transport capillaries. The CAM demon-
strates immune responses similar to those of mammalian models
and facilitates monitoring of vascularization [32,33]. The CAM has
been used to test the function of in vivo biosensors [34], and study
the biocompatibility of biomaterial implants [35], tissue engi-
neering constructs [36,37], and VEGF-induced endothelial cell
proliferation [38]. It can serve as a simple and rapid initial screening
tool before performing further studies in more complex systems
(e.g. mammalian models). Using the CAM tissue-model, we
examined the impact of the individual, simultaneous, and
sequential delivery of DX and VEGF on the localized immune
response and vascular network formation around microdialysis
capillary-based, model biosensor implants.

2. Materials and methods

2.1. Preparation of hydrogel prepolymer solution

The pregelled polymer solution (prepolymer solution) was prepared by diluting
1 ml of polyethylene glycol-n-diacrylate (n¼ 400) (Polysciences) with 1 ml of
deionized (DI) water. The polymer was crosslinked with 30 ml of 2-hydroxy-2-
methylpropiophenone (97%) (Sigma). The prepolymer solution was then filtered
through a 0.2-mm nylon filter to ensure sterility prior to capillary coating.

2.2. Microdialysis capillary hydrogel coating

In vivo microdialysis hollow fiber capillaries (13 kD MWCO, 200 mm ID, Spectrum
Laboratories) were sterilized using UV radiation. Each capillary was inserted inside
a miniature glass tube (300 mm OD, Charles Supper Company), and the prepolymer
solution was injected into the space between the outer surface of the capillary and
the inner surface of the glass tube. The glass tube was immediately placed inside
a Jelight Chip Eraser UV chamber (Jelight) to initiate the polymerization reaction.
After approximately 2 min of UV exposure (50 mW/cm2) to allow the prepolymer
solution to congeal, the PEG-coated capillary was pulled out of the glass tube, cut
into 1 cm length pieces, and sealed with glue at both ends. Capillary cross-sections
were viewed using a microscope; a uniform, PEG coating of an average thickness of
20 mm was observed, whereas no hydrogel was found inside the capillary.

2.3. VEGF and DX addition into hydrogel prepolymer solution

The concentration of VEGF165 (Invitrogen) and dexamethasone (Sigma) inside
the prepolymer solution was approximately 80 mg/ml and 1.875 mg/ml, respectively.
The hydrogel coating procedure using the drug-loaded prepolymer solution was the
same as described above.

2.4. VEGF and DX in vitro controlled-release study

A controlled-release study was performed to obtain the in vitro release profiles
of VEGF and DX from the capillary hydrogel coating. Capillaries (200 mm ID, 1 cm
length) were coated with PEG (w20 mm PEG coating) with the same VEGF or DX
prepolymer solution concentrations mentioned above. Each capillary was placed in
a 1.5-ml Eppendorf polypropylene microcentrifuge tube with 1 ml aliquot of release
buffer (PBS, 0.1% sodium azide). The tubes were placed in a 37 �C shaker incubator
rotating at 50 rpm. Daily samples were taken by completely removing the release
buffer from each tube and replacing with fresh release buffer. The in vitro release
study was continued for up to 8 days. All samples were stored at �20 �C until
analysis.

The concentration of VEGF in the release buffer was determined using the
Coomassie (Bradford) protein concentration assay kit (Pierce). First, a series of
known concentrations of Bovine Serum Albumin (BSA) were prepared as standards.
Using a UV spectrometer (UV-3101 UV–vis–nIR spectrophotometer, Shimadzu), the
absorbance of the corresponding BSA standards was measured at 595 nm. DI water
was used as a blank, and the reading of PBS alone was subtracted from the reading
for the samples. A standard calibration curve for VEGF was plotted to define
a quantitative relationship between the concentration of VEGF and its observed
absorbance. The absorbance of the release buffer samples was measured and the
concentrations were calculated using the calibration curve.

The concentration of released DX was detected using the characteristic absor-
bance of DX at 242 nm. A standard calibration curve was first established using DX at
a series of known concentrations. The absorbance readings of the DX standards and
release buffer samples were taken at 242 nm.

