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KEY WORDS Abstract Renal tubular epithelial cells (RTECs) are important target cells for the development of
kidney-targeted drug delivery systems. Under physiological conditions, RTECs are under constant fluid
shear stress (FSS) from original urine in the renal tubule and respond to changes of FSS by altering their
morphology and receptor expression patterns, which may affect reabsorption and cellular uptake. Using a

Fluid shear stress;
Kidney-targeted drug

delivery; . . . . . . .
HK-2 cells: microfluidic system, controlled shear stress was applied to proximal tubule epithelial cell line HK-2.
Acute kidney injury Next, 2-glucosamine, bovine serum albumin, and albumin nanoparticles were selected as representative

carriers to perform cell uptake studies in HK-2 cells using the microfluidic platform system with
controlled FSS. FSS is proven to impact the morphology of HK-2 cells and upregulate the levels of mega-
lin and clathrin, which then led to enhanced cellular uptake efficiencies of energy-driven carrier systems
such as macromolecular and albumin nanoparticles in HK-2 cells. To further investigate the effects of
FSS on endocytic behavior mediated by related receptors, a mice model of acute kidney injury with
reduced fluid shear stress was established. Consistent with in vitro findings, in vivo studies have also
shown reduced fluid shear stress down-regulated the levels of megalin receptors, thereby reducing the
renal distribution of albumin nanoparticles.
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1. Introduction

As a vital organ maintaining the homeostasis of human body,
kidney plays critical roles in regulating acid-base balance, elec-
trolyte concentration, extracellular fluid volume and blood pres-
sure'. The nephron, including the renal corpuscle (the glomerulus
and Bowman’s capsule) and the tubules (proximal convoluted
tubules, loop of Henle, and distal tubules), constitutes the struc-
tural and functional unit of kidney’. Urine formation in the
nephron takes two steps: glomerulus filtration and renal tubule
reabsorption. Epithelial cells at the proximal convoluted tubules
display high metabolic activity for reabsorption of water, small
molecules, peptides, and proteins®. The sodium—hydrogen ex-
change, and megalin—cubilin mediated endocytosis in proximal
tubule epithelial cells have shown to respond to changes of fluid
shear stress (FSS) in the renal tubules™”. In the past few decades,
studies have demonstrated that mechanical forces such as FSS
extensively impact cellular and tissue morphology, and their
functions as well®’. For example, physical forces impact cyto-
skeletal organization, gene expression, proliferation, survival, and
the internalization of therapeutic nanoparticles in different
manners®’.

Renal disorders often include acute injury and chronic kidney
diseases (CKD). Acute kidney injury may result in dysfunctions
including reduced glomerular filtration, hypertension, urinary tract
infections, and inflammation-related diseases® '’. CKD may lead
to permanent renal damages through persistent loss of kidney
function and during the terminal phase of CKD, and patients have
to rely on repeated dialysis or even renal transplantation to
maintain their kidney function®''. To date, effective yet safe
treatment options remain limited for patients with various renal
disorders. This is partially due to the difficulty of drug delivery to
kidney via systemic administration. To achieve a sufficient ther-
apeutic concentration in the kidney often requires a higher dose to
increase drug distribution at the disease site. However, when using
higher doses, the lack of drug distribution specificity may result in
systemic toxicity'?. Moreover, even though drugs can be distrib-
uted to the kidney via dosage upregulation, they may not be
efficiently delivered to the target cells under certain pathological
conditions such as abnormal glomerular filtration"”.

To tackle problems mentioned above, kidney-targeted delivery
system has been proposed to increase the efficacy and reduce the
toxicity of therapeutics for treatment of various kidney diseases'”.
Specifically, the use of small molecule ligands'*, macromolecular
carriers'® and nanoparticles are common strategies used to achieve
renal specific drug delivery'”. Transporters located in the renal
proximal tubules play important roles in tubular secretion and
reabsorption of molecules in the kidney'®. Megalin receptors, for
example, are highly expressed in the proximal tubule epithelium
of the kidney, which are selected as a target to develop kidney-
targeted delivery systems'*. A small molecule ligand,
2-glucosamine (GLN), is proven an effective ligand that can
specifically bind to the megalin receptors and mediate internali-
zation of prodrugs or drug conjugates into proximal tubule
epithelial cells'*. Serum albumin is another carrier for renal tar-
geted drug delivery, which can be freely-filtrated by glomerulus
and reabsorbed via megalin-mediated internalization in proximal
tubules®. As previously reported, albumin exhibited high binding
capacity for small molecule drugs, and excellent biocompatibility,
which made it an ideal candidate for drug delivery'”'®. Despite

the extensive works on kidney-targeted delivery systems, most of
them were performed under static conditions and failed to take
into account the effect of FSS on renal tubular epithelial cells.
Here, our study aimed to establish an in vitro platform system to
investigate the impact of FSS on the uptake behavior of various
kidney-targeted drug delivery systems in renal tubular epithelial
cells by applying a stable and continuous FSS to cells'’. To
achieve this goal, a microfluidic system was established to provide
better control over the environment for culturing cells under flow
conditions. Cell morphology and selected receptors under both
static and flow conditions were then characterized and compared
accordingly. Next, fluorescein isothiocyanate (FITC)-labeled
2-GLN, FITC-labeled bovine serum albumin (BSA), and albumin
nanoparticles were selected as model carriers to explore their
internalization behaviors in HK-2 under both culturing conditions.
Moreover, an in vivo study was performed to compare the distri-
bution profiles of albumin nanoparticles under normal and disease
state.

