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The aim of this research was to develop nanoengineered alginate microspheres for localized delivery of
anti-inflammatory drugs (dexamethasone and diclofenac sodium) for implantable “Smart tattoo” glucose
biosensor used for continuous glucose monitoring. The formulation was prepared and characterized for
in vitro drug release from uncoated and polyelectrolyte-coated microparticles. Biocompatibility was then
tested using L929 cell-line; pilot in vivo studies with Sprague–Dawley (SD) rat subjects were performed
to test the suppression of inflammation and fibrosis associated with implantation and was analyzed using
standard hematoxylin and eosin staining method. The drug-loaded microspheres were able to deliver the
icrospheres
ontrolled release
nti-inflammatory drugs
ayer-by-layer (LbL)

drug for 30 days at a controlled rate with zero-order kinetics. The layer-by-layer self-assembly technique
was used to effectively limit the burst release of drug from the matrix. Cell culture studies prove that
the material are not cytotoxic and showed acceptable >80% cell viability in all the tested samples. In vivo
studies show that both drugs were successful in controlling the implant/tissue interface by suppressing
inflammation at the implant site. It was clearly evident that the combined approach of drug loaded carriers
along with implanted biosensor shows promise in improving sensor biocompatibility and functionality.
Thus, suggesting potential application of alginate microspheres as “smart-tattoo” glucose sensors.
. Introduction

Currently, most diabetics measure their blood glucose concen-
rations by intermittent “finger-prick” capillary blood sampling,
method that is painful and uncomfortable. The development of

echnology for minimally or non-invasive and continuous glucose
ensing is, therefore, considered a priority in diabetes care (Abel
nd Woedtke, 2002). Interest in implantable biosensors has gained
opularity owing primarily to the continuous monitoring capa-
ility that aids in identifying trends in glucose excursions, and
nables patients to take pre-emptive action to avoid dangerous
ypoglycemia. Continuous blood glucose monitoring is also becom-

ng a more integral part of diabetes management for understanding
pecific patient glucose patterns and aids in determining dosage
requency and time of administration of insulin dosage. However,
here are significant problems with the performance of commer-

ially available subcutaneously implanted in vivo glucose sensors,
ncluding inaccurate results, low precision, and requirements for
requent calibration (Pickup, 2004; Gilligan et al., 2004).
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Another key issue with the use of these devices is the series of
inflammatory events generated in response to tissue injury dur-
ing implantation. This generally results in compromised device
functionality and subsequent device failure (Sharkawy et al., 1997,
1998a,b). During the initial acute response, fluid carrying plasma
proteins and inflammatory cells migrate to the implanted site. In
many cases, proteins adsorb to the implant surface and then phago-
cytic cells (neutrophils, monocytes and macrophages) surround the
biosensor, affecting its functionality (Anderson, 2001). Phagocyto-
sis is the foremost body defense occurring upon implantation, since
for large implants phagocytosis is not possible, the cells attack these
implants by the release of reactive oxygen species and enzymes that
are intended to degrade the implant. The exact timing, action, and
intensity of the process are dependent on the nature of the foreign
body, size, shape, and physical and chemical properties (Gerritsen,
2000). The acute response lasts about three days, after which a
chronic inflammatory response may set in or a modified version of
the healing process begins (Anderson, 2001; Gerritsen, 2000). Even-
tually, a fibrotic capsule is formed, which is a characteristic feature

of the steady-state foreign body response. Fibrous encapsulation
can impede transport of glucose and fluid to sensor causing com-
promised device functionality. Calcification and protein fouling of
implanted biosensors may occur (Wisniewski and Reichert, 2000;
Wisniewski et al., 2000) and these processes induce the outer mem-
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http://www.elsevier.com/locate/ijpharm
mailto:rsrivasta@iitb.ac.in
dx.doi.org/10.1016/j.ijpharm.2010.10.035


nal of

b
e

i
d
c
m
t
i
p
f
e
(
i
p
B
h
2
b
1
r
e
b
a

r
f
h
H
f
l
(
d
e
T
t
f
s
d
s
w
e
2
e
m
i
r
h
i
i

c
i
t
b
g
M
a
n
b
d
t
l
(
l
t

R.D. Jayant et al. / International Jour

rane degradation and lead to increased permeability of sensing
lements.

Currently, the longest in vivo functionally active FDA-approved
mplantable glucose-monitoring biosensor works for only seven
ays (Buckingham et al., 2007). Therefore, it is very important to
ontrol the device/tissue interface to minimize localized inflam-
ation and ensure sensor functionality over a longer period of

ime. There are many strategies that have been applied for improv-
ng the sensor biocompatibility and functionality in vivo such as
hysical modifications to influence the tissue response or sur-
ace modification (Wisniewski and Reichert, 2000) of the biosensor
.g. hydrogels with polyethylene oxide (PEO)/polyethylene glycol
PEG) have been suggested to improve sensor stability by form-
ng a layer of water that interacts with the hydrophilic coating,
reventing protein penetration to the surface (Quinn et al., 1997).
iomimicry agents such as phospholipids and similar biomaterials
ave been used to increase the biocompatibility of sensors (Lewis,
000). Flow-based systems are also used to prevent the biofouling
y flowing fluid over the material-tissue interfaces (Rigby et al.,
996). Many other strategies have been tried e.g. Nafion (perfluo-
osulfonic acid polymer) membrane as biosensor coating (Moussy
t al., 1994), surfactant-based modification (Neff et al., 1998), mem-
ranes derived from natural origin e.g. cellulose, chitosan, alginate
nd heparin.

