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Abstract

Cell-based therapy is a method to treat diseases by introducing new cells into an injured 
organ. The approach has been investigated for treatment of a range of ailments, including 
myocardial infarction. Therapeutic cells can be introduced in several ways, including the 
direct injection of exogenous cells and the injection of chemoattractant molecules that 
recruit endogenous cells. In the case of treating cardiovascular diseases, clinical studies 
in patients have shown that these cell-based therapies are generally safe, but have yet to 
show substantial efficacy in improving heart function. 

A major hurdle facing the translation of cell therapy from the laboratory to the patient 
is that it is difficult to maintain a sufficient number of the therapeutic cells at the site 
into which they are recruited or injected. The work described in this dissertation, 
therefore, focused on biomaterial-based approaches to address the problems of poor 
recruitment, attachment, and retention of transplanted cells. First, biodegradable polymer 
microspheres were developed to release a chemoattractant molecule, SDF-1α, in a 
sustained manner and resulted in the successful recruitment of stem cells in vitro. Second, 
charged polymers were deposited onto cell surfaces and successfully demonstrated that 
the coatings modified the attachment of cells to surfaces. Lastly, two different types of 
hyaluronic acid-based hydrogels were developed that may be used to immobilize cells in 
a depot and improve cell retention at the site of injection: an environmentally-responsive 
chemically crosslinked hydrogel that gels based on in vivo physiology, and a physically 
crosslinked hydrogel that undergoes shear reversible gelation. The results of this body 
of work demonstrate in model systems the types of strategies that can be used to create 
biomaterials for cell-based therapies. These approaches may be implemented in the future 
to improve the clinical outcomes of these therapies.
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1

1.1 Cell-Based Therapy for the Treatment of Disease

Disease is the malfunction of a body’s normal processes and frequently involves the 
subsequent loss of tissues and cells. Hence, cell therapy—the introduction of new 
cells into an injured organ—has come to light as a possible solution to replace such 
malfunctioning or lost cells. This therapy has been investigated for treatment of a wide 
range of ailments such as neurodegenerative diseases,1,2 diabetes,3 skin repair and wound 
healing,4 lung injuries,5 and heart attacks.6

Heart attacks were, in fact, what initially motivated our work. Technically known as a 
myocardial infarction (MI), this condition is a result of blood vessel blockage and leads 
to the development of necrotic tissue. Though the heart has some capacity for healing 
after an infarct, it is not ideal. Infarcted cardiac tissue is left scarred, and vasculature and 
elasticity are compromised.7 Arrhythmias can often develop.8 Eventually, infarct injury 
can lead to heart failure.9 The body’s endogenous healing mechanisms are not sufficient 
to completely regenerate myocardial tissue and restore its function after MI, thus making 
this illness a worthy candidate for cell replacement therapies.

In these therapies, cells can be introduced into the injured tissue in several ways. 
Chemoattractants, which are molecules that can cause a patient’s own cells to migrate, 
can be injected into the diseased organ.10 Alternatively, cells themselves can be directly 
transplanted into the body. Many types of cells have been delivered, including skeletal 
myoblasts, hematopoietic precursor cells, embryonic stem cells, mesenchymal stem cells, 
and induced pluripotent stem cells.11,12

Chapter 1 Introduction
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But while the potential exists for cell-based therapies to treat and cure diseases, these 
therapies have yet to deliver on their promise. In the case of treating cardiovascular 
diseases, for example, clinical studies have shown that these cell-based therapies are 
generally safe, but have not shown substantial efficacy to improve heart function.8,12 
In essence, one major hurdle is the difficulty in maintaining sufficient numbers of 
the therapeutic cells at the part of the body into which they are recruited or injected. 
Chemoattractant molecules that are delivered in a bolus dose may not persist long enough 
to cause cells to travel to the injury site.13 Many chemoattractants are proteins, which 
may lose their biological activity in the body and are prone to breakdown by enzymes.14 
Cell delivery, too, may not be optimal due to poor attachment, engraftment, and survival 
of the cells at the site of injection.15-17 Of the number of cells implanted into the heart as 
treatment after a heart attack, studies report that less than 10% remain in the area where 
they are injected.18,19

The goals of our research, therefore, focused on ways that biomaterials could address the 
problems of poor recruitment, attachment, and retention of transplanted cells.

1.2 Biomaterials for Cell-Based Therapy Applications

We envisioned that biomaterials could be used to improve the efficacy of cell-
based therapies in three ways. First, cell recruitment could be increased by the use 
of biodegradable polymers for the encapsulation and release of chemoattractant 
molecules. Second, cell attachment could be improved via cell surface engineering. 
Third, cell retention at the site of injection could boosted by delivering and temporarily 
immobilizing cells within a hydrogel depot. Technical details and results of each 
approach are detailed in later chapters, but the background of each of these technologies 
are summarized below.

1.2.1 Biomaterial microspheres for sustained release delivery of biologics

Several cell signaling and chemoattractant molecules have been found to play a role in 
the natural healing response after cardiac injury.20 In general, however, these molecules 
are only transiently expressed. It has been shown that sustained release of these 
molecules are more beneficial than bolus doses, e.g. in stem cell recruitment.13
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Microspheres made of biodegradable polymers have been extensively studied as a 
method to deliver bioactive agents, such as drugs and proteins, in a controlled manner.21 
Microspheres are desirable since they can be delivered via minimally invasive means 
(e.g., needle or catheter).

Many biodegradable polymers have been studied for microencapsulation and drug 
delivery applications, including polycaprolactone, polyanhydrides, poly(ortho esters), 
poly(lactic acid) (PLA), and poly(glycolic acid) (PGA), and are extensively reviewed 
elsewhere.22 Poly(lactide-co-glycolide) (PLGA) (Figure 1.1), a copolymer of PLA and 
PGA, was chosen for our work since it is already in use in many FDA-approved medical 
devices.23,24

There are three main methods used to fabricate microspheres:  spray-drying, phase 
separation (coacervation), and solvent extraction/evaporation.21 Spray-drying is a simple 
method amenable to high-throughput production,21 and high concentrations of proteins 
can be encapsulated;25 however, it is difficult to control particle size and the high 
temperatures involved in this method may compromise bioactivity of the encapsulated 
compound.21 Residual solvent is frequently a problem using the phase separation 
technique, as well as the ability to make low micrometer-sized microparticles.21 For our 
work, the solvent extraction/evaporation technique presented an acceptable compromise. 
This method would be amenable to high throughput fabrication without using high 
temperatures, and microspheres of a controlled size range can be produced.

Several properties can affect microsphere formation and, consequently, release of the 
bioactive compound.26,27 These variables include, but are not limited to: choice of 
polymer, molecular weight of the polymer, chemical modifications of the parent polymer 
(main chain or endgroup), excipients, protein concentration, choice of solvent, solubility 

Figure 1.1 Chemical structure of poly(lactide-co-glycolide) (PLGA). The ester end group PLGA is 

represented by R = CH3; the acid end group PLGA when R = H.
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of polymer in solvent, and phase volumes. Modification of these variables can result in 
different release profiles, and therefore enables the ability to tune release kinetics for a 
specific therapeutic application. In our work, we employed the use of the water-in oil-in 
water (W1/O/W2) double emulsion solvent extraction/evaporation technique to produce 
microspheres (Figure 1.2).

1.2.2 Biomaterials for cell surface engineering

Adhesion of cells to each other and to their environment is crucial in biological systems. 
In normal human development, adhesion is important for many aspects, including 
cell survival and tissue formation. It is known that most cells prefer to be adhered to a 
surface—and when they cannot attach, they die.29 The disruption of normal cell adhesion 
has serious consequences that can lead to disease, and vice versa. In cancer, for example, 
tumor cells show decreased adhesive properties, allowing them to detach and spread 
throughout the body.30 Understanding the phenomenon of cell adhesion is not only to help 
refine and improve stem cell-based therapy for the treatment of various diseases (such 

Inner aqueous phase
Protein

Outer aqueous phase
Emulsion stabilizer (PVA)

Organic phase
Polymer, surfactant

Emulsification
Water-in-oil

Emulsification
Water-oil-water

Extraction
Removal of solvent from 
nascent microsphere dropletsLyophilization

Removal of water
and residual solvent
 from microspheres

Figure 1.2 Schematic of the 

W1/O/W2 solvent extraction/

evaporation method to 

fabricate microspheres. 

(Adapted and re-drawn from 

Hanes et al.28) 
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as heart disease), but also to offer better tools to understand disease mechanisms (such 
as cancer). Our research sought to investigate how we could use biomaterials to modify 
the surfaces of individual cells, and subsequently observe how their adhesion to different 
substrates was affected.

Some of the first attempts to modify cell surfaces dates back to the 1970s, when 
biomaterials were used to “coat” and encapsulate cells for the immunoisolation of 
xenogenic islet transplants.31 The rationale was that semi-permeable barriers would allow 
nutrients and oxygen to reach the cells inside of the capsule and wastes to diffuse out 
of the capsule, but block entry of cytotoxic components of the immune system.32,33 The 
capsules, however, were quite large (100-800 μm), and were found to limit proper mass 
transport. In the years since, the techniques of cell encapsulation have evolved, yielding 
considerable decreases in encapsulation thickness.34

As more techniques to encapsulated cells are being developed, the thinner cell 
encapsulation methods have now sprung a category of biotherapeutics termed “cell 
surface engineering.” This field is still in its infancy, but it has already found applications 
ranging from prevention of immune rejection to cell targeting.35 Though several methods 
have being explored to engineer the surfaces of cells (see Chapter 3 for more detail), we 
were interested in the technique of layer-by-layer (LbL) assembly. Pioneered by Gero 
Decher, LbL assembly involves the deposition of alternate layers of positively- and 
negatively-charged polymers (so called “polyelectrolytes”) onto a surface.36 The LbL 
assembly is a technique most often used on non-living surfaces (Figure 1.3), but it has 
been recently demonstrated that this technique can be used on living cells.37,38
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1.2.3 Hydrogel biomaterials as cell delivery vehicles and retention depots

Hydrogels are unique materials that can hold large volumes of water despite their low 
solid content. These chemically diverse materials can be synthesized to be biocompatible 
and biomimetic, and have been studied for their use in drug delivery, cell transplantation, 
tissue engineering, and medical devices.40,41 It has been recognized that environmental 
cues and material structure profoundly affect cell attachment, migration, growth, and 
proliferation.17 Consequently, hydrogels can be particularly beneficial for cell delivery 
and transplantation because their porous, malleable, three-dimensional matrix can provide 
support for cell adhesion while allowing greater freedom of movement and proliferation 
capacity over solid, two-dimensional structures. When combined with cells, the gel can 
serve as a depot to temporarily immobilize the cells and allow them to migrate to and 
from the surrounding tissue at their own pace.

Because of their high water content, mechanical stability of hydrogels is provided 
by either chemical (covalent) crosslinks or physical (non-covalent) bonds.42,43 Most 
hydrogels are stabilized by chemical crosslinks, which can be formed by an extensive 

Polyanion PolycationWash Wash

Multilayered Film

100 nm

Figure 1.3 A schematic of the layer-by-layer (LbL) method as performed on inorganic surfaces. Surfaces are 

dipped in a solution of one polyelectrolyte, washed, then dipped into the oppositely charged polyelectrolyte 

and washed again; the process can be repeated to build up nanometer thick layers. (Adapted and re-drawn 

from Jewell et al. 39) 
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number of chemistries that will not be discussed here, but are reviewed nicely by 
Kopeček44 and Hennink.45 

Hydrogels for cell encapsulation and transplantation can also be assembled via 
physical, non-covalent crosslinks. Mechanisms of physical gelation include hydrogen 
bonds, hydrophobic association, crystallization, protein interactions, and ionic 
coacervation.42,44-46 Because physical gels are non-covalently bound, these materials have 
transient crosslinks that can break and re-form. The ability of a physically crosslinked 
gel to “heal” or “recover” has been shown to allow improved cell movement and 
proliferation over chemically crosslinked hydrogels.47,48

There are several aspects of hydrogels that would be particularly desirable for cell 
delivery applications. First, the material should be able to be injected via minimally 
invasive means. Not only can this be a safer approach, but it is more palatable and 
acceptable to patients.49,50 Second, the gels should can form in situ based on physiological 
conditions. Many in situ covalently gelling hydrogels are so-called “injectable” but after 
the chemical reaction with an exogenous crosslinker has been initiated, injectability 
decreases with time and cannot be reversed. A material that can covalently gel only at the 
site of delivery has the capability to be pre-mixed in a delivery device, and be injectable 
after an indefinite amount of time. Third, hydrogels based on natural extracellular (ECM) 
components may be the most amenable for biocompatible and efficacious therapies, 
especially for the delivery of sensitive cells like stem cells.41 ECM-based materials that 
have been studied for cell encapsulation include gelatin, collagen, fibrin, and hyaluronic 
acid (HA).51,52

HA is particularly attractive due to its role in tissue development, embryogenesis, and 
wound healing.53,54 Because of these attributes, it is a material that is common to much 
of the work presented in this thesis. HA is a linear, anionic polymer consisting repeating 
disaccharides of β-1,4-linked glucuronic acid and β-1,3-linked N-acetyl-D-glucosamine 
(Figure 1.4). A fair number of chemically-crosslinked HA hydrogels have been studied 

x 

Figure 1.4 Chemical structure of hyaluronic acid (HA).
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for drug and cell delivery.55,56 A relatively small number of physically crosslinked HA 
hydrogels have also been developed.57-62

1.3 Statement of objectives and overview of this thesis

The research presented in this dissertation focused on biomaterial-based approaches 
that may be used to address the problems of poor recruitment, attachment, retention of 
transplanted cells. Figure 1.5 shows a schematic of the four different strategies in which 
the use of biomaterials were investigated: 1) Biodegradable microspheres for stem cell 
recruitment, 2) cell surface engineering, 3) chemically crosslinked hydrogels, and 4) 
physically crosslinked hydrogels.

