Article
pubs.acs.org/Biomac

Clearance Kinetics of Biomaterials Aﬀects Stem Cell Retention and
Therapeutic Eﬃcacy
Chia Y. Lai,† Pei J. Wu,† Steve R. Roﬄer,† Sho T. Lee,† Shiaw M. Hwang,‡ Shoei S. Wang,§ Kuan Wang,∥
and Patrick C. H. Hsieh*,†,⊥
†

Institute of Biomedical Sciences, Academia Sinica, No. 128 Sec. 2, Academia Road, Taipei 115, Taiwan
Food Industry Research and Development Institute, No. 331 Shihpin Road, Hsinchu 300, Taiwan
§
Department of Surgery, National Taiwan University & Hospital, No. 7 Chung-Shan South Road, Taipei 100, Taiwan
∥
Institute of Chemistry, Academia Sinica, No. 128 Sec. 2, Academia Road, Taipei 115, Taiwan
⊥
Institute of Clinical Medicine, National Cheng Kung University & Hospital, No. 35 Xiaodong Rd., Tainan 701, Taiwan
‡

S Supporting Information
*

ABSTRACT: The use of biomaterial carriers to improve the
therapeutic eﬃcacy of stem cells is known to augment cell
delivery, retention, and viability. However, the way that carrier
clearance kinetics boosts stem cell delivery and impacts stem cell
function remains poorly characterized. In this study, we
designed a platform to simultaneously quantify carrier clearance
and stem cell retention to evaluate the impact of carrier
clearance kinetics on stem cell retention. Additionally, a murine
model of hindlimb ischemia was employed to investigate the
eﬀects of various cell retention proﬁles on mitigating peripheral
arterial disease. To image the in vivo behaviors of material and
cells, we used biotinylated hyaluronan with ﬂuorescently labeled
streptavidin and Discosoma sp. Red (Ds-Red)-expressing human
mesenchymal stem cells. We found that the retention of transplanted stem cells was closely related to the remaining biomaterial.
Furthermore, therapeutic eﬀectiveness was also aﬀected by stem cell retention. These results demonstrate that low-molecularweight hyaluronan had a slow clearance and high cell retention proﬁle, improving the therapeutic eﬃcacy of human stem cells.

■

INTRODUCTION
Stem cell therapy, a principal subgenre of regenerative
medicine, has thrived in recent years, while still facing obstacles
including unsatisfactory cell retention, diﬃculty in tracing the
spatial distribution of transplanted cells, and poor cell survival
in adverse microenvironments. 1−3 To overcome these
challenges, stem cell therapy is introduced in combination
with biodegradable materials to reduce cell loss and prolong
stem cell retention in vivo.4 Biodegradable materials are used
extensively for controlled cell delivery, tissue engineering, and
regenerative medicine to avoid perpetual residence of foreign
substances in the body.5−7
To date, numerous translational studies have used biodegradable materials to facilitate the therapeutic eﬀectiveness of
stem cell therapy. The healing power of such combined therapy
is greatly ameliorated by prolonging transplanted cell retention
in the injured region.8−10 Investigation of biodegradable
material modiﬁcation is prevalent in the ﬁeld of material
science, with the goal of controlling the timespan of material
retention in vivo.11−13 However, how a biodegradable material
minimizes stem cell loss in vivo has not yet been elucidated. In
vitro assessments of material clearance have not properly
mimicked the intrinsic complexity of the in vivo systems, so
© 2013 American Chemical Society