Among all strategies, localized controlled deliveries of tissue
esponse modifiers (TRMs) – alone or in combination with sur-
ace modifications – are attractive approaches to controlling the
ost response. Various TRMs dexamethasone (Norton et al., 2005;
ickey et al., 2002; Galeska et al., 2005), transforming growth

actor alpha (TGF-�), anti-fibroblast antibody, vascular endothe-
ial growth factor (VEGF) have been used for these purposes
Buckingham et al., 2007; Zolnik and Burgess, 2008). Localized
elivery of TRM’s has the advantages of reduced systemic side
ffects and improved therapeutic response of the drugs. Kroll and
chou (2000) have used a small reservoir of dexamethasone at the
ip of pacemaker to prevent the deposition of proteins on the sur-
ace. Similarly, sensors could also incorporate a layer that would
lowly degrade in vivo and release the drug as it happened in
rug eluting stents. Burgess et al. have used degradable micro-
pheres for site specific, controlled delivery of both small molecular
eight drugs (e.g. dexamethasone) (Hickey et al., 2002; Galeska

t al., 2005) and proteins, including VEGF (Buckingham et al.,
007). Recently, poly(vinyl alcohol) hydrogels have been used for
nhancement of glucose sensing (Vaddiraju et al., 2009). But, the
ain disadvantages with the above mentioned strategy is their

nability to provide 100% drug release combined with a low burst
elease. Therefore, research is needed in preparing a system that
as better control over drug release profile for longer duration typ-

cally more than 3–4 weeks so that maximum amount is released
n the induction period.

Thus, the goal of this study was to a develop the system that can
oncurrently deliver 100% drug (anti-inflammatory) encapsulated
n alginate microspheres over a period of 3–4 weeks to overcome
he inflammatory response arising out of implantation of optical
ased luminescent “smart tattoo” biosensors used for continuous
lucose monitoring (Russell et al., 1999; McShane et al., 2000;
cShane, 2002; Brown et al., 2006; Russell et al., 1999; Chinnayelka

nd McShane, 2006). Layer-by-layer (LBL) self-assembly tech-
ique (Decher et al., 1994a,b) was used for minimizing the
urst release and to achieve controlled release of encapsulated
rug while retaining the sensing chemistry. Different formula-

ions with controls (i.e. Plain microspheres (positive control), drug
oaded coated and uncoated microspheres, glucose oxidase based
GOx) sensors and dexamethasone loaded (dexa) and diclofenac
oaded (diclo) formulation with the glucose sensors) were used for
he evaluation for anti-inflammatory efficacy in Sprague–Dawley
Pharmaceutics 403 (2011) 268–275 269

(SD) rats using standard hematoxylin and eosin (H&E) staining
methods.

2. Materials and methods

Low viscosity alginate (2%, 250 cps), diclofenac sodium
salt (MW-318.13), dexamethasone-21-phosphate di-sodium salt
(MW-516.4), and glucose oxidase (G2133 from Aspergillus niger,
Type VII) were purchased from Sigma, India. Phosphate buffer
saline tablets (PBS tablets, pH-7.4) and polyelectrolytes, includ-
ing sodium poly(styrene sulfonate) (PSS, 70 kDa), poly(allylamine
hydrochloride) (PAH, 70 kDa), poly(acrylic acid) (PAA, 45 kDa) and
poly(diallyldimethylammonium chloride) (PDDA, 20–35 kDa) were
also purchased from Sigma, India. Sodium azide was purchased
from Loba Chemie, Mumbai (India). Calcium chloride and dialy-
sis membrane (10–14 kDa) were purchased from Merck, Mumbai
(India) and Hi-Media Laboratories, Mumbai (India), respectively.
All chemicals were reagent grade and used as received.

2.1. Instrumentation

Encapsulation unit Variation J30 (Nisco Engineering AG, Zurich,
Switzerland) and syringe pump (Multi-PhaserTM, model NE-
1000, New Era Pump Systems, New York, USA) has been used
for preparing alginate microspheres. “Cuvette” Helos (Sympatec,
CUV-50ML/US, Germany) was used for particle sizing based on
dynamic light scattering principles. Nikon YS 100 (Melville, New
York, USA) optical microscope with a digital camera and scan-
ning electron microscope (Hitachi S3400, Tokyo, Japan) were used
for microscopic imaging studies. Zeta potential of uncoated and
coated microspheres was measured using Zetaplus (Brookhaven
Instruments, New York, USA). Helios Alpha double beam UV-VIS
spectrophotometer (Thermo Scientific, Surrey, UK) was used for
quantifying drug release.

2.2. Preparation of alginate microspheres

Drug loaded calcium alginate microspheres were prepared
using a droplet generator (Var J30, Nisco Engineering AG, Zurich).
Briefly, 10 ml of 2% (w/v) sodium alginate solution was mixed with
250 mg/ml dexamethasone and 750 mg/ml diclofenac sodium salt,
respectively (Jayant and Srivastava, 2007). The mixture was then
extruded at a flow rate of 20 ml/h under 75 mbar pressures into a
vessel containing 250 mM calcium chloride solution while continu-
ously stirring. After allowing 10 min for the completion of external
gelation, the hardened drug loaded alginate microspheres were
separated and washed by centrifugation (1000 rpm for 1 min).

2.3. Preparation of glucose sensors

The glucose sensors were prepared using a modified method
acquired from Srivastava et al. (2005a,b). Glucose oxidase (GOx)
loaded microspheres as glucose sensors were prepared using
the droplet generator as described, after which microspheres
were placed in ruthenium-tris (4,7-diphenyl-1,10-phenanthroline)
dichloride (Ru(dpp)) solution (3.5 × 10−5 M) in a 10 vol.% methanol
in water solution at pH 12 for 3 h. Resuspension of the micro-
spheres in neutral-pH aqueous solutions results in electrostatically
mediated precipitation of the dye, leading to stable entrapment
of Ru(dpp) inside the microspheres. The dye-doped microspheres

were then rinsed with de-ionized (DI) water by consecutive
centrifugation cycles. Poly(styrene sulfonate) and fluorescein
isothiocyanate (FITC) tagged-poly(allylamine hydrochloride) was
alternately assembled on top of microspheres as described by
Srivastava et al. (2005a,b).
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.4. Characterization of microspheres

The mean particle size and size distributions of the microspheres
ere measured using optical microscopy, scanning electron
icroscopy (SEM), and particle sizing systems (Sympatec, Cuvette
elos, CUV-50ML/US). A small volume of suspended microspheres,
sually 0.5 or 1 ml was added to 50 ml of continuously stirred dis-
illed water. Each measurement reported is the mean and standard
eviation of three samples per batch of microspheres for at least
hree different batches. The sensors were imaged using a Olympus
onfocal microscope, emission of Ru(dpp) and FITC were collected
t 620 and 520 nm, respectively.