Stem Cell

SDF-1

SDF-1

RECRUIT & 
RETAIN

SDF-1

Strategy 1:  Biomaterial microspheres for stem cell recruitment Strategy 2:  Biomaterials for cell surface engineering

Strategy 3:  Chemically crosslinked biomaterial hydrogel Strategy 4:  Physically crosslinked biomaterial hydrogel

-
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- -
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Biomaterial Approaches for Cell-Based Therapies

Figure 1.5 Biomaterial strategies explored for cell-based therapies.
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Beyond this chapter, the thesis is organized into five chapters. Chapter 2 presents research 
in which a chemoattractant was encapsulated into biodegradable polymer microspheres 
for the recruitment of stem cells. Chapter 3 used biomaterials to examine cell-matrix 
interactions in an effort to understand and control cell adhesion. Chapter 4 compares, 
contrasts, and characterizes the gelation behavior of a chemically crosslinked hydrogel, 
both in vitro and in vivo. Chapter 5 discusses the development of a novel semi-synthetic 
physically crosslinked hydrogel. Chapter 6 contextualizes the entire body of results, 
presents strategies for improvement, and offers future directions for the work.



10

2.1 Introduction

Stem cell therapy has come to the forefront as a promising method to treat a wide variety 
of medical conditions, including neural degeneration,2,63 chronic wounds,4 lung diseases,5 
and ischemic heart diseases.6 Benefits of stem cell therapy include direct increase in the 
density of the live cells in the injured area and improved survival and function of existing 
tissue due to stem cell-secreted factors.

Despite significant progress in the field, stem cell therapy has yet to deliver on its 
promise as a cure for these diseases. One major reason is that poor cell survival and 
engraftment after stem cell transplantation has been observed in many cases such as with 
embryonic stem cells for Parkinson’s disease,63 and bone marrow mononuclear cells for 
the treatment of myocardial infarction (MI).64 Of the stem cells implanted into the heart 
to treat tissue damage resulting from a heart attack, it is estimated that less than 10% are 
retained in the area where they are injected.18 Moreover, once in the area of transplant, the 
surviving cells do not proliferate in sufficient numbers to produce therapeutic effects.6,63 
Consequently, clinical studies in patients with cardiovascular diseases have shown that 

Chapter 2
Stromal Derived Factor-1a 
Loaded PLGA Microspheres 
for Stem Cell Recruitment†‡
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cell-based therapies are generally safe but do not show substantial efficacy in improving 
heart function.8

It has been realized that the transplanted cells do not receive adequate signals for 
proper retention, recruitment, and engraftment in the host tissue. One such signal is 
stromal-derived factor-1 alpha (SDF-1a). SDF-1a is an 8-kDa protein that can induce 
mobilization of many cell types, including lymphocytes, monocytes, hematopoietic 
progenitor cells, and stem cells.20,65,66 SDF-1a is thought to play a role in neo-
angiogenesis and cardiogenesis,20 and is neuroprotective in cases of Parkinson’s disease.67 
A recent review suggested that a strategy to improve the homing and engraftment of stem 
cells—and therefore efficacy of stem cell therapy — is to pre-treat the host tissue with a 
local injection of SDF-1a before the transplantation of stem cells.64 Indeed, injection of 
SDF-1a has been shown to recruit stem cells to ischemic myocardium.13,68,69

Although direct injection of SDF-1a has shown some benefit in cell therapy, bolus 
injections of the molecule is transient and the effects short-lived. Consequently, various 
methods have been developed to prolong the persistence of SDF-1a at the site of 
injection. Different cell types including fibroblasts,68 skeletal myoblasts,70 and MSCs71 
have been engineered genetically to over-express SDF-1a and have shown to increase 
stem cell homing and improve cardiac function in animal models. Methods that enhance 
the in vivo lifetime of SDF-1a through inhibiting proteolysis of the molecule have also 
improved cardiac function after infarct.14,72 There may be drawbacks of these biological 
approaches, however. In particular, the methods involving genetic modification of cells 
could present a safety concern since they can result in a permanent increase in SDF-1a 
expression. Regulating the duration of SDF-1a expression to meet the need of wound 
healing can also be challenging. Therefore, a biomaterial-based approach would be more 
desirable because SDF-1a could potentially be delivered in a sustained, transient, and 
controlled manner.

To our knowledge, only one study has used a biomaterial to deliver SDF-1a in a 
sustained manner: Zhang et al.13 designed a PEGylated fibrin patch in which this 
chemokine was gradually released over a 10-day time frame, and was shown to recruit 
more stem cells than bolus doses. Because the natural compensatory mechanisms of 
the infarcted heart results in increased SDF-1a expression for 7 days post-MI,68 the 
10-day time frame would not be long enough to offer long-term improvements in 
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cardiac function. Consequently, we sought to develop a biomaterial-based method that 
could deliver SDF-1a for longer than 10 days, and also be deliverable by minimally 
invasive means (e.g., injection via a needle). We hypothesized that biodegradable 
microspheres could be designed for this purpose. While both PEGylated fibrin material13 
and microspheres are able to be delivered through a needle, the PEGylated fibrin must 
be injected before it sets up as a gel. On the contrary, there is no time constraint on 
microsphere delivery, which provides much convenience and flexibility to the surgeon.

The goal of our work was to fabricate a robust microsphere formulation that could offer 
long-term, sustained-release of SDF-1a, whose bioactivity could be preserved after 
encapsulation and release. We chose poly(lactide-co-glycolide) (PLGA) to fabricate 
microspheres because this polymer is biodegradable and already in use as a part of FDA-
approved medical devices.73,74 We sought to investigate various microsphere fabrication 
parameters that would affect the release of SDF-1a, and characterized the morphology 
of the resulting formulations. Lastly, and most importantly, we set out to show that the 
bioactivity of SDF-1a could be preserved and could stimulate the migration of stem cells 
throughout the entire duration of release from the microspheres.

2.2 Materials and Methods

2.2.1 Materials

Recombinant mouse stromal derived factor-1 alpha (SDF-1a) was purchased from 
R&D Systems (Minneapolis, MN). PLGA with ester end-groups was from Boehringer 
Ingelheim (Cat No. RG103; Ridgefield, CT). PLGA with free acid end-groups was 
from Lakeshore Biomaterials (Cat No. DLG4A; Birmingham, AL). All PLGA samples 
had the composition of 50:50 D,L-lactide:glycolide and Mw of 53 kDa. Bovine serum 
albumin (BSA) and porcine gelatin (Type A) were purchased from Sigma (St. Louis, 
MO). TE-lactose consisted of 10 mM Tris-HCl, 1 mM EDTA, 300 mM a-lactose, pH 
8.0. Polyvinyl alcohol (PVA) was obtained from Polysciences (MW 25,000; Warrington, 
PA). RPMI-1640 medium, fetal bovine serum (FBS), and Dulbecco’s phosphate buffered 
saline (DPBS) was purchased from Gibco Invitrogen (Carlsbad, CA); FBS was not heat-
inactivated before use.
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2.2.2 Fabrication of microspheres

Microencapsulation of proteins was accomplished using the water-in oil-in water (W1/O/
W2) solvent extraction/evaporation technique; details of formulations are shown in 
Table 2.1. PLGA (100 mg) was dissolved in dichloromethane (0.7 mL or 2.0 mL) and 
constituted the dispersed phase (DP). The internal aqueous phase (66.5 µL or 125 µL) 
consisted of TE-lactose with SDF-1a (2 µg or 0.002% w/w), BSA (5 mg or 5% w/w), or 
a combination of the two proteins. This inner aqueous solution was added to the dissolved 
PLGA and sonicated for 10 sec at 6-8 Watts (Fisher Scientific Sonic Dismembrator Model 
100) to produce the first emulsion (W1/O). This first emulsion was then added to 25 mL 
of 5% PVA in H2O (the continuous phase, CP), and homogenized for 30 sec at 4700 rpm 
(Silverson L4RT) to produce the second (W1/O/W2) emulsion. In order to increase the 
extraction of dichloromethane from the microsphere droplets, the W1/O/W2 emulsion was 
subsequently poured into 50 mL of 1% PVA in H2O, and stirred continuously for at least 
2 h at room temperature. The solidified microspheres were then centrifuged, rinsed three 
times with distilled water (pH 8.0), and freeze-dried. 

2.2.3 Characterization of microspheres

2.2.3.1 Analysis of microsphere size 

Microsphere size analysis was based on a method described by Xu et al.75 Lyophilized 
microspheres were suspended into DPBS and placed onto a glass slide. Using an 
Olympus IX70 microscope, images were obtained at either 20x (Formulations A, E, 
F, G) or 40x (Formulations B, C, D) magnification. Particle diameter was determined 

Table 2.1  Details of microsphere formulations
Table 1. Details of microsphere formulations 

Formulation 
IDa 

PLGA 
End-

group 

BSA 
Excipient 

[w/w] 

Solvent 
Vols. 

(W1/O) 
[mL/mL] 

Sonication 
Temp. [°C] 

SDF 
Load 
[w/w] 

Size, 
Mean ± SD 

[mm] 

A Acid 5% 66.5 / 0.7 21 0.002% 22.5 ± 8.2 
B Acid 5% 125 / 2.0 21 0.002% 10.1 ± 3.2 
C Ester 5% 125 / 2.0 21 0.002% 5.0 ± 1.4 
D Ester 0% 125 / 2.0 21 0.002% 4.6 ± 1.5 
E Acid 0% 66.5 / 0.7 21 0.002% 13.0 ± 5.4 
F Acid 0% 66.5 / 0.7 21 0% 14.6 ± 6.8 
G Acid 5% 66.5 / 0.7 0 0.002% 16.7 ± 8.9 

a All formulations were fabricated with 100 mg of PLGA (Mw 53 kDa, 50:50 D,L-lactide:glycolide), TE-
lactose as internal aqueous phase (W1), and dichloromethane as organic solvent (O). 
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with ImageJ using the software’s built-in analysis tool. At least 100 microspheres were 
measured for each formulation.

2.2.3.2 Determination of encapsulation efficiency

Dichloromethane (100 mL) was added to 3 mg of prepared microspheres to dissolve 
the polymer. The mixture was placed on an end-to-end mixer overnight at 4°C, then 
100 mL of DPBS was added and the samples were vigorously vortexed. The samples 
were centrifuged at 5000 × g for 10 min, and the top layer of DPBS was removed. 
The centrifugation extraction step was repeated with another 100 mL of DPBS, and the 
DPBS extraction samples were pooled. SDF-1a content of the extraction samples was 
determined by ELISA (R&D Systems). Encapsulation efficiency (EE) was calculated as 
the ratio of actual to theoretical SDF-1a content.

2.2.3.3 Characterization of the release of SDF-1a from microspheres

Microspheres (10 mg) were combined with 0.5 mL DPBS, pH 7.4 (Gibco, Carlsbad, CA). 
Samples were placed in a 37°C incubator with constant shaking (225 rpm). At each time 
point, samples were centrifuged (10 min at 450 × g), and the entire volume of supernatant 
was removed and replaced with fresh DPBS. Samples were obtained once per day for 
the first week, then once a week thereafter. Release studies continued until microspheres 
were completely dissolved. The amount of SDF-1a in release samples was determined by 
ELISA (R&D Systems), and was expressed as the cumulative percent of the theoretical 
load of SDF-1a.

2.2.4 Stem cell migration assay

Green fluorescent protein (GFP)-expressing porcine mesenchymal stem cells (MSCs) 
were provided by Dr. Jianyi Zhang (Department of Medicine, University of Minnesota). 
In brief, bone marrow of Yorkshire swine were aspirated and subjected to gradient 
density centrifugation, and the mononuclear layer was allowed to attach to fibronectin-
coated flasks; cells that were adherent at day 3 after plating were MSCs. Pluripotency 
of the MSCs was demonstrated by their ability to undergo osteoblast and chondroblast 
differentiation in vitro.76 The MSCs were genetically modified to express GFP according 
to a method previously described.77
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To maximize the migration capability of the cells, MSCs were incubated with 1 ng/mL 
TNFa (R&D Systems) in migration medium (MM; 0.25% BSA in RPMI-1640 medium) 
for 1 day before the start of the assay, according to Ponte et al..78 Migration assays were 
performed in 96-well HTS Transwell plates (8.0 mm pore size, polyester membrane; 
Corning, Lowell, MA); the filters were coated with 0.1% (w/v) porcine gelatin in DPBS 
for 1 h at 37°C before use. MSCs (7 × 104 cells) were added to each insert, and 235 µL of 
migration medium containing controls, serial dilutions of SDF-1a, or microsphere release 
samples were placed in the bottom chambers. Positive and negative controls consisted 
of 30% FBS in MM and MM alone, respectively. Microsphere release samples from the 
first phase (termed “early release”; generally, samples collected on day 1 or 2) were not 
deacidified prior to conducting the migration assay. Microsphere release samples from 
the second release phase (termed “late release”; generally, samples released between days 
~35 and 60) were deacidified prior to subjecting to the migration assay using centrifugal 
filters (Amicon Ultra, 3000 MWCO; Millipore, Cork, Ireland). When possible, samples 
were diluted with MM to achieve the equivalent SDF-1a concentration as represented 
in the fresh SDF-1a dose-response. The SDF mass released from Formulation G 
microspheres at day 1 was fairly low, and were concentrated using the Amicon Ultra 
centrifugal filters; the highest concentration we were able to achieve was 22 ng/mL. The 
Transwell plate was placed overnight in a humidified incubator at 37°C and 5% CO2, and 
a cotton swab was used to wipe non-migrated MSCs from the upper side of the filter. The 
cells that had migrated to the bottom side of the filter were imaged using fluorescence 
microscopy (20x magnification) and enumerated. Representative images (n≥3) were 
obtained, and extrapolated to represent total number of migrated cells per insert. 

2.2.5 Statistical analysis

Data are shown as mean ± S.D. Statistical analyses were performed using the two-sample 
equal variance Student’s t-test. A probability (p) value of <0.05 was deemed statistically 
significant. 
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2.3 Results

2.3.1 Microsphere fabrication and release studies

We sought to encapsulate SDF-1α into PLGA microspheres by using a double-emulsion 
solvent extraction/evaporation technique, and investigated the effects of formulation 
variables of PLGA end-group, solvent volumes, the use of an excipient, and sonication 
temperature on the subsequent release of SDF-1α.

