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a b s t r a c t

Subcapsular renal injection is a novel administration method for local delivery of therapeutics for the
treatment of kidney related diseases. The aim of this study was to investigate the feasibility of polymeric
microspheres for sustained release of protein therapeutics in the kidney and study the subsequent
redistribution of the released protein. For this purpose, monodisperse poly(D,L-lactic-co-hydroxymethyl
glycolic acid) (PLHMGA) microspheres (40 lm in diameter) loaded with near-infrared dye-labeled bovine
serum albumin (NIR-BSA) were prepared by a membrane emulsification method. Rats were injected with
either free NIR-BSA or with NIR-BSA loaded microspheres (NIR-BSA-ms) and the pharmacokinetics of the
released NIR-BSA was studied for 3 weeks by ex vivo imaging of organs and blood. Quantitative release
data were obtained from kidney homogenates and possible metabolism of the protein was investigated
by SDS–PAGE analysis of the samples. The ex vivo images showed a rapid decrease of the NIR signal
within 24 h in kidneys injected with free NIR-BSA, while, importantly, the signal of the labeled protein
was still visible at day 21 in kidneys injected with NIR-BSA-ms. SDS–PAGE analysis of the kidney homo-
genates showed that intact NIR-BSA was released from the microspheres. The locally released NIR-BSA
drained to the systemic circulation and subsequently accumulated in the liver, where it was degraded
and excreted renally. The in vivo release of NIR-BSA was calculated after extracting the protein from
the remaining microspheres in kidney homogenates. The in vivo release rate was faster (89 ± 4% of the
loading in 2 weeks) compared to the in vitro release of NIR-BSA (38 ± 1% in 2 weeks). In conclusion,
PLHMGA microspheres injected under the kidney capsule provide a local depot from which a formulated
protein is released over a prolonged time-period.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Acute kidney injury and chronic renal failure are conditions that
are associated with high mortality rates [1–3]. These conditions
often progress to end-stage renal failure and are characterized by
the inability of the kidneys to adequately filter waste products
from the blood [2]. One of the main causes for the progression
toward renal failure is a local inflammatory process that occurs
in the kidneys [2,4–6]. In this respect, several protein drugs are
recognized as potential therapeutics for the treatment of renal dis-
eases [7–10]. However, considering the pharmacokinetic charac-
teristics of many proteins, including short half-life and
instability, protein drugs require frequent administrations via
injections [11]. The development of novel drug delivery systems,
such as protein loaded polymeric microspheres, possibly over-
comes the above mentioned shortcomings by encapsulation of
the therapeutic and enabling its local and sustained release [12–
14]. In addition, the local administration of a depot that affords
continuous release of a therapeutic protein in the kidney may
enable increased renal effectiveness combined with a reduction
of extrarenal adverse effects. Subcapsular renal injection is a rela-
tively new strategy for drug delivery to the kidney, where the drug
eluting depot is injected with a small size needle under the kidney
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capsule. This technique has been recently studied for stem cells
[15] and for drug eluting depots, i.e. hydrogels [16,17] and
polymeric microspheres [18,19]. Dankers et al. [16] showed
good biocompatibility of supramolecular hydrogels, suitable for
short-time boost release of proteins, and demonstrated that a ther-
apeutic protein (bone morphogenic protein 7) released from such a
depot reduced local fibrotic responses in kidneys from healthy rats.
Falke et al. [19] demonstrated that a depot of rapamycin-loaded
microspheres inhibited fibrotic responses in rats with the unilat-
eral ureter obstruction model. However, to our knowledge, there
are no studies that report on the in vivo release profile and subse-
quent fate of the therapeutic compounds from such a subcapsular
depot. Therefore, the purpose of the present study was to assess
the feasibility of protein delivery from polymeric microspheres
that have been injected subcapsularly, as well as the subsequent
fate after intrarenal delivery.

The applied microspheres in this study were based on
poly(D,L-lactic-co-hydroxymethyl glycolic acid) (PLHMGA), an ali-
phatic polyester with improved properties for protein delivery
[20–23]. Recently, it was demonstrated that monodisperse
PLHMGA microspheres have good biocompatibility after subcuta-
neous and subcapsular renal administration in rats [18]. Such
monodisperse microspheres can be prepared by membrane emul-
sification method, in which uniform-sized droplets are formed
after a primary W/O emulsion (containing protein and polymer
solutions, respectively) is pressed through a membrane with uni-
formly sized pores [24,25]. In the present study, PLHMGA micro-
spheres were loaded with near-infrared (NIR) dye labeled
albumin (NIR-BSA). The advantage of labeling proteins with NIR
dyes is that the NIR wavelength (700–900 nm) ensures sensitive
detection of the labeled protein, as living tissues have relatively
low absorbance and scattering in this range [26]. One of the major
challenges, however, is to discriminate between NIR signal of
NIR-BSA that is still loaded in the polymeric microspheres and
the NIR-BSA released from the microspheres. The latter can be
either intact or metabolically processed by the kidney. Therefore,
at different time points after injection, animals were sacrificed
and the levels of released NIR-BSA were quantified in kidney
homogenates. This approach provides valuable data about the
release of the model protein from the microspheres injected under
the renal capsule as well as pharmacokinetic data that can be used
to predict the further pharmacokinetic fate of proteins once
released in the kidney parenchyma.