2.5. Ex ova chicken embryo culture

Fertilized chicken eggs (Hy-Line W-36) were obtained from the University of
Illinois Poultry Farm (Urbana, IL). Initially, the eggs were placed horizontally
inside an incubator at 38 �C and 65% humidity. After 3 days of incubation, the
embryos were transferred into a shell-less embryo culture system (see Supple-
mental Data section for detailed protocol). Once transfer of the egg contents was
complete, the culture system was placed into an incubator at 38 �C and 90%
humidity for an additional 4 days (day 7 gestation) before implantation of test
samples.

2.6. Bolus addition of DX onto CAM implant site

A 1-mg sample of DX was vigorously mixed with a 500-ml aliquot of PBS inside
a 1.5-ml microcentrifuge tube until a homogenous, white solution was observed. For
the bolus addition of DX during the initial stage of sequential delivery, a micro-
pipettor was used to dispense the entire DX solution directly onto the CAM implant
site following implantation.

2.7. Implantation of test samples into CAM

Polyester thread, non-coated capillary, and PEG-coated capillary of identical
length were implanted into the CAM to test their biocompatibility and to observe the
host’s in vivo response toward the implant. The PEG-coated capillary implants were
classified into five treatment groups based on the content of the hydrogel coating
and drug delivery method: 1) no drugs, 2) VEGF, 3) DX, 4) both VEGF and DX for
simultaneous delivery, and 5) VEGF coupled with an initial, bolus addition of 1 mg DX
for sequential delivery.

The implantation of the test sample into the CAM was done as previously
shown [32]. On day 7 of gestation, the shell-less culture system holding the egg
contents was taken out of the incubator and placed inside a laminar flow hood.
The Petri dish cover was removed, and the test sample was placed directly on top
of the CAM, allowing it to slowly absorb into the tissue. Each implant was
observed to have progressively incorporated into the CAM after the first day in
contact with the tissue. Before implantation, each test material was dipped in egg
white albumin to enhance the incorporation into the CAM [34]. Once the test
sample was set onto the CAM, the culture system was covered and placed back
into the incubator for 8 more days. Gross evaluations and histological analysis of
the resulting CAM were made after the 8-day implantation period (day 15 of
gestation).

2.8. Preparation of CAM tissue for histological analysis

Histological evaluation on the CAM specimens was performed 8 days post-
placement of the test samples. On the eighth day of ex ova culture, the embryos were
fixed in situ with 10% neutral buffered formalin (NBF) solution (4% formaldehyde,
Sigma). After 20 h of formalin fixation, a 1 cm� 1 cm sample of CAM tissue, with the
implant material in the center, was cut from the entire CAM with suture scissors. The
sample tissue was then processed for paraffin embedding, sectioning, and histo-
logical staining. Standard protocols of hematoxylin and eosin (H&E) and a-smooth
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muscle actin (aSMA) staining were used to quantify the presence of inflammatory
cells and blood vessel formation, respectively, near the surface of the implants.

2.9. SEM evaluation of biofouling on implant surface

After formalin fixation, the thread, non-coated capillary, and PEG-coated
capillary were carefully removed from the CAM. The extent of fouling of biological
milieu on the implant surface was evaluated using a Scanning Electron Microscope
(S4700 SEM, Hitachi). SEM images of the surface of each test sample were taken
using standard electron microscopy techniques.
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2.10. Imaging SWNT inside capillary

Single-walled carbon nanotubes (Southwest Nanotechnologies) wrapped in
(GT)15 base pair DNA (Integrated DNA Technologies) were prepared using
previously published methods [39] and were used to fill a microdialysis capillary.
The capillary was implanted in the CAM and after an 8-day implantation period
the tissue was fixed in formalin and the SWNT-filled capillary and tissue
surrounding the capillary were imaged using a Kaiser Optical Holospec f/1.8
imaging spectrograph attached to a Leica DMPL microscope with 785 nm laser
excitation.
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For SWNT fluorescence imaging through tissue, diameter sorted sodium cholate
suspended SWNT were prepared using previously published methods [40]. Fractions
enriched in the smallest diameter nanotubes were used to fill a small glass capillary
(w1 mm diameter) which was then inserted subdermally in a Sprague-Dawley rat
that had been euthanized by exposure to CO2. Animal care and euthanasia were
performed following animal protocol number 05205 approved by the UIUC IACUC.
The SWNT-filled capillary was imaged using a CRI-Maestro in vivo imaging system
with excitation from 649 to 690 nm and emission measured from 800 to 900 nm
with 5 s exposure and 10 accumulations.

