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ABSTRACT: Collagen, the most used natural biomacromolecule, has been
extensively utilized to make scaffolds for cell cultures in tissue engineering, but
has never been fabricated into the configuration of a hollow fiber (HF) for cell
culture due to its poor mechanical properties. In this study, renal tubular cell-laden
collagen hollow fiber (Col HF) was fabricated by dissolving sacrificial Ca-alginate
cores from collagen shells strengthened by carbodiimide cross-linking. The inner/
outer diameters of the Col HF were precisely controlled by the flow rates of core
alginate/shell collagen solution in the microfluidic device. As found, the renal tubular
cells self-assembled into renal tubules with diameters of 50−200 μm post to the
culture in Col HF for 10 days. According to the 3D reconstructed confocal images or
HE staining, the renal cells appeared as a tight tubular monolayer on the Col HF
inner surface, sustaining more 3D cell morphology than the cell layer on the 2D flat
collagen gel surface. Moreover, compared with the cultures in either a Transwell or
polymer HF membrane, the renal tubules in Col HF exhibited at least 1-fold higher activity on brush border enzymes of alkaline
phosphatase and γ-glutamyltransferase, consistent with their gene expressions. The enhancement occurred similarly on multidrug
resistance protein 2 and glucose uptake. Such bioengineered renal tubules in Col HF will present great potential as alternatives to
synthetic HF in both clinical use and pharmaceutical investigation.
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■ INTRODUCTION

As one of the most complex organs in humans, the kidney
serves many physiological functions, including the excretion of
wastes, reabsorption of vital nutrients, osmolality regulation,
and hormone secretion inside the renal tubules. Renal failure,
caused by acute kidney injury or chronic diseases such as
diabetes mellitus, is usually fatal and irreversible.1 At the same
time, renal transplantation, the most acceptable therapy for
renal failure so far, is extremely limited because of the scarcity
of donor sources. Hemodialysis is the solely available alternative
to partially replace the renal function of filtration in the clinic.
However, the semipermeable polymer hollow fiber (HF)
membranes that are used in hemodialysis devices to simulate
the geometric tubular configuration cannot perform most renal
functions in the absence of living cells.2 This causes a high
mortality rate of >20% per year in the hemodialysis-treated
patients, and average costs over $70,000 annually for each
patient.3

Aiming to improve renal function, renal cells have been
loaded into hemodialysis devices, whereas renal tubular cells
were cultured on the inner surface of polymer HF membranes
to form a tubular cell monolayer.4 Nevertheless, this device still
expressed low renal function due to the poor biocompatibility
of synthetic HF membranes, which caused failure in its clinical
application.5 In this respect, much research effort has been

made to improve the biocompatibility of HF membranes. For
example, the membranes have been coated with extracellular
matrix (e.g., collagen) or adhesive molecules (e.g., 3,4-
dihydroxy-L-phenylalanine), providing cell recognizing/adhe-
sive sites.6 Further, new membrane materials have also been
prepared via blending adhesive molecules (e.g., acrylic-based
polymer)7 or hemocompatible molecules (e.g., phosphorylcho-
line containing polymer)8 into the polymers. However, these
efforts have not obtained substantial improvement due to the
fact that the synthetic polymers dominate the membrane
composites.
Inside the kidney, the renal tubules are surrounded and

supported by the extracellular matrix of natural macro-
molecules. The most abundant extracellular matrix in a kidney
is collagen, a soft and hydrated biomacromolecule, which
comprises triple-helix amino acid fiber structures. Collagen,
unlike the synthetic membranes, possesses plenty of cell
recognizing sites so that it plays an important role in forming
cell basement membranes,9 regulating cell mechanotransduc-
tion,10 and repairing physiological functions after toxicant
injury.11 Therefore, collagen has been well-known for the
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highest cell compatibility and is extensively used in constructing
bioartificial organs for kidney, liver, and skin.12