2. Materials and methods

2.1. Materials

O-Benzyl-L-serine was purchased from Senn Chemicals AG
(Dielsdorf, Switzerland). D,L-lactide was purchased from Purac
(The Netherlands). Tin(II) 2-ethylhexanoate (SnOct2), poly(vinyl
alcohol) (PVA; Mw = 13,000–23,000), dimethylsulfoxide (DMSO)
and bovine serum albumin (BSA; A4503) with molecular weight
of 66,776 Da, were obtained from Sigma–Aldrich (Germany).
1,4-Butanediol 99 + % was obtained from Acros Organics
(Belgium). IRDye� 800CW – NHS ester (MW = 1166 Da) from
LI-COR Biosciences was supplied by Westburg BV (Leusden, The
Netherlands). Carboxymethyl cellulose (CMC, with viscosity of
2000 mPa�s of a 1% solution in water) was obtained from Bufa
B.V. (255611, The Netherlands). Halt™ Protease and phosphatase
inhibitor cocktail, EDTA-free (78445) was obtained from Thermo
Scientific (IL, USA). RIPA buffer (50 mM Tris–HCl, pH 7.5, 150 mM
sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 2 mM EDTA) was provided by Teknova (CA, USA). Sodium
phosphate dibasic (Na2HPO4) and sodium azide (NaN3) were
purchased from Fluka (The Netherlands). Dichloromethane (DCM),
chloroform, tetrahydrofuran and methanol were purchased from
Biosolve BV (The Netherlands). Sodium dihydrogen phosphate
(NaH2PO4) and sodium chloride (NaCl) were supplied from Merck
(Germany).

2.2. Methods

2.2.1. Synthesis and characterization of PLHMGA
Poly(D,L-lactic-co-hydroxymethyl glycolic acid) (PLHMGA) was

synthesized as previously described by Leemhuis et al. [27]. In this
study, a molar ratio of 35% BMMG (3S-(benzyloxymethyl)-6S-
methyl-1,4-dioxane-2,5-dione) and 65% D,L-lactide (mol/mol) was
used, with butanediol as an initiator (1:300 mol/mol monomer)
and tin (II) 2-ethylhexanoate as a catalyst (1:600 mol/mol mono-
mer). Molecular weight of PLHMGA was determined by GPC
(Waters Alliance System) using a Waters 2695 separating module
and a Waters 2414 refractive index detector, operating with
tetrahydrofuran at a flow rate of 1 mL/min, and calibrated with
polystyrene standards (PS-2, Mw = 580–377,400 D, EasiCal,
Varian). Two PL-gel 5 lm Mixed-D columns fitted with a guard col-
umn were used. The copolymer composition was determined with
NMR (Gemini-300 MHz) analysis, using chloroform-d, 99.8 atom%
(Sigma–Aldrich) as solvent. The thermal properties of the
copolymer were measured with differential scanning calorimetry
(DSC – Q 2000, TA Instruments). For DSC measurements, approxi-
mately 5 mg of the copolymer was placed in aluminum pan (T zero
pan/lid set, TA Instruments) and the sample was scanned with a
modulated heating method in three cycles [20]. The sample was
heated until 120 �C (5 �C/min) and then cooled down to�50 �C, fol-
lowed by a heating until 120 �C (5 �C/min). The temperature mod-
ulation was ±1 �C/min.

2.2.2. Conjugation of NIR dye to BSA
The NIR dye, IRDye� 800CW – NHS ester, was conjugated to BSA

following the manufacturer’s protocol for labeling high molecular
weight proteins (LI-COR, Inc. Biosciences). In brief, BSA dissolved
in water (10 mg/ml) was brought to pH 8.5 with 1 M potassium
phosphate (pH 9) and mixed with a solution of the dye (4 mg/ml
DMSO) in a 3:1 dye:BSA mol/mol ratio. The albumin/dye solution
was incubated for 2 h at room temperature while gently stirred
and protected from light. The labeled protein was purified by size
exclusion chromatography with Zeba™ desalting Spin Columns
(Thermo Scientific), yielding a buffer salt-free protein solution that
was freeze-dried (Alpha 1–2, Martin Christ, Germany). The lyophi-
lized protein was kept in �20 �C until further use. The purity of
NIR-BSA was analyzed with GPC (Waters Alliance System) using a
Waters 2695 separating module and a Waters photodiode array,
with PBS as an eluent and at a flow rate of 1 mL/min. The
column used was Biosep-3000 (Phenomenex, Germany). The
dye-to-protein ratio of the conjugate was determined according to
the manufacturer’s protocol (LI-COR, Inc. Biosciences) by measuring
the absorbance of NIR-BSA at 280 and 780 nm with a UV spectropho-
tometer (UV-2450 Shimadzu, Japan). The conjugate was diluted in a
mixture of PBS and methanol (1:1) and the following formula was
used for calculating the dye/protein (D/P in mol/mol) ratio,