determination of the stem cell delivery capacity of biodegradable materials cannot be adequately assessed solely by in vitro
experimentation. Changes in the biomaterial integrity and mass
in vivo can aﬀect its clearance, endowing the material with the
distinct capabilities to retain transplanted stem cells in the
injured area.
To simultaneously track in vivo biomaterial clearance and
stem cell retention over time, we utilized Alexa Fluor 700
labeled hyaluronan (HA) and Discosoma sp. Red (Ds-Red)expressing human mesenchymal stem cells (hMSCs) along with
a noninvasive imaging system (IVIS). This would reduce
animal consumption and experimental variance while still
determining material retained in vivo.14 HA is an essential
component of the extracellular matrix that is composed of a
linearly repeating D-glucuronic acid and N-acetylglucosamine
disaccharide subunit. HA is degraded in vivo by hyaluronidase.15,16 HA is considered to be an immuno-neutral
polysaccharide and has been widely used in biomedical
applications for decades. Various modiﬁcations of HA are
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Figure 1. Characterization of ﬂuorescently labeled HA and hMSCs. (a) A linear relationship was determined between the ﬂuorescence intensity of
Alexa Fluor 700 streptavidin and (b) Ds-Red expressing hMSCs (R = 0.99 for both the streptavidin and hMSCs). (c) Using the corresponding ﬁlter
sets for the Alexa Fluor 700 streptavidin and Ds-Red expressing hMSCs, the upper two IVIS images were collected before mixing the two materials,
and the lower two images were collected after mixing. The yellow to red colors represent the ﬂuorescent signals. The blue-line-enclosed regions show
the regions of interest (ROIs). 570/620: the excitation/emission ﬁlter set for the hMSCs. 675/720: the ﬁlter set for the Alexa Fluor 700 streptavidin.
SA: streptavidin. (d,e) The statistical analysis of the ﬂuorescence intensity of the streptavidinand hMSCs before and after mixing indicating that
neither the Alexa Fluor 700 streptavidin nor Ds-Red expressing hMSCs exhibited signiﬁcantly diﬀerent ﬂuorescence in unmixed or mixed states.

well established, including biotinylation.17,18 HA has been
shown to prevent cell apoptosis and promote cell proliferation. 9,19 Mesenchymal stem cells (MSCs) have been
speciﬁcally demonstrated to be not only pro-angiogenic but
also tolerant of hypoxic or serum-free conditions, which are
analogous to the ischemic disease model.20−22 In addition, the
use of MSCs in regenerative medicine for hindlimb ischemia
has been extensively study recently, including overexpressing
telomerase reverse transcriptase (TERT) and myocardin
(MYOCD) in MSC,23 microbeads encapsulation,24 or using
magnetite tissue engineering technique for creating MSC
sheets.25 In the current study, human MSCs (hMSCs) were
immortalized and genetically modiﬁed to continuously express
the Ds-Red ﬂuorescent protein using a nonviral transfection
method.26 The disease model adopted here is murine hindlimb
ischemia,27 representing peripheral arterial occlusive disease,
which aﬀects 10−20% of individuals aged >70 years.28

■

Quantiﬁcation of in Vivo Material Clearance and Cell
Retention Using Fluorescent Signals. Human MSCs were
cultured on 10 cm culture dishes and maintained at 37 °C under an
atmosphere of 5% CO2 in air until use. A total of 4 × 106 hMSCs were
mixed with 200 μL of αMEM culture medium or 1% HA and then
injected into the ischemic muscles of mice. Immediately and at various
intervals after the injection, the mice were imaged using a Xenogen
IVIS Spectrum device (PerkinElmer, Waltham, MA) and the
corresponding ﬁlter sets. The ﬂuorescence intensity was determined
by calculating the number of photons within the manually drawn ROI,
and the intensity was adjusted to exclude tissue autoﬂuorescence.
Animal Model of Hindlimb Ischemia and Treatment. The
surgical mortality rate was 0%. The left femoral artery and iliac artery
in mice were ligated and then cut to induce hindlimb ischemia. 200 μL
of PBS, 4 × 106 hMSC (suspended in culture medium), 1% solutions
of the three molecular weight HAs, or 1% solutions of the three
molecular weight HAs mixed with 4 × 106 hMSC were injected
intramuscularly. The injections were delivered into four diﬀerent sites
at the ischemic area (50 μL for each site).
Blood Flow Measurement. Microvascular blood ﬂow was
measured on a laser Doppler imager (Moor Instrument, U.K.): The
blood ﬂow before operation, 1 day afterward, and every week for the
following 4 weeks was recorded for both limbs. The data are presented
as the blood ﬂow ratio of the ischemia limb (left) to the normal limb
(right).
Clinical Scoring of Mice after Hindlimb Ischemia. Clinical
scores were estimated from daily observation of mouse activity and
hindlimb condition and were categorized into seven stages: 0
(normal), 1−3 (muscle atrophy), 4−5 (occurrence of gangrene), to
6 (limb amputation).
Experimental Animals. All animal research procedures were
approved by the Experimental Animal Committee, Academia Sinica. 8week-old male nude mice from the National Laboratory Animal
Center were used. All animals were anesthetized with Zoletile (50 mg/
kg; Virbac, France) and Rompun (0.2 mL/kg; Bayer Healthcare,
Germany) before surgery and for in vivo measurements.