2.11. Average inflammatory cell density to assess immune response

CAM tissues embedding the test samples were stained with a standard hema-
toxylin and eosin (H&E) dye. For each treatment group, cross-sections within
200 mm of the implant surface were examined to obtain the inflammatory cell
(heterophils, macrophages) density at �40 and �100 magnifications (BX51WI Fixed
Stage Microscope, Olympus). Inflammatory cell density was found by counting the
number of inflammatory cells, and normalized by the area of interest. The cell count
and cross-section area were found using ImageJ (software available for free at
rsb.info.nih.gov/ij/). The average inflammatory cell density was reported for each
treatment group.

2.12. Average blood vessel density to quantify vasculature growth

A standard a-smooth muscle actin (a-SMA) dye was used to stain CAM tissues
embedding the test samples. To obtain blood vessel density within 200 mm of the
implant surface, implant cross-sections were analyzed by counting the number of
vessels whose smooth muscle layers were stained positive, and averaged over the
area. As described above, a light microscope and ImageJ were used for analysis. The
average blood vessel density was reported for each treatment group.

2.13. Statistical analysis of histology data

Histology data was represented quantitatively as two main categories: average
inflammatory cell density and average blood vessel density, with error bars
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3. Results and discussion

3.1. In vivo tissue response to thread, non-coated capillary, and
PEG-coated capillary implants

The biocompatibility of a PEG-coated, micro-capillary implant
was evaluated using the CAM tissue-model. For comparison, the in
vivo tissue response to a polyester thread and a bare, non-coated
capillary implant were also examined. Polyester thread was previ-
ously shown to have poor biocompatibility inside the CAM [32],
whereas the non-coated capillary is known to have a more biocom-
patible interface, due to the hydrophilicity of the regenerated
cellulose surface [41]. The developing chicken embryo CAM was used
as an initial screening tool to evaluate the tissue reaction toward each
implant. After an 8-day implantation period, the biocompatibility of
these implants was assessed using histology (H&E) images of CAM
cross-sections, and SEM images of the surface of each implant (Fig.1).
The photograph in Fig. 1a shows an overview of the CAM with
a capillary implant on the eighth day of implantation, allowing
a direct visualization of the vasculature around the implant site. In
the cross-section image of normal CAM (Fig. 1b), very few inflam-
matory cells (mostly macrophages and heterophils identified by H&E
dye) were observed. In contrast, a much higher presence of inflam-
matory cells, fibroblast encapsulation, and swelling (edema) were
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found in the tissue surrounding the thread implant (Fig.1c). As shown
in the post-implantation SEM image (Fig. 1d), the surface of the
thread was extensively covered with adhering proteins and other
biological milieu. The bare capillary resulted in a minor immune
response, while CAM tissue strongly adhered to the implant surface
(Fig. 1e). The corresponding SEM image shows pieces of tissue
remaining on the capillary (Fig. 1f). The PEG-coated implant induced
an immune response similar to that found near the non-coated
capillary (Fig. 1g), which shows that the surface material of both
platforms (regenerated cellulose and PEG) have higher biocompati-
bility than the rough, polyester thread. However, in contrast to the
case of the bare capillary, CAM tissue did not adsorb onto implants
with a PEG-coated surface (Fig. 1g), and biofouling was not observed
in the SEM image (Fig. 1h). In support of these histology and SEM
image observations, the inflammatory cell density (cell
number� 103/mm2) within 200 mm of the implant surface was
quantified for the thread, non-coated capillary, and PEG-coated
capillary implants (Supplemental Fig. 1). Overall, we have shown the
PEG-coated capillary ensures minimal immune response and
biofouling onto its surface, which is crucial for proper in vivo
biosensor performance. These results are supported by other studies
in the literature [42–44].

3.2. Visualization of SWNT in the CAM model and through tissue

An injection of DNA-wrapped SWNT to the CAM led to the
highest inflammatory cell density among all treatment groups
(Supplemental Fig. 1). To verify that the proposed microdialysis
capillary-based sensor architecture would effectively prevent
SWNT leaching into the surrounding tissue, DNA-wrapped SWNT-
filled capillaries were implanted in a CAM model for 8 days (Fig. 2a).
After fixation, the tissue surrounding the SWNT-filled capillary was
imaged using a micro-Raman spectrometer. Characteristic SWNT
Raman features were only visible inside the capillary, while tissue
immediately surrounding and several microns away did not show
the presence of SWNT (Fig. 2b and c). Additionally, the SWNT-filled
capillary had an equivalent physiological response as an unfilled
capillary used for the sequential delivery experiments (Supple-
mental Fig. 1).