D=P ¼ A780

edye

� �
� A280 � ð0:03� A780Þ

eprotein

� �

where 0.03 is a correction factor for the absorbance of the IRDye�

800CW at 280 nm (equal to 3.0% of its absorbance at 780 nm) while
edye (270,000 M�1 cm�1; LI-COR Biosciences) and eprotein

(43,824 M�1 cm�1 [28]) are molar extinction coefficients for the
dye and BSA, respectively.
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Fig. 1. (A) The extraction method of NIR-BSA from homogenates of left kidneys injected with NIR-BSA microspheres to determine the released protein from the microspheres
(supernatant I) and protein loaded in the microspheres (supernatant II). (B) Results of the optimization of the extraction procedure. For optimization, kidney homogenates
were spiked with either empty microspheres and known amount of free NIR-BSA (n = 2) or with NIR-BSA loaded microspheres (n = 3).
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2.2.3. Preparation and characterization of NIR-BSA loaded PLHMGA
microspheres

PLHMGA microspheres were prepared with a cross-flow mem-
brane emulsification process, where the dispersed phase (W1/O)
was pumped into the continuous phase (W2) which was flowing
along the membrane (hydrophilic Iris-20, microsieve™ membrane
technology, Nanomi B.V., The Netherlands) [24,29]. The dispersed
phase (W1/O) was prepared by adding 0.8 mL of a solution contain-
ing BSA and NIR-BSA in water (1:1; 50 mg protein/ml) to 20% w/w
PLHMGA in DCM solution (1.1 g PLHMGA/3.24 mL DCM). The dis-
persed phase was homogenized using an Ultra-Turrax T8 (IKA
Works, USA) with dispersing element S10N-10G, at a speed of
20,000 rpm for 30 s. Next, the dispersed phase was passed through
the Iris-20 membrane at a constant rate of 10 mL/h using a syringe
pump (Nexus 6000, Chemyx, USA) into 60 mL of the continuous
phase (PVA 4% in water, w/v). The continuous phase was pumped
with a rate of 4.6 mL/min across the membrane. At the end of the
process (24 min), the formed emulsion was stirred for 3 h to evap-
orate DCM. The hardened microspheres were collected by
centrifugation at 3000 rpm for 2 min (Hermle Z233MK-2 cen-
trifuge), washed three times with water, frozen with liquid nitro-
gen and freeze-dried (Alpha 1–2, Martin Christ, Germany). Blank
PLHMGA microspheres were prepared with the same procedure,
except that the internal water phase (W1) contained no protein.
All the particles were prepared aseptically in a flow cabinet using
autoclaved equipment and sterile water.

The volume-weight mean diameter of the obtained micro-
spheres was measured with an optical particle sizer (Accusizer
780, Santa Barbara, California, USA). At least 5,000 microspheres
were analyzed. The BSA loading content of the microspheres was
determined by dissolving 10 mg of microspheres in 1 mL of
DMSO for one hour followed by the addition of 5 mL of 0.05 M
NaOH and 0.5% SDS solution [20,30]. The BSA concentration of
the formed solution was measured with BCA protein assay
(Interchim, USA) according to the manufacturer’s protocol. The
loading efficiency was calculated as the amount of BSA entrapped
in the microspheres divided by the BSA amount added during the
preparation of microspheres, times 100%. The loading of NIR-BSA
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was not measured with an infrared imager as the NIR signal was
lost after the addition of NaOH to the solution (results not shown).
Bjornson et al. [31] also reported that the half-life of another
near-infrared dye, indocyanin green, in alkaline solution was only
2 h as a result of the formation of basic colorless compounds when
this dye was exposed to alkaline solutions.
2.2.4. In vitro degradation and release study of PLHMGA microspheres
Around 10 mg of NIR-BSA encapsulated PLHMGA microspheres

(NIR-BSA-ms) was suspended in 1.5 mL of 100 mM phosphate buf-
fer (pH 7.4) containing 56 mM NaCl, 33 mM NaH2PO4, 66 mM
Na2HPO4 and 0.05% (w/v) NaN3 (to prevent bacterial growth).
The vials, protected from light, were incubated at 37 �C while
gently shaking. At different time-points, a single sample of
NIR-BSA microspheres was analyzed for polymer degradation,
while triplicate samples were analyzed for NIR-BSA release. To
study polymer degradation, the sample was centrifuged
(4000 rpm for 5 min; Hermle Z233MK-2 centrifuge), after which
the pellet was washed three times with water, lyophilized and ana-
lyzed for residual dry weight and PLHMGA molecular weight, as
described in Section 2.2.1. For analysis of NIR-BSA at indicated
time-points, three vials were centrifuged and the supernatant
was removed, replaced by fresh release buffer and the vials were
placed back in the incubator. The amount of released protein was
measured in the supernatant by BCA protein assay, whereas the
release of NIR-BSA was also quantified with Odyssey
near-infrared scanner (LI-COR, Inc. Biosciences) employing a
800 nm detector. Calibration was done with NIR-BSA dissolved in
the release buffer with concentration ranging from 0.008 to
17 lg/mL for the Odyssey imager, whereas for the BCA protein
assay BSA was used in concentrations ranging from 10 to
100 lg/mL.
2.2.5. Animal experiments
The protocol for the animal experiments was approved by the