EXPERIMENTAL SECTION

Conjugating Fluorescently Labeled HA. 10 mg of biotinylated
HA (Creative PEGworks, Winston-Salem, NC) was resuspended in 20
mL of deionized water overnight. One mg of Alexa Fluor 700conjugated streptavidin (S-21383, Invitrogen, Grand Island, NY) was
prepared by adding 1 mL of deionized water and stored at 4 °C. The
streptavidin and biotinylated HA were then mixed and gently agitated
at 4 °C. This mixture was ﬁltered through Amicon centrifugal ﬁlter
units (molecular-weight cut oﬀ 100 kDa; Millipore, Billerica, MA) to
exclude extra streptavidin. The ﬁnal products were freeze-dried and
stored at 4 °C.
hMSC Culture. hMSC were cultured in MEM alpha medium
containing 20% fetal bovine serum and 4 ng/mL human bFGF
(Invitrogen). hMSCs were maintained at 37 °C and an atmosphere of
5% CO2 in air on culture dishes. Cells were trypsinized and counted
under light microscopy before transplantation.
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Figure 2. Separated ﬂuorescence spectrum of HA and hMSCs. (a−c) Fluorescence intensity of each of the three molecular-weight variants of HA
with (colored lines) or without (black lines) mixing with the hMSCs. (d) Fluorescent signal of an injection with streptavidin alone.

respective ﬁlter sets 675/720 (excitation/emission) for Alexa
Fluor 700 and 570/620 for Ds-Red. When using the ﬁlters for
Ds-Red, we did not detect signals from Alexa Fluor 700, and
the same was observed for the reverse situation (Figure 1c,
upper two panels). Alexa Fluor 700 streptavidin and hMSCs
were also mixed in a single tube, and the same two ﬁlter sets
were again used to excite the sample. During this imaging
process, the two ﬁlter sets were used to detect ﬂuorescent
signals emitted by either Alexa Fluor 700 or Ds-Red (Figure 1c,
lower two panels). Regions of interest (ROIs) were drawn to
evaluate the ﬂuorescence intensities before and after mixing the
streptavidin and hMSCs together. We observed that there was
no signiﬁcant diﬀerence in the signal emitted by the unmixed or
mixed streptavidin and hMSC samples, indicating that the
spectra of Alexa Fluor 700 and Ds-Red did not interfere with
each other (Figure 1d,e). This concept was further conﬁrmed
by injecting HA or HA/hMSCs into a mouse hindlimb; the
ﬂuorescent signals adhered to the same HA clearance patterns
with or without the addition of hMSCs, indicating that mixing
hMSCs and Alexa-Fluor-700-labeled HA carrier caused no
spectra interference either (Figure 2a−c).
Examination of HA Clearance Behavior in Vivo.
Tracking of in vivo HA clearance in an ischemic disease
model was performed by injecting 200 μL of 1% HA of three
diﬀerent molecular weights (200, 800 and 1640 kDa), denoted
here as HA-200, HA-800, and HA-1640, respectively. The
injections into the hindlimbs of mice were performed
immediately after surgery, and the in vivo ﬂuorescent signals
within the ROI were measured. A decrease in the ﬂuorescent
signal over time indicated HA clearance (Figure 3a). An
examination of whether the residue of streptavidin alone
emitted a signal was performed by injecting Alexa-Fluor-700labeled streptavidin alone into the hindlimb, which revealed
that the ﬂuorescence disappeared rapidly within 12 h (Figure
2d). All injected HA variants lost their ﬂuorescence intensities
over time exponentially, consistent with a previous report
(Figure 3b).14 The ﬂuorescence intensity of the HA with the
lowest molecular weight, HA-200, decreased the slowest,
implying that this HA was cleared more slowly than the HA
variants with higher molecular weights. Meanwhile, the