.5. Drug loading efficiency

Drug loading efficiency was calculated using the standard cal-
bration curve of both drugs (dexamethasone and diclofenac),

hich were plotted to define the quantitative relationship between
bserved absorbance and concentration of the drug. For this, the
mount of drug present in the supernatant after centrifugation
as determined by UV-spectrophotometry at �max of 242 nm (dex-

methasone) and 236 nm (diclofenac). All the measurements were
ompleted in triplicate and the mean values and standard devia-
ions were calculated.

.6. Polyelectrolyte coating of alginate microspheres

The LbL coatings were analyzed using an FTIR spectrometer
herein the microspheres were completely dried and mixed with
otassium bromide before measurements. Further confirmation
f polyelectrolyte nanofilms assembly was confirmed using Zeta
otential analysis. The �-potential was calculated from the elec-
rophoretic mobility using the Smoluchowski relation. For this,
0 �l sample solution containing the polyelectrolyte coated micro-
pheres was diluted in 2 ml of distilled water and analyzed using
etaplus.

.7. In vitro drug release study

Dexamethasone and diclofenac (sodium salt) loaded alginate
icrospheres were prepared as described previously (Jayant and

rivastava, 2007; Jayant et al., 2009). The microspheres were intro-
uced in dialysis membrane (molecular cutoff: 10–14 kDa) and
ransferred to a glass beaker containing 100 ml of 0.01 M PBS (pH
.4) and 0.01% (w/v) sodium azide. The samples (in triplicate)
ere incubated at 37 ± 0.5 ◦C with constant agitation of 250 rpm

or the release studies. The 250 rpm agitation speed was chosen
n order to suspend majority of the microspheres in the dialy-
is membrane to avoid their agglomeration. 1 ml of buffer was
eriodically withdrawn from the beaker and replaced to maintain
he drug concentration below 10% solubility (sink condition). The
mount of released drugs in the collected medium was determined
pectrophotometrically at �max of 242 nm for dexamethasone and
36 nm for diclofenac. All in vitro release studies were conducted

n triplicate, mean values and standard deviations were calculated
or all measurements.

.8. In vitro biocompatibility studies

The cytotoxicity of the uncoated, drug loaded, (PAH/PSS)1

oated alginate microspheres and GOx based glucose sensor was
valuated by using sulforhodamine-B (SR-B) semi automated assay
sing L929 mouse fibroblast cells (National Centre for Cell Science
NCCS), Pune, India). Plain uncoated and unloaded microspheres
ere used as positive control. The cells were grown in modified
Pharmaceutics 403 (2011) 268–275

DMEM (Dulbecco’s modified essential medium, Sigma, USA) sup-
plemented with 10% FBS (fetal bovine serum, Sigma, USA) and
1% antibiotic antimycotic solutions (Himedia, India) at 37 ◦C tem-
perature under 5% CO2 and saturated humid environment. Nearly
confluent cells in 25 cm2 tissue culture flasks were trypsinized by
trypsin-EDTA (ethylene diamine tetra acetic acid) solution and cen-
trifuged at 1000 × g for 10 min. The cell pellet was then resuspended
in fresh media. Cells were counted and cell count was adjusted
accordingly to the titration readings so as to give an optical den-
sity in the linear range (from 0.5 to 1.8). Samples were tested in
triplicate using 96 well plates, each well receiving 90 �l of cell sus-
pension with a concentration of 1 × 104 cells per well. The plate
was then incubated at 37 ◦C in CO2 incubator for 24 h. 10 �l of
diluted polyelectrolyte-coated and uncoated alginate microspheres
were added after 24 h incubation to the 96 well-plate and further
incubated for 48 h. Finally, the experiment was terminated by gen-
tly layering the cells in the wells with 50 �l of chilled 50% TCA
(trichloroacetic acid) for cell fixation. Plates were kept in the refrig-
erator (4 ◦C) for 1 h, followed by thorough washing with water and
air drying. For the assay, plates were then stained with 50 �l of 0.4%
SR-B for 20 min then washed 5× with 1% acetic acid and air dried.
Finally the bound SR-B was eluted with 100 �l of tris (10 mM, pH
10.5) for 10 min. Thereafter, the plates were shaken for 1 min using
an automated shaker and the absorbance (O.D.) of each well was
read in a micro plate reader (Thermo Electron Corporation, USA)
at 540 nm with reference to 690 nm against blanks culture media
without any cells.

2.9. In vivo experiments to assess pharmacodynamic changes

All animal studies were conducted at Omega Laboratories
(Lonand, Maharashtra, India) using an approved protocol in accor-
dance with Animal Ethics Committee (AEC) and Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA) committee guidelines (Resolution No/03/09 of 2009).
Food and water were provided to animals ad libitum. Micro-
spheres were prepared and suspended in a viscosity enhanced
diluent (30 mg/ml carboxymethylcellulose sodium salt, 9 mg/ml
NaCl and sterile water) to prevent microspheres from sticking
in syringes/needles during injection. Animals were divided in 5
groups and each group was consisted of 6 rats. Three injections
were made per animal i.e. positive control, vehicle and formulation.
Rats were anesthetized with a 4.5% (v/v) mixture of isofluorane
in oxygen. The microspheres were injected dorsally in shaved
locations lateral to midline. 100 �l of microspheres dispersed in
vehicle were injected subcutaneously using 20 gauge needles.
Microspheres were administered at 1 mg/ml dexamethasone and
1 mg/ml diclofenac dose per animal. Plain microspheres were used
as a positive control and untreated subcutaneous tissue samples
were used as a negative control. Rats were sacrificed at each of the
following time intervals: 7, 14, 21 and 30 days for controls, drug
loaded and plain microspheres.