Animal Ethics Committee of the University of Utrecht (Number
2012.II.09.133). The animal experiments were carried out using
female Fischer 344 rats (Harlan Nederland, The Netherlands) with
an average weight of 170 g. Animals had free access to acidified
water and standard laboratory chow, and were housed according
to institutional rules with 12:12 h dark/light cycles. Rats were
anesthetized by inhalation of isoflurane (4% induction, 1.5–3% for
maintenance of anesthesia) and were given carprofen (5 mg/kg
s.c.) analgesia at 12 h and 24 h after the surgical intervention.
The left kidney was exposed by a retroperitoneal incision and
gently lifted to allow the injection of the samples under the renal
capsule. To this end, two adjacent pockets were created under
the renal capsule with a 26G blunt Hamilton needle (Chrom8
International, the Netherlands) and 25 lL of the sample was
injected in each pocket with the same needle (50 lL per kidney).
The injection spot in the renal capsule was sealed with fibrin glue
(Tissucol� DUO 500, Baxter AG, Austria) to prevent reflux of the
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Fig. 3. Characteristics of PLHMGA microspheres. (A, a and C) blank PLHMGA microspheres; (B, b and D) NIR-BSA loaded PLHMGA microspheres. (A, B) Representative SEM
photographs (magnification �1000�); (a, b) visualization of microspheres with Odyssey near-infrared imager (the yellow line is the circumference of a single well of a 96-
well plate) and (C, D) volume weight particle diameter distribution as measured with AccuSizer.
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injected fluid upon withdrawal of the needle from the subcapsular
pocket.

Animals were divided into three groups. The rats of the first
group (n = 15, 3 animals per time-point) were injected with
50 lL of a dispersion of NIR-BSA-ms in vehicle (10 mg
microspheres/50 lL, equivalent to 160 lg NIR-BSA; composition
of vehicle see below). Rats of the second group (n = 5, 1 animal
per time-point) were injected similarly with 50 lL of a dispersion
of placebo microspheres, while rats of the third group (n = 15, 3
animals per time-point) were injected with a solution of 160 lg
NIR-BSA in 50 lL vehicle. Vehicle for the injections was a solution
of 0.6% carboxymethyl cellulose containing 0.02% Tween-20 and
5% mannitol, which was autoclaved before dispersion of the micro-
spheres or dissolution of NIR-BSA. Animals from the first and the
second group (i.e. rats injected with microspheres) were sacrificed
at day 0 (directly after injection) and at day 3, 7, 14 and 21 post
injection. Rats injected with NIR-BSA were sacrificed at 0, 2, 4, 6
and 24 h post injection. Animals were anesthetized and a blood
sample from the aorta was collected in EDTA tubes. Heart, lungs,
spleen, kidneys, liver and bladder were excised, snap frozen with
liquid nitrogen and kept in �20 �C until further measurements.
From the rats of the first group (i.e. NIR-BSA-ms group) blood sam-
ples were also harvested, via the tail vein, in between the sacri-
ficing time-points (0, 2, 4, 6, 24 h and at every other day until
21 days).

2.2.6. NIR imaging of kidneys and other organs
The strength of the NIR signal in the collected organs was

imaged by scanning of the excised organs with an Odyssey scanner
at the 800 nm filter. Prior to imaging, the kidneys and other organs
were defrosted and rinsed with saline. Kidneys were cleaned from
the surrounding fat tissue. A region of interest encompassing the
whole organ was scanned and reported as relative fluorescence
values calculated by the manufacturer’s software. The background
signal was corrected by scanning the representative organs of ani-
mals injected with blank microspheres.

2.2.7. Analysis of NIR fluorescence in blood
Blood samples were serially diluted (1:2 dilution steps) in

96-well plates with RIPA buffer (supplemented with protease
and phosphatase inhibitor cocktail). The serial dilutions were made
to determine the range where the fluorescence intensity varies in a
linear manner with the concentration, to avoid saturation of the
fluorescent signal [32]. NIR fluorescence was determined by scan-
ning with an Odyssey scanner. Only values in the linear range were
used to calculate the relative fluorescence in blood. Calibration
curves were made by spiking blood from control rats with
NIR-BSA (range 0.008–17 lg/mL).

Blood samples were also subjected to SDS–PAGE electrophore-
sis followed by NIR scanning of the gels, in order to discriminate
NIR fluorescent degradation products from intact NIR-BSA
(NuPAGE� Novex� 4–12% Bis–Tris gels, non-reducing conditions).
As a control, NIR-BSA (10 lg/mL) and NIR dye (0.5 lg/mL) were
used. After separation, the gels were visualized with Odyssey ima-
ger. The detection limit of NIR-BSA with this method was
0.6 lg/mL.

