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Abstract
Application of umbilical cord blood (UCB) transplantation in adults as a treatment post-
chemotherapy is hampered due to delayed platelet recovery. A potential solution suggested is the
transfusion of ex vivo expanded megakaryocytes (Mks) from hematopoietic stem cells (HSCs).
Alternatively, large-scale production of platelets in vitro has also been attempted with the goal of
transfusing them into patients with thrombocytopenia. Glycosaminoglycans (GAGs) have been
shown to influence the proliferation and differentiation of HSCs. This study sought to examine the
effects of immobilized GAGs on the expansion, apoptosis, and platelet release activity of CD41a+
Mk progenitors in vitro. Freshly isolated HSCs from UCB were cultured in serum-free media
supplemented with thrombopoietin on GAG-derivatized chitosan membranes for 17 days. Controls
consisted of uncoated and chitosan-coated wells. Wells were demidepopulated at periodic
intervals and analyzed by flow cytometry. Heparin and dermatan sulfate surfaces significantly
enhanced total cell and Mk cell expansion (p < 0.05) compared to both the controls. The apoptotic
Mk fraction was significantly lower on GAG surfaces (p < 0.05) compared to the polystyrene
control during the early stages of the culture (days 7 and 11). However, by day 17, the apoptotic
Mk fraction was comparable on all surfaces. The cumulative number of platelets generated on
dermatan sulfate and heparan sulfate surfaces was significantly higher (p < 0.05) than on both the
controls. These results suggest that immobilized GAGs delay Mk apoptosis and thereby enhance
Mk expansion and platelet production.
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INTRODUCTION
Umbilical cord blood (UCB) is a preferred source of hematopoietic stem cells (HSC) due to
its limitless supply, risk-free collection, and reduced incidence of graft-versus-host disease
(GVHD).1 However, implementation of UCB transplantation as a treatment in adult patients
after radiation therapy and chemotherapy is severely limited due to delayed platelet recovery
post-transplantation. Studies have shown that it takes a median time of approximately 71
days for the platelet count to return to normal after UCB transplantation.2 During this time,
patients need to be subjected to platelet transfusions. Reports suggest that in the United
States alone, approximately 1.5 million patients undergo platelet transfusions every year.3
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Since platelets are derived from volunteer donors, there is always a scarcity. Moreover,
platelet transfusions are often accompanied by significant risks of bacterial and viral
infections from the donors.4,5in vitro expansion of megakaryocytes (Mks) from CD34+ stem
cells, followed by their transfusion to expedite the regeneration of platelets has been
suggested as a potential solution.6 Efforts have also been made for ex vivo production of
human platelets from UCB CD34+ cells that are morphologically and functionally similar to
platelets in the peripheral blood.7

Thrombopoietin (TPO) is the primary cytokine that supports the proliferation and
differentiation of Mks.8–10 It is also known to play an important role in platelet production
and function.11,12 Platelets have been shown to form on long filopodial extensions called
proplatelets, which originate from the mature Mk membrane.13 It is believed that Mk
apoptosis plays a critical role in this phenomenon by initiating the final stages of platelet
formation.14,15 Recently, Junt et al.16 reported that proplatelets are extended into the blood
vessel by the Mks in the mouse bone marrow and the shear stress imparted by blood flow
results in the fragmentation of these proplatelets to release platelets.

The hematopoietic microenvironment in the bone marrow mainly consists of hematopoietic
cells, stromal cells, and the extra cellular matrix (ECM). Linear heteropolysaccharides
termed glycosaminoglycans (GAGs) form a major component of the ECM. Previous work
has shown that HSC proliferation and differentiation can be influenced by the use of GAGs.
Specifically, GAGs have been shown to modulate the activity of various cytokines and
growth factors.17–24 It has also been reported that GAGs can bind to cytokines and protect
them from chemical and physiological degradation.25 In the recent past, a few studies have
reported that GAGs promote the expansion of human Mks in the presence of TPO.
hyaluronan and heparan sulfate have been shown to promote the production of Mk colony
forming units (CFU-Meg) from UCB CD34+ cells, whereas dermatan sulfate has been
shown to significantly enhance the clonal growth of CFU-Meg from human peripheral blood
CD34+ cells.26,27 Heparin has been shown to enhance the activity of TPO and thereby
positively regulate megakaryopoiesis.28 Although the results of the aforementioned studies
are promising, little is known about the effect of GAGs on the apoptosis of Mks and the
subsequent platelet release. In addition, soluble GAGs used in these culture systems are
susceptible to rapid internalization and enzymatic degradation. These phenomena can
produce transient changes in GAG concentration with the duration of the culture.
Furthermore, application of soluble GAGs may not embody the signaling dynamics of
matrix-bound GAGs in vivo. Therefore, there is a need for a more stable, scalable, ex vivo
expansion culture system that would better reproduce the in vivo signaling dynamics.