2.10. Pharmacodynamic study of drug loaded microspheres

Tissue samples from the experiment described above were fixed
in 10% formalin, embedded in paraffin, and cut using a microtome
(5 �m). Standard hematoxylin and eosin (H&E) staining protocols
were used. This method was used to characterize and quantify the
inflammation-mediating cells in the vicinity of the microspheres in
response to the inflammation induced by sensor implantation for

longer duration of time period. Inflammation mediating cells and
blood vessels were counted in chosen section of equal part in each
photomicrograph taken. For inflammation cell counts, the final
values reported are an average from 5 to 6 regions counted in pho-
tomicrographs from five different rats per time point ± standard
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of regression coefficient (R2) for uncoated and various polyelec-
trolyte coated microspheres, indicated that drug release followed
the diffusion control mechanism.
ig. 1. Confocal images of (A) FITC tagged GOx loaded microspheres and (B) Ru(dp
icrospheres.

eviation. Photomicrographs of the histology slides were taken
nd digitally stored using a microscope at 10–100× magnification.
isual counting of the purple stained nuclei of the inflammatory
ells was performed to reduce error.

.11. Statistical analysis

Pearson correlation coefficients were used to evaluate the extent
f a relationship between two data sets. Coefficients of determi-
ation were calculated. Statistical differences among groups were
nalyzed using ANOVA. A value of P < 0.05 was considered statisti-
ally significant.

. Results

.1. Preparation and characterization of microspheres

Drug loaded (dexamethasone and diclofenac) loaded alginate
icrospheres were prepared using the droplet generator technique

s described earlier by Jayant and Srivastava (2007). The parti-
le sizing confirms that particles were in the range of 60 ± 10 �m
Saurter mean diameter, SMD at 90% cumulative distribution), fur-
her microsphere size were confirmed using optical microscopy
nd scanning electron microscopy (SEM) and it was observed
hat particles were in the size range of 60 ± 10 �m (n > 400).
he �-potential value for uncoated alginate microspheres was
28.0 ± 1 mV, which reversed upon addition of positive polyelec-

rolyte, PAH to +34 ± 2 mV and which again reversed on addition
f PSS to −25.0 ± 2 mV, confirming that nanofilm assembly is tak-
ng place. The FITC tagged GOx loaded microspheres as glucose
ensor (model sensor) were fabricated using above mentioned pro-
ocol. They were then characterized using confocal microscopy,
rom which it was observed that GOx was successfully encapsulated
nside alginate matrix as shown in Fig. 1(A). Also oxygen sensi-
ive dye Ru(dpp) was encapsulated in the alginate microspheres
niformly as shown in Fig. 1(B) and (C) shows the deposition of
eference dye (FITC) within LbL self-assembly.

.2. Drug loading and in vitro release experiments

The average encapsulation efficiency for both drugs was approx-
mately 77 ± 8%. The burst release data for different dexamethasone
oading concentrations in alginate microspheres i.e. 0.25, 0.5, 0.75,
nd 1 mg/ml were 19%, 24%, 28% and 33%, respectively. 100% cumu-

ative release of the encapsulated drug was observed in just 22
ays for a loading concentration of 0.25 mg/ml dexamethasone,
hile for other concentrations, <80% dexamethasone release was

bserved as shown in Fig. 2. In the case of diclofenac loaded micro-
pheres, different drug concentration also tried i.e. 0.5, 0.75 and
ded uncoated alginate microspheres and (C) PAH-tagged FITC/PSS coated alginate

1 mg/ml showed 12%, 9%, and 8%, burst release rates, respectively.
Whereas, cumulative release of 87% and 100% over 30 days was
observed for loading concentrations of 1 mg/ml and 0.75 mg/ml,
respectively. For 0.5 mg/ml drug loading, 100% cumulative drug
release was achieved in more than 30 days (Fig. 2).

The cumulative in vitro release profile of dexamethasone loaded
uncoated and (PAH/PSS)1 coated microspheres is shown in Fig. 2.
It was observed in case of dexamethasone release that (PAH/PSS)1
polyelectrolyte coating enabled control over the release as com-
pared to other polyelectrolyte pairs like PAA/PAH, PDDA/PSS, etc
as shown in our previous work (Jayant et al., 2009). Different ratios
of uncoated and PAH/PSS-coated dexamethasone loaded micro-
spheres (i.e. 25C:75P, 50C:50P and 75C:25P, where ‘P’ stands for
plain and ‘C’ stands for polyelectrolyte coated particles) were used
to achieve 100% drug release in desired period of 30 days (Fig. 2).
Similarly, based on previous results with different polyelectrolyte
for the diclofenac release study, (PAH/PSS)1 was used as final coat-
ing. The in vitro diclofenac release profile using uncoated and
(PAH/PSS)1 coated microspheres showing cumulative release of
86.70% and 50.92%, respectively, in 30 days. There was a signif-
icant (P < 0.05) difference in the rate and extent of drug release
when comparing uncoated and coated microspheres. The release
profiles of both drugs showed zero-order release kinetics after a
burst release period, which lasted for 1 day. The data was fitted to
kinetic equations like zero-order kinetic release equation. The value
Fig. 2. Comparative release profile of dexamethasone and diclofenac loaded
uncoated and (PAH/PSS)1 coated alginate microspheres in PBS (pH-7.4) containing
sodium azide (0.01%, w/v) at 37 ◦C, Mean ± SD (n = 3).
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ig. 3. Cell viability for alginate microspheres with different drugs and coatings.