Homogenous collagen gel has been used for immobilizing
renal tubular cells, but it only promotes the cells to form cysts
or random short branches instead of regular tubules.13

Therefore, a collagen gel at a configuration of hollow fiber
(Col HF) might be able to successfully promote the formation
of renal tubules like synthetic HF membranes do. However, the
thermogelling collagen is too soft to be directly fabricated into
HF, like some other hydrogel materials (e.g., alginate).14 The
covalent cross-linking by chemicals such as 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC)
can improve the mechanical property of collagen,15 but such a
strategy has rarely been used in the fabrication of either
particular shape (e.g., HF) or cell-laden collagen.
In this paper, a cell-laden Col HF is generated in a

microfluidic device under coaxial flow, and its mechanical
stability is further enhanced by EDC cross-linking. The
bioengineered renal tubules with high physiological function
are formed after the cell self-assembly into in the lumen of Col
HF. The differentiation of renal cells is assessed by assay of
brush border enzyme activities,16 and their reabsorption
abilities are represented by multidrug resistance protein 2
(MRP2) activity and glucose uptake.17 Such cell-laden Col HF
in mimicking the renal tubules in vivo from both material
components and spatial structures can be potentially developed
into an alternative to synthetic HF in tissue engineering
applications.

■ MATERIALS AND METHODS
Materials. Sodium alginate powder, fluorescein diacetate (FDA),

propidium iodide (PI), 5-carboxyfluorescein diacetate (5-CFDA, AM),
Alexa Fluor488 phalloidin, and DMEM/F12 medium were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, U.S.A.). L-
Glutamine, bovine serum albumin (BSA, Fraction V), and methyl
thiazolyltetrazolium (MTT) were purchased from Amresco Inc.
(Solon, Ohio, U.S.A.). Fetal bovine serum (FBS) was obtained from
Gibco (Invitrogen Co. Ltd., Canada). Collagen sponge (type I, from
bovine achilles tendon) was purchased from Biot Biology Inc. (Wuxi,
China). 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from Aladdin Reagent Inc. (Shanghai, China). The L-γ-glutamine-4-
nitroanilide and glucose colorimetric assay kit were purchased from
Saike Bio. Inc. (Ningbo, China). RNA isolation kit, first strand cDNA
synthesis kit and other PCR reagents were purchased from Takara Bio.
Inc. (Otsu, Japan). Primers were synthesized by Sangong Co., Ltd.
(Shanghai, China). The remaining chemicals were obtained from local
chemical suppliers and were all of reagent grade.
Fabrication of Col HF. As shown in Figure 1, a polydimethylsilox-

ane (PDMS) microfluidic device with 2 inlet channels (330 μm in
width) and a straight outlet channel (500 μm in width) was first
fabricated via standard soft lithography and replica molding
techniques.18 To make the cell-free or cell-laden Col HF, the same
microfluidic device was used with different core, shell, and gelation
solution as listed in Table 1. The core and shell solution was
continuously injected into the corresponding inlets, mixed in
microfluidic channels, and then flowed out from an outlet which
was immersed in gelation solution. After fabrication, the formed
collagen fibers were kept in gelation solution for 3 h for complete
cross-linking. For the Ca-alginate core fibers, the fibers were further
soaked in 55 mM sodium citrate solution for 30 min to liquefy the Ca-
alginate. The cell-laden Col HF was cultured into DMEM/F12
medium containing 10% FBS and placed into an incubator.
Characterization of Cell-Free Col HF. The tensile strength

represented by Young’s modulus of Col HF cross-linked by different
EDC concentrations was detected on an Instron Series IX Automated

Materials Testing System following the previously reported method.15a

A crosshead speed of 5 mm/min and full-scale load range of 500 N
were used for the test at room temperature and humidity of 50%.

The Col HF cross-linked by 20 mM EDC was fully rinsed by
deionized water and dried in atmosphere at room temperature on a
glass slide. The dried samples were carefully torn down and analyzed
by Fourier transform infrared/attenuated total reflection (FTIR/ATR)
spectra. The un-cross-linked collagen solution was poured onto a glass
slide and similarly dried and analyzed as a control.