Chitosan is widely studied as a potential biomaterial for tissue engineering applications.29,30

Apart from being biocompatible and biodegradable, the primary amine groups on the
chitosan molecule allow the attachment of various other biologically active substances. In
this study, GAGs were covalently immobilized onto chitosan membranes to mimic the in
vivo extracellular environment. This method also results in less temporal variation in GAG
exposure, reduced GAG requirements, and possibly a reduction in the likelihood of GAG-
mediated cytokine sequestration. Furthermore, binding of cytokines to covalently
immobilized GAGs could reduce cytokine requirements, by limiting cytokine degradation
and internalization. Finally, the immobilization method may facilitate scale up and
development of more efficient, three-dimensional bioreactor culture systems. UCB CD34+
cells were seeded onto immobilized GAG surfaces in TPO supplemented, serum-free culture
medium and the effect of immobilized GAGs on Mk expansion, apoptosis and the
subsequent platelet release was examined.

Kishore et al. Page 2

J Biomed Mater Res A. Author manuscript; available in PMC 2014 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Sources of materials and reagents

Medium molecular weight chitosan, glacial acetic acid, hyaluronic acid sodium salt from
streptococcus equi sp., Histopaque-1077, bovine serum albumin (BSA), and 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC) were obtained from Sigma-Aldrich (St. Louis,
MO). StemSpan Serum-Free Expansion Medium (SFEM) and StemSep CD34+ Positive
Selection Kits were purchased from Stem Cell Technologies (Vancouver, Canada).
MiniMACS Columns were obtained from Miltenyi Biotec (Auburn, CA). Heparin, dermatan
sul-fate, and heparan sulfate from bovine intestinal mucosa were purchased from Celsus
Laboratories (Cincinnati, OH). Mouse-anti-human-CD34-PE, mouse-anti-human-CD41a-
FITC, and Annexin V-PE were purchased from Southern Biotech (Birmingham, AL). 7-
Aminoactinomycin D (7AAD) was obtained from BD Biosciences (San Diego, CA).
Recombinant Human TPO was purchased from Peprotech (Rocky Hill, NJ). Collagen Type I
was isolated in house from Sprague Dawley rat tail ten-dons by the method of Elsdale and
Bard.31

Preparation of GAG-modified chitosan surfaces
In an effort to generate culture surfaces with constant characteristics, GAGs were covalently
immobilized onto chitosan membranes at saturating densities. Briefly, 250 μL of sterile, 1.5
wt % chitosan solution in 1% acetic acid was added to each well of a 24-well plate, and the
excess chitosan solution was aspirated. The plate was then air dried in a sterile hood under
laminar flow for 3 h to form chitosan membranes. These membranes were neutralized with
0.2M NaOH and washed three times with sterile PBS. Sterile GAG solutions, either heparin,
dermatan sulfate, hyaluronan, or heparan sulfate (1 mg/mL in PBS) was preactivated by
adding equal volume of 10 mM EDC (in PBS) for 15–20 min. Five hundred microliter of the
GAG-EDC complex was added to each well and allowed to react for 24 h on an orbital
shaker. The GAG-derivatized chitosan surfaces formed were then washed three times with 1
mL sterile PBS for 1 h each. The GAGs evaluated in this study were heparin, dermatan
sulfate, hyaluronan, and heparan sulfate.