2. Materials and methods

2.1.  Chemicals and reagents

Glucosamine hydrochloride was purchased from Kelong Chemical
Reagent Factory (Chengdu, China). FITC, coumarin 6 (C6), and
BSA were obtained from Sigma—Aldrich (Shanghai, China).
Dimethyl sulfoxide (DMSO, analytical grade) was purchased from
Kemiou (Tianjin, China). All the other chemicals and reagents
were of analytical grade and obtained commercially.

2.2.  Animals

BALB/c mice (male; body weight: 22 + 2 g) were provided by
Dashuo Biotechnology (Chengdu, China) and maintained in a
germ-free environment with free access to food and water. All
animal experiments were approved by the Institutional Animal
Care and Ethics Committee of Sichuan University (approved No.
SYXK2013-113).

2.3.  Cell culture and microfluidic platform setup

An immortalized proximal tubule epithelial cell line, HK-2, was
obtained from Shanghai Institute of Cell Biology (CAS, Shanghai,
China). HK-2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose (GIBCO, Carlsbad, CA,
USA) and supplemented with 10% bovine serum (Fumeng,
Shanghai, China), 100 IU/mL penicillin and 100 pg/mL strepto-
mycin. Cells were maintained in a humidified incubator contain-
ing 5% CO, at 37 °C.

The ibidi u-slide I 0.4 luer (ibidi, Martin Reid, Germany) with
a volume of 100 pL was selected as the flow chamber for the
following studies. The slides were pre-incubated at 37 °C with 5%
CO, for 24 h prior to the seeding of cells to avoid air bubbles
inside the channels. Then, HK-2 cells were carefully seeded into
the u-slide channel at a concentration of 1.2 x 10° cells/mL in
100 pL of cell suspension from one side of the channel. To avoid
air bubbles, pipet tip was directly placed into the channel’s inlet
and applied the volume with a constant and swift flow. After cell
attachment, 60 pL of culture medium was then filled in each
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channel. The entire u-slide was placed in a 10 cm Petri dish with
wet sterile cotton to keep the environment moisturized. Culture
medium was replaced every day.

The microfluidic control system consisted of a tubing with an
inner-diameter of 1.5 mm and adapters (ibidi) for the connection
between the ibidi u-slide I 0.4 luer and HL-1S constant flow pump
(Qingpu Huxi, Shanghai, China) (Fig. 1). HK-2 cells were seeded
as mentioned above and cultured under the following flow con-
dition for 2.5 h at 37 °C. Fluid shear stress was calculated using
Eqgs. ()—(3) %

r=7-131.6-0 (1)
7=0.2dyne/cm’, n=1.4dyne-s/cm’ (2)
@ = 0.1 mL/min (3)

where 7 is shear stress (dyne/cm?), n is dynamical viscosity
(dyne-s/cm®) and @ represents flow rate (mL/min).

2.4.  Synthesis and characterization

2.4.1.  FITC-GLN conjugation

Glucosamine hydrochloride in the amount of 220 mg were dis-
solved in 2 mL of water, and then mixed with 20 mg of FITC that
was dissolved in 3.64 mL of DMSO and left to stand at 30 °C for
three days®'. The reactants were supplemented with 10-fold of
deionized water, and then freeze-dried. The lyophilized product
was dispersed in deionized water and then centrifuged at 2000x g
(RJ-TDL-40B centrifuge, RUIJIANG instrument, Wuxi, China)
for 10 min to remove the excessive amount of 2-GLN. FITC-GLN
conjugate was precipitated as a yellow solid, which was then
freeze-dried to obtain the dry product (yield, 67%). The '"H NMR
analysis was performed with an AMX-400 Bruker Spectrometer
(Bruker, Beijing, China; Supporting Information Fig. S1) to
confirm the conjugation.