Immunohistochemistry and Immunoﬂuorescence Staining.
The ﬁxed distal calf and thigh muscles were deparaﬃnized, rehydrated,
and boiled in 10 mM sodium citrate (pH 6.0) for 10 min, followed by
incubation with antibodies against RFP, SM22α (Abcam, Cambridge,
MA), Ki-67 (BD Biosciences, San Jose, CA), tropomyosin (DHSB,
Iowa City, IA) and isolectin (Invitrogen) at 4 °C overnight and then
incubated with Alexa Fluor 488- or 568-conjugated secondary
antibodies (Invitrogen). After staining with DAPI (Sigma-Aldrich, St.
Louis, MO), sections were mounted and observed under a
ﬂuorescence microscope. The capillary and arteriole densities at the
border zone were measured, and images were taken from eight
randomly selected ischemic areas (200× magniﬁcation) in each sample
and quantiﬁcation was performed by manually counting each section;
the eight values were averaged.
Statistical Analysis. All data are presented as mean ± standard
deviation unless otherwise indicated (n = 3 for in vitro spectrum
analysis, n = 6 for in vivo HA clearance, hMSC retention proﬁles, n = 8
for capillary and arteriole density analysis). For multiple comparisons,
analysis of variance (ANOVA) with Bonferroni adjustment was
performed. A probability value of P < 0.05 was considered to represent
statistical signiﬁcance.

■

RESULTS AND DISCUSSION
Characterization of HA and hMSCs. Examination of the
relationship between the ﬂuorescence intensity and the
concentrations of Alexa Fluor 700-labeled streptavidin and
Ds-Red expressing hMSCs was ﬁrst performed to establish the
standard correlation between the ﬂuorescence signal and the
concentration of biotin-labeled HA or the number of hMSCs.
The ﬂuorescence intensities of both HA and hMSCs increased
linearly with the streptavidin concentration and hMSC counts,
respectively (Figure 1a,b). Biotinylated HA labeled with
streptavidin conjugated with Alexa Fluor 700 displayed higher
ﬂuorescence intensities than the Ds-Red expressing hMSCs.
Fluorescence Spectrum Conﬁrmation. The excitation
and emission spectra of Alexa Fluor 700 and Ds-Red fall in the
red and yellow-orange ranges, respectively. To ascertain
whether these ﬂuorescent signals could be adequately detected
by IVIS and without causing spectral interference, Alexa Fluor
700 labeled streptavidin and Ds-Red expressing hMSCs were
separately allocated in two microcentrifuge tubes, and their
original emission ﬂuorescent signals were detected by the
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Figure 3. In vivo HA clearance in an ischemic disease model. (a) IVIS images of mouse hindlimbs after an HA-200 injection. (b) Clearance patterns
of HA of three molecular weights, as indicated by the ﬂuorescent signals of Alexa Fluor 700. (c) Curve-ﬁtting results for HA-200, (d) HA-800, and
(e) HA-1640 (R = 0.99 for all groups). (f,g) Coeﬃcients a and b, obtained from an exponential regression analysis ( f(x) = ae−bx). (h) Half-lives of
HA-200, HA-800, and HA-1640.