While SWNT have been used for a number of other biological
applications, from drug delivery [45] to cancer therapy [46], to our
knowledge no demonstration exists of SWNT fluorescence imaging
through tissue. To demonstrate this imaging, small diameter
nanotubes, with stronger emission around 900 nm, were filled in
a small glass capillary. The capillary was inserted under the skin of
a rat and imaged using a CRI-Maestro in vivo imaging system
(Fig. 1d). The SWNT-filled capillary can clearly be distinguished,
demonstrating the potential of a SWNT-based subcutaneous sensor.

3.3. In vitro release study of dexamethasone and VEGF

The release rates of VEGF and DX from the capillary hydrogel
coating were examined in an in vitro controlled-release study
(Fig. 3). The cumulative release profiles of VEGF (Fig. 3a) and DX
(Fig. 3b) show the capillaries released w45 ng of VEGF and w0.9 mg
of DX during the 9-day release period. In preliminary experiments,
these drug doses were found to be optimal in inducing a statisti-
cally significant tissue response. During day 0–2, 76.5% and 75.7% of
the initial loaded amount of VEGF and DX, respectively, had been
released. After this time interval, the release rate of both drugs
gradually decreased during the remainder of the 8-day collection
period. Complete depletion of DX in the hydrogel coating occurred
around day 6.

To model the relationship between drug depletion and release
rate, the two release profiles were fit to a first-order, drug release
kinetics approximation,
Cdrug

C
¼ e�kt (1)
drug;0

where Cdrug is the drug concentration remaining in the hydrogel
coating, Cdrug,0 represents the initial amount of drug encapsulated,
and k is the drug release rate constant (day�1). The rate constant (k)
in Eq. (1) was quantified by fitting the drug concentration (Cdrug)
over time (t) using a least-squares linear regression approach.
Solving for k, the rate constants for VEGF and DX were 0.4/day and
0.5/day, respectively. CDx was found to deplete more rapidly inside
the hydrogel layer than CVEGF, leading to its higher value of k. DX is
an anti-inflammatory steroid with a molecular weight of 392 g/
mol, while VEGF165 is a 38.6-kDa macromolecule protein. There-
fore, the apparent difference in release profile and k is assumed to
be due to the difference in molecular size and subsequent diffu-
sivity through the crosslinked PEG coating.

3.4. Vascular network formation in response to VEGF bolus
addition and controlled-release

It has been shown in previous studies that increased vascularity
(using VEGF) around an implantable biosensor can improve its
performance and lifetime [22,23]. Two VEGF delivery methods were
proposed: a single, bolus addition of VEGF onto the implant site,
simulating an injection of VEGF to the site of the sensor in
a mammalian model, and a sustained-release of VEGF from the PEG
coating of the capillary implant. In Fig. 4, the local vascular network
formed using the two delivery methods was compared to that
around the VEGF-empty PEG-coated implant (control). Around the
control, no angiogenic activity was observed after the 8-day
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implantation period (Fig. 4a). H&E and aSMA stained cross-sections
show neither a significant inflammatory response nor sprouting of
new vasculature (Fig. 4b and c). Eight days after the addition of
approximately 5 mg of VEGF onto the implant site, the induced
localized angiogenic response led to the formation of enlarged blood
vessels emerging from pre-existing arteries (Fig. 4d). Histology
results show a higher number of inflammatory cells present in the
CAM compared to the control (Fig. 4e). The bolus addition of VEGF
induced an uncontrolled, non-uniform, and clustered growth of
blood vessels (Fig. 4f). Vasculature growth was concentrated directly
below the chorionic epithelium, and was limited to a small area
around the bolus addition site. Such lack of a uniform, dense
vasculature network would not be ideal for sensor performance.