2.4.2.  FITC-BSA conjugation

A 40-mg of BSA was dissolved in 2 mL of carbonate buffer so-
lution (CBS, pH 9.6). FITC was also dissolved in CBS to a final
concentration of 1 mg/mL. Then, FITC solution was slowly added
to the BSA solution at a feed ratio of 4:1 and the reaction was
carried out at 4 °C for 12 h. The reactant solution was poured into
a dialysis bag (molecular weight cut-off 3500) and dialyzed
against deionized water for 48 h. After dialysis, FITC-BSA so-
lution was then freeze-dried, and stored at 4 °C. The number of
FITC molecules conjugated in FITC—BSA was determined by
detecting the quantity difference of free amino residue in BSA and
FITC-BSA after conjugation. Briefly, 40.71 mg of o-phthalalde-
hyde (OPA) was dissolved in 1 mL of methanol, and 3.81 g of
sodium tetraborate was dissolved in water, and diluted to 100 mL
to obtain a solution with concentration of 0.1 mol/L. Then, the
solution was mixed with 20% sodium dodecyl sulfate (SDS) so-
Iution and 100 pL. B-mercaptoethanol, and diluted with water to a
final volume of 50 mL to obtain OPA reaction solution. L-Leucine
standard solutions in different concentrations (200 pL each),
0.75 mg/mL of BSA, and FITC-BSA were reacted with 4 mL of
OPA reaction solution for 5 min, respectively. According to the
standard curve (Supporting Information Fig. S2) and intensity
values, the free amino residuals of BSA solution was determined
as equal to 0.027 mg/mL L-leucine solution and the value of FITC-
BSA solution equal to 0.0053 mg/mL L-leucine. Thus, the ratio of

free amino residues in BSA and FITC-BSA is 5:1, indicating that
there are 46 FITC molecules per each FITC-BSA conjugate.

2.4.3. C6-BSA nanoparticle preparation

C6 was dissolved in a mixture of methylene chloride and ethyl
acetate (7:3, v/v) to a final concentration of 100 ng/mL. A 10-mL
of 2% BSA solution was mixed with 15, 20, and 25 mg of soybean
oil, respectively. Next, 1 mL of C6 solution was added, and ultra-
sonicated using a probe sonicator for 8 min at 200 W, followed by
rotary evaporation to remove the organic solvent’”. The mean
particle size, polydispersity index (PDI) and zeta potential of
BSA-NPs were determined by dynamic light scattering analyzer
(Zetasizer Nano ZS90, Malvern, Shanghai, China) (Supporting
Information Table S1 and Fig. S3).

2.4.4. FITC-BSA nanoparticle preparation

A 2-mL of mixed solvent (dichloromethane:ethyl acetate=7:3)
was added with 25.4 mg of soybean oil as the oil phase, 200 mg of
BSA and 100 mg of FITC-BSA dissolved in 10 mL of deionized
water as the aqueous phase, and the two phases were mixed. After
that, it was sonicated in an ice bath (power 330 W, 8 min), and
then evaporated to remove organic solvent. The mean particle
size, PDI and zeta potential of BSA-NPs were determined by
dynamic light scattering analyzer (Zetasizer Nano ZS90;
Supporting Information Table S2 and Fig. S4).

2.5.  Cell uptake study

HK-2 cells were seeded in 12-well culture plates (NEST, Wuxi,
China) at a seeding density of 2 x 10°/cm?. FITC-BSA was
diluted into serum-free DMEM medium at final concentrations of
5, 50, and 500 pg/mL, respectively, and added to the HK-2 cells
for 2 h incubation at 37 °C (n = 3). At the end of the uptake, cells
were washed three times with phosphate buffer solution (PBS) to
remove excessive liquid. Cells were then incubated with 200 pL of
trypan blue for 3 min to quench the membrane-bound fluores-
cence” and washed with PBS 3 times. Afterwards, cells were
digested with 0.2% trypsin and resuspended in 500 pL of PBS
after centrifugation and discarding of supernatant. Cellular uptake
efficiency was determined by FACScan Aria™ flow cytometry
(Becton Dickison, Franklin Lake, NJ, USA).

HK-2 cells were cultured as described above. FITC and FITC-
GLN were diluted into serum-free DMEM medium at a final
concentration of 0.84 mmol/L'*. FITC-BSA was diluted into
serum-free DMEM medium at a final concentration of 50 pg/mL.
BSA-NPs with sizes of 100, 150, and 200 nm were diluted into
DMEM medium at a final concentration of 25 pg/mL**. Cells
were then exposed to FITC, FITC-GLN, FITC-BSA, or BSA-NPs,
respectively, and incubated for 5, 30, 60, and 120 min each.
Trypan blue solution (50 pL, 0.4% w/v, Invitrogen, Carlsbad, CA,
USA) was then added to the cells to quench the membrane-bound
fluorescence probes. Cellular uptake efficiency was determined by
flow cytometry.

To evaluate the effect of temperature on cell uptake rate, HK-
2 cells were cultured as described above and then exposed to
FITC, FITC-GLN, FITC-BSA, or BSA-NPs, and incubated for
2 h at 37 and 4 °C, respectively, following similar procedure
described above.