Studies were also conducted in simulated interstitial body fluid
SIF) to assess whether the expected release behavior might be
ltered inside the body due to the presence of body fluid ions
nd proteins. Cumulative release of 96% and 97% was observed
n 30 days with dexamethasone (0.25 mg/ml) and diclofenac
0.75 mg/ml), respectively, as compare to 100% dug release in PBS.
ence, it was concluded that microspheres would release the drug
t the same rate and kinetics as determined in vitro and all further
ests were performed with PBS only.

.3. In vitro biocompatibility studies

The cell viability was approximately 100% with uncoated
lginate microspheres compared to unexposed control cultures,
ndicating no cytotoxicity. On the other hand, dexamethasone-
oaded and diclofenac-loaded particles yielded 86% and 90% cell
iability, respectively. The percent viability for (PAH/PSS)1 coated
articles was ∼80% for both the drugs (diclofenac and dexametha-
one) loaded microspheres. GOx-loaded microspheres alone and in
resence of dexamethasone and diclofenac were also tested, from
hich 82% viability was observed (Fig. 3). Material combinations

ielding >80% cell viability were considered for further studies.

.4. Results of in vivo experiments to assess pharmacodynamic
hanges

To evaluate the efficacy of drugs (i.e. dexamethasone phosphate
nd diclofenac sodium salt) in controlling the implant associated
nflammation around the local tissue environment, the following
ormulations were tested: (1) drug-free (plain) MS (positive con-
rol); (2) dexamethasone loaded MS (0.25 mg/ml) in the ratio of
5P:75CP (i.e. 25% plain and 75% (PAH/PSS)1 coated); (3) diclofenac

oaded (0.75 mg/ml) MS; (4) glucose biosensor (GOx) and (5) glu-
ose sensor (GOx) with dexamethasone and diclofenac formulation
n 50:50 ratios. Tissue samples surrounding the microspheres con-
aining no drug displayed strong neutrophilic acute inflammatory
eaction associated with the implantation as shown in Figs. 4 and 5.
he inflammation mediating cells stained purple and normal tis-
ue stained pink as evaluated using standard histology staining
H&E) method. To improve the sensor functionality, as mentioned
arlier, site specific localized and controlled delivery of tissue
esponse modifier (TRM) can control the tissue response. In vivo
esults shows that the drug containing microspheres prevents
he acute inflammatory phase progression to the chronic inflam-

atory phase, which was evident by the lack of fibrotic tissue
urrounding the implant on 1 week as shown in Figs. 4 and 5

1C and 1D) and looks similar to normal tissue (pink in colour).
inally, glucose sensors were tested for their biocompatibility in
ivo. GOx loaded microspheres (model sensor) with drug loaded
icrospheres was taken as positive control. Sensor samples were
ixed with drug loaded microspheres in 50:50 ratios and were
Pharmaceutics 403 (2011) 268–275

implanted subcutaneously using 20 gauge syringe needle. Sam-
ples were taken periodically every week for 4 weeks. As expected,
upon implantation, GOx loaded microspheres leads to an immunos-
timulatory response in the surrounding area of the implant as
shown in Figs. 4 and 5 (2A and 2B) due to the presence of dyes
and enzymes. The inflammatory response to these sensors was
significantly greater than that for the unloaded and uncoated
microspheres alone. But, when these GOx loaded alginate micro-
spheres were mixed with drug formulations, they resulted in lesser
immunogenic response as were shown in Figs. 4 and 5 (2C and 2D).

4. Discussion

Drug loaded uniform size alginate microspheres were produced
by a commercially available droplet generator and tested for their
in vitro release behavior as well as their in vivo efficacy. The most
important optimized parameters affecting release behavior were
identified and optimized. The �-potential values clearly demon-
strated that the surface charge of the microspheres reverses upon
coating of alternately charged on PAH/PSS coating proving that
multilayer build-up is taking place. Results showed that LbL helps
in reducing the initial burst and prolongs the period of release in
induction phase without significantly affecting the release rate.

The desired system is expected to achieve complete release of
the drug with in a time period of 3–4 weeks to overcome the inflam-
matory response of the body to the implantable glucose sensor. To
achieve 100% drug release over a period of one month with zero-
order release kinetics, different concentrations of dexamethasone
and diclofenac were used in the precursor alginate solution. It was
observed that % drug release was significantly affected by change
in drug content. As the drug content increases, there is influence on
both type of release (i.e. the cumulative amount of drug released
at any time, such as burst release) and the total % drug release
during the induction period. Results suggest that high drug load-
ing is not required and an optimal amount of drug will serve the
requirements of the desired system. It was also noted that high
drug loading leads to an increase in the induction period, result-
ing in longer duration release. The desired system is expected to
achieve complete release of the drug with in a time period of 3–4
weeks to overcome the inflammatory response of the body to the
implantable glucose sensor. To achieve an approximate zero-order
release profile and 100% drug release over a period of 3–4 weeks.
0.25 mg/ml (dexamethasone) and 0.75 mg/ml (diclofenac) concen-
tration was chosen, as there was no significant difference was
found in the initial burst release profile when compared to higher
concentration. The release profiles can be altered by selection of
polymer, particle size, and surface along with drug–matrix inter-
actions within the system. In order to obtain the desired release
profile several influencing parameters were altered and the main
problem of decreasing the initial burst drug release was achieved
using the deposition of polyelectrolyte coatings using LbL self-
assembly technique. However, when results were compared for
drug release in SIF and PBS, there was no significant difference
was found in the release pattern. Hence, it may be concluded that
microspheres would release the drug at the same rate and kinetics
as determined in vitro.