Evaluation of the stability of immobilized GAG culture surfaces
Chitosan membranes were covalently immobilized with GAGs as described earlier. Once
the reaction was complete, the unreacted GAG solution was collected and 0.5 mL of PBS
(substitute instead of culture medium) was added to each culture well and the culture plate
was incubated at 37°C for 3 weeks. Half volume changes of PBS were done twice a week.
The amount of GAG present in the initial unreacted GAG solution and the amount of GAG
released (desorbed) at periodic intervals was determined by a colorimetric assay using
Safranin-O dye. Briefly, 30 μL of each sample was added to a 96-well plate. To this, 240 μL
of 0.05 mg/mL Safranin O dye (in 50 mM sodium acetate buffer) was added, and the
absorbance was recorded at 510 nm. A standard curve was plotted by recording the
absorbance of serially diluted known concentrations of GAG. The linear equations generated
from the standard curves were used for GAG quantification. The amount of GAG initially
bound to the chitosan surface was evaluated by calculating the difference between the initial
amount of GAG added and the amount of unbound GAG remaining after the reaction. The
amount of GAG desorbed was evaluated by determining the GAG concentration in the PBS
solution retrieved at intervals over a period of 3 weeks.

Isolation of CD34+ cord blood cells
UCB samples were collected from Hutzel Hospital in 50 mL tubes containing 5 mL of acid
citrate dextrose, in accordance with an approved protocol from Wayne State University
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Institutional Review Board. Mononuclear cells were separated by density gradient
centrifugation (300g for 30 min at 20°C) using Histopaque-1077. The cell suspension was
washed twice with 2 mM EDTA in PBS, and the remaining red blood cells were lysed using
ammonium chloride lysis buffer (150 mM ammonium chloride, 10 mM sodium bicarbonate,
and 1 mM EDTA). CD34+ cells were isolated using the StemSep CD34+ Positive Selection
Kit and the Mini-MACS magnetic separation column according to manufacturer's
instructions. The purity of CD34+ cells was verified by flow cytometry (FACSCalibur,
Becton Dickinson) and was consistently >80%.

Cell culture
The enriched CD34+ cell suspension was seeded onto GAG-modified chitosan surfaces in
24-well plates at a density of 25,000 cells/well. Uncoated and chitosan coated surfaces were
used as controls. Cells were cultured in StemSpan serum-free medium supplemented with 50
ng/mL TPO, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a 5% CO2
atmosphere. Half volume medium changes were done twice per week. The total culture
duration was 17 days. The culture wells were demidepopulated at days 7, 11, 14, and 17.
Cells were counted and analyzed using a FACSCalibur flow cytometer (Becton Dickinson).

Measurement of Mk fraction and Mk apoptosis by flow cytometry
A three color flow cytometry analysis was used for the simultaneous measurement of Mk
CD41a expression, Mk apoptosis (via Annexin V binding), and cell viability (via 7AAD
binding). Briefly, the demidepopulated cell suspension was washed and centrifuged at 200g
for 10 minutes to pellet the cells. The pellet was resuspended, stained with anti-CD41a-FITC
and incubated in the dark for 30 min at 4°C. Following this, the cell suspension was washed,
stained with Annexin V-PE in Annexin V binding buffer (10 mM HEPES, 140 mM NaCl,
2.5 mM CaCl2, 0.1% BSA) and incubated in the dark for 15 min at 4°C. To test for viability,
the cells were stained with 7-Aminoactinomycin D (7AAD) and immediately analyzed by
flow cytometry. Ten thousand events were counted per sample, and the data was analyzed
using WinMDI 2.8 software. The Mk apoptotic fraction was determined by taking the ratio
of the number of apoptotic Mks (CD41a+, Annexin V+) to the total number of Mks (CD41a
+). Viability was assessed by considering the 7AAD+ (bright) cells as dead cells.

Analysis of Mk ploidy by flow cytometry
A double staining technique was used for the simultaneous measurement of DNA content
and surface immunopheno-typing to determine the DNA ploidy of Mks. Briefly, cells
demidepopulated at periodic intervals were washed, stained with anti-CD41-FITC, and
incubated for 30 min in the dark at 4°C. Following this, the cells were fixed in 1%
paraformaldehyde for 10 min, permeabilized with ice cold 70% methanol (–20°C) for 15
min, washed and incubated with 100 μg/mL RNase for 15 min at 37°C. Cells were stained
with propidium iodide (50 μg/mL) and immediately analyzed by flow cytometry. Ten
thousand events were counted per sample, and the data was analyzed using WinMDI 2.8
software. CD41a+ cells were gated and analyzed for ploidy.