To elucidate the impact of megalin receptors, cells were pre-
incubated in 1 mL of 2 mg/mL of free glucosamine for 10 min before
exposure to FITC and FITC-GLN as previously described'*. Cells
were then incubated with 0.84 mmol/L FITC or FITC-GLN for 2 h,
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= Constant flow pump

The microfluidic control system consists of a constant flow pump, a flow chamber and a reservoir. (A) The schematic diagram of the

microfluidic system setup; (B) photo of the microfluidic system; and (C) the ibidi u-slide I 0.4 luer.

and cellular uptake efficiency was determined by flow cytometry
and compared with cells without the addition of inhibitor after
quenching the membrane-bound fluorescence with trypan blue. In
comparison, HK-2 cells were also pre-incubated with megalin
antibody (rabbit polyclonal IgG, Abcam, dilution 1:250), 1 mmol/L
ethylenediaminetetraacetic acid (EDTA), and 4 mg/mL gentamycin
for 60 min, respectively, before the uptake study. Cells were then
exposed to 50 pg/mL of FITC-BSA for 2 h at 37 °C. Cell uptake
efficiency was determined by flow cytometry.

C6-BSA-NPs, with a size of 100 nm, were diluted in DMEM at
a final concentration of 25 pg/mL. Cells were incubated with
0.5 mL of chlorpromazine (Clo, 30 mmol/L), sodium azide (NaN3,
15.4 mmol/L), methyl-8-cyclodextrin (M-G-CD, 10 mmol/L),
dimethyl amiloride (DMA, 100 mmol/L) and nystatin (Nys,
25 mmol/L) for 2 h, respectively. Then cells were exposed to
BSA-NPs for 1 h at 37 °C. Cellular uptake efficiency was deter-
mined by flow cytometry in comparison with cells without the
addition of inhibitors.

2.6.  Comparison of cell uptake in flow and static conditions

HK-2 cells were seeded in the ibidi u-slide I 0.4 luer, with 100 uL of
1.2 x 10° cells/mL cell suspension per channel. FITC-GLN, FITC-
BSA and BSA-NPs were diluted into serum-free DMEM medium at
a final dose of 0.84 mmol/L, 50 pg/mL, and 25 pg/mL, respectively.
Cells were exposed to FITC-GLN, FITC-BSA or BSA-NPs in the
7=02 dyne/crn2 flow condition for 0.5, 1, and 2 h (n = 3). For
comparison, cells were subjected to the same uptake study under
static conditions. The fluorescence images were taken by LSM510
confocal microscopy (Carl Zeiss, Shanghai, China).

2.7.  Immunofluorescence staining

HK-2 cells cultured under static condition were seeded in confocal
culture dishes at a seeding density of 2 x 10%/cm?. Cells cultured
under flow condition were as described in Section 2.3. For fila-
mentous actin (F-actin) staining, cells were fixed in 4% para-
formaldehyde for 20 min, rinsed three times with PBS,
permeabilized with 0.1% Triton X-100 (Sigma—Aldrich) for
10 min, and then rinsed three times with PBS. Next, cells were
blocked with 1% BSA at room temperature and incubated with
1:20 diluted TRITC-phalloidin (Invitrogen) at 37 °C for 30 min.
Then, the cells were rinsed three times with PBS and stained with
4’ ,6-diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology,
Chengdu, China) for 10 min. The fluorescence images were taken
by confocal microscopy.

For immunofluorescence staining of megalin and clathrin, cells
were fixed as described above and incubated in 1% BSA at room
temperature for 1 h. After rinsing with PBS three times, primary
antibodies for megalin or clathrin (rabbit polyclonal IgG, Abcam)
were added and incubated at 4 °C overnight. Next, the secondary
antibody (goat anti-rabbit IgG/Alexa fluor 488 or FITC, Zhong-
shanjingiao Biotechnology, Beijing, China) was added and incu-
bated at room temperature for 1 h. The fluorescence images were
taken by confocal microscopy.

2.8.  The in vivo distribution profiles of FITC-BSA-NPs in mice
with acute kidney injury

Before initiation of the acute kidney injury (AKI), all mice were
deprived of water but had access to food for 15 h. At the end of the
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water restriction, 10 mL/kg of 50% glycerol was administrated
into each hind limb of mice intramuscularly as previously re-
ported®”. All mice were then given free access to water and food.
About 2, 12, and 24 h after AKI initiation, mice in all groups were
euthanized and blood samples were collected and centrifuged at
2000xg (RJ-TDL-40B centrifuge, RUIJIANG instrument) for
15 min at 4 °C to collect plasma samples, which were then sub-
jected to analysis by the Automatic biochemical analyzer for
blood creatinine (Cr) and blood urea nitrogen (BUN) levels.

After confirmation of AKI model, both AKI mice and normal
mice were administered via tail vein injection with FITC-BSA-
NPs at an equivalent FITC dose of 1.122 pg/kg and 5 min after
administration, mice were sacrificed and their kidneys were
collected, and subjected to ex vivo imaging (IVIS Spectrum,
PerkinElmer, USA).