Cell Culture on 2D Flat Collagen Gel Surface, Transwell
Insert, and HF Membranes. The HK-2 cell culture on a 2D flat
collagen gel surface was set to compare the cell morphology in Col
HF. For this culture, collagen solution (2% w/v) was first cross-linked
by 20 mM of EDC and NHS, and then the HK-2 cells were seeded
onto the surface of the gel at a density of 2 × 105 cells/cm2.

The cultures of Transwell insert and HF membranes were used as
control groups for cell functional assay. For the Transwell culture, the
cells were seeded on the Transwell insert (Cat. No. 3415, Corning
Inc., New York) at a density of 2 × 105 cells/cm2. For the cell culture
on synthetic HF membranes, the HK-2 cells at a density of 1 × 107

cells/mL were loaded into the lumen of HF membranes with inner
diameters of 0.4 mm, as described in our previous study.19 For each
culture, the medium was changed every 2 days.

Assay on Cell Viability and Proliferation. The FDA/PI staining
was used for direct observation of living/dead cells. After 3 h of
incubation with FDA/PI solution (10 μM for each fluorescent probe
in PBS), the HK-2 cells in fibers were washed three times in PBS and
imaged under a fluorescence microscope (OLYMPUS Ix70) with
green/red fluorescent exciters and a bright field light source at the
same time.

The MTT reduction was used to evaluate the viability of HK-2 cells.
Briefly, the cells were rinsed by PBS before being immersed in 1 mL of
the MTT-phosphate buffer solution (PBS) at 1.15 mg/mL. After being
incubated at 37 °C for 3 h, the cells were washed by PBS and then
added to 1.5 mL of acidified isopropanol. After agitation for 1 h, the
extraction was measured at an absorbance of 570 nm on a
spectrophotometer.

The cell proliferation in Col HF was represented by the increased
total proteins in cell-laden Col HF. After the cell-laden Col HF was
lysed by 1% Triton X-100, the protein concentrations in the lysis
solution were measured by BCA protein assay kit. The amount of cells
were displayed as the amount of total proteins (mg) in 1 g Col HF.

Cell Morphology Observation. After 10 days of culture, HK-2
cells in Col HF were observed by cytoskeleton staining, hematoxylin−
eosin (HE), and immunofluorescence staining.

The Col HF with cells inside was fixed by 4% paraformaldehyde and
cut into 5-mm long segments. The cytoskeleton was stained with Alexa
Fluor488 phalloidin, and the nucleolus was stained with propidium
iodide (PI) following the manufacturer’s protocol. The stained cells
were imaged by confocal microscopy (Nikon E-1000 + C1 LSCM) in
two- and three-dimensions.

For HE staining, the cell specimens were embedded into paraffin
and sectioned into 8 μm thick slices before subsequent staining with

Figure 1. Image (A) and explanatory illustration (B) of the
microfluidic device for fabrication of collagen gel hollow fibers.
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HE. The slices were observed using a common inverted phase contrast
microscope.

For immunofluorescence staining, the sectioned paraffin sample
slices were dewaxed and blocked in 10% fish skin gelatin in PBS.
Samples were incubated overnight at 4 °C with collagen IV primary
antibodies. After three rinses with PBS, incubation with Alexa Flour
594 goat-antirabbit secondary antibody (Invitrogen) was performed
for 1 h at room temperature. Nuclear staining was performed by
mounting medium containing DAPI (Vector Laboratories). Confocal
microscopy (Carl Zeiss LSM 5 Exciter) was used to visualize stained
cells.