Platelet analysis by flow cytometry
Platelets generated in the culture were enumerated using flow cytometry as CD41a+ events
with low forward scatter properties in the size range of blood platelets. Briefly, the
demidepopulated cell suspension was first centrifuged at 200g for 10 min to form the first
pellet. The supernatant was then collected and centrifuged at 1000g for 10 min to form the
second pellet. Both the pellets were washed, stained with anti-CD41a-FITC, incubated for
30 min in the dark at 4°C and analyzed by flow cytometry. Ten thousand events were
counted per sample, and the platelets were enumerated via back gating of CD41a+ events
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that are smaller in size as determined by low forward scatter (Fig. 6). The number of
platelets reported is the combined number from both the pellets.

Morphological and functional analysis of platelets by scanning electron microscopy
Platelet morphology and functionality was examined using scanning electron microscopy. A
clean glass slide was first coated with collagen solution (1.3 wt %) and air dried. Thirty
microliter of a day 14 culture sample (medium + cells) was deposited onto the coated slide
and incubated at 37°C for 45 min. The culture medium was then carefully aspirated, and the
cells were fixed with 2% glutaraldehyde in PBS for 15 min at room temperature. After
fixation, the sample was washed with PBS, dehydrated with an ethanol series, and vacuum
dried for 24 h. Slides were then sputter coated with gold and observed under a scanning
electron microscope.

Statistical analysis
Results are expressed as mean ± standard deviation of data obtained from at least two
independent experiments, with three replicate culture wells per group from each experiment.
The data sets from multiple experiments were combined by normalizing the data from each
experimental run to its polystyrene control. The individual normalized data points from all
experiments were then multiplied by the mean value of the polystyrene control across
experiments to obtain a combined data set of n ≥ 6 per group. Statistical significance was
determined by using Student's t-test. Probability values of less than 0.05 were considered
statistically significant.

RESULTS
GAG desorption kinetics

Covalent immobilization of GAGs was performed to generate culture surfaces with constant
characteristics. GAG desorption studies were performed to evaluate the stability of the
covalently immobilized GAG surfaces. Heparin, dermatan sulfate, and heparan sulfate
surfaces showed similar release kinetics. They were observed to release slowly into the
medium and by the end of 3 weeks >88% of the initial GAG was still bound to the surface
(Fig. 1). The Safranin O dye used in the assay binds to the GAG sulfate groups. Since
hyaluronan is not sulfated, the solutions collected from hyaluronan surfaces could not be
analyzed using Safranin O. Nevertheless, the loss rate of hyaluronan is expected to be
similar to the other GAGs. These results indicate that covalent immobilization of GAGs
onto chitosan resulted in a stable culture system with near constant characteristics.

Cell morphology
Most cells were weakly adherent and maintained a spherical morphology on all surfaces
until day 14 (Fig. 2). During week 2, some cells with larger diameters (compared to week 1)
were observed. After day 14, cell aggregation was observed on some surfaces. At day 17,
chitosan control, heparin, and heparan sulfate surfaces showed large adherent cell
aggregates. Aggregates were also observed on dermatan sulfate surfaces but were smaller in
size. On hyaluronan surfaces a large number of non-adherent, smaller-sized cell aggregates
were observed. On polystyrene, no cell aggregation was observed and cells maintained their
spherical morphology.

Cell proliferation
The total cell number increased on all surfaces until day 14 (Fig. 3). Higher total cell
expansion was observed on GAG surfaces compared to the controls. Notably, heparin and
dermatan sulfate surfaces showed significantly (p < 0.05) higher total cell expansion
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compared to both the controls. The decline in the total cell number observed on some GAG
surfaces after day 14 might have been due to the formation of cell aggregates which register
as single events in flow cytometry analyses, thus reducing the number of counted cells.
More rigorous mechanical and enzymatic methods for aggregate dissociation were not used
due to the likelihood of generating artifacts in cell viability or antigen expression in the
subsequent flow cytometry analysis.

The cell viability decreased on all surfaces with the duration of the culture (Table I).
Sulfated-GAG surfaces showed a higher fraction of viable cells (p < 0.05) during the early
stages of the culture (days 7 and 11) compared to the controls. Heparin and heparan sulfate
surfaces showed higher cell viability compared to the controls even at day 17. Viability on
the hyaluronan surface was comparable to the controls at all time points.

The Mk fraction increased with culture time and by day 14, nearly 70% of cells on all
surfaces expressed CD41a, indicating a high purity Mk culture. The GAG surfaces showed a
significantly higher CD41a+ expression (p < 0.05) compared to the polystyrene control at
day 14 (Table II). The Mk cell numbers followed a trend similar to the total cell numbers.
Heparin and dermatan sulfate surfaces showed significantly higher (p < 0.05) Mk cell
numbers compared to the controls at day 14 (Fig. 4). The results indicate that immobilized
GAGs promote total cell expansion, Mk cell expansion, and cell viability.