Next, the isolated kidneys were fixed in 4% paraformaldehyde
for 24 h and subjected to gradient dehydration with 10%, 20%,
and 30% sucrose solution, respectively. The dehydrated kidneys
were embedded with optimal cutting temperature (OCT) embed-
ding agent. A 10 um frozen section was then cut on a cryostat. The
frozen sections were allowed to stand at room temperature for
30 min, and then fixed with ice-cold acetone at 4 °C for 10 min,
then washed three times with PBS, and 3% BSA was blocked at
room temperature for 30 min. Then, the primary antibody (rabbit
polyclonal megalin antibody, dilution 1:1200, Abcam) was incu-
bated in a wet box at 4 °C overnight, and the secondary antibody
(Alexa Fluro 647, dilution 1:1000, Abcam) was incubated at room
temperature for 50 min in dark, followed by DAPI counterstaining
for 10 min. Images were taken on a confocal microscope (Carl
Zeiss, Germany).

2.9.  Immunohistochemistry

Collected kidney tissues were fixed in 4% paraformaldehyde and
embedded in paraffin prior to sectioning (4 pm thickness). The
sections were dewaxed with a gradient ethanol solution, and then
antigen-repaired with 0.01 mol/L citrate buffer solution, and
blocked with 3% hydrogen peroxide for 15 min. The primary
antibody was then incubated in a wet box at 4 °C overnight, and

A

the secondary antibody was incubated at room temperature for
50 min in the dark. Then use diaminobenzidine (DAB; Dako,
Produktionsvej, Denmark) to develop color and control the color
development time under the microscope, and hematoxylin was
used to counterstain nuclei. Megalin was expressed in the cyto-
plasm, the cytoplasm of positive cells was stained brown, while
the nucleus was stained light blue. To perform semiquantitative
analysis, 10 visual fields were randomly selected for each glass
slide to be photographed. Next, ImageJ (NIH, Bethesda, MD,
USA) was used to analyze and process the positive signals in the
selected visual fields. The mean gray value (MOD) of positive
staining in the visual field of each slide was calculated respec-
tively. MOD is equal to the integral optical density value (IOD)
divided by the measured area. IOD is the optical density value
multiplied by the positive area within the measured area.

2.10. Statistics

All data were presented as mean =+ standard deviation (SD). Sta-
tistical analysis was performed using GraphPad Prism 6.0 (Graph-
Pad Software, La Jolla, CA, USA). Semi-quantitative analysis of
fluorescence intensity was determined by ImageJ. The means of cell
spreading area, uptake efficiency and level of megalin and clathrin
expression among groups were compared using Student’s #-test. P-
values < 0.05 were considered statistically different.

3. Results

3.1.  Cellular morphology in flow and static conditions

After attachment, HK-2 cells displayed the typical cobble stone
like morphology under static conditions (Fig. 2A). In comparison,
cells cultured under the flow condition for 2.5 h displayed the
following morphological changes: (i) cells were arranged along
the flow field (Fig. 2A); (ii) nuclei and actin filaments became
elongated (Fig. 2A); and (iii) the average cell spreading area
decreased compared to cells under static conditions (P < 0.001)
(Fig. 2B).

F-actin DAPI DIC

Merge

Figure 2

600+

4004

200

Cell spreading area (um?)

Flow Static

HK-2 morphology under flow and static culture conditions. (A) Fluorescence images of cytoskeleton staining. Cytoskeleton: F-actin

(red). Nuclei: DAPI (blue). Scale bar represents 20 pm. (B) Average cell spreading area normalized per cell. The cell spreading area in flow
condition is significantly smaller than cells incubated under static conditions ("""P < 0.001 vs. flow).
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Figure 3  Cellular uptake efficiency of FITC and FITC-GLN in HK-2 cells. (A) Cell uptake at different time points. The uptake of FITC-GLN

was lower than that of FITC at 1 h, and the uptake of FITC-GLN was higher than that of FITC at 2 h (*P < 0.05 vs. FITC). (B) Cell uptake at
different temperatures. (C) Cell uptake in the presence of free GLN. (D) Confocal microscopic images of cell uptake in flow and static condition.
FITC-GLN, FITC (green); nuclei, DAPI (blue). Scale bar represents 100 um. (E) Semi-quantitative analysis of fluorescence intensity of FITC-

GLN (*P < 0.05 vs. flow). Data represent mean + SD (n = 3).
3.2.  FITC-GLN cellular uptake in HK-2 cells

The cellular uptake of FITC and FITC-GLN showed a significant
time-dependent manner (P < 0.001) and kept increasing over time till
reaching a plateau around 2 h. FITC showed higher uptake efficiencies
within 60 min, whereas FITC-GLN showed much higher uptake ef-
ficiency at 2 h point (Fig. 3A). Meanwhile, the cellular uptake at 4 °C
did not show a statistically significant difference compared to the