Measurement of Brush Border Enzyme Activities. Alkaline
phosphatase (ALP) and γ-glutamyltransferase (GGT) were assessed to
represent the activity of brush border enzymes in HK-2 cells. ALP
activity was measured as previously reported.20 Briefly, HK-2 cells in
each culture were respectively lysed using 1% Triton X-100, and then
20 μL of lysis solution was added to 100 μL reaction solution
containing 0.5 M Tris, 10 mM p-nitrophenyl phosphate disodium, 2
mM MgCl2, and 1 mM ZnCl2 at pH 10. After incubation at 37 °C for
30 min, the solution was added to 80 μL of NaOH (1 M) to terminate
the reaction. The absorbance of the solution was read by a microplate
reader at 405 nm. Similarly, GGT activity was assayed using an L-γ-
glutamine-4-nitroanilide colorimetric kit.21

Determination of MRP2 Activity and Glucose Uptake. The
activity of multidrug resistance protein 2 (MRP2) was represented by
the efflux of 5-carboxyfluorescein diacetate (5-CFDA) in the presence
or absence of probenecid.22 Briefly, HK-2 cells in each culture after 10
days of incubation were initially loaded with 10 μM 5-CFDA for 30
min and washed twice in ice-cold (0 °C) HBSS to terminate dye
loading. Subsequently, cells were incubated in 500 μL of dye-free
HBSS for 30 min at 37 °C in the presence or absence of 1 mM
probenecid. The efflux of 5-CFDA from cells into HBSS was measured
by fluorescence spectroscopy at 485/585 nm. MRP2 activity was
represented by the differential efflux of 5-CFDA in the presence or
absence of probenecid.

The glucose uptake by HK-2 cells was represented by the decreased
glucose concentrations in medium in the presence or absence of the
glucose transporter inhibitors.23 After being rinsed three times using
glucose-free PBS, HK-2 cells in each culture were incubated by HBSS-
BSA solution (2.5 g/L of BSA) with or without 2 mM phlorizin, or
incubated with Na+-free HBSS-BSA solution (2.5 g/L of BSA,
replacing the NaCl with N-methyl-D-glucamine). After 120 min of
incubation at 37 °C, the solution in each culture was sampled and
analyzed for glucose concentrations using the glucose colorimetric
assay kit. The glucose uptake was represented by the amount of
glucose transported by mg protein per hour.

Gene Expression of Enzymes and Transporters in Cells. Total
RNA was isolated from HK-2 cells after 10 days of incubation in each
culture using a MiniBEST Universal RNA Extraction Kit. The quality
of RNA was assessed by sample absorbance at 230, 260, and 280 nm.
cDNA was synthesized as previously described24 and amplified by the
polymerase chain reaction (PCR), while tubes containing no template
were used as negative controls. Gene expression was measured for
alkaline phosphatase (ALP), gamma-glutamyltransferase 1 (GGT1),
multidrug resistance protein 2 (MRP2), and glucose transporter 1
(GLUT1), while expression of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as a control. The sequence of the primers
is listed in Table 2.

Statistical Analysis. All data from cell experiments were analyzed
by means ± SD from three independent experiments. Comparisons
between multiple groups were performed with the ANOVA test by
SPSS, or results from two different groups were tested with the
unpaired Student t test. P-values less than 0.05 were considered
statistically significant.

■ RESULTS

Fabrication of Mechanically Stable Cell-Free Col HF.
As shown in Figure 1, a simple microfluidic device was used to
prepare cell-free Col HF. The inner diameters of Col HF wereT
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controlled by regulating the flow rate of the culture medium in
the core side and the flow rate of the collagen solution in the
shell side. As shown in Figure 2A, the core stream (stained by
phenol red) had different diameters in the microfluidic channels
under the regulation of core/shell flow rates. When the shell
flow rate increased from 50 to 350 μL/min, the inner diameters
of Col HF correspondingly decreased from 200 to 50 μm, while
the outer diameters remained to be about 500 μm (Figure 2B).
Under sufficient EDC cross-linking, the obtained cell-free

Col HF possessed a well-defined shape and can be observed by
the naked eye (Figure 2C), suggestive of a stable mechanical
property. This Col HF was further detected on FTIR/ATR
spectra. As shown in Figure 2D, the Col HF had the higher
intensity of amide absorbance bands (1550 and 1660 cm−1)
and the lower intensity of NH stretching bands (3300−3400
cm−1), in comparison to the un-cross-linked collagen, indicating
the newly formed amide groups in the Col HF.