Seven microsphere formulations were prepared as described in Table 2.1. We chose a low 
feed mass of SDF-1a in our formulations, partially due to expense of the protein, but also 
because SDF-1a is a potent chemokine. Concentrations of SDF-1a studied in in vitro 
chemotaxis assays that can elicit statistically significant cell migration are commonly in 
the range of 1-200 ng/mL, depending on cell type.78-81

Replicate batches of each formulation were made, and batches were made on different 
days. The release kinetics of all replicates batches of Formulation A are shown in Figure 
2.1A, and there is good consistency among the batches. One representative release 
profile of each of Formulations B-G is shown in Figure 2.1B; the other replicates of 
Formulations B-G had similar inter-batch release profiles. As expected, SDF-1a in 
release samples from empty microspheres (Formulation F) was not detected by ELISA, 
and is not shown in Figure 2.1 for clarity. The release curves exhibited a triphasic shape 
characteristic of PLGA:82 a high initial burst (days 1-2), followed by a plateau where little 
protein was released (~days 5-30), followed by second release period that was due to 
bulk degradation of the polymer (after ~day 35). Of all formulations made, Formulation 
A released the highest cumulative percent of SDF-1a (64 – 87%, depending on batch). 
Formulations B and G released a moderate amount of SDF-1a�(~30% and ~40%, 
respectively), while Formulations C-E released very little SDF-1a�(less than 2%). As 
exemplified by the release curves of Formulation A, the low batch-to-batch variability 
indicates that our microsphere fabrication process is robust and reproducible. SDF-1a 
was released over a time period of more than 50 days for Formulations A, B, and G.
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2.3.2 Encapsulation efficiency

Encapsulation efficiency (EE) was determined by dichloromethane/DPBS extraction 
then assessment of the extracts by ELISA. When compared to the release curves shown 
in Figure 2.1, the measured EE values were much less than the total cumulative amount 
of SDF-1a released. For example, although EE analysis determined that only 9% of 
SDF-1a was loaded into the Formulation A microspheres, the release curve shows that 
almost 90% of the theoretical loading was released by the time the microspheres were 
completely degraded. 

Figure 2.1 Cumulative release of 

SDF-1a from PLGA microspheres in 

DPBS at 37 °C. Replicate batches 

of Formulation A are shown in panel 

(A), while one representative release 

curve of all other formulations is 

shown in (B). The amount of SDF-1a 

in release samples was determined 

by ELISA, and is expressed as 

the cumulative percent of the feed 

mass of SDF-1a loaded during 

microsphere fabrication. Details of 

microsphere formulations are shown 

in Table 2.1.
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We attempted to perform complete microsphere digestion by other means, both by 
a mild acid/surfactant method and by a strong acid method, with subsequent protein 
determination by the TNBSA assay (Pierce, Rockford, IL) for amino groups. We were 
not able to detect SDF-1a in the microsphere degradation samples using these polymer 
dissolution methods because the amount of protein released was below the detection limit 
of the assay. We note that detection of SDF-1a by ELISA after acid digestion would not 
be possible due to complete degradation of SDF-1a into individual amino acids.

2.3.3 Microsphere sizing and morphology

We chose to determine microsphere size and morphology using optical microscopy in 
order to observe the microspheres in their hydrated state. Brightfield optical images 
of microspheres from the different fabrication processes are shown in Figure 2.2. 
Formulations A and F yielded microsphere populations that showed heterogeneous 
opacity, i.e. a mixture of dark microspheres and translucent microspheres. In contrast, 
Formulations C-E yielded microsphere populations of homogeneous opacity, where the 
entire population was either dark or translucent. Formulation G produced microspheres 
that appeared to have a dense “shell” layer at the outer surface and an inner translucent 
“core.” Formulations B, C, and D appeared noticeably rougher and more porous than the 
rest of the formulations.

The values of average diameter for all microsphere formulations are listed in Table 2.1. 
There were wide distributions in particle size within each formulation preparation, as 
shown visually and graphically in Figure 2.2 and Figure 2.3, respectively. Formulation 
A yielded the largest microspheres (22.5 ± 8.2 mm); Formulations C and D were the 
smallest (average of ~5 mm). The rest of the microsphere formulations (Formulations B, 
E, F, and G) had diameters in the mid-range (~10-17 mm).

2.3.4 Bioactivity of released SDF-1a

The ideal in vitro experiment to test the bioactivity of the chemokine-encapsulating 
microspheres would be to expose cells to microspheres for the entire time duration 
of microsphere degradation. However, cells would not be allowed to be in culture 
undisturbed for the ~70 days that it would take for the microspheres to completely 
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Formulation A 
(RT)

SDF-1alpha-loaded PLGA microspheres

Formulation G 
(ice)

Formulation B 
(lg vol)

Formulation E 
(no BSA)

(large image scale bar = 100 um)
(inset scale bar as shown)

Formulation 
F/H (low vol, 

MT)

Formulation C 
(Ester, BSA/
SDF, lg vol)

Formulation D 
(ester, no BSA, 

lg vol)

A

50 mm

B

25 mm

C

10 mm

D

10 mm

E

50 mm

F

50 mm

G

50 mm

Figure 2.2 Representative brightfield optical microscopy images of microspheres. (A) ~ (G): Formulations A 

to G. Images were obtained at 20x (A, E-G) or 40x (B-D) magnification; select areas are enlarged in insets. 

All scale bars are 100 μm, unless otherwise noted.
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degrade. Therefore, we exposed cells to release samples from different time points, from 
either early in the degradation process (the initial burst phase, collected at day 1) or late 
in the degradation process (the second release phase, collected ≥ day 35). 

Before testing release samples, we first conducted an investigation of the control 
conditions to ensure that the stem cells were chemoattractant-responsive. Following 
a method reported in the literature,78 we used a Transwell migration assay to test the 
bioactivity of the released SDF-1a released from the microspheres. In this assay, cells 
were placed in the upper chamber of the plate, and test samples were placed into the 
bottom chamber of the plate. If bioactive, the SDF-1a should cause chemotaxis of MSCs 

Figure 2.3 Histograms of microsphere particle size distribution: (A) ~ (G): Formulations A to G. Mean particle 

sizes are listed in Table 2.1.
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Unstimulated

pMSC migration assay to SDF control samples

Positive 
Control

SDF-1

(scale bar = 100 um)
all cells shown after swabbing

all from 10.28.10 expt

Negative 
Control

TNFa pre-stim

A

FE

B

C D

Figure 2.4 Representative fluorescence microscopy images of the migration of GFP-expressing porcine 

MSCs to control samples. Cells remained in growth media (A, C, E; “unstimulated”) or were incubated with 

1 ng/mL TNFa (B, D, F; “pre-stim”) overnight prior to testing in the migration assay. Positive and negative 

controls were 30% FBS in migration medium (MM) and MM only, respectively; SDF-1a concentration was 

62.5 ng/mL. Images were captured after wiping the non-migrated cells from the top surface of the insert with 

a cotton swab. Scale bar = 100 μm. Magnification, 20x.
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from the upper chamber to the lower chamber. At the end of the migration period, non-
migrated cells were removed from the upper chamber by wiping with a cotton swab.

According to Ponte et al., pre-stimulation with a pro-inflammatory molecule, tumor 
necrosis factor-alpha (TNFa), will elicit a heightened migratory response in MSCs.78 We 
tested this concept by exposing the MSCs to test samples, with or without pre-treatment 
with 1 ng/mL TNFa. Test samples consisted of positive and negative controls (30% 
FBS in MM or MM only, respectively) and different concentrations of SDF-1a. We 
found that regardless of whether the MSCs were left unstimulated or subjected to TNFa 
stimulation, many cells migrated in response to the positive control, appeared healthy, 
and were spindle-like in shape (Figure 2.4A and B, respectively); furthermore, there was 
no difference in cell morphology between unstimulated and TNFa-stimulated cells. Few 
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Figure 2.5 The effect of 

TNFa pre-incubation on 

porcine MSC migration in 

response to SDF-1a. MSCs 

were incubated overnight 
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before exposure to a 

various doses of fresh SDF-
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cells migrated to the negative control, regardless of the absence or presence of TNFa 
(Figure 2.4C and 4D, respectively). Because SDF-1a samples were diluted into migration 
medium that did not contain serum, the cells subjected to these conditions were round in 
shape (Figure 2.4E and 4F); however, the cells were alive since they expressed GFP and 
fluoresced green. Cells migrated to the source of SDF-1a in a dose-dependent manner 
(Figure 2.5); it can be observed that for each concentration of SDF-1a, MSCs migrated in 
greater numbers when pre-stimulated with TNFa than when left unstimulated.

Since we observed increased migration of the MSCs after TNFa stimulation, we chose 
to pre-treat the cells with this molecule for all subsequent studies. Due to inherent 
differences in biological activity with every experiment, we included the testing of 
different concentrations of SDF-1a alongside the negative and positive controls for every 
assay. We chose to focus on testing the release samples from Formulations A, G, and F in 
order to determine if sonication on ice would show differences in the protection of SDF-
1a bioactivity.

MSCs that were exposed to SDF-1a release samples from Formulation A microspheres 
are shown in Figure 2.6; representative fluorescence images are shown before removing 
the non-migrated cells from the top of the Transwell insert. “Early release” samples did 
not appear to cause cell death, as evidenced by bright, green cells shown in Figure 2.6A. 
However, when MSCs were exposed to samples from the second release phase (“late 
release”), no green cells were observed, suggesting that the samples were cytotoxic 

pMSC migration assay to SDF release samples

Early 
release

(scale bar = 100 um)
at day 1 migration; before cotton swab

from 11.03.10 expt

Late release, not 
neutralized

Late release, 
neutralized

A B C

Figure 2.6 Representative fluorescence microscopy images of the migration of GFP-expressing porcine 

MSCs to release samples from Formulation A microspheres. Cells are shown at day 1 after adding cells to 

the top of the Transwell inserts. Images were captured before wiping the non-migrated cells from the top 

surface of the insert with a cotton swab. Microsphere release samples were collected from either the “early 

release” phase (A) or the “late release” phase (B and C). Cells were subjected to “late release” samples that 

were either not de-acidified (B) or de-acidified (C). Scale bar = 100 μm. Magnification, 20x.



Chapter 2 | Microspheres for stem cell recruitment 24 

(Figure 2.6B). When PLGA degrades, it breaks down into its monomeric or oligomeric 
components of lactic and glycolic acids, so we attempted to deacidify the microsphere 
release samples prior to exposure to the cells. As can be observed in Figure 2.6C, the 
MSCs exposed to deacidified “late release” SDF-1a microsphere samples were bright 
green, showing that the samples were properly neutralized.

The quantitative results of a representative migration experiment are shown in Figure 2.7. 
The positive control induced the migration of a great number of MSCs, which showed 
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Figure 2.7 Migration of porcine MSCs in response to microsphere release samples. The cells were pre-

treated overnight with 1 ng/mL TNFa, and then were exposed to microsphere release samples and various 

doses of SDF-1a. Late time-point release samples (collected at day 51/56) were de-acidified prior to testing, 

as described in the Methods section. Data shown as mean ± S.D. (n≥3 fields), statistical significance was 

shown by Student’s t-test:  *p<0.05, **p<0.005, ***p<0.001, n.s. = not significant compared to negative 

control (no SDF-1a); #p<0.05, compared to day 1 empty microspheres (“F”); †p<0.05, 0not significant, 

compared to day 51 empty microspheres (“F”).
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that the cells were responsive to chemoattractant agents. Because of the acidic nature of 
the “late release” microsphere degradation samples, all samples from that timeframe were 
deacidified prior to placing into the migration assay.

When compared to the negative control (no SDF-1a), all SDF-containing release 
samples yielded statistically significant MSC migration (Figure 2.7). Because the PLGA 
degradation products might affect cell migration, we also compared the migration 
results to release samples from empty microspheres and showed that, when matched for 
collection time point (i.e., day 1 release samples compared to each other, and day 51/56 
release samples compared to each other), we show that all Formulation A (sonicated at 
room temperature) release samples caused significant cell migration compared to empty 
microsphere samples (Formulation F). For the ice-sonicated microspheres (Formulation 
G), the release sample collected at day 1 yielded a significant increase in MSC migration 
versus the release sample from empty microspheres, but this significance was not 
observed when comparing release samples from late time points. As a whole, it appeared 
that the release samples collected early in the microsphere degradation process (at day 1) 
were more potent chemoattractants than late time point (day 51/56) release samples.

2.4 Discussion

Biodegradable microspheres are able to deliver bioactive molecules in a sustained-release 
fashion. SDF-1a is a chemokine that has been shown to recruit endogenous stem cells, 
and has not yet been encapsulated into microspheres prior to this work. We investigated 
the use of PLGA to fabricate microspheres and to encapsulate SDF-1a using the double-
emulsion solvent extraction/evaporation technique. This method is generally safe for 
proteins, although the maintenance of protein stability is dependent on the interplay of the 
processing parameters and the chosen protein.83

Our microspheres (Formulations A, B, G) released SDF-1a for more than 50 days, which 
was much longer than the release duration previously reported for this molecule. Only 
one other biomaterial-mediated delivery of SDF-1a has been reported in the literature, 
which showed that a PEGylated fibrin gel was able to deliver this molecule over a 10-
day period.13 It is quite certain that ten days of SDF-1 release will not be long enough 
to elicit a lasting and beneficial degree of cell migration in a disease such as myocardial 
infarction, because the infarcted heart itself over-expresses SDF-1a for one week after 
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injury.68 The ideal duration of SDF-1a signaling is not known at this point but is likely 
dependent on the healing process of the injured heart, which will take at least weeks 
and months in animals and humans. Therefore, our microsphere formulations capable of 
releasing bioactive SDF-1a for over 50 days may provide clinical benefit to heart attack 
patients by prolonging the duration of SDF-1a at the site of injection.