2.2.8. Analysis of NIR fluorescence in tissue homogenates
Organs were mixed with RIPA buffer supplemented with pro-

tease and phosphatase inhibitors (1 mL of buffer/g of tissue) in tis-
sue homogenizing tubes containing zirconium oxide beads (Tissue
homogenizing CK28 – 2 or 7 mL, Bertin technologies, France) and
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homogenized at a speed of 4000 rpm for 5 s (Precellys24 tissue
homogenizer, Bertin technologies, France). All tissue homogenates
were also analyzed by SDS–PAGE as described in Section 2.2.7.
Homogenates of the left kidneys injected with free NIR-BSA were
further analyzed for quantitative measurements of the NIR fluores-
cence after serial dilutions, as described in Section 2.2.7.
Homogenates of the left kidneys injected with NIR-BSA-ms were
extracted as shown in Fig. 1A, in order to differentiate between
released NIR-BSA and NIR-BSA still entrapped in the microspheres.
In brief, the left kidney homogenates in RIPA buffer were cen-
trifuged (13,000 rpm for 20 min; Hermle Z233MK-2 centrifuge)
and the supernatant containing the released NIR-BSA (supernatant
I) was harvested. The pellet with kidney tissue and the injected
microspheres was treated with 1 mL of DCM while gently shaking
for 3 h to fully dissolve the microspheres, and centrifuged. NIR
imaging of the sample confirmed that the protein from the micro-
sphere pellet was now in the layer floating on top of the DCM layer.
This upper layer (supernatant II) was carefully transferred into
another vial. The remaining traces of DCM were evaporated under
nitrogen gas and the samples were homogenized with 1 mL of PBS.
Both supernatants were serially diluted in 96-well plates and mea-
sured with Odyssey imager. For calibration, NIR-BSA in RIPA buffer
was used for supernatant I and NIR-BSA in PBS for supernatant II.
The method was optimized by spiking control kidney homogenates
with a known amount of NIR-BSA loaded microspheres (Fig. 1B).
2.2.9. Calculations and statistical analysis
The in vivo cumulative release of NIR-BSA from kidneys injected

with NIR-BSA-ms was calculated as 100 � percentage of NIR-BSA
recovered from the injected microspheres. The in vitro–in vivo level
A correlation curve was plotted as the percentage of the released
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NIR-BSA in vitro (measured with the BCA assay) versus the percent-
age of NIR-BSA released in vivo, as shown elsewhere [33,34].
NIR-BSA concentrations measured in the injected left kidneys
(supernatant I) were used to calculate the renal area under the
curve (AUC) by the trapezoidal rule. All data are represented as
mean ± standard deviation.
3. Results and discussion

3.1. Labeling of BSA and preparation of PLHMGA microspheres

Near infrared (NIR) dye (IRdye� 800CW-NHS) was conjugated
to BSA (MW 66 kDa) with an average of 1.3 molecules of NIR dye
per molecule of BSA (Fig. 2A and B). GPC and SDS–PAGE analysis
of purified NIR-BSA demonstrated that free dye could not be
detected in the product and no aggregates of BSA were visible
(Fig. 2C–E). PLHMGA with weight average molecular weight (Mw)
of 27 kD, polydispersity of 1.8 and glass transition temperature of
35 �C, was used to prepare NIR-BSA loaded microspheres
(NIR-BSA-ms) by cross-flow membrane emulsification process,
which yielded monodisperse microspheres with a smooth surface
and no visible pores (Fig. 3A and B). NIR-BSA-ms had a volume
weight mean diameter of 40 ± 5 lm, while blank microspheres
had a mean diameter of 37 ± 4 lm (Fig. 3C and D). The BSA loading
was 31 mg/g polymer (theoretical albumin loading was 36 mg/g)
and the loading efficiency was 87%. Fig. 4(A and B) shows the
results of the in vitro degradation of the microspheres at 37 �C.
PLHMGA microspheres loaded with NIR-BSA showed a continuous
weight loss and a decrease in weight average molecular weight
(Mw) during the course of the 35-day incubation, suggesting degra-
dation via bulk erosion [35,36]. The observed erosion rate is similar
to the degradation of empty PLHMGA microspheres with same size
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and polymer composition [18]. The in vitro cumulative protein
release from microspheres, determined both with the NIR imager
and the BCA protein assay, was comparable for the two methods
(Fig. 4C). During the course of the incubation of 35 days, after a
burst release of 8 ± 1% (within 3 h of incubation), around 60 ± 3%
of the encapsulated protein was released from the PLHMGA micro-
spheres, in agreement with the results of a previous study [20]. A
slightly lower total recovery of NIR-BSA was determined by NIR
analysis compared to the cumulative recovery by BCA protein anal-
ysis (Fig. 4C). A plausible explanation for this might be the instabil-
ity of the dye at 37 �C, which was also observed when NIR-BSA was
incubated in buffer for a period of one month.
3.2. Ex vivo imaging of subcapsularly injected depots

Since normal tissues do not absorb NIR light extensively, NIR
optical imaging is emerging as an alternative to
radiotracer-based scanning techniques for studying the pharma-
cokinetics of (bio)macromolecules and drug delivery systems
[37–40]. In animal studies, NIR in vivo imaging is now regularly
4 h 6 h 24 h

66 kDa 
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10 kDa 

NIR-BSA. The animals were sacrificed at 0, 2, 4, 6 and 24 h after injection.