Cytotoxicity testing of implantable devices is recommended by
regulatory bodies and is considered as one of the most fundamen-
tal tests for biocompatibility. The aim of cytotoxicity studies was
to evaluate the in vitro biocompatibility of drug loaded polyelec-

trolyte coated and uncoated alginate microspheres and GOx loaded
microspheres using L929 mouse fibroblasts cell line. Different cel-
lular aspects were analyzed in order to determine the cell viability
during the culture of L929 fibroblasts with alginate microspheres,
namely, adhesion, proliferation and morphology. The results pro-
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Fig. 4. Pharmacodynamic changes in representative Sprague–Dawley (SD) rat subcutaneous tissue sections on 7 day (1A – Plain MS, 1C – Plain MS + Dexa MS in 50:50 ratio,
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A – Plain GOx sensor and 2C – GOx sensor + Dexa (25P:75CP) in 50:50 ratio) and 2
D – GOx sensor + Dexa (25P:75CP) in 50:50 ratio). Inflammation-mediating cells a

) Alginate microspheres, ( ) connective tissue capsule, and ( ) MNC in
he reader is referred to the web version of the article.)

ided evidence of good adhesion, growth, morphology and viability
f cells on uncoated and coated alginate microspheres.

The standards pertaining to evaluating the biocompatibility of
iomaterials and acceptability of devices have been established
y American Society for Testing and Materials (ASTM, 2001),
nited States Pharmacopoeia (USP, 2002) and International Orga-
ization for Standardization (ISO-10993-1 (E), 1992). To a large
egree, implantable sensor malfunction can be associated to the
ctions linked with healing of the tissue surrounding the implanted
evice, such as inflammation, encapsulation, and wound repair
Koschwanez and Reichert, 2007). Various approaches have been
sed to avoid or control tissue remedial process with the goal
f improving in vivo sensor performance. Localized drug delivery
pproaches are gaining attention as strategies to prevent implant

nflammation. For electrochemical sensors, it has been noted that
he duration of in vivo studies must extend past the “break-in”
eriod (14–18 days) as testing before this time does not allow the
ensor to fully stabilize within the body (Wisniewski and Reichert,

ig. 5. Pharmacodynamic changes in representative Sprague–Dawley (SD) rat subcutane
A – Plain GOx sensor and 2C – GOx sensor + Diclo (0.75 mg/ml) in 50:50 ratio) and 28 day
D – GOx sensor + Diclo (0.75 mg/ml) in 50:50 ratio). Inflammation-mediating cells and n

) Alginate microspheres, ( ) connective tissue capsule, and ( ) MNC infiltrati
he reader is referred to the web version of the article.)
(1B – Plain MS, 1D – Plain MS + Dexa MS in 50:50 ratio, 2B – Plain GOx sensor and
rmal cells are stained purple and pink, respectively (H&E staining). Scale 100 �m.
on (leucocytes). (For interpretation of the references to color in this figure caption,

2000; Koschwanez and Reichert, 2007). One of the strategies to
improve biocompatibility and longevity of implantable devices
is concurrent drug delivery incorporated within the sensor or
site-specific local delivery of anti-inflammatory agents, as demon-
strated in this work.

A localized delivery of anti-inflammatory agents reduces the
immunostimulatory cascade of events and eases wound healing
process. Sensor implantation stimulates immunogenic response
that is differentiated by instant penetration of inflammation-
mediating cells, especially neutrophils at the site and followed by
macrophages, polymorphonuclear leukocytes, monocytes, fibrob-
lasts and eventually giant cells form. Extended in vivo implant
reside causes the acute inflammatory responses to progress to the
chronic phase, which is characterized by the fibrotic tissue depo-

sition around the implant and a decrease in neutrophils count. In
case of blank microspheres i.e. positive control, by the end of week
4, there was a thick fibrotic capsule deposited around the implant,
which was characterized by high amount of purple color (due to

ous tissue sections on 7 day (1A – Plain MS, 1C – Plain MS + Diclo MS in 50:50 ratio,
s (1B – Plain MS, 1D – Plain MS + Diclo MS in 50:50 ratio, 2B – Plain GOx sensor and
ormal cells are stained purple and pink, respectively (H&E staining). Scale 100 �m.
on (leucocytes). (For interpretation of the references to color in this figure caption,
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Table 1
Average numbers of inflammations mediating (cells/hpf with an area = 0.66 cm) of subcutaneous tissue surrounding implant microspheres over a period of 4 weeks.

Formulation
type

Day 7 Day 28
Acute inflammation phase Chronic inflammation phase
Infiltration of neutrophils (cells /hpf) Fibrous capsule condition

Plain MSa 70 ± 5 + mononuclear cells Thick fibrous capsule + mature fibroblast cells
25P:75C Dexa MS 40 ± 4 + mononuclear cells No fibrous capsule present
Diclofenac MS 45 ± 7 + mononuclear cells No fibrous capsule present
Glucose sensor 100 ± 5 + mononuclear cells Thick fibrous capsule + mature fibroblast cells
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Glucose sensor + Dexa MS (50:50) 41 ± 5 + mononuclear
Glucose sensor + Diclo MS (50:50) 52 ± 7 + mononuclear

a MS: Microspheres, P: uncoated microspheres, C: coated microspheres, hpf: high

igh acidic structures i.e. neutrophils, etc.) as shown in Figs. 4 and 5
1A and 1B). Similar immunological reactions have been previously
hown to occur in the presence of drug delivery systems as well as
olymeric materials such as polyester and polyethylene (Sanders
t al., 2002). This cellular inflammatory cascade changed the pre-
erred pharmacological effects. Fibrous capsule formation is very
isadvantageous for biosensors as the capsule may render it imper-
eable for small molecular weight analytes for e.g. glucose in case

f glucose biosensor. Therefore, it is very important to maintain
brosis-free surroundings to make sure successful performance
f implantable device. To test the efficacy of both the formu-
ations, drug loaded microspheres were injected subcutaneously
nd histopathological changes at the implant site were compared
ith positive control (blank MS). As expected, initially, even for

he drug releasing implants there was some negative immuno-
enic response observed but the controlled and continuous drug
elease from the formulation prevents the acute inflammatory
hase progression to the chronic inflammatory phase, which was
haracterized by the lack of neutrophils and fibrotic tissue deposi-
ion around the implants. This looks similar to normal tissue (pink
nd red in color) by the end of 4 weeks as shown in Figs. 4 and 5
1C and 1D). Localized elution of drugs, led to a statistically sig-
ificant decrease in the number of inflammation cells surrounding
he implant during the acute as well as chronic phases of inflam-

ation, results for the entire study are compiled in Table 1. Thus,
oncurrent drug release with sensor implantation is capable of
howing efficacious control of the immunostimulatory response
pon sensor implantation. Also, these results clearly confirm that
ite-specific local delivery of anti-inflammatory drugs not only pre-
ents the negative immunogenic response of sensor, but also helps
n increase the shelf life of the implanted biosensor.