Several microsphere fabrication variables were investigated and were observed to have 
profound effects on the release of SDF-1a. Formulations C and D were made with PLGA 
that had ester end-groups (“capped”); all other formulations (A-B, E-G) were made with 
PLGA that had carboxylic acid end-groups (“uncapped”). The capped PLGA is more 
hydrophobic than the uncapped PLGA and is therefore more resistant to degradation 
by hydrolysis. It has also been proposed that the carboxylic acid group of uncapped 
PLGA may interact with proteins, and therefore the protein is better entrapped within 
the microspheres.84 Lastly, because the upcapped PLGA is more hydrophilic, it is less 
soluble in organic solvent than capped PLGA and will precipitate more quickly during 
solvent extraction. As a result, the microspheres made from uncapped PLGA might have 
solidified more quickly than the capped PLGA, trapping the protein within a less porous 
polymer shell.27 Because release studies continued until microspheres were completely 
degraded, the lack of measurable release from Formulations C and D (less than 1% 
of feed; Figure 2.1B) suggest that SDF-1a was not efficiently encapsulated during 
microsphere fabrication.

The effect of solvent volume on protein release rate can be seen by comparing 
Formulations A and B. We dissolved 100 mg of PLGA into either 0.7 or 2.0 mL 
of dichloromethane, which produced an oil phase (O) of two different polymer 
concentrations. When highly concentrated, the polymer precipitates quickly upon contact 
with the water phase (W1), yielding a dense polymer barrier that prevents protein from 
diffusing out of the microspheres before they are fully formed. This increases the amount 
of protein retained inside of the microspheres (that is, it should improve encapsulation 
efficiency). Highly concentrated polymer solutions are also more viscous which also 
prevents protein diffusion out of the microspheres before they are fully solidified. Lastly, 
the dispersed phase/continuous phase (DP/CP) ratio of Formulation A (1/36) is lower than 
that for Formulation B (1/13), which induces fast solidification of the microspheres. All 
of these aspects have been shown to improve encapsulation efficiency,27 which therefore 
can translate to more protein available for release.
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Although both Formulations A and E were fabricated with the same feed mass of SDF-
1a (2 µg per 100 mg PLGA), Formulation A included BSA as an excipient, and it can 
be seen in Figure 2.1 that there was dramatically more SDF-1a released from this set 
of microspheres than that released from Formulation E, which were fabricated without 
BSA. BSA has frequently been used as a carrier protein to provide stabilization to the 
payload protein.82 Co-encapsulation with BSA may also prevent exposure of SDF-1a 
to organic solvent which helps preserve the integrity of the protein.85 A third possible 
explanation is due to charge-charge interaction between the two proteins: BSA has a net 
negative charge at physiological pH86 which may interact with the cluster of positive 
charges in the central b-sheet region of the SDF-1a molecule,87 and may thereby provide 
protection for SDF-1a. Lastly, the incorporation of BSA increases the concentration of 
hydrophilic components within the microsphere; when more water can gain access into 
the microsphere, and more protein can diffuse out.

We investigated the sonication temperature of the first W1/O emulsion on the release of 
SDF-1a (Formulations A versus G). As can be seen in Figure 2.1, reducing the sonication 
temperature reduced the total cumulative release of SDF-1a. We were not able to 
find any extensive investigations of this variable in the literature and, in fact, a recent 
review plainly states that not much is known about how this parameter would affect the 
microspheres or the encapsulated proteins.82 One report was found in which a so-called 
“cryopreparation” method has been described for encapsulating plasmid DNA.88 In the 
cryopreparation method, the first emulsion (W1/O) was frozen in liquid nitrogen before 
homogenization with the outer aqueous phase (W2). The freezing step was shown to 
drastically improve encapsulation efficiency, most likely by preventing the diffusion 
of the DNA contents from the inner aqueous phase. In our preparation of Formulation 
G microspheres, the W1/O emulsion was performed on ice; this should also increase 
viscosity and decrease protein diffusion. However, we did not observe any increase in 
SDF-1a encapsulation and release.

We found it difficult to obtain an accurate determination of the encapsulation efficiency 
of SDF-1a into our formulations of microspheres. We used the dichloromethane/DPBS 
extraction method: the polymer was dissolved in organic solvent, and when mixed 
with DPBS, the water-soluble protein should partition into the aqueous DPBS phase. 
Detection of the extracted SDF-1a by ELISA is very sensitive and can detect analyte 
in concentrations as low as ~150 pg/mL. But despite the high sensitivity of the ELISA, 
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we measured very low amounts of encapsulated SDF-1a in the microsphere digest 
samples. There are several reasons that may explain this discrepancy. First, there may 
have been incomplete dissolution of the PLGA in the mixed solvent, so the SDF-1a 
protein was trapped within the polymer and could not be assayed. Uncapped PLGA is 
more hydrophilic than capped PLGA due to the presence of carboxylic acid groups, and 
may not have been completely dissolved in the solvent. Second, the protein may have 
been trapped at the dichloromethane/DPBS interface and was not able to be retrieved. 
The three-dimensional structure of SDF-1a reveals that the C-terminus is an amphiphilic 
a-helix,87 and therefore it seems plausible that this molecule could be preferentially 
found at the hydrophobic/hydrophilic dichloromethane/DPBS interface. Lastly, the SDF-
1a protein may have been denatured by the solvent used in the extraction procedure, 
and therefore was not recognized by the anti-SDF-1a antibody of the ELISA. For these 
reasons, we believe that the results of the cumulative release study (Figure 2.1) reflect 
the true encapsulation efficiency more accurately than the assay of the samples from the 
solvent extraction method.

We observed a wide size distribution of microspheres, which has also been observed by 
others that have used the double emulsion technique to fabricate PLGA microspheres.89,90 
Varying the solvent volume used in the manufacturing process appeared to have caused 
the largest difference in porosity and size (Figure 2.2 and Figure 2.3). Formulation B, C, 
and D microspheres were noticeably more porous and smaller than the other microsphere 
formulations. As already mentioned above, microspheres made with a high DP/CP ratio 
(such as Formulation B) will solidify slower than those a low DP/CP ratio. Therefore, in 
addition to lowering encapsulation efficiency, slower solidification typically results in 
more porous, irregular microsphere structures and smaller particles,27 just as observed 
with Formulations B, C, and D.

Furthermore, if the variable of solvent volumes was kept constant, we observed that 
microspheres made with the capped PLGA (Formulations C and D) were much smaller 
(roughly half the diameter) than microspheres made with uncapped PLGA (Formulation 
B). The ester end-groups of PLGA are more hydrophobic and the polymer is more soluble 
in dichloromethane than the uncapped polymer so solvent extraction is slower. As a 
result, nascent microspheres made of PLGA with ester end-groups have more time to 
solidify, and will produce smaller particles.27
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Pair-wise comparisons of the fabrication parameters do not easily explain which ones 
were responsible for the differences in opacity of the microspheres. For example, a 
comparison of Formulation A (which contain both SDF-1a and BSA) and Formulation 
E (which contain only SDF-1a) may cause one to draw the conclusion that the 
encapsulation of both proteins would yield a heterogeneously opaque population of 
microspheres, whereas the encapsulation of only one protein produces a homogeneous 
batch of microspheres. However, a further comparison to the heterogeneous population 
of Formulation F microspheres (which contained neither protein) makes this conclusion 
invalid. It has been reported that microspheres fabricated with a higher W1/O ratio are 
uniformly dark, while those fabricated with a low W1/O ratio are uniformly translucent,91 
but we did not observe this correlation from our samples. Furthermore, it does not appear 
that the opacity of the microspheres correlates with the SDF-1a release kinetics, which 
agrees with findings in the literature.91

When cells were pre-treated with TNFa, an increase in cell migration was measured. 
Ponte et al.78 state that exposing the cells to chemokine alone may not be sufficient 
to cause cell migration and that inflammatory cues (such as TNFa) are important in 
recruiting cells to the area of injury. In fact, these results by us and others support the 
findings of in vivo studies where stem cell migration was enhanced in models of both 
heart92 and brain injury.93 It is also possible that low amounts of PLGA degradation 
products could be beneficial; the acidic conditions may stimulate inflammation which, in 
turn, may recruit stem cells to the injured site.

The parabolic dose-response shape of the dose-response curve is characteristic of cell 
responses to chemoattractant.94 Migration of the cells in response to chemokine is 
dependent on two factors: the absolute concentration of the molecule in the vicinity 
of the cell, and the gradient of the chemokine across the length of the cell. At low 
concentrations, a sufficient concentration gradient does not exist along a cell’s length, 
and the cell will therefore not move in response to the molecule. At high concentrations, 
however, a cell’s chemokine receptors will be saturated so it will be unable to detect 
differences in chemokine levels, even if a sufficient gradient exists.95

Our concern that thermal and shear stresses might damage the SDF-1a protein is what 
had prompted the fabrication of Formulation G microspheres where sonication was 
performed on ice. In the cryopreparation method described earlier,88 the first emulsion 
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(W1/O) was frozen to a solid so shear forces were completely eliminated, and it was 
found that the structure of the contents (DNA) remained intact after encapsulation into 
the microspheres. In our case, however, it is not clear if the lower sonication temperature 
provided protection to the SDF-1a protein: release samples from Formulation G 
microspheres collected early in the degradation study yielded statistically significant 
MSC migration compared to empty (Formulation F) microspheres, but this observation 
did not hold with the release samples collected late in the degradation process. In 
summary, sonication of the primary emulsion on ice improved the bioactivity of SDF-1α 
released at early time-points but without much benefit at late time points.

Most importantly, our results show that the SDF-1a released from microsphere 
Formulations A and G remained bioactive, regardless of when the molecule was released 
from the microspheres. In myocardial infarction, for example, it is important to recruit 
stem cells beyond the first week of injury. Therefore, it is crucial that the SDF-1a 
released later in the degradation timeframe remains bioactive and is able to induce the 
migration of stem cells to the site of injury. 

2.5 Conclusions

We have shown that SDF-1a can be successfully encapsulated into PLGA microspheres. 
By varying manufacturing parameters, a variety of different formulations have been 
prepared that release the protein at different rates, including a formulation that can 
release SDF-1a over a period of at least 50 days. We have identified parameters that 
are important factors in the encapsulation and release of SDF-1a, namely, the use of 
PLGA with acid end-groups, low solvent volumes, BSA as an excipient, and sonication 
at room temperature. Most importantly, we have found that the SDF-1a released 
from the microspheres can stimulate the migration of stem cells, which shows that the 
encapsulation method preserves the bioactivity of the protein. Furthermore, the released 
SDF-1a has intact bioactivity whether it is released at an early or late time point in the 
microsphere degradation process. With further tuning of the release profile and in vivo 
evaluation, this approach has the potential of making clinically relevant impact on stem 
cell-mediated cardiac repair.
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3.1 Introduction

It is well-known that the adhesion of cells to each other and to their environment is 
important in biological systems. In normal human development, adhesion is crucial for 
cell spreading, proliferation, differentiation, migration, survival, and the formation of 
tissues.29 For anchorage-dependent cells, adherence to a substrate, a matrix, or to other 
cells is crucial for their survival.17,96 The disruption of normal cell adhesion has serious 
consequences that can lead to disease and vice versa. For example, tumor cells show 
decreased adhesive properties, enabling increased mobility of the cells and promoting 
metastasis.97 In therapeutic applications such as cell transplantation for cardiac infarct 
repair, a lack of robustly positive clinical results has been attributed to poor adhesion and 
retention of cells in the tissue after injection.16-19 Learning how to control cell adhesion is 
important not only for the understanding and modeling of various disease mechanisms, 
but also for the development of therapeutics to treat such diseases and for improving 
biocompatibility of implants.

Cell adhesion can be controlled by modifying the substrate to which cells attach.98,99 
Differential patterning of cell adhesion ligands, such as the peptide sequence arginine-
glycine-aspartic acid (RGD), can determine the number of cells that adhere to the 
substrate, as well as the cells’ morphology, proliferation, and survival.100 Physical 
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properties of the substrate, too, are important in cell attachment: for example, the stability 
of focal adhesions of fibroblasts and epithelial cells increases with increasing elastic 
modulus (i.e., stiffness) of the substrate.101 An abundance of studies over many years have 
investigated how various chemical treatments of materials modulate cell attachment for 
neurological,102 cardiac,103 or orthopedic104 applications. 

More recently, it has been realized that controlled cell adhesion can also be achieved by 
modification of the cell surface. Previously reported methods to modify cell surfaces 
include metabolic engineering, chemical conjugation, and non-covalent surface 
coating by lipid-tail insertion.105 In metabolic engineering, cells are fed with a non-
natural precursor, which, when processed by the cell, results in the display of new 
synthetic molecules at the surface of the cell.106 One example is the presentation of 
non-natural sialic acids on the surface of tumor cells for the targeting and attachment 
of immunotherapeutic antibodies.107 Covalent PEGylation of the surface of pancreatic 
islet cells is found to reduce the recognition and adhesion of host immune cells, which 
therefore can improve the viability of these transplants.108 Sarkar et al. have shown that 
mesenchymal stem cells can be chemically modified with sialyl Lewis X to promote cell 
rolling, with the ultimate goal of encouraging cell homing, attachment, and targeting 
after systemic cell infusion.109,110 Finally, the surface of bone marrow cells can be 
non-covalently modified by incubation with glycoside-lipophilic polymers that insert 
themselves into the cell membrane. These modified cells then attach to and fuse with 
cultured cardiomyocytes in greater numbers than unmodified cells.111

While these methods of cell surface modification are elegant and often effective, they can 
be quite complicated, laborious, and chemically intensive. Alternatively, the technique of 
layer-by-layer (LbL) polyelectrolyte assembly may potentially be an excellent approach 
for modifying cell surface due to its simplicity and versatility. The LbL assembly, first 
described by Decher et al.,36,112 is a method that is usually used on solid material surfaces, 
and involves the deposition of cationic and anionic molecules, alternately layered upon 
each other to produce molecularly thin coatings. LbL-modified solid substrates have been 
investigated to control cell adhesion. In one typical study glass slides were layered with 
cationic poly-L-lysine (PLL) and anionic poly-L-glutamic acid (PGA). It was shown that 
chondrosarcoma cells attached more strongly to PLL films than to PGA films.113
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The LbL assembly technique has only recently been applied to modify mammalian 
cell surfaces in a handful of studies.37,38,114 When applied to cells, this technique takes 
advantage of the fact that the outside of a cell has a net negative charge due to its 
carbohydrate-rich glycocalyx,29 upon which the oppositely charged polyelectrolyte layers 
can be built to produce conformally encapsulated cells. Wilson et al.38 coated islet cells 
with poly(L-lysine)-g-poly(ethylene glycol)(biotin) and streptavidin for the purpose of 
constructing nanoscale immunoisolation barriers. Both Veerabadran et al.37 and Garg et 
al.114 have shown that mesenchymal stem cells were able to be coated with PLL and the 
polyanionic hyaluronic acid (HA) using the LbL technique, and that these cells remained 
viable for up to one week after coating. To our knowledge, however, the LbL technique 
has not yet been studied to alter cell surfaces for the purpose of controlling cell adhesion.