The controlled-release of VEGF led to the formation of a non-
clustered, broad distribution of blood vessels around the capillary
implant (Fig. 4 g). H&E-stained image shows a higher presence of
inflammatory cells in the CAM than in the control (Fig. 4h), while
the aSMA stained image shows the development of a vasculature
network with a wider range of blood vessel size (Fig. 4i). In contrast
to the bolus addition case, a slow and steady release of VEGF from
the hydrogel coating had stimulated the distant vasculature into
growing toward the VEGF source. This higher degree of angiogen-
esis is necessary for increased, steady-state levels of analyte flux to
the nearby region of the sensor, but it is also necessary to limit the
inflammatory response stimulated by VEGF.

3.5. Histological analysis (H&E) of tissue immune response

An initial delivery of an anti-inflammatory agent (DX), fol-
lowed by a continuous release of an angiogenesis stimulant
(VEGF) from the hydrogel coating, was performed to promote
neovascularization around the biosensor platform while
modifying tissue inflammation. The efficacy of sequential drug
treatment was examined using histological analysis of five
treatment groups: a capillary with a PEG coating containing 1)
no drugs, 2) VEGF for controlled-release, 3) DX for controlled-
release, 4) both VEGF and DX for simultaneous delivery, and 5)
VEGF coupled with a bolus addition of DX at the implant site for
sequential treatment. H&E-stained cross-sections of CAM with
the embedded implant are shown in Fig. 5a–e. The inflammatory
cell density (cell number� 103/mm2) within 200 mm of the
implant surface was examined for each treatment group (Fig. 5f).
Relative to the treatment group with no drugs embedded in the
PEG coating (control) (2.07� 0.68� 10�3/mm2), the sustained-
release of VEGF resulted in a higher inflammatory cell density
(3.05� 0.35�10�3/mm2), whereas DX sustained-release resulted
in a lower value (0.97� 0.24�10�3/mm2). The dual, concurrent
and sequential delivery of the two agents both decreased the
inflammatory cell density (1.52� 0.21�10�3/mm2 and
1.06� 0.07�10�3/mm2, respectively) in the vicinity of the
implant compared to the control, but only the result of the
sequential treatment was statistically significant. The average
inflammatory cell density of the sequential treatment was 30.3%
lower than that of the simultaneous delivery. The counteractive
effect of inflammatory cell attraction of VEGF and immune
response suppression of DX during concurrent delivery may
have contributed to the smaller decrease in local immune
response relative to the control. This shows the limitation of
simultaneous administration, hinting at the need for sequential
release.
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3.6. Histological analysis (aSMA) of vascular network formation

Cross-sections of aSMA-stained CAM for each of the five treat-
ment groups are shown in Fig. 6a–e. Average vasculature density
(blood vessel number� 103/mm2) within 200 mm of the implant
surface is shown in Fig. 6f. The controlled-release of both VEGF and
DX (1.24� 0.35�10�3/mm2) and VEGF coupled to an initial, bolus
addition of DX (1.15� 0.30�10�3/mm2), led to higher vasculature
formation than the control group (0.71�0.20�10�3/mm2) and DX
controlled-release (0.44� 0.19�10�3/mm2). However, compared to
VEGF delivery alone (1.98� 0.21�10�3/mm2), both methods had
a significant decrease in vasculature growth. This confirms that the
VEGF-DX interaction can lead to opposite outcomes: VEGF coun-
teracts the anti-inflammatory action of DX, while the latter inhibits
VEGF-induced tissue vascularization. The average vasculature
density resulting from dual, concurrent treatment and sequential
treatment was statistically the same, which shows that prior bolus
delivery of DX does not necessarily provide better performance



DXVEGF

a

e

dc

b

f

A
v
e
r
a
g
e
 
V
a
s
c
u
l
a
t
u
r
e

D
e
n
s
i
t
y
 
(
b
l
o
o
d
 
v
e
s
s
e
l

n
u
m
b
e
r
 
x
1
0
3
 
/
µ
 
m

2
)

DX bolus
addition site

*

*

**

*

50 µm 50 µm

50 µm 50 µm

50 µm

2.5

2.0

1.5

1.0

0.5

0.0

Control

DX/VEGF

VEGF

DX

DX (bolus)/VEGF

Control DX/VEGF DX (bolus)

/VEGF

Φ

Φ Φ

Fig. 6. aSMA-stained CAM cross-sections embedding a capillary implant with PEG coating releasing: (a) no drugs; (b) VEGF; (c) DX; (d) both VEGF and DX; and (e) VEGF coupled
with a bolus addition of 1 mg DX (arrow). Asterisk (*) indicates position of implant in image. (f) The average vasculature density within 200 mm of implant was quantified for each
treatment group. F indicates statistical significance relative to the control (p< 0.05).