. Conclusion

Drug loaded alginate microspheres were tested for their in vitro
elease behavior and associated in vivo effectiveness in limiting
nflammation to assist in development of a “smart-tattoo” glucose
iosensor. Nanofilm coatings help to lowering the burst release
nd helps in the long-term drug release to follow approximately
ero-order release kinetics over a four-week period. Cell culture
tudies showed that the materials involved are not toxic and
howed good % viability for all the samples tested. These proper-
ies, while sufficient to enable the in vivo studies here, can be further
ptimized with more investigation of coating materials and assem-
ly procedures. In vivo, concurrent release of anti-inflammatory
gents was observed to effectively reduce inflammation and also
nhibit fibrosis at the implant site. Most interestingly, even with
eactive implants that consume substrate and release potentially

oxic by-products (e.g. enzymatic sensors), this combination of
nti-inflammatory agents managed the host response to remain
t levels equivalent to those observed for non-reactive implants.
ence, the strategy of combining drug release with sensor implan-

ation showed an apparent decrease of the “break-in” period, which
No fibrous capsule present
No fibrous capsule present

er field, DEX: dexamethasone, and Diclo: diclofenac.

should generally enhance the sensor acceptability and functional-
ity. As a result, this approach of localized delivery of TRM (tissue
response modifiers) is a promising approach to controlling the
tissue-biosensor interface and is worthy of further consideration
in expanded studies alongside in vivo sensor testing.

Acknowledgements

This work was supported by a grant from Board of Research
in Nuclear Sciences BARC, Mumbai, India. We also acknowledge
Dr. Dayaram, Omega Laboratories, Pune (Maharashtra, India) for
helping us in carrying out animal studies and histopathological
experiments. MJM acknowledges the National Institutes of Health
and Texas Engineering Experiment Station.

References

Abel, P.U., Woedtke, T.von., 2002. Biosensors for in-vivo glucose measurement: can
we cross the experimental stage. Biosens. Bioelectron. 17, 1059–1070.

Anderson, J.M., 2001. Biological responses to materials. Annu. Rev. Mater. Res. 31,
81–110.

Brown, J.Q., Srivastava, R., Zhu, H., McShane, M.J., 2006. Enzymatic fluorescent
microsphere glucose sensors: evaluation of response under dynamic conditions.
Diabetes Technol. Ther. 8, 288–295.

Buckingham, B., Caswell, K., Wilson, D.M., 2007. Real-time continuous glucose mon-
itoring. Curr. Opin. Endocrinol. Diabetes Obes. 14, 288–295.

Chinnayelka, S., McShane, M.J., 2006. Glucose sensors based on microcapsules con-
taining an orange/red competitive binding resonance energy transfer assay.
Diabetes Technol. Ther. 8, 269–278.

Decher, G., Lehr, B., Lowack, K., Lvov, Y., Schmitt, J., 1994a. New nanocomposite
films for biosensors: layer-by-layer adsorbed films of polyelectrolytes, proteins
or DNA. Biosens. Bioelectron. 9, 677–684.

Decher, G., Lvov, Y., Schmitt, J., 1994b. Proof of multilayer structural organization
in self-assembled polycation–polyanion molecular films. Thin Solid Films 244,
772–777.

Galeska, I., Kim, T.K., Patil, S.D., et al., 2005. Controlled release of dexamethasone
from PLGA microspheres embedded within polyacid-containing PVA hydrogels.
AAPS J. 7, E231–240.

Gerritsen, M., 2000. Problems associated with subcutaneously implanted glucose
sensors. Diabetes Care 23, 143–145.

Gilligan, B.C., Shults, M., Rhodes, R.K., et al., 2004. Feasibility of continuous long-term
glucose monitoring from a subcutaneous glucose sensor in humans. Diabetes
Technol. Ther. 6, 378–386.

Hickey, T., Kreutzer, D., Burgess, D.J., Moussy, F., 2002. Dexamethasone/PLGA micro-
spheres for continuous delivery of an anti-inflammatory drug for implantable
medical devices. Biomaterials 23, 1649–1656.

ISO-10993-1 (E), 1992. Biological Evaluation of Medical Devices—Part 1: Guidance
on Selection of Tests. International Organization for Standardization (ISO).

Jayant, R.D., Srivastava, R., 2007. Dexamethasone release from uniform sized nano-
engineered alginate microspheres. J. Biomed. Nanotechnol. 3, 1–9.

Jayant, R.D., McShane, M.J., Srivastava, R., 2009. Polyelectrolyte-coated alginate
microspheres as drug delivery carriers for dexamethasone release. Drug Deliv.
16, 331–340.

Koschwanez, H.E., Reichert, W.M., 2007. In vitro, in-vivo and post explanation test-
ing of glucose-detecting biosensors: current methods and recommendations.
Biomaterials 28, 3687–3703.

Kroll, M.W., Tchou, P.J., 2000. Testing of implantable defibrillator functions at

implantation. In: Ellenbogen, K.A., Kay, G.N., Wilkoff, B.L. (Eds.), Clinical Cardiac
Pacing and Defibrillation. W.B. Saunders, Philadelphia, pp. 540–561.