Evaluation of EDC Toxicity on Cell-Laden Col HF and
Avoiding the Toxicity via Design of Ca-Alginate Core
Fiber. Following the fabrication parameters of cell-laden Col
HF in Table 1, the cross-linking by EDC at above 1 mM was
severely toxic to cells in the Col HF lumen, while the cross-
linking by EDC at 0.4 mM, although causing low cell toxicity,
failed to sustain an appropriate Young’s modulus (Figure 3A).
To avoid the EDC toxicity and to obtain mechanically stable

Col HF as well, the Na-alginate was used as the core solution
that could entrap cells after being cross-linked by Ca2+ to avoid
direct contact with the EDC. As shown in Figure 3B, the
entrapped HK-2 cells in the Ca-alginate core did survive after 3
h of EDC cross-linking up to 50 mM, with the toxic dose being
enhanced over 100 fold. Under these fabrication conditions, the
Young’s modulus of Col HF (Figure 3B) was even higher than
that with the culture medium core solution, being 0.24 over 0.2
MPa (Figure 3, parts A and B). The reduced EDC toxicity was
also shown by FDA/PI staining in Figure 3C, where cells in the

Table 2. Primer Sequences Used for RT-PCR Analysis

primer name NCBI reference sequence forward sequence (5′−3′) reverse sequence (5′−3′) product size (bp)

GAPDH NM_002046.4 TCACCAGGGCTGCTTTTAAC TGTGGTCATGAGTCCTTCCA 479
ALP NM_000478.4 TCAGAAGCTCAACACCAACG GCTGGTAGGCGATGTCCTTA 494
GGT1 NM_001032364.2 AAGGGTACAACTTCTCCCGG ATTGAACAGGATCCCGCTGA 374
MRP2 NM_000392.4 AAAAGGCCTTCACCTCCATT CAAGTCTGGGAGGAGAGCAC 500
GLUT1 NM_006516.2 AGGAGGTTTGGATGGGAGTG AATGAACACAGGGCAGCTTG 487

Figure 2. (A) Different core/shell laminar flow inside the microfluidic channel; (B) relationship between fiber inner/outer diameters of Col HF and
shell flow rate; and (C) Col HF taken by camera. Scale bar =500 μm; (D) FTIR/ATR spectra of Col HF and un-cross-linked collagen. Col HF =
collagen hollow fiber.
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Ca-alginate core were mostly alive (stained green by FDA) with
little cell death (stained red by PI). For further experiments, 20
mM of EDC was chosen as the optimized concentration
because the higher dose of 50 mM did not significantly improve
the Young’s modulus of Col HF.
Self-Assembly of HK-2 Cells to Renal Tubules in Col

HF. The morphology of HK-2 cells in the gelated core/shell
hydrogel fibers is shown in Figure 4. Initially, the cells dispersed

in the Ca-alginate core fibers with diameters of 50, 100, or 200
μm (Figure 4, parts A, C, and E). After being released to the
inner surface of Col HF by exposure to Ca2+ chelating agent,
the cells adhered onto the inner surface of Col HF and began to
form a cell layer. At 10 days, the cells finally formed the intact
tubules with different diameters along their corresponding
lumen surfaces (Figure 4, parts B, D, and F), while the tubules
in the Col HF lumen of 200 μm showed better uniformity in
tubular diameters than those in the Col HF lumen of 50 and
100 μm.
The bioengineered renal tubules were further observed by