Megakaryocyte apoptosis and ploidy
Mk apoptosis is believed to play an important role in platelet release. The effect of various
immobilized GAGs on Mk apoptosis was analyzed via Annexin V binding. The analysis
revealed that significantly lower Mk apoptotic fractions were observed (p < 0.05) on GAG
surfaces compared to the polystyrene control during the early time points of the culture
(Table III). However, by day 14 the Mk apoptotic fraction on all surfaces was comparable.
The higher Mk numbers combined with comparable apoptotic fractions by the end of the
culture resulted in a higher number of apoptotic Mks on GAG surfaces compared to the
controls (Fig. 5). Mks generated in the culture had a ploidy level of <8N on all surfaces and
immobilized GAGs had no effect on Mk ploidy (data not shown). The results indicate that
immobilized GAGs reduced Mk apoptosis during the early time points of the culture,
resulting in larger numbers of Mks on GAG surfaces later in the culture.

Platelet production
Mk-generated platelets were enumerated using flow cytometry analysis based on size and
CD41a expression (Fig. 6). Platelet release was analyzed on days 11, 14, and 17 (Fig. 7).
Platelet numbers are reported as a cumulative number up to the point of analysis. Up to day
11, platelets were scarce on all surfaces. However, by day 14, a distinct CD41a+ population
with low forward scatter properties in the size range of blood platelets was observed. Higher
platelet production was observed on the GAG surfaces compared to the controls. More
importantly, dermatan sulfate and heparan sulfate surfaces showed significantly higher
platelet numbers (p < 0.05) compared to both the controls [Fig. 7(A)] by the end of the
culture. The number of platelets released in our culture correlated very closely with the
number of apoptotic Mks [Fig. 7(B)]. Furthermore, a higher platelet number per Mk was
observed on sulfated GAG surfaces compared to the polystyrene control on days 14 and 17
[Fig. 7(C)].

Platelets are known to be activated by contact with collagen.32 An activated platelet
morphology (characterized by filopodial processes) suggests that the platelet is functional.
While chitosan can induce platelet aggregation and adhesion,33 the mechanism is unclear.
Therefore, to visually confirm the functionality of platelets generated in culture, the better-
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understood collagen activation method was used. At day 14, 30 μL of cell suspension was
removed from culture and deposited onto a collagen-coated glass slide to activate the
platelets. The slides were then fixed and examined using scanning electron microscopy.
Figure 8(A) shows a Mk with pseudopodial extensions exhibiting a tubular and beaded
appearance, characteristic of proplatelets. Figure 8(B) shows a culture-derived platelet (2 μm
diameter) with thin filopodial extensions. These extensions are indicative of platelet
activation34 in response to the collagen-coated substrate. The results indicate that
immobilized GAGs enhance platelet production and that the platelets generated in this
culture system are functional.

DISCUSSION
A delay in Mk engraftment after UCB transplantation has limited its application as a
posttreatment after chemotherapy and radiation therapy. Over the past few years, researchers
have focused on expanding Mks and generating platelets from HSCs in vitro, with the goal
of reducing thrombocytopenia. GAGs have been shown to interact with and modulate the
activity of various growth factors and cytokines, thereby influencing cell signaling,
proliferation, and differentiation.17–24 In this study, GAGs were covalently immobilized
onto chitosan, and their effect on the process of megakaryopoiesis was investigated. The key
findings of the current study are as follows: cell viability on sulfated GAG surfaces was
significantly higher compared to both the polystyrene control and chitosan control during
the early stages of the culture (days 7 and 11). At day 14, significantly higher total cell and
Mk cell expansion was observed on heparin and dermatan sulfate surfaces compared to both
the polystyrene control and chitosan control. At day 14, the GAG surfaces showed a
significantly higher Mk fraction compared to the polystyrene control (Table II). The Mk
apoptotic fraction was significantly lower on GAG surfaces compared to both the
polystyrene control and chitosan control at day 7 and was significantly lower than the
polystyrene control at day 11, suggesting that GAGs delay Mk apoptosis. The Mk ploidy
levels were comparable on all surfaces. At days 14 and 17, dermatan sulfate and heparan
sulfate surfaces showed significantly higher platelet numbers compared to both the
polystyrene and chitosan controls. When comparing the two controls, chitosan showed a
higher total Mk fraction at day 14 and a lower apoptotic Mk fraction at day 11 compared to
the polystyrene control. However, the total cell numbers, Mk numbers and platelet numbers
were comparable between both the controls at all time points.