ﬂuorescence intensity of HA-1640 decayed the fastest,
particularly during the ﬁrst 24 h after the injection. The
ﬁnding that the HA with a low molecular weight cleared more
slowly than the high molecular weight HAs may be due to the
increased erosion at the latter HA surface.29 It had been
reported that higher molecular weight HA carrier would have a
lower diﬀusion coeﬃcient,30 which would become diﬃcult for
hyaluronidase to diﬀuse into the inner part of carrier. This
resulted in a relatively higher erosion at the surface of larger
molecular HA.
To further examine the exponential clearance proﬁles of the
three HA variants, we ﬁt our results using a mathematical
formula for exponential decay (Figure 3c−e). Interestingly, this
analysis conﬁrmed the exponential clearance characteristics of
all three HA variants. The speciﬁc ﬁtting model that we used
was the classic exponential decay formula f(x) = ae−bx. We then
calculated the two coeﬃcients a and b. To inspect the
relationship between each coeﬃcient and each HA variant, we
plotted the coeﬃcients against molecular weight of the HA on
line charts (Figure 3f,g). The coeﬃcient a represented the
initial amount of the material immediately following the

injection, and we found that the coeﬃcient a was greater
than 100 and became larger as the molecular weight of the HA
increased. This result may be due to swelling property of
carriers31 and the stabilization of Alexa Fluor 700 ﬂuorescence
by reducing interactions between dyes. When swelling of HA
occurred after injection, dye−dye separation of Alexa Fluor 700
increased and thus avoided ﬂuorescence self-quenching.32 This
carrier swelling and ﬂuorescence stabilization process therefore
resulted in the coeﬃcient a being greater than 100. Coeﬃcient
b is inversely proportional to the half-life of the HA. On the
basis of this coeﬃcient, we showed that the half-life of HA
decreased as its molecular weight increased (Figure 3h). Taken
together, these two molecular-weight−coeﬃcient graphs
(Figure 3f,g) enable us to predict the in vivo clearance proﬁle
of other molecular-weight variants of HA.
Relationship of hMSC Retention and HA Clearance.
To determine the relationship between the hMSC retention
and HA clearance, we mixed 4 × 106 hMSCs with HA and then
administered the mixture to the ischemic hindlimbs of mice.
The ﬂuorescent signals emitted from the hMSCs in the three
combined treatment groups adhered to similar patterns (Figure
567
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Figure 4. Material-enhanced stem cell retention proﬁles in the mouse hindlimb. (a) hMSC ﬂuorescence intensities in mixtures with each molecular
weight variant of HA. (b−d) Close relationship existed between hMSCs and diﬀerent molecular weights of the HA at the early times. (e)
Immunoﬂuorescence staining of peri-injury hindlimb sections 3 days after the injection. Red, Ds-Red; green, tropomyosin; blue, DAPI. Scale bar:
100 μm.

4a). The signals during the ﬁrst 48 h after the injection
decreased to 7% for HA-1640, 20% for HA-800, and 25% for
HA-200 compared with the original intensity. A possible
explanation for the initial loss (ﬁrst 48 h, Figure 4a) in
detecting the Ds-red signals in hMSC seen in all three
treatments would be lack of stable microenvironment for cell
retention. After the femoral and iliac artery occlusion, mouse
hindlimb became an unfavorable environment for cells. As our
previous study showed, establishing a cell-favorable microenvironment improved cell anchorage. In addition, with the
unfavorable environment, injected hMSC could be in the
unhealthy status and thus decreased the ﬂuorescence
expression. Another possible explanation of the loss of signals
would be cell death caused by mechanical shear stress when
injecting the cells into the mice. Because the injection protocol
was performed manually, it is very hard to control the injection
rate for each injection. Obviously, one could also argue that the
loss of signals could also be due to the fact that the injected
hMSC could get lost in circulation. It is possible that the cells
could have failed to stay the target site after the injection. Thus,
there is chance some of the cells could have been released by
the mice as urine. Also, as injected hMSCs migrated away from