confocal fluorescence micrography, where the F-actin was green
and the nuclei were red (Figure 5). Figure 5A shows the cell
self-assembly inside the Col HF. The cross section views of
right and bottom images, which were optically sliced at the
white dash lines, revealed that the tubular structure and cells
only grew into monolayer on the fiber inner surface. The 3D
reconstructed image (Figure 5B) clearly showed the ring-shape
tubular structure of HK-2 cells in Col HF. The zoom-in image
(Figure 5C) displayed the rearrangement of F-actin on the
peripheral area of cell monolayer. These images and optical
slides indicated that the HK-2 cells only attached, proliferated,
and formed monolayer on the Col HF inner surface without
invading into collagen or filling the lumen.
To examine the cell configuration in Col HF, the formed

renal tubules were embedded in paraffin and sectioned to slices
for HE and immunofluorescence staining while the HK-2 cell
culture on flat collagen gel surface was set as a control (Figure
6). Consistent with the confocal images, a well-organized
lumen of cell monolayer was observed in the cross-section of
renal tubule (Figure 6A). The zoom in image in Figure 6B
showed that the renal tubule was composed of tightly arrayed
cells with thicknesses of about 10 μm. By contrast, the cells on
the flat collagen gel performed as a monolayer line in the cross-
section (Figure 6C), which was much thinner and had fewer
nuclei than that in Col HF (Figure 6D), indicating that the cells

Figure 3. EDC dose dependent effects on cell viability and Young’s
modulus of Col HF with core solution of culture medium (A) and Na-
alginate (B). Fluorescein diacetate/propidium iodide (FDA/PI)
staining of HK-2 cells in Ca-alginate/collagen core−shell fibers after
3 h of cross-linking with 20 mM EDC (C). Living cells were stained
green by FDA, whereas dead cells were stained red by PI. Scale bar
=100 μm. Col HF = collagen hollow fiber, EDC = 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride.

Figure 4. Morphology of HK-2 cells in Col HF with Ca-alginate core
at diameters of 50 μm (A), 100 μm (C), and 200 μm (E), and after 10
days of culture in Col HF with inner diameters of 50 μm (B), 100 μm
(D), and 200 μm (F). Scale bar =50 μm. Col HF = collagen gel hollow
fiber.
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spread more on flat collagen gel. The immunofluorescence
staining similarly showed the denser nuclei and higher collagen
IV expression in the renal tubule than that of the cells on the
flat collagen gel (Figure E and F).
Functional Expression of Bioengineered Renal Tu-

bules in Col HF. Bioengineered renal tubules with diameters
of 200 μm were chosen for evaluation of cell function because
of their higher cell amount and better diameter uniformity than

those with smaller diameters, which could provide higher
accuracy in function detection. As shown in Figure 7A, the HK-
2 cells in Col HF proliferated rapidly from Days 1 to 8 and then
kept the cell density within Days 8 to 14, while the cells
maintained high cell viability during the whole culture period
(Figure 7A).
The functional expression of renal tubules was then detected

and compared with the commonly used Transwell and HF
membrane cultures. In Figure 7B, the HK-2 cells in Col HF
culture expressed over 2-fold higher activity of brush border
enzymes (ALP and GGT) than that of the Transwell culture
and also 1-fold higher than that of the HF membrane culture.
Consistently, the Col HF culture showed much higher MRP2
and GLUT activities than those of the two other cultures, as
indicated by the 5-CFDA efflux and glucose uptake in HBSS,
respectively (blue columns in Figure 7, parts C and D).
Moreover, the Col HF culture was also more sensitive to the
inhibitors of MRP2 efflux (probenecid, in Figure 7C) or
glucose uptake (Na+-free and phlorizin, in Figure 7D).
The highly expressed renal functions in Col HF culture were

confirmed by the RT-PCR assay (Figure 8). As shown in Figure
8A, each of the corresponding genes (GLUT1/ALP/MRP2/
GGT) displayed higher expressions in Col HF culture than
those in comparative cultures, consistent with the performances
on their activities in Figure 7. The RT-PCR images were then
digitized and analyzed by Image-Pro Plus software in Figure 8B.
From this figure, the Col HF culture showed at least 1-fold
higher gene expression level than each of the comparative
culture.