GAGs are found localized within the ECM in vivo and are believed to mediate cell–cell and
cell–ECM interactions. The soluble GAGs traditionally used in vitro may not embody the
signaling dynamics of matrix bound GAGs in vivo. In an attempt to mimic the in vivo
microenvironment, heparin was previously immobilized onto chitosan membranes via
charge interactions (i.e., ionically).22 However, ionic immobilization led to 90% of the GAG
being released into the culture medium over a 24-day incubation period. In contrast,
covalent immobilization used in this study resulted in a more stable culture system and most
of the GAG remained bound to the chitosan surface even after 3 weeks duration (Fig. 1).
The slow but constant desorption of covalently immobilized GAGs is likely due to passive
hydrolysis.

Platelet factor (PF4) and β-thromboglobulin (βTG) are negative modulators of
megakaryopoiesis that have been shown to be released into the medium during Mk
differentiation in vitro.35,36 Han et al.37 have reported that GAGs have the ability to
neutralize the effect of these inhibitors and thereby promote megakaryopoiesis. This effect
could be partly responsible for the increased proliferation (Fig. 3) and increased cell
viability (Table I) observed on GAG surfaces in the current study. In addition, Han et al.
reported that GAGs potentiate the activity of TPO and thereby enhance murine Mk growth
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in a serum-free agar system. The results from this study suggest a similar stimulating effect
of GAGs on TPO, evidenced by the higher Mk proliferation (Fig. 4) compared to the
controls.

The cell proliferation results indicate that the GAG surfaces promote total cell and Mk cell
expansion. Specifically, heparin and dermatan sulfate surfaces were more promising and
significantly enhanced cell expansion compared to both the controls. These results are in
agreement with a study by Chen et al.28 which reported that heparin stimulates the activity
of TPO and thereby enhances megakaryopoiesis. Teramachi et al.27 investigated the effect
of various GAGs on the clonal growth of Mk progenitor cells. Unlike what was observed in
this study, dermatan sulfate was shown to have no effect on the growth of Mks. This might
possibly be due to the differences in the magnitude and duration of signaling produced by
cytokines bound to soluble versus surface immobilized GAGs.

Nuclear polyploidization is essential for the maturation of Mks. It has been previously
reported that the Mk ploidy levels correlate with the number of platelets released.35 Mks
from bone marrow and peripheral blood have been shown to be capable of several cycles of
DNA replication up to 128 N.38,39 However, Mks from cord blood fail to mature and do not
attain high levels of ploidy.10,35 The results from this study showed that the ploidy level of
cord blood Mks was below 8 N on all surfaces and immobilized GAGs had no effect on Mk
ploidy. These results concur with a study by Teramachi et al.27 that show that GAGs do not
influence the ploidy distribution of cord blood Mks.

It has become increasingly evident that apoptosis plays an intricate role in platelet
production.14,15 TPO has been proven to be a key cytokine not only for Mk proliferation and
differentiation but also for platelet production.8–12 Moreover, it has also been reported that
TPO significantly reduces the percentage of apoptosis in primary Mks derived from bone
marrow aspirates during the early time points in culture.40 Given the GAG enhancement of
TPO activity and TPO effects on Mk apoptosis, we studied the effect of GAGs on Mk
apoptosis in the presence of TPO. The significantly lower Mk apoptotic fractions observed
on GAG surfaces compared to the polystyrene control during the early stages of the culture
suggest a GAG-mediated delay in the onset of Mk apoptosis (Table III). This delay may
have resulted in a higher number of viable cells capable of proliferation on GAG surfaces
around day 11, thus possibly explaining the higher Mk numbers on GAG surfaces at day 14.
Therefore, delaying Mk apoptosis is a desirable outcome because it prevents premature
senescence and allows for greater expansion of Mk numbers prior to platelet release.
However, it is important to note that at day 14 the apoptotic Mk fractions on GAG surfaces
were comparable to that on the controls indicating that the GAGs did not inhibit Mk
apoptosis. Higher Mk numbers and comparable apoptotic fractions by the end of the culture
resulted in a higher number of apoptotic Mks on GAG surfaces compared to the controls
(Fig. 5).