Lewis, A.L., 2000. Phosphorylcholine-based polymers and their use in the prevention
of biofouling. Colloids Surf. B 18, 261–275.

McShane, M.J., Russel, R.J., Pishko, M.V., Coté, G.L., 2000. Glucose monitoring using
implanted fluorescent microspheres. IEEE Eng. Med. Biol. Mag. 16, 36–45.



nal of

M

M

N

N

P

Q

R

R

S

S

R.D. Jayant et al. / International Jour

cShane, M.J., 2002. Potential for glucose monitoring with nanoengineered fluores-
cent biosensors. Diabetes Technol. Ther. 4, 533–538.

oussy, F., Harrison, D.J., Rajotte, R.V., 1994. A miniaturized Nafion-based glucose
sensor: in-vitro and in-vivo evaluation in dogs. Int. J. Artif. Organs 17, 88–94.

eff, J.A., Caldwell, K.D., Tresco, P.A., 1998. A novel method for surface modification
to promote cell attachment to hydrophobic substrates. J. Biomed. Mater. Res. 40,
511–519.

orton, L.W., Tegnell, E., Toporek, S.S., Reichert, W.M., 2005. In-vitro characterization
of vascular endothelial growth factor and dexamethasone releasing hydrogels
for implantable probe coatings. Biomaterials 26, 3285–3297.

ickup, J.C., 2004. Glucose sensors: present and future. In: DeFronzo, R., Ferrannini,
E., Keen, H., Zimmet, P. (Eds.), International Textbook of Diabetes, 3rd ed. Wiley,
Chichester, pp. 1685–1694.

uinn, C., Connor, R., Heller, A., 1997. Biocompatible, glucose-permeable hydrogel
for in situ coating of implantable biosensors. Biomaterials 18, 1665–1670.

igby, G., Crump, P., Vadgama, P., 1996. Stabilized needle electrode system for in-
vivo glucose monitoring based on open flow microperfusion. Analyst 121, 871–
875.

ussell, R.J., Pishko, M.V., Gefrides, C.C., McShane, M.J., Cote, G.L., 1999. A
fluorescence-based glucose biosensor using concanavalin A and dextran encap-
sulated in a poly (ethylene glycol) hydrogel. Anal. Chem. 71, 3126–3132.
anders, J.E., Bale, S.D., Neumann, T., 2002. Tissue response to microfibers of different
polymers: polyester, polyethylene, polylactic acid, and polyurethane. J. Biomed.
Mater. Res. 62, 222–227.

harkawy, A.A., Klitzman, B., Truskey, G.A., Reichert, W.M., 1997. Engineering the
tissue which encapsulates subcutaneous implants. I. Diffusion properties. J.
Biomed. Mater. Res. 37, 401–412.
Pharmaceutics 403 (2011) 268–275 275

Sharkawy, A.A., Klitzman, B., Truskey, G.A., Reichert, W.M., 1998a. Engineering the
tissue which encapsulates subcutaneous implants. II. Plasma-tissue exchange
properties. J. Biomed. Mater. Res. 40, 586–597.

Sharkawy, A.A., Klitzman, B., Truskey, G.A., Reichert, W.M., 1998b. Engineering the
tissue which encapsulates subcutaneous implants. III. Effective tissue response
times. J. Biomed. Mater. Res. 40, 598–605.

Srivastava, R., Brown, J.Q., Zhu, H., McShane, M.J., 2005a. Stable encapsulation of
active enzyme by application of multilayer nanofilm coatings to alginate micro-
spheres. Macromol. Biosci. 5, 717–727.

Srivastava, R., Brown, J.Q., Zhu, H., McShane, M.J., 2005b. Stabilization of glucose oxi-
dase in alginate microspheres with photo reactive diazoresin nanofilm coatings.
Biotechnol. Bioeng. 91, 124–131.

Standard practice for selecting generic biological test methods for materials and
devices Designation F 748-98, 2001. American Society for Testing and Materials
(ASTM).

United States Pharmacopeial Convention, 2002. The Biocompatibility of Materials
Used in Drug Containers, Medical Devices, and Implants. United States Pharma-
copeia, Rockville, MD, United States Pharmacopeial Convention, pp. 2091–2098.

Vaddiraju, S., Singh, H., Burgess, D.J., Jain, F.C., Papadimitrakopoulos, F., 2009.
Enhanced glucose sensor linearity using poly (vinyl alcohol) hydrogels. J. Dia-
betes Sci. Technol. 3, 863–874.
Wisniewski, N., Reichert, W.M., 2000. Methods for reducing biosensor membrane
biofouling. Colloids Surf. B 18, 197–219.

Wisniewski, N., Moussy, F., Reichert, W.M., 2000. Characterization of implantable
biosensor membrane biofouling. Fresen. J. Anal. Chem. 366, 611–621.

Zolnik, B.S., Burgess, D.J., 2008. Evaluation of in vivo–in-vitro release of dexametha-
sone from PLGA microspheres. J. Control. Release 127, 137–145.


	In vitro and in vivo evaluation of anti-inflammatory agents using nanoengineered alginate carriers: Towards localized impl...
	Introduction
	Materials and methods
	Instrumentation
	Preparation of alginate microspheres
	Preparation of glucose sensors
	Characterization of microspheres
	Drug loading efficiency
	Polyelectrolyte coating of alginate microspheres
	In vitro drug release study
	In vitro biocompatibility studies
	In vivo experiments to assess pharmacodynamic changes
	Pharmacodynamic study of drug loaded microspheres
	Statistical analysis

	Results
	Preparation and characterization of microspheres
	Drug loading and in vitro release experiments
	In vitro biocompatibility studies
	Results of in vivo experiments to assess pharmacodynamic changes

	Discussion
	Conclusion
	Acknowledgements
	References