A

B

C

0

5000

10000

15000

20000

25000

30000

0 3 7 14 21 0 3 7 14 21

Injected kidney (left) Contralateral kidney (right)

R
el

at
iv

e 
flu

or
es

ce
nc

e

0

200

400

600

800

0

0.2

0.4

0.6

0.8

0 5 10 15 20

R
el

at
iv

e 
flu

or
es

ce
nc

e 
/ m

l 
bl

oo
d

N
IR

-B
S

A
 in

 b
lo

od
 (µ

g 
/ m

l)

Time (days)

0

5000

10000

15000

20000

25000

0 3 7 14 21 0 3 7 14 21 0 3 7 14 21 0 3 7 14 21 0 3 7 14 21

Liver Spleen Heart Lungs Bladder

R
el

at
iv

e 
flu

or
es

ce
nc

e

Fig. 11. Biodistribution of NIR-fluorescent compounds in animals injected with NIR-BSA microspheres (n = 3). Organs were explanted at day 0, 3, 7, 14 and 21 and were
imaged with Odyssey infrared imager. Blood samples were collected also in between time-points. (A) Injected left kidney and contralateral right kidney, (B) Blood samples
(signal detected until day 10 after injection) and (C) Other organs (liver, spleen, heart, lungs and bladder which also contained urine).

150 F. Kazazi-Hyseni et al. / Acta Biomaterialia 22 (2015) 141–154
applied for monitoring the tumor accumulation of nanoparticles or
other types of nanocarriers, especially in subcutaneously
implanted tumor xenografts [41,42]. Major limitations of in vivo
imaging are, however, the proper visualization of fluorescence
accumulation in organs in the peritoneal cavity due to scattering
of the emitted light [43] and thus quantification of the obtained
signals [32]. It has been shown that better imaging results, from
magnetic resonance imaging, can be obtained when the kidney is
repositioned to a more superficial location in the abdomen [44].
Such an invasive surgical procedure will, however, also affect the
normal perfusion and physiological function of the kidney. Other
studies also report quantification of the signal in whole body imag-
ing with non-invasive tomographic imaging [42,45]. However,
these techniques are relying on mathematical algorithms to com-
pensate for scattering of the signal [42,45]. Moreover, in this study,
we also aimed to differentiate between the NIR signal from
released NIR-BSA and the protein still loaded in the microspheres.
Therefore, we proceeded with ex vivo imaging of the organs and
analysis of the NIR signal in kidney homogenates as described
below.

The kidneys injected with NIR-BSA and with NIR-BSA-ms were
imaged ex vivo after termination of the animals. In Fig. 5A it is
shown that kidneys injected with NIR-BSA-ms contained two adja-
cent pockets filled with the implanted microspheres, which can be
explained by the applied injection procedure as described in
Section 2.2.5. The NIR signal in the kidneys of the animals of this
group decayed reaching around 20% intensity of the signal at the
end of the experiment. These data suggest that PLHMGA micro-
spheres injected under the kidney capsule degrade over time while
continuously releasing the encapsulated NIR-BSA protein. Fig. 5B
shows the images of kidneys injected with NIR-BSA, i.e. the labeled
protein dissolved in the viscous vehicle. As can be observed, the
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injected protein was distributed throughout the kidney showing a
widespread fluorescence as a result of fluid convection under the
renal capsule. The fluorescent signal decreased gradually after-
ward, resulting in relative low fluorescence intensity levels at
24 h post injection. The relative fluorescence at this time-point
was, however, higher than the background signal of blank kidney,
as can be observed in Fig. 5C. These data support that the protein
released from the microspheres is able to distribute further over
the kidney and, in principle, can also reach more distant areas in
this organ. Furthermore, the disappearance of locally injected
NIR-BSA within hours after its injection also underscores the need
for a depot system that can effectuate prolonged levels of the
released protein in the kidney.

3.3. Quantification of NIR-BSA in kidney homogenates

To quantify the levels of NIR-BSA, the injected kidneys were
homogenized and analyzed with an Odyssey infrared imager, after
serial dilution of the homogenates. The serial dilutions are neces-
sary to obtain samples that are in the linear range of the fluores-
cence detection to avoid underestimation of the signal as a result
of saturation [32]. Homogenates of the kidneys injected with
NIR-BSA-ms were further treated with the method shown and
described in Fig. 1A, where the released protein was separated
from the protein still encapsulated in the microspheres. In the
homogenized kidney tissues spiked with NIR-BSA-ms (Fig. 1B), this
extraction method showed a total NIR-BSA recovery of 62 ± 5 %
from the extracted pellet (supernatant II) and an additional
12 ± 1% of NIR-BSA released directly in supernatant of the homog-
enized tissue (supernatant I). The initial release after tissue
homogenization is in good agreement with the results of the
in vitro burst release of NIR-BSA-ms (Fig. 4C). These results show
that the quantification of NIR-BSA levels within tissue and its fur-
ther subdivision in encapsulated and released protein is only
semi-quantitative, as it was not further corrected or normalized
for the recovery of the extraction method. Nevertheless, as shown
in Fig. 6, NIR fluorescence quantification was more accurate in
homogenized tissues compared to image analysis of the ex vivo
scanned kidneys. For rats injected with NIR-BSA (Fig. 6A) a large
difference was observed at the first time-point, immediately after
injection. This can be explained by oversaturation and quenching
of the NIR signal in the ex vivo imaging analysis, which was over-
come by diluting the homogenate samples. Moreover, in kidneys
injected with NIR-BSA-ms (Fig. 6B), extraction of the encapsulated
protein from the microspheres resulted in a larger dequenching
effect at all time-points.