Higher platelet production was observed on GAG surfaces compared to the controls. The
enhanced platelet production on GAG surfaces was due to both a higher total Mk number
[Fig. 4(B)] and a higher number of platelets produced by each Mk [Fig. 7(C)]. Although all
four GAG surfaces promoted platelet production, dermatan sulfate and heparan sulfate
surfaces were more favorable and produced significantly higher numbers of platelets
compared to both the controls [Fig. 7(A)] by the end of the culture. This difference in the
activity between GAGs may be attributable to the differences in the degree of sulfation41

and the sulfation pattern.26 Both of these parameters are believed to influence the biological
activity of GAGs. The number of platelets generated in this study correlated closely with the
number of apoptotic Mks on each surface [Fig. 7(B)] suggesting that Mk apoptosis and
platelet production are two intricately linked processes.
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The projected platelet production under the current culture conditions when extrapolated to
account for an entire cord blood unit was in the range of 108 platelets. One possibility to
further enhance the production of platelets could be to divide the culture into two distinct
phases: an initial CD34+ expansion phase,22 followed by differentiation of the expanded
CD34+ population to megakaryocytes and platelets. This concept was used by Matsanuga et
al.7 who reported large-scale generation of platelets. In addition, incorporation of additional
cytokines that have a synergistic effect with TPO might enhance the overall yield of Mks
and platelets.42 This study utilized TPO as the sole cytokine to better understand the effect
of immobilized GAGs on the process of megakaryopoiesis. Future studies should focus on
optimizing the culture system and demonstrating the effect of immobilized GAGs in the
presence of a combination of cytokines. Finally, scaling up the existing culture system to a
three-dimensional perfusion bioreactor culture setting43 using GAG derivatized chitosan
scaffolds might assist in increasing the overall yield of Mks and platelets to clinically
feasible levels. Perfusion culture would produce a double benefit by improving both nutrient
delivery to the cells and proplatelet fragmentation to platelets.

In conclusion, the results from this study indicate that covalently immobilized GAGs
enhance Mk expansion and platelet production by reducing early apoptosis and maintaining
high cell viability. Thus, immobilized GAGs are promising tools for developing systems for
in vitro Mk expansion and platelet production.
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FIGURE 1.
Percentage desorption of covalently immobilized GAGs from chitosan membranes over 3
weeks. More than 88% of GAG remained bound to the chitosan surface indicating that
covalent GAG immobilization resulted in a stable culture system.
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FIGURE 2.
Phase contrast microscopy. (A) Week 1: similar morphology on all surfaces. (B) Week 2:
similar morphology on all surfaces. Some cells with larger diameter compared to week 1.
(C–F) Day 17: polystyrene control, heparin, dermatan sulfate, and hyaluronan, respectively.
Chitosan control and heparan sulfate surfaces exhibited cell morphology similar to the
heparin surface.
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FIGURE 3.
Effect of immobilized GAGs on total cell expansion. (A) All time points: the total cell
expansion increased on all surfaces till day 14. Error bars have been omitted for clarity. (B)
Days 14 and 17: significantly higher total cell expansion was observed on the heparin and
dermatan sulfate surfaces compared to both the controls at day 14. *Comparison with
polystyrene control, p < 0.05. †Comparison with chitosan control, p < 0.05.
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FIGURE 4.
Effect of immobilized GAGs on Mk cell number. (A) All time points: The Mk cell number
increased on all surfaces till day 14. Error bars have been omitted for clarity. (B) Days 14
and 17: significantly higher Mk cell number was observed on the heparin and dermatan
sulfate surfaces compared to both the controls at day 14. *Comparison with polystyrene
control, p < 0.05. †Comparison with chitosan control, p < 0.05.
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FIGURE 5.
Effect of immobilized GAGs on the number of apoptotic Mks. (A) All time points: the
apoptotic Mk cell number increased on all surfaces till day 14. Error bars have been omitted
for clarity. (B) Days 14 and 17: Higher apoptotic Mk cell numbers on the immobilized GAG
surfaces compared to the controls. *Comparison with polystyrene control, p <
0.05. †Comparison with chitosan control, p < 0.05.
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FIGURE 6.
Flow cytometry analysis for platelets. (A) Forward scatter (FSC) versus side scatter (SSC)
plot to select events based on size. (B) FSC versus anti-CD41a-FITC plot to determine
smaller size events that express positive for CD41a (platelets).
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FIGURE 7.
Effect of immobilized GAGs on platelet release. (A) Number of platelets: significantly
higher number of platelets was observed on dermatan sulfate and heparan sulfate surfaces
compared to both the controls. (B) Correlation between apoptotic Mk number and platelet
number—the number of platelets generated correlate closely with the number of apoptotic
Mks. (C) Number of platelet per Mk—higher platelet number per Mk was observed on
sulfated GAG surfaces at days 14 and 17. *Comparison with polystyrene control, p <
0.05. †Comparison with chitosan control, p < 0.05.
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FIGURE 8.
Scanning electron microscopy of Mk, proplatelet and platelet morphology. (A) Long
psuedopodial extensions originate from the Mk cytoplasm called proplatelets (scale bar: 10
microns). (B) 2 μm diameter platelet activated in response to the collagen surface (scale bar:
2 microns). Arrow head indicates collagen fibers.
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TABLE I