Here we sought to use the LbL method to assemble layers of PLL and HA onto cell 
surfaces, then investigate if cell adhesion could be regulated. We chose to use the T98G 
human glioma cells, which not only have relevance toward the understanding of cell 
adhesion mechanisms in cancer, but were also easy to obtain in large numbers that were 
necessary for the cell coating optimization process. Our hypothesis was that it would be 
possible to control the adhesion of cells to substrates based on electrostatic interaction. 
Cell surface charge would be dictated by the outermost polyelectrolyte layer, either 
positively charged (PLL outer coat) or negatively charged (HA outer coat), and cells 
would show preferential attachment to oppositely charged surfaces. Furthermore, we 
performed an in-depth characterization of the LbL-coated cells. We directly measured the 
surface charge of the coated cells, used confocal microscopy to visualize both the PLL 
and HA coatings, and observed viability of coated cells in culture for one week. We also 
investigated if the coatings could be stabilized using simple chemical techniques, and 
used confocal microscopy to observe the persistence of the coatings over time. Our work 
exemplifies that engineering the surface of cells presents a unique approach to control 
cell-substrate interactions.
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3.2 Materials and Methods

3.2.1 Materials

T98G human glioma cells were provided by Dr. John Ohlfest (University of Minnesota). 
PLL (MW 70000-150000) was purchased from Sigma (St. Louis, MO). HA (MW 
1.4×106) was obtained from Lifecore (Chaska, MN). Dulbecco’s phosphate-buffered 
saline (DPBS; pH 7.4) was purchased from Gibco Invitrogen (Carlsbad, CA). 

To enable visualization of polymers, PLL and HA were labeled with fluorescent dyes. 
PLL was labeled with the amine-reactive form of Alexa Fluor 594 (AF594) (Molecular 
Probes, Eugene, OR) according to the manufacturer’s instructions. After labeling, 
unreacted AF594 dye was removed from the AF594-labelled PLL by a PD-10 desalting 
column (GE Healthcare, Piscataway, NH), and labeled PLL fractions were stored at 4 °C 
until use. 

HA was fluorescently labeled in the following manner: First, the carboxyl groups 
of HA were coupled to 1,6-diaminohexane (Alfa Aesar, Ward Hill, MA) via N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)/N-hydroxysuccinimide 
(NHS) (Sigma Aldrich, St. Louis, MO) according to the method described by Choh et 
al.115 In brief, HA was dissolved in deionized water at 3 mg/mL, then combined with 
EDC and NHS as solids at a molar ratio of COOH/EDC/NHS 1:4:4. The reaction was 
performed at room temperature with constant stirring and pH maintained between 
7.0-8.0. The resulting amine-modified HA was dialyzed (MWCO 25,000; Spectrum 
Laboratories, Inc., Rancho Dominguez, CA), then combined with the amine-reactive 
form of AlexaFluor 488 (AF488) (Molecular Probes) and placed on a nutating shaker 
for 2 h at room temperature, then at 4 °C for at least 12 h. Unreacted AF488 dye was 
removed by dialysis (MWCO 25,000; Spectrum Laboratories, Inc.).

3.2.2 Cell coating

T98G glioma cells were coated with the layer-by-layer (LbL) technique, with 
modifications to the LbL method first described by Veerabadran et al.37 In brief, the cells 
were either coated while adhered to tissue-culture polystyrene plates, or in suspension in 
DPBS after trypsinization (Figure 3.1). The cells were incubated first with PLL (1 mg/
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mL in DPBS), then second with either DPBS for single-coated cells or HA (1 mg/mL in 
DPBS) for double-coated cells; cells were rinsed with DPBS twice between coatings, and 
twice after the last coating. Adherent cells were incubated with each polymer solution 
for 2 min at room temperature. For coatings in suspension, cells in polymer solutions 
were placed in microcentrifuge tubes on an end-to-end mixer at 4 °C and incubated for 
different times (5 min to 2 h); cells were rinsed by low centrifugation (200×g) using a 
benchtop centrifuge (Eppendorf Model 5415D), and used immediately after coating.

3.2.3 Confocal fluorescence microscopy

Coated cells were examined using confocal fluorescence microscopy to assess the 
presence of the polymer coatings. Immediately prior to imaging, cell nuclei were stained 
with DAPI (Vectashield mounting medium with DAPI; Vector Laboratories, Burlingame, 
CA). Cells were imaged using an upright confocal microscope (Olympus FluoView 
FV1000; lex/lem for AF488 and AF594 were 488 nm/520 nm and 543 nm/618 nm, 
respectively).

Figure 3.1 Schematic illustration of cell surface coating by the LbL method using poly-L-lysine (PLL) and 

hyaluronic acid (HA). Cells were coated when attached to tissue culture polystyrene plates (TCPS; top) 

when suspended in buffer (bottom).
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3.2.4 Zeta potential measurements

To determine the net electric charge of cell surfaces, cells were first trypsinized. 
Suspension-coated and uncoated cells were rinsed twice with DPBS, then 100 μL of each 
cell suspension was combined with 1.4 mL of distilled water and placed into a cuvette. 
Zeta potential measurements were immediately obtained with a Brookhaven Instruments 
90Plus Particle Size Analyzer.

3.2.5 Cell viability

T98G cells were coated by PLL followed by HA as described above. After rinsing, 
coated cells were cultured in media for 7 days at 37 °C in 5% CO2. At various time points 
cell viability was assessed via the LIVE/DEAD assay (Molecular Probes) following 
the instructions from the vendor. Fluorescence microscopy imaging of stained cells 
was performed within 2 h of dye application. “Dead” control cells were prepared by 
incubating cells coated with PLL and HA in 70% methanol for 30 min. Unlabeled PLL 
and HA were used when performing cell viability assays to prevent confounding red and 
green fluorescence emissions.

3.2.6 Synthesis of HA pyridyl disulfide (PD) derivative

Following a method developed by Choh et al.,115 carboxyl groups of HA were first 
coupled to 1,6-diaminohexane (Alfa Aesar) via EDC/NHS, and were subsequently 
reacted with N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP; Pierce, Rockford, 
IL) to produce HA pyridyl disulfide (“HA-PD”). The content of PD group on HA was 
determined to be 3% using the 2,4,6-trinitrobenzenesulfonic acid (TNBSA) assay (Pierce, 
Rockford, IL).115

3.2.7 Chemical crosslinking of polymer coatings on cell surface

Glioma cells were trypsinized, and coated with either PLL only (1 mg/mL in DPBS), or 
with PLL then HA or HA-PD (1 mg/mL each in DPBS). Each polyelectrolyte incubation 
was 1 h in duration with gentle end-to-end mixing at 4 °C. Chemical crosslinking of 
the coatings was then performed using one of the following two methods: cells coated 



Chapter 3 | Cell Coating to Control Cell Adhesion 37 

with PLL and HA were reacted with 15 mg/mL of EDC/NHS in DPBS (pH 7.4); cells 
coated with PLL and HA-PD were mixed with 0.74 mg/mL of PEG-dithiol (MW 3,400; 
Nektar, Huntsville, AL) in DPBS (pH 7.4). Both crosslinking methods were performed 
over a total duration of 1.5 h with gentle agitation: 1 h at 4 °C, followed by 30 min at 37 
°C. After cross-linking, the cells were rinsed with DPBS, and a portion of the cells were 
incubated with 400 U/mL hyaluronidase (Type I-S; Sigma, St. Louis, MO) for 2 h at 37 
°C, then rinsed again with DPBS.

3.2.8 Preparation of attachment substrates

3.2.8.1 Charged surfaces

Cross-linked HA hydrogels were synthesized through a thiol exchange reaction between 
HA-PD and PEG-dithiol as reported previously;115 these surfaces are negatively charged. 
In brief, HA-PD (12.5 mg/mL in DPBS) was mixed with PEG-dithiol at 37 °C (final 
concentration of PEG-dithiol in gel was 555 μg/mL in DPBS) in 96-well tissue culture 
plates and incubated to gel for 24 h. Theoretical cross-link degree of the HA hydrogels 
was 1%. To produce a positively charged substrate, HA gels were incubated with a 
solution of PLL (1 mg/mL in DPBS) for 1 h at 37 °C followed by three rinses with DPBS.

3.2.8.2 Extracellular matrix (ECM) mimic surfaces

ECM mimics consisted of HA, fibronectin, and collagen surfaces. HA-PD/PEG-DS 
gels (described above) served as the HA surfaces. Fibronectin surfaces were created 
by adsorption of fibronectin (Sigma) onto the surfaces of tissue culture plates. A 10 ng/
mL solution of fibronectin in DPBS was placed into 96-well plates at 50 μL/well, then 
incubated at 37 °C for 1 h. Wells were rinsed with DPBS three times before addition of 
cells. Collagen gels (type I, rat tail; Gibco) were prepared according to manufacturer 
directions. In short, a volume of 50 μL of collagen solution was added to each well of a 
96-well tissue culture plate on ice. Gels formed after 30 minutes of incubation at 37 °C. 
Gels were rinsed three times with DPBS before addition of cells.
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3.2.9 Cell adhesion to surfaces

3.2.9.1 Cell adhesion to charged surfaces

Cells were either left uncoated, or coated using the LbL technique with either PLL only 
(positively charged cells) or with PLL then HA (negatively charged cells). Cells (4 × 105 
per well) were suspended in DPBS and incubated on the HA-based hydrogel substrates 
(with or without PLL as the top-coat) overnight at 37 °C. Non-adhered cells were 
removed from the surfaces by a gentle rinse with DPBS. Images of the hydrogel surfaces 
were obtained via brightfield light microscopy (Olympus IX70; 20x magnification) and 
adhered cells were enumerated by a blinded observer.

3.2.9.2 Cell adhesion to ECM mimic surfaces

Cells were either left uncoated, or coated using the LbL technique with either PLL 
only (single coat) or with PLL then HA (double coat). A portion of the double coated 
cells were incubated with 400 U/mL hyaluronidase (Type I-S; Sigma) for 1 h at 37 °C, 
then rinsed again with DPBS. Cells (4 × 105 per well) from each coating group were 
incubated on the ECM substrates in complete media overnight at 37 °C. Degree of cell 
attachment was assessed by the MTT assay in which 20 μL of MTT reagent (5 mg/mL in 
PBS; (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), Sigma) was 
added to the 100 μL media volume in each well. After a 4 h incubation, the contents were 
removed and replaced with 100 μL DMSO per well. Absorbance was read at 570 nm and 
690 nm (background). After background subtraction, the absorbance value of each sample 
was normalized to the absorbance of HA-only treated controls. Data are shown as mean ± 
S.D (n=3).

3.2.10 Persistence of cell coating

Trypsinized and suspended T98G cells were divided into two groups for coating: 1) cells 
were incubated only with PLL (1 mg/mL), or 2) cells incubated first with PLL (1 mg/
mL), then with HA (1 mg/mL). The duration of coating was either 5 min or 1 h. Cells 
were then rinsed with DPBS, and cultured in media for 7 days at 37 °C and 5% CO2. At 
various time points the persistence of the cell surface coating was assessed by confocal 
fluorescence microscopy and zeta potential measurement.
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3.2.11 Statistical analysis

Data are shown as mean ± S.D. Statistical analyses were performed using the two-sample 
equal variance Student’s t-test. A probability (p) value of <0.05 was deemed statistically 
significant.

3.3 Results

We sought to demonstrate mediation of cell adhesion by changing the cell surface 
rather than the substrate. We first modified the surfaces of T98G cells by the LbL 
technique, either when adhered to a substrate, or when the cells were in suspension. 
We then confirmed the presence of the coatings, assessed cell viability, and measured 
the attachment of the coated cells to differently charged substrates. In addition, we 
characterized the persistence of the cell coatings, and investigated the stability of the cell 
coatings after chemical crosslinking and enzymatic degradation.

3.3.1 Demonstration of polyelectrolyte coating on cells in 2-D and 3-D

First, we attempted to coat T98G cells with charged polymers. We began by coating 
cells that were already adhered to a substrate in 2-D since cells would tolerate better 
the rinsing steps of the LbL coating process. Confocal fluorescent microscopy images 
of coated cells showed red (corresponding to PLL) and green (corresponding to HA) 
colors present at the surface of the cells (Figure 3.2). Surface coatings appeared uniform, 
and there was no detectable fluorescence with either fluorophore in the interior of cells. 
When cells were coated with AF594-PLL and unlabeled HA, fluorescence was not seen 
in the green channel (lem,= 520 nm), and likewise, cells coated with unlabeled PLL and 
AF488-HA did not show fluorescence in the red channel (lem= 618 nm), indicating that 
fluorescence cross-over did not occur and that both polymers were present in the coating. 
Cross-sectional views confirmed that polyelectrolyte coatings remained only on the 
surface of the cells at all focal depths and that the entire surface of the cells exposed to 
the liquid media was conformally coated with both PLL and HA.