the injured region, the ﬂuorescence intensity of Ds-red would
decrease because the location of migrating hMSC may be out of
the region of interest. Moreover, the decrease in the ﬂuorescent
signals from the hMSCs slowed over time, nearly reaching a
plateau from 48 to 72 h after the injection of HA/hMSCs,
suggesting hMSC adhesion to the surrounding microenvironment. After 3 days, the ﬂuorescent signals began to increase,
with the HA-200/hMSC group escalating the fastest and the
HA-1640/hMSC group increasing the slowest. This phenomenon was not caused by diﬀerent cell proliferation rates induced
by the diﬀerent HA variants because the percentage of
proliferating hMSCs was the same in each treatment group
(Figure S1 in the Supporting Information). Rather, the
increased ﬂuorescence may be attributed to the proportion of
hMSCs retained at 48 h after the injection, as the HA-200/
hMSC group retained approximately 3.6 times more cells than
the HA-1640/hMSC group. The apoptotic level of the
transplanted hMSCs was also examined, providing evidence
that the ﬂuorescence patterns of the combined therapy groups
were not due to the diﬀerent molecular weight of the HA
variants (Figure S2 in the Supporting Information). When
comparing the changes in the hMSC ﬂuorescence intensities
568

dx.doi.org/10.1021/bm401583b | Biomacromolecules 2014, 15, 564−573

Biomacromolecules

Article

Figure 5. Improved therapeutic eﬃcacy of combined therapy. (a) Representative images of mouse ischemic hindlimbs after treatment. (b) Injections
of HA-200, HA-800, or HA-1640 along with the hMSCs increased blood ﬂow in the ischemic hindlimbs. The blood ﬂow at days 0, 1, 7, 14, 21, and
28 in each experimental group was measured by laser Doppler ﬂowmetry (***, P < 0.001 vs PBS-treated group; ###, P < 0.001, #, P < 0.05 vs HA800/hMSC group; +++, P < 0.001, ++, P < 0.01, +, P < 0.05 vs HA-1640/hMSC group). (c) Clinical scores of mice 7 to 28 days after the induction
of hindlimb ischemia (###, P < 0.001 vs PBS-treated, hMSC alone, HA-200 alone, HA-800 alone, HA-1640 alone, and HA-1640/hMSC groups;
***, P < 0.001, **, P < 0.01 vs HA-800/hMSC group).

with the corresponding HA clearance proﬁles, we found that
the hMSCs and HA adhered to a very similar pattern within 48
h after transplantation into the ischemic hindlimbs of mice.
After this time, the ﬂuorescence of the hMSCs began to
increase while the HA ﬂuorescence continued to decrease
(Figure 4b−d). The peri-injury tissue sections obtained from
the HA-200/hMSC, HA-800/hMSC, and HA-1640/hMSC
treatment groups were stained for Ds-Red, which indicated
the percentage of cells retained for each group (Figure 4e). The
highest number of hMSCs retained in the mouse hindlimbs was
observed for the HA-200 carrier, followed by HA-800 (Figure
3f).
From the data presented, the transplanted hMSCs likely
underwent three stages: depletion, sedimentation, and proliferation. Within the ﬁrst 48 h after the injection, the hMSCs
were depleted from the HA, as indicated by the decreasing
trend of the ﬂuorescent signal. Then, between 48 and 72 h after
transplantation, the hMSCs began to attach to the surrounding
microenvironment, as indicated by stable ﬂuorescence. The last

stage occurred 72 h after transplantation, when the cells began
to proliferate, as shown by the elevated ﬂuorescence even in the
absence of HA. Accordingly, we conclude that for a successful
delivery of stem cells the accompanying biomaterial should
remain in the in vivo system for at least 48 h. Otherwise, the
materials may not properly assist the cells in remaining at the
site of delivery.
Therapeutic Eﬃcacy of Diﬀerent Treatment Groups.
The progression of peripheral arterial occlusive disease can
cause leg pain and severe morbidity, such as amputation.
Alleviating the discomfort and preserving the limb at the same
time are the primary clinical goals for any medical treatment.33,34 When only the hMSCs or HA was used to treat the
ischemic hindlimbs, no obvious therapeutic beneﬁt was
observed. In contrast the combined treatment with HA/
hMSC signiﬁcantly increased the preservation of the ischemic
hindlimbs (Figure 5a). If a higher proportion of hMSCs was
retained during the ﬁrst 48 h after administration, improved
therapeutic results were observed, such as in the HA-200/
569
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Figure 6. Isolectin staining results indicating better angiogenesis process in ischemic mouse hindlimb with HA-200/hMSC group. Representative
immunoﬂuorescence images of isolectin showing the capillary at the midthigh level for diﬀerent treatment groups: (a) sham, (b) PBS, (c) hMSCs,
(d) HA-200, (e) HA-800, (f) HA-1640, (g) HA-200/hMSC, (h) HA-800/hMSC, and (i) HA-1640/hMSC. The capillaries were labeled with antiisolectin (red), the skeletal muscles were labeled with antitropomyosin (green), and the nuclei were labeled with stained with DAPI (blue). Scale bar:
100 μm. The capillaries stained for isolectin and exhibiting circular shapes are indicated by arrows. (j) Quantiﬁcation of the capillary density at the
peri-injury region. ***, P < 0.001 versus all other treatment groups. Values correspond to the average ± standard deviation.