Effect of Immobilized GAGs on Cell Viability

Cell Viability (%)

Culture Surface Day 7 Day 11 Day 14 Day 17

Polystyrene control 83.9 ± 2.6 72.0 ± 1.8 70.0 ± 1.8 41.2 ± 3.6

Chitosan control 84.6 ± 0.8 73.2 ± 2.2 70.8 ± 7.1 39.9 ± 6.0

Heparin
94.6 ± 0.3

a,b
81.7 ± 1.4

a,b 75.2 ± 7.3
58.0 ± 4.0

a,b

Dermatan sulfate
90.1 ± 1.9

a,b
80.8 ± 1.0

a,b 70.0 ± 3.5 48.8 ± 4.3

Hyaluronan 84.0 ± 0.6 75.3 ± 2.9 70.4 ± 4.8 38.6 ± 7.9

Heparan sulfate
93.9 ± 1.0

a,b
79.9 ± 2.8

a,b 73.4 ± 5.1
57.4 ± 2.6

a,b

a
Comparison with polystyrene surface, p < 0.05.

b
Comparison with chitosan surface, p < 0.05.
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TABLE II

Effect of Immobilized GAGs on Total Mk Fraction

Total Mk Fraction (%)

Culture Surface Day 7 Day 11 Day 14 Day 17

Polystyrene control 16.8 ± 3.8 37.8 ± 9.8 69.7 ± 2.9 70.3 ± 1.2

Chitosan control 18.3 ± 4.1 43.4 ± 14.2
75.0 ± 2.5

a 72.9 ± 5.1

Heparin 19.7 ± 4.9 45.5 ± 18.1
78.3 ± 5.5

a 69.7 ± 8.0

Dermatan sulfate 18.3 ± 3.4 47.4 ± 19.5
76.9 ± 3.4

a 72.8 ± 4.5

Hyaluronan 19.9 ± 6.1 42.7 ± 16.1
73.9 ± 2.2

a 69.2 ± 2.1

Heparan sulfate 20.2 ± 5.1 47.5 ± 19.8
76.5 ± 2.0

a 69.2 ± 4.7

a
Comparison with polystyrene surface, p < 0.05.
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TABLE III

Effect of Immobilized GAGs on Apoptotic Mk Fraction within the Megakaryocyte Population

Apoptotic Mk Fraction (%)

Culture Surface Day 7 Day 11 Day 14 Day 17

Polystyrene control 5.2 ± 0.2 26.3 ± 3.6 33.5 ± 4.1 46.3 ± 8.0

Chitosan control 5.2 ± 0.6
21.6 ± 3.3

a 33.2 ± 11.1 48.3 ± 8.0

Heparin
4.3 ± 0.5

a
21.5 ± 2.4

a 36.6 ± 13.3 55.2 ± 10.9

Dermatan sulfate
3.3 ± 0.9

a,b
19.9 ± 3.5

a 38.4 ± 12.2 56.8 ± 5.1

Hyaluronan
4.0 ± 0.3

a,b
20.1 ± 3.9

a 32.9 ± 7.8 56.2 ± 5.0

Heparan sulfate
4.1 ± 0.3

a,b
17.8 ± 2.6

a
45.6 ± 8.7

a 56.4 ± 4.7

a
Comparison with polystyrene surface, p < 0.05.

b
Comparison with chitosan surface, p < 0.05.
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