A

resultat37 °C (P > 0.05, Fig. 3B), indicating that the internalization of
FITC and FITC-GLN was not energy dependent. Both FITC and
FITC-GLN were water soluble small molecules, which may be
internalized via diffusion driven process. In addition, no significant
differences in uptake efficiency were observed between FITC and
FITC-GLN in the presence of free glucosamine, and the competitive
inhibitor of megalin (P > 0.05, Fig. 3C), which further indicates the
internalization process is not energy dependent.
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Figure 4  Cell uptake in HK-2 cells by flow cytometry analysis. (A) Cell uptake efficiency at different concentrations of FITC-BSA. (B) The

positive rates of FITC-BSA uptake at different concentrations. (C) The positive rates of FITC and FITC-BSA internalization at different time
points. (D) Cell uptake at different temperatures. (E) Cell uptake in the presence of megalin inhibitors. “P < 0.05 vs. FTIC-BSA. Data represent
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As shown in Fig. 3D, confocal microscopic images showed
consistent cell uptake behaviors as observed in flow cytometry
analysis. According to semi-quantitative analysis, the cellular
uptake of FITC-GLN showed time-dependent increase in both
flow and static conditions (P < 0.001) (Fig. 3E). The uptake ef-
ficiency in flow condition was higher than that in static condition
at each time point with a statistically significant difference at
1 h (P < 0.05) (Fig. 3D and E).

3.3.  Internalization of FITC-BSA in HK-2 cells under static
condition

According to the flow cytometry analysis, the cell uptake of FITC-
BSA in HK-2 cells showed no significant differences across
concentrations ranging from 5 to 500 pg/mL (P > 0.05, Fig. 4A).
The positive rates of HK-2 cells following 2 h FITC-BSA incu-
bation increased significantly with increasing concentrations
(P < 0.05, Fig. 4B). Both FITC and FITC-BSA showed time-
dependent increases in the uptake efficiency that increased over
time till reaching a plateau at 1 h. The uptake of FITC-BSA was
higher than that of FITC at each given time point and the differ-
ences at 30 min and 2 h showed significant higher uptake effi-
ciencies of FITC-BSA than FITC (P < 0.05, Fig. 4C). The cell
uptake efficiency of FITC-BSA at 37 °C was significantly higher
than that at 4 °C (P < 0.05), while temperature did not impact the
uptake efficiency of FITC (Fig. 4D). In the presence of megalin
antibody, gentamycin and EDTA, the cell uptake efficiencies were
significantly lower than control (P < 0.05, Fig. 4E), which indi-
cated the internalization of FITC-BSA in HK-2 might be an
energy-driven process partly mediated by megalin receptors
(Fig. 4E).

3.4.  Upregulated levels of megalin in HK-2 cells under flow
conditions

To characterize megalin in HK-2 cells under different culture
conditions, we performed immunofluorescence staining of mega-
lin protein. Besides, the differences in cell morphology and cell
spreading area, the levels of megalin proteins showed drastic
differences between flow and static conditions (Fig. 5A) with a
higher fluorescence intensity observed in flow conditions. Semi-
quantitative analysis also demonstrated a significantly higher level
of megalin in flow conditions than in static conditions (P < 0.05,
Fig. 5B).

3.5.  Upregulated uptake efficiency of FITC-BSA in HK-2 under
flow conditions

Since an upregulated level of megalin was observed in HK-2 cells
under flow conditions, we would like to explore whether this may
further impact the uptake efficiency of FITC-BSA in HK-2 cells
under flow conditions. As shown in Fig. 6A, the uptake of FITC-
BSA in HK-2 cells appeared to increase over time under both flow
and static conditions. Meanwhile, the cell uptake efficiency of
FITC-BSA in flow conditions was significantly higher than that in
static conditions at 1 and 2 h time points (P < 0.05, Fig. 6B).

3.6. Internalization of BSA-NPs in HK-2 cells under static
condition

To explore the internalization behavior of nanoparticles under flow
and static conditions, we selected BSA-NPs with average size
distributions of 100, 150, and 200 nm. For all three nanoparticles
under investigation, their uptake efficiencies showed time-
dependent increases from 5 min to 2 h (Fig. 7A). At each given
time point, the uptake efficiency of BSA-NPs among groups of
different sizes did not show significant differences, indicating a
lack of size impact. Next, the mechanistic study of BSA-NPs
internalization pathways in HK-2 cells showed that the cell up-
take was significantly inhibited at 4 °C and in the presence of
sodium azide, indicating that the internalization of BSA-NPs was
energy driven. Moreover, groups pre-incubated with chlorproma-
zine and 5-(N,N-dimethyl)-amiloride hydrochloride showed
significantly lower cell uptake efficiency than the control
(P < 0.01, Fig. 7B), which suggests that the internalization of
BSA-NPs in HK-2 cells occurs mainly through clathrin- and
macropinocytosis-mediated endocytosis.