■ DISCUSSION
The design of new scaffolds to form renal tubules is an
interesting but challenging issue because of the great value in
renal disease therapy. Collagen as an extracellular matrix is a
desired material for forming such tubular scaffolds. Never-
theless, tubular-shaped collagen in the form of high density
tubes25 and dry HFs26 could not provide a good microenviron-
ment for cell culture as hydrogel, while the normal collagen
hydrogel formed via the slow and weak thermo-gelling could
not sustain a stable and strong HF shape in continuous
fabrication (data not shown). The exposure of collagen
hydrogel to chemical EDC cross-linking can stabilize the HF
configuration by quickly forming amide covalent bonds
between collagen molecules. As found in this paper, Col HFs
after chemical cross-linking sustained an acceptable tensile
strength (Young’s modulus >0.2 MPa), consistent with collagen
gel bulk by EDC cross-linking.15a Further co-crosslinking Col
HF with dendritic molecular15a or poly(MPC-co-methacrylic
acid)27 will be expected to greatly improve the tensile strength
to 1−5 MPa. Such mechanical properties were close to those of
PDMS tubes28 and sufficient for weaving into bunches like
polymer HF membranes. In full consideration of biocompat-
ibility, collagen-based HF could possibly replace synthetic HF
membranes for future application in the tissue engineering.
Chemical cross-linkers were rarely used for fabricating cell-

laden protein hydrogels because of their high cytotoxicity. To
obtain good mechanical properties, the hydrogels need
sufficient cross-linking by highly concentrated cross-linkers
(>10 mM).15a,29 However, EDC and genipin performed the
severe cytotoxicity with EC50 (the concentration that elicits
50% cell death) as low as about 0.5 mM (Figure 3A and Figure
3 in ref 30), while glutaraldehyde was even more toxic. Due to
the large gap between the requirements of low toxicity and high

Figure 5. Confocal images of Alexa Fluor488-phallotoxins/PI stained
renal tubules in collagen gel hollow fiber. (A) renal tubules with cross
section view of right and bottom images sliced at the white dash lines,
scale bar =50 μm; (B) 3D reconstructed confocal images, scale bar =50
μm; (C) zoom-in view showing cell−cell connection, scale bar =20
μm.

Figure 6. Hematoxylin−eosin staining of HK-2 cells in collagen gel
hollow fiber (A and B) and on flat collagen gel (C and D) after 10 days
of culture. Immunofluorescence staining of collagen IV (red) and
DAPI (blue) on HK-2 cells in collagen gel hollow fiber (E) and on flat
collagen gel (F). Scale bar = 50 μm.
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mechanical properties, the chemically cross-linked cell-laden
hydrogels became difficult and almost impossible. However, we
delicately fabricated the cell-laden collagen gel by protecting the
cells with the sacrificed Ca-alginate gel. The fast formed Ca-
alginate gel may delay the EDC diffusion and thus greatly
reduce the cell exposure to EDC. Also, the presence of the Ca-
alginate core fiber helped to keep its configuration and enhance
the mechanical property of Col HF (Figures 2 and 3). As Ca-
alginate can be conveniently fabricated into various shapes (e.g.,
microsphere31 or fiber14b) as well as liquefied by Ca2+ chelation,
the strategy provided a universal concept in preparing
differently shaped cell-laden lumens inside chemically cross-
linked hydrogels.
The formation of in vivo-like tubules was closely related to

the specific chemical and spatial microenvironments of Col HF.
In view of chemical microenvironments, collagen is the most
biocompatible material for cell culture. Although arginine-
glycine-aspartic acid (RGD) as an integrin recognizing peptide
has been well identified from collagen and further explored to
greatly improve the cell adhesion/differentiation,32 collagen