The encapsulated NIR-BSA recovered from the kidneys showed
a gradual decline from 80 ± 11% directly after injection to around
10 ± 4% at day 21 post injection (Fig. 7A). The insert in Fig. 7A
reflects the in vivo release of NIR-BSA from the microspheres and
was calculated as 100 � percentage of the encapsulated NIR-BSA.
It is more appropriate to calculate the in vivo release in such an
indirect way than to derive it from the tissue levels of released
NIR-BSA (supernatant I), since the released protein is subject to
further redistribution and metabolism. As shown in Fig. 4C, with
in vitro incubation of NIR-BSA-ms in phosphate buffer at 37 �C,
60% of the protein was released at day 35, as calculated with the
BCA assay. In Fig. 7B, an in vitro-in vivo analysis was performed
by plotting the percentage of the released NIR-BSA in vitro versus
the percentage of NIR-BSA released in vivo. When comparing both
in vitro and in vivo release, it is evident that protein release was fas-
ter in vivo with 89 ± 4% release within 2 weeks while 38 ± 1% was
released in vitro in 2 weeks. In a previous study, we have shown
that empty PLHMGA microspheres degraded in vitro within
35 days, which is in good agreement with the current in vitro
degradation of NIR-BSA loaded microspheres [18]. The in vivo
degradation of PLHMGA microspheres was also in good agreement
albeit different detection methods were used. In this previous
study, microspheres were not labeled and their presence in the tis-
sue was mainly scored by visual recognition of their localization
under the renal capsule. The current study enabled direct NIR
detection of the intact microspheres at the early time points, and
recovery of released and still encapsulated protein from the kidney
homogenates at early and late time points. Therefore, while in both
studies the intact microspheres were mostly gone in days 7–14
post injection due to erosion, the near-infrared signal was still
detectable during the later stages of the experiment. Small
microfragments of the eroded microspheres will not be pelletized
as completely as intact microspheres in the extraction protocol
as shown in Fig. 1, which will lead to an overestimation of the
in vivo payload release rate in the present study. Nevertheless, a
faster in vivo release of the payload from the injected microspheres
compared to in vitro release was earlier reported by other authors,
likely because in vivo hydrolytic enzymes contribute to the degra-
dation of the particles [46–49].

Fig. 8 shows the renal levels of free NIR-BSA in the injected kid-
ney homogenates calculated as the percentage of the injected dose.
Of note, the effectuated levels of free NIR-BSA in the kidney result
from the overall balance between the release rate and the local
clearance of NIR-BSA in the kidney tissue. In the kidneys injected
with NIR-BSA, the relative NIR-fluorescence decreased rapidly from
80 to 15% within the first 2 h after administration and around 10%
of the dose was detected in this group at 24 h post injection. In kid-
neys injected with NIR-BSA-ms, an initial burst release of 14 ± 6%
was seen, which is in agreement with the in vitro release data
and the validation of the tissue extraction method as discussed
above. The highest kidney levels of NIR-BSA were measured at
day 3 post injection with 21 ± 5% of the injected dose. During the
sustained release phase after injection of the depot, NIR-BSA tissue
levels are mostly dependent on amount of protein released from
the microspheres and the clearance of the NIR-BSA from the kidney
tissue. Since no change is expected in the elimination mechanism
of NIR-BSA during the course of the experiment, the observed peak
level of NIR-BSA at day 3 indicates that this time-point corresponds
to the highest release rate of the protein per time, which was equal
to the protein being eliminated via the kidneys. Thereafter, a con-
tinuous fluorescent signal was seen in these kidneys until day 21
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post injection. The AUC of the free NIR-BSA in the kidneys, as cal-
culated from Fig. 8, was six times higher for animals injected with
NIR-BSA-ms (2440%.h; supernatant I; 0–7 days), compared to the
AUC in the group injected with NIR-BSA (420% h; 0–24 h). This
shows that the administration of NIR-BSA-ms resulted in pro-
longed tissue levels of NIR-BSA in the kidney compared to the
injection of unencapsulated NIR-BSA.
3.4. Redistribution of NIR-BSA and metabolism

The organ distribution of NIR-BSA was assessed from the
NIR-scanning of the explanted organs. Total organ relative
NIR-signals of animals injected with NIR-BSA are shown in Fig. 9.
The increased levels of NIR-BSA in the blood 2 h onwards demon-
strate that the subcapsular injected protein redistributed from the



F. Kazazi-Hyseni et al. / Acta Biomaterialia 22 (2015) 141–154 153
injection site into the circulation, where it subsequently accumu-
lated mainly in the liver. The fluorescence signal showed high peak
levels between 4 and 6 h post injection in all major organs, includ-
ing the contralateral kidney (Fig. 9), which suggests that the degra-
dation products are excreted from the circulation and undergo
renal elimination. This is in agreement with other studies as well
[41,45,50,51].