After showing that it was possible to coat adherent cells using the LbL technique, we next 
sought to investigate coating cells in suspension, in order to obtain cell surfaces that were 
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entirely and uniformly coated. After trypsinization, cells were incubated sequentially 
with DPBS solutions of AF594-PLL and AF488-HA. Again, confocal microscopy images 
(Figure 3.3) showed that red (PLL) and green fluorescence (HA) were present at the 
surface of the cells. The coatings were reasonably uniform but not as uniform as those of 
the adherent cells coated in 2-D. During our LbL coating optimization process, we also 
noticed red fluorescence inside the cells, which we interpreted as PLL internalization. We 
came to realize that PLL incubation time greatly affected the degree of internalization: 
red fluorescence in the interior of the cell was not observed with PLL incubation times up 
to 15 min, but was observed with PLL incubation times of 1 h or longer (data not shown).

To further optimize the duration of the coating process, we systematically varied the 
time of incubation with PLL and HA and then characterized the extent of cell coating 

Figure 3.2 Confocal fluorescence (A-C) and brightfield (D) images of adherent T98G cells coated stepwise 

with fluorescently labeled 1 mg/mL of PLL (red) and HA (green) for 2 min each. Cells were stained with DAPI 

(blue) prior to imaging. Individual red and green channels are shown in (A) and (B), respectively; (C) is the 

merged image of all channels. Cross-sections of the cells are shown at right and bottom of each panel. 

Scale bar = 20 μm. Magnification, 60x.
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by measuring the zeta potential of the cell surface. The uncoated cells were negatively 
charged with a zeta potential of around -34 mV. When only PLL coating was applied, the 
zeta potential of coated cells became increasingly positive with longer PLL incubation 
time and did not change significantly after 1 h, indicating that maximal cell surface 
coverage by PLL was reached (Figure 3.4A). After coating cells with PLL for 1 h, HA 
was applied for various durations, causing zeta potential of the cell surface to fall to the 
negative range (Figure 3.4B). It was found that only a 5-min coating of HA was sufficient 
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Figure 3.3 Confocal fluorescence (A-C) and brightfield (D) images of T98G cells coated stepwise in buffer 

suspension with fluorescently labeled 1 mg/mL of PLL (red) and HA (green) for 5 min each. Cells were 

stained with DAPI (blue) prior to imaging. Individual red and green channels are shown in (A) and (B), 

respectively; (C) is the merged image of all channels. Cross-sections of the cells are shown at right and 

bottom of each panel. Scale bar = 10 μm. Magnification, 60x.
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to revert the PLL-coated cell surface to be negatively charged and that prolonged 
incubation with HA beyond 5 min had no further effect. 

3.3.2 Stabilization of cell coatings by chemical crosslinking

Next, we set out to demonstrate that the cell surface coatings of PLL and HA formed 
by noncovalent ionic interactions on suspension-coated cells could be further stabilized 
using two different chemical cross-linking methods. In the first method, we used 
carbodiimide chemistry (EDC/NHS) to cross-link the primary amines of PLL with the 
carboxylic acids of HA. In the second method, we coated cells with an HA derivative, 
HA-PD,115 and crosslinked it by PEG-dithiol without affecting the PLL layer. After 
crosslinking, we subjected the coated cells to treatment by hyaluronidase, an enzyme that 
randomly cleaves the β-N-acetylhexosamine-[1→4] glycosidic bonds of HA,116 followed 
by zeta potential measurement, hoping to reveal any changes in coating stability.
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Figure 3.4 Zeta potential measurements of T98G cells that were subjected to polyelectrolyte time course 

incubation studies. In the PLL only time course (A), T98G cells were coated with PLL (1 mg/mL) for different 

time durations. For the HA coating time course (B), cells were coated with PLL (1 mg/mL) for 1 h, then 

incubated for different lengths of time in HA (1 mg/mL). Data shown as mean ± S.D (n ≥ 4); *p < 0.001 by 

Student’s t-test, n.s. = not significant.
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Cells that were coated with PLL then HA showed a charge reversal with alternating layers 
of polyelectrolytes: zeta potential became more positive after incubation with PLL, and 
more negative after a successive treatment with HA (Figure 3.5). Upon treatment with 
hyaluronidase, the zeta potential of non-crosslinked PLL/HA double-coated cells became 
more positive (though not as positive as PLL-only coated cells), suggesting that HA layer 
was partially removed due to enzymatic digestion. However, if the double-coated cells 
were crosslinked chemically with either method (EDC/NHS or PEG-dithiol), then treated 
with hyaluronidase, the zeta potential remained negative and was significantly lower than 
hyaluronidase-treated non-crosslinked coated cells (Figure 3.5). This finding suggests that 
the crosslinked PLL/HA bilayer coatings are resistant to hyaluronidase degradation and 
are more stable.

3.3.3 Effect of coating on cell viability

The LIVE/DEAD assay was used to assess the viability of cells coated in suspension 
with PLL and HA (Figure 3.6). Live cells that are able to metabolize calcein produce 
green fluorescence, whereas dead cells are marked by red fluorescence when the 
hydrophilic ethidium homodimer (EthD-1) is able to permeate a compromised cell 
membrane. Uncoated cells showed 100% viability with only green fluorescence and no 
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red fluorescence (Figure 3.6A, F, K). Most of the PLL/HA double-coated cells showed 
green fluorescence throughout the 7 days of culture (Figure 3.6C, D, E). There was some 
weak red fluorescence seen at days 3 and 7 (Figure 3.6I, J), and some of these red cells 
were also stained green (Figure 3.6M, N, O, arrows). To clarify this issue, we exposed 
the PLL/HA coated cells to methanol, which killed all the cells. These dead cells were 
stained red without any green signal at all (Figure 3.6B, G, L). This experiment proves 
that the green/red double-stained cells in Figure 3.6 are not dead but metabolically active. 
The presence of the EthD-1 signal inside some cells was likely due to nonlethal damage 
to the cell membrane by the PLL coating. 
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Figure 3.6 Fluorescence images of T98G cells stained with the LIVE/DEAD assay. Green and red channels 

are shown in A-E and F-J, respectively; merged red and green channels in K-O. Cells were either uncoated 

(A, F, K), or were coated with unlabeled PLL (1 mg/mL) and unlabeled HA (1 mg/mL) in suspension for 15 

min each (B-E, G-J, L-O). The coated cells were then imaged on the same day as coating (day 0), or at 3 

or 7 days after coating. The “dead” control was prepared by incubating cells for 30 min with 70% methanol 

before coatings. Arrows in M-O point to example cells where red and green staining occurred in same cell 

(double staining). Scale bar = 50 μm. Magnification, 40x.
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3.3.4 Control of cell adhesion to substrates

Substrates of different surface charge were produced for cell attachment studies, as 
described in the Methods section: cross-linked HA gels served as negatively charged 
surfaces, and PLL-covered HA gels served as positively charged surfaces. The adhesion 
of uncoated, PLL-coated, or PLL/HA double-coated cells to these substrates was 
examined; cells were coated in suspension after trypsinization. Uncoated cells attached 
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Figure 3.7 Adhesion of single (PLL) and double (PLL/HA) coated T98G cells to charged hydrogel 

substrates. Cells were left uncoated (A,D), coated with either PLL only for 1 h (B,E), or with PLL and HA 

for 1 h each coat (C,F). The cells were then incubated with negatively and positively charged surfaces 

(cross-linked HA gels and PLL-incubated HA gels, respectively). Cells attached to 4x104 μm2 areas were 

enumerated as shown in (G). Data shown as mean ± S.D. (n= 6 fields per condition), * p < 0.005, ** p < 

0.001 by Student’s t-test. Scale bar = 100 µm. Images 20x.
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in higher numbers to positively charged substrates than to negatively charged substrates 
(Figure 3.7A, D) and the result was statistically significant (p < 0.005, Figure 3.7G). 
Similarly, high numbers of coated cells only attached to substrates of the opposite charge 
(Figure 3.7C, E); very low attachment was observed when the coated cells had the same 
surface charge as the substrate (Figure 3.7B, F). The differences in the number of coated 
cells attached to oppositely charged substrates were also statistically significant (p < 
0.005, Figure 3.7G).

The adhesion of cells (uncoated, PLL single-coated, PLL/HA double-coated cells, and 
double-coated/enzyme-treated) to ECM mimics was also examined (Figure 3.8). For 
all surfaces, uncoated cells attached in the highest numbers to all surfaces. In general, 
the degree of attachment to the surfaces, from highest to lowest, was: uncoated > single 
coated > double-coated cells. For attachment to all surfaces, treatment with the enzyme 
hyaluronidase, increased cell attachment to a higher degree than both single- and double-
coated cells. Grouping the data by ECM mimic, the least number of cells attached to HA, 
an intermediate number to collagen, and the most to FN and TCP.
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ECM mimic substrates. After 
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3.3.5 Persistence of the cell coatings

Zeta potential measurements and confocal imaging were performed to determine the 
persistence of the coatings on cells coated in suspension. T98G cells were coated with 
either PLL alone or PLL/HA double layers, cultured for 7 days, and examined at various 
time points. 

PLL-only coated cells maintained positive zeta potential until 3 h post-coat, but 
significantly decreased to negative values by day 1 after coating, and remained negative 
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Figure 3.9 Zeta potential 

measurements for assessing 

the persistence of single (PLL) 

and double (PLL/HA) coatings 

on T98G cells during one week 

in culture. Cells were coated 

with PLL (1 mg/mL) for 1 h (A), 
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through day 7 (Figure 3.9A, dotted line). Cells coated with both PLL and HA had 
negative zeta potential values at every time point of the study (Figure 3.9B).

Visually, red fluorescence can be seen on the surface of cells that were incubated with 
only AF594-PLL immediately after coating (Figure 3.10A). With time, however, red 
fluorescence appeared inside of the cells and became localized within or on the surface 
of the nucleus (Figure 3.10B-D). No green fluorescence was seen for the AF594-PLL 
incubated cells, which was expected since the cells were not coated with HA (Figure 
3.10E-H).

For cells incubated with AF594-PLL then AF488-HA, fluorescent coatings can be seen 
on the surface of the cells on day 0 (Figure 3.11A, E, respectively). Again, fluorescently 
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Figure 3.10 Confocal fluorescence microscopy for assessing the persistence of single (PLL) coatings 

on T98G cells during one week in culture. Cells were coated with AF594-PLL (1 mg/mL) for 5 min, then 

rinsed with DPBS. At different times after coating, cells were mixed with DAPI and imaged via confocal 

fluorescence microscopy. Green and red channels are shown in A-D and E-H, respectively. Merged red, 

green, and blue channels shown in I-L. Scale bar = 10 μm. Magnification, 60x.
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labeled PLL appeared to be internalized into the cells and accumulated around the 
nucleus (Figure 3.11B-D). The green fluorescence of the HA, though, remained on the 
surface of the cells but diminished with time (Figure 3.11E-H).

3.4 Discussion

Here we demonstrate that cells can be conformally coated with oppositely charged 
polyelectrolytes (PLL and HA) using the LbL technique, and the cells remain viable 
after being coated. Furthermore, we show that we can control cell adhesion to different 
substrates based on electrostatic interactions between the cell surface coating and the 
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Figure 3.11 Confocal fluorescence microscopy for assessing the persistence of double (PLL/HA) coatings 

on T98G cells during one week in culture. Cells were coated with AF594-PLL (1 mg/mL), then AF488-HA (1 

mg/mL) for 5 min each, then rinsed with DPBS. At different times after coating, cells were mixed with DAPI 

and imaged via confocal fluorescence microscopy. Green and red channels are shown in A-D and E-H, 

respectively. Merged red, green, and blue channels shown in I-L. Scale bar = 10 μm. Magnification, 60x.
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substrate, and that the coatings on the cells persist in a time frame consistent to allow 
such cell attachment to proceed. We have directly visualized the surface coatings of both 
polyelectrolytes, and have shown that covalent crosslinking of the polymer layers can 
be used to stabilize the coatings. While two previous studies reported that cells can be 
coated with PLL and HA using the LbL technique,37,114 we have substantially expanded 
upon such work by showing that we can use these cell coatings to impart rather dramatic 
changes to the adhesive behavior of these cells.

Our hypothesis that cell-substrate interactions could be controlled based on electrostatic 
interactions was shown to be correct. Cell adhesion to extracellular matrices could be 
controlled to some degree, but the differences were not as drastic. It is likely that the cell 
coatings masked essential cell surface receptors, and that components in complete media 
(like serum) decrease the effects of charge-only interactions. Collectively, therefore, our 
results confirm that cell adhesion is more complex than mere charge-charge interactions. 
Nonetheless, we have gained insight regarding the use and feasibility of the LbL 
technique for cell surface modification.

Our data shows that the modified surface charge is maintained for at least 3 h post-
coat, which is a sufficient amount of time to direct cell adhesion. The disappearance of 
the coatings from the surface of the cells may be beneficial for an application such as 
cardiac cell therapy, since the cells may be able to break free from their polymer shells 
to proliferate and differentiate. One group of researchers has studied the application of 
polyelectrolyte patches on cell surfaces instead of conformal coating, in order to allow 
cells to better maintain innate cellular functions without the potential interference of the 
surface coating.117 However, lack of coating persistence may be undesirable for other 
applications where cell coating needs to be maintained to last for extended periods of 
time. To this end, we have shown that mild chemical crosslinking of conformal coatings 
on cell surface can stabilize the coatings. Refinement of such chemical crosslinking 
approaches in the future may allow the stability and degradation of the cell coating to be 
tailored for specific biomedical applications.

Our study recapitulates scenarios found in biology where important events involving cell 
adhesion is modulated based on rather simple electrostatic charge-charge interactions. 
As mentioned earlier, metastasis of cancer occurs when tumor cells detach from their 
original site and spread to other sites. It has been found that the metastatic cells have 
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an increased level of negative surface charge than normal cells,118,119 and this may be 
due to the increased amounts of HA in the pericellular coat of metastatic cancer cells.120 
Removal of HA from the cell surface via hyaluronidase treatment was shown to increase 
cell attachment to ECM mimics (Figure 3.8). Altering the electrostatic properties of cells, 
as we have done, may be a potential strategy for use in anticancer therapeutics. In fact, it 
has been recently shown that cationic anticancer peptides show selectivity for cancer cells 
over normal cells due to these differences in electrostatic surface potential.121

In another example, proper neural development is dependent on decreasing axon-axon 
adhesion to promote defasciculation. The expression of highly negatively charged 
polysialic acid on the axon growth cones causes the axons to repel and spread away from 
each other. When the polysialic acid is enzymatically removed, the axons fail to separate 
because of increased axon-axon adhesions.30 Therefore, it can be envisioned that our cell 
surface coating approach could be used to engineer the spatial pattern of distribution and 
growth of one or multiple cell types, thereby modulating tissue morphogenesis in the 
context of regenerative medicine.