itself still performs much better than RGD for stimulating the
cell differentiated functions due to the contributions of other
peptides.33 But collagen as a chemical microenvironment,
although necessary, was not sufficient for renal tubule
formation. As a result, the renal cell culture on either the
inner Col HF surface or the flat collagen gel surface, although
with the same chemical components, formed completely
different cell morphologies (Figure 6). Besides, the 3D tubules
in Col HF had a cell thickness of 10 μm, which approached the
thickness of renal tubular cells in human kidney (about 10
μm),34 while the 2D monolayer on the flat collagen gel showed
a cell thickness of only 3−5 μm (Figure 6). Similarly, the renal
tubular cells, when simply entrapped inside a homogeneous
collagen gel, could not form tubules,13a,b,35 while the MDCK
cells, when seeded on a grooved collagen-matrigel hydrogel,
could self-assemble into short tubular structure.36 In this regard,
the tubular shaped Col HF seemed to create a microenviron-
ment that was more similar to that found under in vivo
conditions, and thus provided a good template for leading to
the renal tubule formation.

Figure 7. (A) Time-dependent alteration on cell density and viability during cell culture in Col HF. Functional assay of HK-2 cells in different
cultures after 10 days of culture: (B) brush border enzymes (ALP&GGT) activity; (C) MRP2 activity represented by 5-CFDA efflux; (D) glucose
uptake; * and # represent significant higher (p < 0.05) compared to the culture in Transwell and hollow fiber membrane, respectively. The percent
data refer to the inhibited activity by corresponding inhibitors. Col HF = collagen gel hollow fiber; MTT = methyl thiazolyltetrazolium; ALP =
alkaline phosphatase; GGT = γ-glutamyltransferase; PB = probenecid; and MRP2 = multidrug resistance protein 2.
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Hence, we assumed that the in vivo-like tubular morphology
of the bioengineered renal tubules can stimulate their
performances on renal function. HK-2 cells in Col HF culture
not only well differentiated according to the high performance
on ALP&GGT activity,16 but also showed good reabsorptive
ability of renal tubules, reflected by the high MRP2 and GLUT
activity.17 Our previous results have found that the renal cell
layers expressed higher renal functions on polysulfone HF than
those on flat polysulfone membrane, while smaller diameters of
HF from 800 to 400 μm further up-regulated differential
functions of the cell layers.19 In this study, the increased
substrate curvature (Transwell < HF membrane < Col HF)
may also show positive effects on improving renal function
(Figures 7 and 8). Because the renal tubules in the kidney are of
small diameter at about 50 μm,37 we expect that the functions
of renal tubules in Col HF will be negatively related with their
diameters at a sequence of 200 μm < 100 μm < 50 μm.
The bioengineered renal tubules in Col HF comprise only

cells and collagen, exclusive of any synthetic materials. This
offers the high possibility of a bioartificial kidney as an
implantable device and suggests a novel design of bioartificial
organs. Such a new device with high renal function would allow
prolonged and continuous treatment in clinic, which is
expected to improve the therapy efficacy and patients’
treatment experience.5 Another valuable application of
bioengineered renal tubules could be in the pharmaceutical
field. Similar to the renal cell organoids, which showed a more
physiologically relevant response to nephrotoxicity than that of
the renal cells at normal 2D culture,38 the bioengineered renal

tubules with uniquely high function (Figures 7 and 8) could be
a better platform for high-throughput screening of drug
nephrotoxicity.

■ CONCLUSIONS
This study presented a novel method to fabricate renal tubules
by culturing renal cells in Col HF. With the delicate design of
Ca-alginate as the sacrificial cores, renal tubular cells were
loaded in the lumen of Col HF with acceptable mechanical
strength properties. Within 10 days of culture, the HK-2 in Col
HF self-assembled into intact renal tubular structures with
diameters of 50−200 μm. Such renal tubules expressed at least
1-fold higher renal function than the renal cells on Transwell or
polymer HF membranes. The bioengineered renal tubules
possess great potential in the clinical therapy of end-stage
kidney disease and on the establishment of a platform for high-
throughput screening of drug nephrotoxicity.
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