J. Sung et al. / Biomaterials 30 (2009) 622–631 629
(i.e. more tissue vascularization) over simultaneous delivery.
Therefore, this aspect of controlling the local tissue response
remains to be further improved.

The effects of DX and VEGF may counteract each other, and
therefore what is of interest is a therapeutic index that measures an
increase in vasculature given a simultaneous inflammatory
response. We define the index as the ratio of average vasculature
density to average inflammatory cell density for each treatment
group based on the quantitative results from the above histological
analyses (Fig. 7). The index reflects how well the drug delivery
method (individual, simultaneous, or sequential) promotes local-
ized angiogenesis against the host’s immune response.

Fig. 7 shows that the controlled-release of VEGF, simultaneous
DX/VEGF delivery, and sequential DX/VEGF delivery groups had
significantly higher indices than those of the control and DX
controlled-release groups. Relative to the control (0.38� 0.06),
the VEGF-controlled-release group resulted in a higher index
(0.66� 0.10) due to the drug-induced increase in local vasculature.
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However, this higher value was limited due to the elevated number
of inflammatory cells triggered by the sustained presence of the
exogenous protein. DX controlled-release from the capillary PEG
coating led to the decrease in both vasculature and immune
response, and the index of this group was found to be statistically
similar to that of the control (0.44� 0.10). Our results indicate that
the therapeutic index resulting from sequential DX/VEGF delivery
(1.05� 0.13) was 60.3% higher than that of VEGF delivery, and 139.3%
higher than that of DX release. Furthermore, this index was a 32.1%
increase compared to that of simultaneous administration of these
agents (0.80� 0.14), showing that DX/VEGF sequential delivery
provided the highest therapeutic index among the five experimental
groups.

As the capillary is set onto the CAM and is gradually embedded,
the implant is immediately detected by the host’s immune system
and triggers an inflammatory response. In the case of an in vivo
biosensor, inflammation and blood vessel regression caused by
fibroblast encapsulation during the wound-healing process
disrupts analyte transport to the sensor surface, resulting in loss of
accuracy and function, as well as increased measurement lag time.
As the initial, physiological response becomes stabilized and
inflammation progresses onto its later stages, collagen and vascu-
lature remodeling occur around the capillary implant. To target the
events of this later timeframe, a sustained-release of VEGF from the
implant coating was applied to facilitate tissue regeneration,
producing an abundant, yet highly organized blood vessel network
around the capillary. In the application of DX and VEGF, the order of
delivery of these tissue response modifiers is highly critical for
engineering of tissue structure due to their opposite pharmaco-
logical effects. In the sequential delivery of DX and VEGF, the initial
application of DX mediates the early immune response by reducing
the population of inflammatory cells before VEGF-induced angio-
genesis. We note that DX may still remain in the tissue stroma
during VEGF release, which may deteriorate the bioactivity of VEGF.
Therefore, the pharmacological counteraction of the two drugs may
not be completely avoided. However, our results suggest that
sequential delivery can overcome the counteractive effects of DX on
VEGF seen during simultaneous administration, allowing a more
effective inhibition of the inflammatory response while concomi-
tantly increasing the vascular network around the capillary
implant. Hence, the proposed sequential treatment proved to be an
effective strategy in the development of a local in vivo environment
favorable for long-term, accurate biosensor performance.

4. Conclusion

In this study, we examined the in vivo pharmacological effects of
the sequential delivery of DX and VEGF around a hydrogel-coated,
microdialysis capillary implant in the CAM tissue-model. We
demonstrated that such a capillary is suitable for use for an SWNT-
based fluorescence sensor and also demonstrated SWNT fluores-
cence detection through tissue. The hydrogel coating effectively
minimized in vivo protein and cell adhesion, as well as fibroblast
encapsulation, while showing a comparable inflammatory
response with the bare implant. Controlled-release of VEGF led to
the formation of a more uniform, broader distribution of blood
vessels around the capillary implant than bolus VEGF delivery. The
sequential delivery of DX followed by VEGF resulted in a highest
level of vasculature around the implant for a given amount of
inflammation. This result proves to be a more effective drug
delivery technique than simultaneous delivery, allowing us to
reduce the immune response and develop a well-vascularized
environment favorable for biosensor performance.
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