In the field of reproductive biology, it has been observed that fertilization causes changes 
in surface charges of sperm and oocytes. Capacitation is the process in which sperm are 
able to penetrate the outer layer of an oocyte. It has been suggested that this process is 
associated with changes in the surface charge of the sperm cell.122 After the sperm cell 
gains access to the egg, the fertilized oocyte undergoes rapid modifications to prevent 
polyspermy, including a change to a more negatively charged cell surface.123 It is thus 
plausible to use polyelectrolyte coating of the cell surface to either promote (by opposite 
charges) or inhibit (by like charges) cell-cell fusion for therapeutic or regenerative 
purposes.

Lastly, changes in surface charge of tissues due to inflammation can potentially be 
targeted for biomaterial-based therapy. For example, Thierry et al. have reported that the 
surface of injured arteries is more negatively charged than healthy vessels.124 These and 
other researchers have exploited this difference in surface charge to investigate the use of 
the LbL approach to coat the luminal side of the vessels with polyelectrolytes to prevent 
cell attachment that can lead to thrombogenesis125 and restenosis.124

Our results reported here serve as proof-of-concept, and opportunities exists to build 
upon our work regarding the internalization of the cationic polymer and resulting loss 
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of cell viability. Although it has been stated in the literature that PLL can permeabilize 
membranes, be internalized into cells, and cause cytotoxicity,38,126,127 not all authors have 
seen this phenomenon.37 Our own results have reflected this difference and have found 
that PLL incubation time greatly affects the degree of internalization, which may explain 
the different observations seen by different authors: Strand et al.127 incubated cells with 
PLL overnight and saw significant cell death, whereas Veerabadran et al.37 incubated cells 
in PLL for only 15 min and observed minimal cytotoxicity. 

In this work, PLL-induced permeabilization of the cell membranes may explain the co-
localization of red and green fluorescence observed for coated cells in the viability assay 
(Figure 3.6). Green fluorescence can only occur in actively metabolizing cells when the 
lipophillic calcein AM dye crosses the cell membrane and is converted to the polyanionic 
and membrane-impermeant calcein fluorophore. The ethidium bromide homodimer 
molecule, on the other hand, is a hydrophilic molecule that can only cross permeabilized 
cell membranes. Therefore, red fluorescence can occur when cell membranes are 
compromised, even though the cells are not metabolically dead. As a result, our use of a 
“dead” control was very important to distinguish truly dead cells from compromised—
but living—cells. Nonetheless, our concept for using the LbL approach to control cell 
adhesion is not limited to PLL and could be pursued with a different cationic polymer, 
such as a PLL-g-PEG copolymer described by Wilson et al.38 for LbL coatings to 
immunoisolate pancreatic islet cells; these coatings show minimal polymer internalization 
and improved cell viability. Finally, it is likely that cell attachment based solely on 
electrostatic interactions may not be enough to confer specificity, and it may be warranted 
to combine polymer coatings with specific ligands for improved and/or targeted adhesion.

The work presented here shows that one can control cell adhesion by changing the 
surface of cells using the LbL polyelectrolyte coating technique. However, more work 
will need to be done to add specificity into the coatings in order to better control cell 
adhesion in serum-containing environments. It is envisioned that molecules such 
as antibodies may be incorporated into the coatings (as has been performed with 
LbL coatings on inorganic surfaces128) and that ligand-specific attachment can work 
synergistically with electrostatic-based interaction to control adhesion of coated cells to 
substrates.
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In the broad scheme, it is noteworthy to point out that these efforts to control cell 
adhesion by changing the surface of cells is a significant shift in paradigm. The bulk 
of research devoted to understanding cell adhesion has focused on altering the non-
living substrate to which cells attach. Keeping in mind that it is the cells that are the 
actual therapy, this work is novel in that it applies the knowledge gained from studies of 
material surface modification to modification of the cell surface. The ability to control 
cell adhesion by the modification of the cell surface may lead to improvements in the 
clinical outcome of patients who receive cell-based therapies or cancer treatments.

3.5 Conclusions

In this study, we investigated the use of the polycation PLL and the polyanion HA to 
modify cell surfaces via the LbL technique, and have optimized the method for minimal 
loss of cell viability. Taken together, our results suggest that we can coat cell surfaces 
with polyelectrolytes using the LbL approach and tailor the surfaces to promote or inhibit 
cell-substrate adhesion, with minimal cytotoxicity. We also show that the cells coatings 
are transient, but that if desired for a certain application, the surfaces of the coated cells 
can be stabilized using simple chemical crosslinking techniques. We consider these proof-
of-concept results as promising steps towards future specific physiological applications, 
such as targeted treatments for cancer or improved retention in cell-based therapies.
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4.1 Introduction

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan found in mammalian 
extracellular matrix.53 Due to HA’s role in tissue development, embryogenesis, and 
wound healing,53 hydrogels made from HA have been of popular interest in the 
biomedical field.54 However, chemical modifications must be performed to HA to 
impart mechanical strength and integrity. Several crosslinked HA-based gels have been 
synthesized for drug and cell delivery, which involve the use of exogenously added 
components to initiate gelation (e.g., chemical crosslinkers or UV-light).55,56

Our laboratory has developed a method to fabricate novel disulfide-cross-linked HA 
hydrogels.115 In brief, HA is first conjugated with pyridyl disulfide groups, which is then 
combined with a PEG-disulfide crosslinker to yield the formation of a hydrogel within 
minutes of mixing. The HA-PD/PEG-DS hydrogels can crosslink in situ, and cells can be 
encapsulated into the gels and remain viable.

As a follow-up to our initial report,115 we sought to investigate the in vivo 
biocompatibility of the disulfide-crosslinked hydrogels, as well explore the effect of 
HA’s molecular weight on HA-PD/PEG-DS gel formation. During our investigations, 
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we observed an interesting phenomenon: A mid molecular weight HA-PD by itself was 
able to form hydrogels in vivo without the use of the PEG-DS crosslinker. This particular 
molecular weight of HA-PD, however, did not form hydrogels in vitro. Our unexpected 
findings led us to hypothesize that a component within the natural in vivo milieu was 
able to initiate a disulfide-exchange crosslinking reaction, which produced hydrogels 
from solutions that only contained HA-PD. For this report, we performed in vitro and in 
vivo gelation experiments to investigate the effect of different variables on HA-PD-only 
gel formation and breakdown, as well as mechanical characterization of the explanted 
gels. Environmentally responsive in situ hydrogel formation based on in vivo physiology 
may prove to be an interesting mechanism for a class of clinically practical biomedical 
materials.

4.2 Materials and Methods

4.2.1 Chemicals

Hyaluronic acid (HA) sodium salt of different molecular weights (1.7×104, “low”; 
8.88×105, “mid”; and 1.4×106 Da, “high”) were obtained from Lifecore Biomedical 
(Chaska, MN). 1,6-Diaminohexane was purchased from Alfa Aesar (Ward Hill, MA). 
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCl) and 
N-hydroxysuccinimide (NHS) were purchased from Sigma (St. Louis, MO). Dulbecco’s 
phosphate-buffered saline (PBS) was purchased from Gibco (Invitrogen, Carlsbad, CA). 
N-Succinimidyl 3-(2-pyridyldithio) propionate (SPDP) and 2,4,6-trinitrobenzenesulfonic 
acid (TNBSA) were from Pierce (Rockford, IL). Poly(ethylene glycol)-dithiol (PEG-
dithiol, PEG-DS, MW 3400) was from Nektar (Huntsville, AL).

4.2.2 Synthesis of HA pyridyl dithiol (PD) derivative

We followed a method developed by Choh et al.,115 to modify HA. In brief, carboxyl 
groups of HA were first coupled to 1,6-diaminohexane (Alfa Aesar) via EDC/NHS 
to make an amine-modified HA, “HA-NH2.” HA-NH2 was subsequently reacted 
with N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP; Pierce, Rockford, IL) to 
produce HA pyridyl disulfide (“HA-PD”). Amine content of HA-NH2 and HA-PD were 
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determined by the TNBSA assay following manufacturer’s protocol. 1,6-Diaminohexane 
at concentrations of 0-50 μg/mL was used as the standard curve. The degree of 
substitution (DS%) of HA-PD was defined to be the content of the pyridyl disulfide 
(PD) group, and was found by subtracting the amount of amine left in HA-PD from the 
amount of amine in HA-NH2. The final HA-PD molecule consists of different numbers 
of repeating units of unmodified disaccharide units (x), amine-modified units (y), and 
pyridyl-disulfide (PD) modified units (z); these values were converting DS% of amine- 
and PD- groups from the total number of repeating units (n) for each molecular weight of 
HA (n = 42 for low MW, n = 2200 for mid MW, n = 3500 for high MW).

4.2.3 In vitro gelation studies

HA-PD was dissolved in PBS (pH 7.4) to make a 1.25% solution (12.5 mg/mL). The 
PEG-DS cross-linker was also dissolved in PBS (pH 7.4) to 4.625 mg/mL. Mixtures of 
1% HA final concentration were made by adding HA-PD (10 uL) to 2.5 uL of either PBS 
or PEG-DS. The solutions were mixed quickly with a positive displacement pipettor, 
cast into 1.5 mL microcentrifuge tubes, then incubated at 37 °C for at least 1 h. After 
incubation, tubes were inverted and positive gel formation was defined as resistance to 
flow under gravity.

4.2.4 In vivo gelation and tissue response studies

Seventeen-week-old C57BL/6 male mice were purchased from Jackson labs (Bar 
Harbor, ME) and housed and used in accordance with guidelines from the University of 
Minnesota Institutional Animal Care and Use Committee.

For investigations of different HA-PD molecular weights, a volume of 40 μL of HA-PD 
(12.5 mg/mL in PBS) was combined with 10 μL of either PBS or PEG-DS (4.625 mg/mL 
in PBS). Because HA-PD+PEG-DS mixtures gel very quickly (within 5 min), HA-PD 
was injected first into the subcutaneous space with a 25-gauge needle (Tyco Healthcare 
Group, Mansfield, MA), then chased with PEG-DS into the center of the material bulge 
made by the first injection. For HA-PD+PBS sites, the two material solutions were mixed 
well before a one-step injection with a 25-gauge needle. Control injections consisted of 
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40 μL of unmodified HA plus 10 μL of PBS, also well-mixed before injecting in one step. 
Injections were performed either into the backs of mice or into the hind limbs.

For gelation investigations of different chemical forms of mid molecular weight HA, the 
three materials (unmodified HA, HA-NH2, or HA-PD) were dissolved in PBS to 12.5 
mg/mL. Then, 40 μL of each HA solution was combined with 10 μL of PBS in separate 
microcentrifuge tubes. Using 25 gauge needles, mixtures were injected subcutaneously 
into the hind limb of the mice.

Gel retrievals occurred on either Day 1 (for gel dissolution experiments) or Day 3 (for 
compression testing). Animals were termed, the skin was pulled back, an incision was 
made in the subcutaneous tissue pocket. Gels were removed with a curved forceps by 
pinching at the base of the tissue pocket made by the injection, and gently squeezing 
out the material. Gelled materials were removed as intact masses of material, whereas 
ungelled material flowed out of the tissue pockets and could not be retrieved for further 
characterizations.

For tissue response assessments, animals were termed at 3 days post-injection. Tissues 
were removed, embedded in OCT compound, flash frozen in liquid nitrogen and 
sectioned (10 μm thick). Tissue sections were stained with H&E using standard methods.

4.2.5 Gel dissolution experiments

Dithiothreitol (DTT; Sigma) was dissolved into PBS to 100 mM. Explanted HA-PD+PBS 
gels were placed into 4 mL of the DTT solution and incubated on an orbital shaker for 
30 min at room temperature. HA-PD+PBS gels placed into 4 mL of PBS served as the 
control.

4.2.6 Glutathione gelation experiments

Mid molecular weight HA-PD was dissolved to 12.5 mg/mL in PBS. Reduced glutathione 
(GSH; Sigma) or oxidized glutathione (GSSG; Sigma) were dissolved into PBS to 50 
mM. HA-PD (10 uL) was combined with 2.5 uL of either GSH or GSSG to make final 
concentrations of 10 mM glutathione (based on Hisano et al.129) and 1% HA. After 
mixing quickly with a positive displacement pipettor, the components were cast into 1.5 
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mL microcentrifuge tubes, then incubated at room temperature for different lengths of 
time (1 min and 4.5 h). After incubation, tubes were inverted and positive gel formation 
was defined as resistance to flow under gravity.

4.2.7 Unconfined compression test

The explanted hydrogel samples and non-injected HA-PD solutions were loaded between 
the platens of an Instron mechanical testing system (Instron Model 2200-110, Park Ridge, 
IL) fitted with a 500 N load cell. The samples were subjected to testing as-is: The initial 
width (a) and length (b) of the materials were measured using a vernier caliper, and area 
of each sample was calculated assuming an oval shape (area = pi × 0.5a × 0.5b). Samples 
were compressed at a rate of 0.010 mm/sec, and was programmed to halt data acquisition 
when a force of 2 N was registered. Load and displacement data were recorded at 50 Hz 
with the Instron Series IX software, and were later converted to stress–strain values based 
on the original specimen dimensions; displacement at which F = 0.05 N was defined 
as the initial dimension of the gel samples for strain calculations. Non-injected HA-PD 
did not register a force until the platens touched; for these samples, the top platen was 
lowered until it made contact with the liquid sample and this was defined as the height of 
the sample for strain calculations.