hMSC group, which displayed successful limb salvage with only
slight nail loss. However, if fewer hMSCs were retained,
although limb amputation was not required, several toes were
amputated (Figure 5a, rightmost column). For the other
treatment groups, including hMSCs alone, HA-200 alone, HA800 alone, and HA-1640 alone, the ischemic hindlimbs
exhibited no remarkable therapeutic outcomes compared with
the PBS-treated control group, which experienced severe limb
gangrene and necessary amputation.

Another clinical index used to examine the therapeutic eﬀects
was the blood ﬂow recovery in the ischemic region. The blood
ﬂow in the mouse hindlimb was recorded by laser Doppler
ﬂowmetry every week after the injection to compare the
recovery of blood ﬂow between the diﬀerent treatment groups
(Figure 5b). Higher blood ﬂow recovery was demonstrated for
combined treatment with HA-200 and hMSCs, whereas lower
recovery was observed for the HA-1640 group, in which fewer
hMSCs were retained. More speciﬁcally, the blood ﬂow in the
570
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Figure 7. HA-200/hMSC group increases arteriole density of ischemic hindlimbs. Representative immunoﬂuorescence images of smooth muscle 22α
showing the arterioles at the midthigh level: (a) sham, (b) PBS, (c) hMSCs, (d) HA-200, (e) HA-800, (f) HA-1640, (g) HA-200/hMSC, (h) HA800/hMSC, and (i) HA-1640/hMSC. The arterioles were labeled with antismooth muscle 22α (red), the skeletal muscles were labeled with
antitropomyosin (green), and the nuclei were stained with DAPI (blue). Scale bar: 100 μm. Arrows indicate arterioles stained against smooth muscle
22α. (j) Quantiﬁcation of the arteriole density at the peri-injury region. ***, P < 0.001 vs HA-800/hMSC group; **, P < 0.01 vs PBS-treated, hMSC
alone, HA-200 alone, HA-800 alone, and HA-1640 alone groups. Values correspond to the average ± standard deviation.

combined therapy groups, with the HA-200/hMSC group
yielding the best outcomes (Figure 5c). Furthermore, we
performed immunohistochemistry to clarify the mechanism
underlying improved therapeutic eﬃcacy and found that
through promoting angiogenesis (Figure 6) and arteriogenesis
(Figure 7) the HA-200/hMSC treatment may facilitate the
repair of the ischemic mouse hindlimb. The capillary densities
of ischemic hindlimbs were evaluated by immunostaining of the
endothelial marker isolectin and the skeletal muscle cell marker
tropomyosin (Figure 6a−i). The results showed that injection

HA-200/hMSC group was signiﬁcantly elevated beginning in
the second week. In contrast, the groups receiving only hMSCs
or HA alone showed no signiﬁcant diﬀerence in blood ﬂow
recovery in comparison with the PBS-treated group.
Clinical scores were calculated to further illustrate the
therapeutic outcomes of each treatment.9 Higher clinical scores
were observed in the groups treated with PBS, hMSCs, or HA
alone, indicating the worsening condition of the ischemic
hindlimbs, including serious limb amputations. In contrast,
better therapeutic results were observed in the HA/hMSC
571
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This concept highlights an advantage of the clinical use of stem
cell therapy,43 for which it may be shown that the healing
competency actually arise from the transplanted stem cells,
rather than from a transient paracrine eﬀect after stem cell
administration.