3.7.  Upregulated levels of clathrin heavy chain expression
under flow conditions

Although HK-2 cells demonstrated the expression of clathrin
under both flow and static conditions, in flow conditions signifi-
cantly higher clathrin fluorescence intensity was observed than
cells in static conditions (P < 0.05, Supporting Information
Fig. S5).
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Figure 5 Immunofluorescence staining. Confocal images of HK-2 cells cultured under flow and static conditions (A). Megalin, Alexa fluor 488

(green); cytoskeleton, F-actin (red); nuclei, DAPI (blue). Scale bar represents 10 um. Semi-quantitative analysis of megalin fluorescence
normalized per cell (B). “P < 0.05 vs. flow. Data represent mean + SD (n = 3).
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3.8.  Cell uptake of BSA-NPs in HK-2 cells in flow and static
conditions

Quantitative analysis of fluorescence intensity showed that the
cellular uptake of BSA-NPs was time-dependent in both flow and
static condition. The cellular uptake efficiency in flow condition
was higher than that in static condition with a statistically sig-
nificant difference at 1 and 2 h (P < 0.05), respectively (Fig. 8).

3.9.  The in vivo distribution profiles of FITC-BSA-NPs in AKI
mice

It has been reported that acute renal injury induced by intramus-
cular injection of glycerin can significantly reduce renal blood
flow”®. To further investigate the effects of changes in fluid shear
stress (FSS) in vivo, an AKI model was established. Compared
with the healthy group, the degree of renal injury following
glycerol injection was time-dependent, and the creatinine and urea
nitrogen levels reached the peak at 24 h post glycerol injection
(Fig. 9A and B). According to the morphological study of renal
tissues, a large number of renal tubular epithelial cells were
stained and condensed, which became necrotic, disintegrated, and
irregularly detached (Fig. 9C). Moreover, a large number of pro-
tein casts appeared in the lumen, and the interstitial was observed
with capillary congestion with infiltrating inflammatory cells, and
some tubular collapse and occlusion (Fig. 9C).

After establishing an acute kidney injury model with reduced
renal blood flow, we investigated the distribution of FITC-BSA
nanoparticles in the body, and focused on the distribution of
nanoparticles in the kidney. Ex vivo imaging showed that nano-
particles were mainly distributed in the liver and kidney
(Fig. 10C), and the distribution of FITC-BSA nanoparticles in the
damaged kidney was significantly reduced compared with the
normal kidney (Fig. 10A and B), which was consistent with the
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Figure 7 Dynamic and mechanistic study of BSA-NPs internali-
zation pathway in HK-2 cells. Cell uptake of BSA-NPs with three
different average sizes (A). Internalization of BSA-NPs in HK-2 cells
at 4 °C, pretreated with sodium azide (NaN3), chlorpromazine (Clo),
5-(N,N-dimethyl)-amiloride hydrochloride (DMA), methyl-3-cyclo-
dextrin (M-3-CD) and nystatin (Nys), respectively (B). *P < 0.05 vs.
control. Data represent mean £ SD (n = 3).
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Cell uptake of FITC-BSA in flow and static conditions. Confocal images of FITC-BSA internalization cultured in flow and static

conditions (A). FITC-BSA, FITC (green); cytoskeleton, F-actin (red); nuclei, DAPI (blue). Scale bar represents 10 pm. Semi-quantitative analysis
of FITC-BSA fluorescence intensity normalized per cell (B). “P < 0.05. Data represent mean £+ SD (n = 3).
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Figure 8 Cellular uptake of BSA-NPs in flow and static conditions. Confocal images of BSA-NPs uptake in flow and static conditions (A).

BSA-NPs, C6 (green); cytoskeleton, F-actin (red); nuclei, DAPI (blue). Scale bar represents 10 um. Semi-quantitative analysis of fluorescence
intensity of BSA-NPs uptake as normalized per cell (B). “P < 0.05 vs. flow. Data represent mean £+ SD (n = 3).
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Figure 9

Analysis of blood urea nitrogen (BUN) (A) and serum creatinine (Cr) (B) levels of AKI mice after model initiation. Data represent

mean + SD (n = 3). Representative images of H&E stained kidney sections of healthy and AKI mice at different time periods post model

initiation (C). Scale bar represents 200 pm.

results in vitro, suggesting that the decrease in renal blood flow
may reduce the expression of Megalin receptor, thereby reducing
the uptake of nanoparticles in the kidney (Fig. 10).

Next, the colocalization analysis of the distribution of FITC-
BSA nanoparticles in the kidney and the expression of megalin by
immunofluorescence staining with frozen sections was performed.
Confocal microscopic analysis showed that the distribution of

nanoparticles overlapped with the distribution of megalin, sug-
gesting that the renal uptake of nanoparticles was mainly driven
by megalin-mediated internalization. Additionally, FITC-BSA
nanoparticles were mainly distributed in the renal tubules
(Fig. 11A). The expression patterns of megalin in renal tissues
were further quantitatively analyzed by immunohistochemistry.
The semi-quantitative analysis showed that AKI induced renal
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injury led to reduced levels of megalin expression (Fig. 11B),
which suggests that the renal injury likely result in decreased renal
blood flow, thereby down-regulating the levels of megalin in the
renal tubules.