To determine whether the fluorescence was due to the intact
NIR-BSA or to degradation products of NIR-BSA, homogenates
and blood samples were subjected to SDS–PAGE separation after
which the gels were scanned with the Odyssey NIR scanner
(Figs. 10a and 10b). Intact NIR-BSA was detectable as a fluorescent
band at 66 kDa, while protein degradation products were detected
at the bottom of the gel (10 kDa). Blood (at 6 h) contained intact
NIR-BSA, while NIR-fluorescence in the bladder originated from
low-MW compounds (10 kDa), most likely NIR-BSA degradation
products. Further discrimination was observed in tissues between
the presence of intact NIR-BSA (the injected kidney at early time
points) and NIR-BSA degradation products (in liver and other
organs from 2 h and onwards). We postulate that intact NIR-BSA
accumulates from the circulation in the liver while the enzymati-
cally cleaved protein fragments are subsequently eliminated by
the kidneys in urine. Previous studies with either the NIR dye or
proteins labeled with this dye support the observed metabolic
route of NIR-BSA [32,45,50,51]. Liver is known as the major organ
for metabolizing albumin [52], where native albumin is taken up
by the hepatocytes and degraded via lysosomes [53], whereas
denaturated or chemically modified albumins are taken up by
the liver macrophages (Kupffer cells) and are finally degraded in
the lysosomes [54]. The degradation products are then known to
be cleared by the kidneys [45].

In the group of animals injected with NIR-BSA-ms, organs were
explanted at day 0, 3, 7, 14 and 21. Additional blood samples were
drawn during the first 24 h and every second day, as described in
Section 2.2.5. Similar to the group injected with NIR-BSA, a redistri-
bution of the NIR-fluorescent signal was observed to the blood and
the liver, although at a completely different time scale and intensi-
ties (Fig. 11). The above reported release of NIR-BSA in the kidney
(Fig. 8), which peaked at day 3 post injection, coincided with the
peak levels detected in liver and contralateral kidney (Fig. 11).
Analysis of blood (Fig. 11B), however, showed an earlier peak with
maximum NIR-fluorescence at 6 h, which coincides with the redis-
tribution of NIR-BSA injected under the renal capsule (Fig. 9B). This
makes it amenable that this early peak reflects initial burst-release
of NIR-BSA from the injected microspheres. After day 7 post injec-
tion of NIR-BSA-ms, the levels of NIR-fluorescence in organs
dropped to relatively low but still detectable values. At day 21 post
injection NIR-fluorescence was still detectable in liver and con-
tralateral kidney indicating that the depot was still releasing its
cargo until the end of the experimental period (Fig. 11).

SDS–PAGE analysis of organ homogenates and blood samples
from animals injected with NIR-BSA-ms are shown in Figs. 12a
and 12b. Intact NIR-BSA protein was mainly detected in the blood
sample and in the injected kidney. SDS–PAGE analysis of the
extracted microspheres (Supernatant II) showed presence of
monomeric NIR-BSA until day 14 post injection in the injected kid-
ney, while liver, contralateral kidney and bladder homogenates
mainly showed the presence of NIR-BSA degradation products of
around 10 kDa. These low-molecular weight products represent
the liver metabolites from NIR-BSA that undergo elimination
through the kidneys. The presence of NIR-fluorescent degradation
products in liver reflects that at least up to day 14, the microsphere
depot has released its loaded cargo into the kidney from which it
eventually redistributed to the circulation, while at day 21 hardly
any NIR-BSA or NIR-BSA degradation products are detectable any-
more in tissues.
4. Conclusion

In the present study, we demonstrate that protein loaded
PLHMGA microspheres injected under the kidney capsule can serve
as a depot of proteins, providing a continuous release at the site of
administration over a period of 3 weeks. Additionally, the fluores-
cent signal remained the highest in the injected kidney at all
time-points, while systemic levels remained very low. This
approach therefore has the potential to reduce side effects of ther-
apeutic proteins by increasing their presence at the site of injection
and decreasing it elsewhere in the body. The use of the NIR dye in
this study allows detection of low concentrations of the protein in
tissue samples. We have also shown that the fluorescence signal
detected in ex vivo images was not representative of true protein
amounts as compared to measurements in tissue homogenates
and thus requiring additional treatment of the samples.
Cumulatively, this study shows an attractive delivery system of
proteins into the kidney characterized by a longer release period
and mainly local accumulation.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–12, are diffi-
cult to interpret in black and white. The full color images can be
found in the on-line version, at http://dx.doi.org/10.1016/j.actbio.
2015.04.030).
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