of HA-200/hMSC signiﬁcantly improved angiogenesis at the
injured regions compared with the injection of HA or hMSC
alone group (Figure 6j). Furthermore, ischemic mouse
hindlimb tissues were also stained with SM22-α to examine
the presence of smooth muscle cells (Figure 7a−i). The results
demonstrated that injection of HA-200/hMSC greatly
increased the arteriole density compared with the other
treatment groups (Figure 7j). Therefore, a better therapeutic
eﬃcacy seen with HA-200/hMSC treatment may be due to a
superior blood network re-established in the ischemic region.
Through concurrent in vivo tracking of the HA clearance
proﬁles and hMSC retention patterns, we validated that
enhanced stem cell retention within a particular time window
increases the therapeutic eﬃcacy of the stem cells. Greater stem
cell retention in vivo rescued mice aﬄicted with hindlimb
ischemia, increasing both limb preservation and blood ﬂow
recovery by encouraging blood vessel formation. Augmented
stem cell retention is dependent on using felicitous
biodegradable materials whose clearance kinetics may vary
with the injection site and injection volume.14 Optimized
biomaterial clearance kinetics could be ﬁne-tuned by material
postmodiﬁcation, molecular weight selection, or adjustment of
the injection volume, which can only be accomplished by
exploring the in vivo behavior of such biodegradable materials.
Furthermore, it is known that HA also participates in
inﬂammation,35 cell proliferation,36 and angiogenesis37 process.
High molecular weight HA (larger than 1000 kDa) relates to
anti-inﬂammatory eﬀects,38 while small molecular weight HA
promotes cell proliferation and angiogenesis.39 When blood
vessels occlusion takes place and causes inﬂammation and
tissue damage, using higher molecular weight HA as drug
delivery agent at the early phase may bring additional beneﬁcial
eﬀect to the injured region, while injecting smaller molecular
weight HA combined with cell therapy at a later phase could
further improve the re-establishment of blood networks at the
ischemic tissue.
Our ﬁndings demonstrate that using biodegradable materials
to facilitate stem cell delivery has synergistic eﬀects and that
attention should be paid to the in vivo retention time when
selecting the most appropriate biomaterial. Although the
present study is material- and disease model-speciﬁc, this
concept can be adapted to other materials and stem cells or
drug delivery systems. Moreover, the disease model could be
extended to other ischemic diseases, such as myocardial
infarction40 and stroke,41 to improve the therapeutic outcomes
of these ischemic diseases. The use of IVIS imaging in a timely
way provided gross distribution of the transplanted cells. We
monitored them in real time for immediate update of the cells’
status. Additionally, more detailed assessment of the transplanted cells and biomaterials can be achieved by micro
computed tomography (micro-CT) and micro positron
emission tomography (micro-PET).42 These two techniques
enable us to look into speciﬁc reporter-carrying cells and their
precise interactions with the surrounding microenvironment.
Biodegradable materials are used to avoid the permanent
residence of foreign substances in the body, and there are many
issues that must be considered when selecting the material
appropriate for a clinical application. The in vivo duration of
the biomaterial should be suﬃciently long enough for the stem
cells to adhere to the surrounding microenvironment but not so
long that the material may result in undesirable responses.
Better therapeutic outcomes may thus be reached once the
critical time point for stem cell adhesion and function is known.

■

CONCLUSIONS
In conclusion, through IVIS imaging, we determined the gross
distribution of transplanted stem cells and demonstrated that
the clearance proﬁles of biodegradable materials aﬀect the
retention of transplanted cells. The clearance characteristic of a
biomaterial to optimize the delivery and retention of stem cells
in vivo is an important and necessary consideration to maximize
therapeutic eﬃcacy.
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The diﬀerent molecular weight HA does not aﬀect the
proliferation rate of hMSCs via immunoﬂuorescence staining,
and TUNEL staining revealed no hMSC apoptotic level
diﬀerence among three combined therapy groups, as shown
in Figures S1 and S2. This material is available free of charge via
the Internet at http://pubs.acs.org.
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