4. Discussion

As compared to cells under static conditions, cells cultured under
flow conditions displayed elongated nuclei and actin filaments
with decreased cell spreading area. According to previous publi-
cations, flow-dependent mechanism in proximal tubule cells was
that FSS created binding moment on microvilli at insertion into
actin cytoskeleton”’. For example, in response to FSS in culture,
cells may reorganize their actin and junctional proteins, including
the disseminations of basal actin stress fibers, formation of
adherens and tight junction, and accumulation of focal adhesion
proteins in the basement membrane. Thus, future studies may
focus on the membrane proteins associated with either the apical
or the basolateral side to elucidate how HK-2 cells respond to
FSS.

In our study, FITC-GLN did not show significantly higher
internalization efficiency in HK-2 as compared to FITC only.
Also, mechanistic studies revealed that the internalization of
FITC-GLN into HK-2 cells was mainly diffusion driven, similar to
the uptake of free FITC. Although cellular uptake of FITC-GLN
in flow conditions was higher than under static conditions during
the study period, no significant differences were observed between
the two conditions (P > 0.05) by the end of the study. This might
be due to the fact that flow conditions caused the extracellular

drug concentration to drop slowly, which maintained the con-
centration difference between intracellular and extracellular at a
higher level. However, as long as the concentration difference
reached the gradient to maintain free diffusion, the uptake effi-
ciency remained near constant. Previous findings indicated that
GLN derived conjugate systems may be internalized via specific
interaction with megalin receptors'?. From our observation, the
presence of GLN in FTIC-GLN did not change the internalization
behavior of FITC into HK-2 cells, which is likely due to the loss
of free 2-amino group in GLN when forming a covalent bond with
FITC. The presence of free 2-amino group in GLN has proven to
be a critical functional group for the recognition of megalin re-
ceptors®®. Thus, it would be interesting to see how FSS may
impact the internalization behavior of a 2-glucosamin conjugated
system with a free 2-amino group.

To further explore the impact of FSS on receptor-mediated
endocytosis, BSA was selected as the model carrier due to its
specific interaction with the megalin-cubilin proteins during
reabsorption””". For FITC-BSA, a rapid and sustained upregu-
lation in uptake efficiency was observed in HK-2 cells upon
exposure to physiologically relevant levels of FSS*. Our study
further suggests that the internalization of BSA in HK-2 might be
an energy-driven process partly mediated by megalin receptors.
Under flow conditions, the upregulated levels of megalin receptor
expression may contribute to the augmented uptake efficiency of
FITC-BSA in HK-2, consistent with report from the literature®.
Therefore, we infer that albumin may enter HK-2 cell via megalin
receptor-mediated endocytosis and applying FSS may promote
cell uptake of albumin by upregulating the expression of megalin
receptors. However, the underlying mechanisms require further
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investigation, which might involve increased intracellular Ca®"

concentrations and purinergic signaling in response to FSS-
dependent ciliary bending that triggered an increase in apical
endocytosis”.

Next, our study looked into the effect of FSS on the internal-
ization of BSA-NPs in HK-2 cells. Gomez-Garcia et al.”' per-
formed a study on the nanoparticle localization in blood vessels,

which showed that nanoparticle accumulation in endothelial cells
in vitro was affected by shear stress and flow pattern. FSS-
stimulated apical endocytosis in proximal tubule was previously
found to be initiated via a clathrin- and dynamin-dependent
pathway”. In our study of BSA-NPs internalization pathways in
HK-2 cells, the uptake of BSA-NPs was found to be mediated by
clathrin-mediated and micropinocytosis pathways. Combined with
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the immunofluorescence staining results of clathrin, FSS appeared
to upregulate the expression level of clathrin in HK-2 cells and
lead to a higher uptake efficiency of BSA-NPs in flow conditions.
The in vivo distribution profiles of BSA-NPs in kidney tissue also
showed that albumin nanoparticles could achieve kidney targeted
drug delivery and enter renal tubules (Supporting Information
Fig. S6), demonstrating the great potential of using albumin
nanoparticles as an efficient delivery system for targeted therapies
of renal diseases.

5. Conclusions

A microfluidic system has been established to elucidate the
internalization behavior of kidney-targeted drug delivery systems
under flow conditions. Our findings suggest that FSS had no
impact on the diffusion driven internalization pathway, whereas it
impacted the energy driven internalization of macromolecular
carriers such as BSA and albumin nanoparticles by altering the
morphology and the receptor expression pattern of RTECs. Such
findings may provide useful insights in the development and
evaluation of kidney-targeted drug delivery systems.
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