4.3 Results & Discussion

Previously, our laboratory has developed a method to produce novel disulfide-cross-
linked HA hydrogels.115 In this method, unmodified HA was first conjugated with an 
amine molecule to make HA-NH2. The HA-NH2 was then subjected to a carbodiimde 
reaction to incorporate pyridyl disulfide (PD), producing the final compound of HA-PD. 
When HA-PD is combined with PEG-dithiol (PEG-DS), hydrogels are formed in vitro. In 
our initial work, the hydrogels were synthesized using a high molecular weight HA (1.4 
× 106 Da). After that article was published, we went forward to investigate formation of 
HA-PD/PEG-DS hydrogels produced from different starting molecular weights of HA, as 
well as an in vivo compatibility assessment of all formulations. 

Three molecular weights of HA were used to synthesize HA-PD according the 
aforementioned published method.115 Each molecule of HA-PD consists of a mixture 
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of different repeating units, as shown in Figure 4.1. Table 4.1 shows the degrees of 
substitution of the pyridyl disulfide groups that were achieved, as well as the conversion 
to modification content x, y, and z. Degree of substitution of the PD group was found 
to be inversely related to HA molecular weight, which is likely due to steric hindrance 
presented by the longer HA chains during the chemical reactions.

Our first investigation was to compare the in vitro gelation ability of the three HA-PD 
materials with PEG-DS. PEG-DS mixed with high and mid MW HA-PD yielded gels 
in vitro, whereas low MW HA-PD did not (Table 4.2); all mixtures had a final HA-PD 
concentration of 1%. The control materials were a combination of PBS plus HA-PD, to 
yield a mixture that was also of a final HA-PD concentration of 1%; none of the control 
mixtures formed gels in vitro.
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Figure	  1.	  Chemical	  structure	  of	  pyridyl-‐disulfide	  modified	  HA	  (HA-‐PD).	  Each	  molecule	  consists	  of	  a	  mixture	  of	  chemical	  
modifica/ons	  to	  the	  chain	  of	  disaccharide	  repeat	  units	  (x	  =	  unmodified	  HA	  disaccharide	  unit,	  y	  =	  amine-‐modified	  unit,	  z	  =	  
pyridyl	  disulfide-‐modified	  unit).	  

Figure 4.1 Chemical structure of pyridyl-disulfide modified HA (HA-PD). Each molecule consists of a mixture 

of chemical modifications to the chain of disaccharide repeat units (x = unmodified HA disaccharide unit, y = 

amine-modified unit, z = pyridyl disulfide-modified unit).

Table	  I.	  Results	  of	  HA	  Modifica/on	  by	  TNBSA	  
MW DS%a x y z 
Low 15.3 ± 0.9% 35 1 7 

Mid 13.7 ± 0.3% 1864 34 302 

High 11.5 ± 0.8% 3050 49 401 
a DS%: degree of substitution, referring to the content of pyridyl disulfide (PD) for HA-PD; x = unmodified HA 
disaccharide unit, y = amine-modified unit, z = pyridyl disulfide-modified unit 

Table 4.1  Results of HA Modification by TNBSA
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We next tested gelation of our mixtures in vivo. Materials were injected with a 25-gauge 
needle into the subcutaneous space of the hind limbs or backs of mice. The animals were 
termed at one day post-injection, materials were removed (if possible), and gelation was 
assessed by visual and tactile examination. As shown in Table 4.2, high MW HA-PD 
combined with PEG-DS produced gels in vivo, while the control condition (HA-PD plus 
PBS) did not form gels; this was consistent with the results of the in vitro experiments. 
Low MW HA-PD did not gel in vivo with either PEG-DS or PBS, as expected from the in 
vitro experiments.

Mid molecular weight HA-PD gelled in vivo when combined with PEG-DS (Table 4.2 
and Figure 4.2). Interestingly, however, gelation also occurred in vivo when mid MW 
HA-PD was when combined with PBS. This result was quite surprising because we 
predicted that combination of HA-PD with PBS would not gel, regardless of molecular 
weight. It is possible that the polymer chains of high MW HA-PD form intramolecular 
crosslinks that do not enable to gel formation, and that those of low MW HA-PD are 
too short to form an effective gel network. Mid MW HA-PD may have an intermediate 
balance: the chains of the backbone are short enough to favor intermolecular crosslinks, 
while long enough to form a three-dimensional hydrogel network.

To narrow down the mechanism responsible for gelation, we injected different chemical 
forms of mid MW HA into mice. The synthesis of HA-PD requires the production of 
an amine-modified HA intermediate compound, HA-NH2. As shown in Table 4.1, the 
conversion of HA-NH2 to HA-PD is incomplete, and we wanted to determine which form 
of HA gels in vivo. Of the three forms of HA injected into the mice (unmodified HA, HA-
NH2, and HA-PD), HA-PD was the only material that gelled in vivo.

Table	  II.	  	  Physical	  state	  of	  HA-‐PD	  mixtures	  	  

In Vitro In Vivo 

+ PEG-DS + PBS + PEG-DS + PBS 

Low MW HA-PD S S S S 

Mid MW HA-PD G S G G 

High MW HA-PD G S G S 

Key:  S = Solution, G = Gel 

Table 4.2  Physical state of HA-PD mixtures
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Because we could exclude the amine-modified disaccharide units in a chemical reaction, 
we hypothesized that the HA-PD + PBS mixture was crosslinked in vivo by a disulfide 
exchange reaction via the PD-modified disaccharide units. The explanted mid MW HA-
PD+PBS gels were placed into solutions of PBS or DTT. Gels incubated in PBS did 
not dissolve, even after incubation for 1 week. However, after 30 minutes of incubation 
in DTT, the gels fully dissolved, and the resulting solution was clear and colorless, 
and confirmed that the mid MW HA-PD was crosslinked via disulfide bonds. This mid 
molecular weight HA-PD seemingly did not require the PEG-DS crosslinker for gelation 
in vivo. 

Another laboratory has observed gelation of a pyridyl-disulfide modified polymer 
without an exogenous crosslinker. Zhang et al.130 synthesized a poly(ethylene glycol) 
poly(propylene sulfide) (PEG-PPS) branched copolymer that was end-capped with PD 
groups. The authors co-injected PEG-PPS with stem cells into mouse brains and saw gel 
formation. Unlike our results, however, they also observed that PEG-PPS can gel in vitro 
in buffer (PBS, pH 7.4; and NaHCO3, pH 9.3), stating that the disulfide exchange reaction 
proceeded quickly because the pH of the buffer solutions were higher than the pKa = 6.5 
of 2-pyridine dithiol. Based on this explanation, it appears that Zhang et al.’s130 polymer 

A B

C D

Figure 4.2 Explanted 

material one day after 

injections of mid MW 

HA-PD. HA-PD was 

injected subcutaneously 

into the backs of mice, in 

combination with either 

PEG-DS (A, B) or PBS 

(C, D). Unmodified HA did 

not gel, and was unable 

to be retrieved. Arrows 

point to the edges of 

the in situ-formed gels. 

Ruler dimension is in 

centimeters. 



Chapter 4 | Gelation of Hyaluronic Acid with Thiols 62 

may be crosslinking with itself, whereas our HA-PD needs the presence of an exogenous 
free thiol to form a gel.

It is plausible that gels may be able to form in physiological conditions due to natural 
agents present in the body. Glutathione and cysteine are molecules found in blood 
plasma, and are present in both reduced and oxidized forms.131 It has recently been 
shown that oxidized glutathione, GSSG, can undergo a thiol-exchange reaction with 
poly(acrylamide-co-N-acrylcysteamine) (P-SH), a thiol-containing polymer, to cause the 
gelation of P-SH solutions.129 We proceeded to combine mid MW HA-PD with solutions 
of glutathione. HA-PD formed gels when combined with reduced gluathoine (GSH) 
(Table 4.3). When the oxidized form of glutathione, GSSG, was mixed with HA-PD, gels 
were not formed. Our previous work has already shown that an exogenously added free 
thiol, PEG-DS, crosslinks HA-PD into hydrogels (“HA-SS-PEG-SS-HA”). Consequently, 
it may be possible that an endogenous free thiol, such as GSH, can react with HA-PD, to 
form a different crosslinked HA-PD hydrogel (“HA-SS-HA”) as we propose in Figure 
4.3.

For confirmation of gel formation, we performed mechanical testing of the explanted 
gels. The volume of our samples were too small (~50 uL volume) to perform 
rheological testing, so we performed mechanical compression testing. Under unconfined 
compression, both the explanted HA-PD+PEG-DS and HA-PD+PBS hydrogels showed 
a non-linear stress-strain response (Figure 4.4, red and blue lines, respectively). In 
comparison, we also subjected non-injected HA-PD to unconfined compression testing 
and observed zero stress until the two platens came into contact (Figure 4.4, black line); 
this is expected of an non-gelled solution. As can be seen, there is a clear difference 
between the gelled and non-gelled materials

It should be noted, however, that differences between the stress values of the HA-PD/
PEG-DS and HA-PD/PBS hydrogels cannot be taken as quantitative at this point. We 
attempted to punch disc samples from each gel for compression testing, but the small 
size and irregular shapes of the explanted gels made it impossible to obtain a large 
enough standardized sample size that registered a measureable force on the instrument. 
Later studies will be designed to provide a more quantitative analysis of the magnitude 
of gelation differences between the two hydrogels (HA-SS-PEG-SS-HA and HA-SS-
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Figure	  3.	  	  Proposed	  mechanism	  for	  gela/on	  of	  HA-‐PD	  solu/ons	  in	  the	  presence	  of	  a	  free	  thiol,	  such	  as	  an	  
exogenously-‐added	  synthe/c	  polymer	  (e.g.,	  PEG-‐disulfide,	  or	  HS-‐PEG-‐SH)	  (A),	  or	  an	  physiologically	  endogenous	  
molecule	  (e.g.,	  reduced	  glutathione,	  GSH)	  (B).	  

Figure 4.3 Proposed mechanism for gelation of HA-PD solutions in the presence of a free thiol, such as 

an exogenously-added synthetic polymer (e.g., PEG-disulfide, or HS-PEG-SH) (A), or an physiologically 

endogenous molecule (e.g., reduced glutathione, GSH) (B).

Gelling Status 

Mid MW HA-PD, 
12.5 mg/mL (µL) 

GSH, 
50 mM (µL) 

GSSG, 
50 mM (µL) 

t = 1 min t = 4.5 h 

10 2.5 0 G G 

10 0 2.5 S S 

Table	  III.	  	  Physical	  state	  of	  mixtures	  of	  HA-‐
PD	  (MW	  =	  8.88	  ×	  105	  Da)	  and	  glutathione	  

Key:  S = Solution, G = Gel 

Table 4.3  Physical state of mixtures of HA-PD (MW = 8.88 × 105 Da) and glutathione
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HA), perhaps by using a larger animal model so that more material can be injected and 
explanted for testing.

Tissue slices stained with H&E are shown in Figure 4.5. None of the injected HA-PD 
materials (Figure 4.5A-D) showed significant cell infiltration compared to unmodified 
HA control (Figure 4.5E). Confirming our other observations, fragments of gel were seen 
for high MW HA-PD+PEG-DS, mid MW HA-PD+PEG-DS, and mid MW HA-PD+PBS 
(Figure 4.5A, B, and D, respectively). No gel was observed for high MW HA-PD + PBS 
(Figure 4.5C). Some residual unmodified HA was seen in the injection pocket (high MW 
in Figure 4.5E; mid MW in Figure 4.5F), but it did not show the same network structure 
of the gels.

In chemically crosslinked systems that rely on exogenously added crosslinkers, once 
the chemical reaction has been initiated, injectability decreases with time. In contrast, a 
crosslinking system that is triggered by the environment at the site of injection may be 
a more desirable mechanism of gel formation since there is no limitation of injection 
ability over time. Similar examples of environmentally triggered gelation can be based on 
temperature,132 pH,133 physiological salt concentrations,134 or local calcium concentrations 
in myocardial infarct tissue.135 Although more in-depth research is needed to fully 
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Figure 4.5 Representative tissue sections showing H&E staining of explanted tissue at Day 3 post-injection. 

Materials were injected subcutaneously into the hind limbs of mice (50 μL total volume per injection). HA-

PD was combined with either PEG-DS (A, B) or DPBS (C, D). Mixtures were made with either high (A, 

C) or mid (B, D) molecular weight HA-PD. High and mid MW HA (each 1% in DPBS) served as controls 

(E and F, respectively). Images were taken at 10x; scale bar represents 200 μm. The asterisks (*) denote 

representative areas of gel.
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understand its mechanism of gelation, the mid molecular weight HA-PD that we have 
developed may prove to be useful for injectable biomedical applications. 

4.4 Conclusions

We have described here a system in which a modified form of hyaluronic acid, HA-PD, 
can undergo in situ crosslinking to form a hydrogel when injected into subcutaneous 
tissue. Gels made of HA-PD and a PEG disulfide crosslinker are biocompatible. 
Interestingly, the material can gel in vivo without the aid of exogenously added 
crosslinkers, but only if a certain molecular weight of HA-PD is used. Although the 
exact mechanism of crosslinking of this material needs to be confirmed, a material that 
crosslinks based on in vivo physiology can prove to be a valuable and clinically useful 
environmentally responsive biomaterial. 
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5.1 Introduction

Polyelectrolyte hydrogels are three-dimensional polymeric networks formed by 
amphiphilic polyelectrolyte association or pure ionic interaction.45 A notable example of 
the former was performed by Nowak et al.,136 in which solutions of diblock copolymers, 
synthesized from charged and neutral amino acids, form robust hydrogels by collapse of 
the hydrophobic segments. Purely ionic hydrogels can be made from synthetic triblock 
copolymers,137 or from natural polymers.

In many ways, physically crosslinked polyelectrolyte hydrogels are uniquely suited 
for biomedical applications, compared to covalently crosslinked (chemical) hydrogels. 
Physical gels often do not contain residual monomers or initiators, as chemical gels do.138 
Physically crosslinked gels can be easier to degrade in physiological conditions,139 and 
have been shown to be more conductive to cell survival and proliferation than chemically 
crosslinked analogues,47,48 making them attractive materials for drug and cell delivery. 
Crosslinks of physical gels are transient and can break and re-form, enabling recovery of 
their original mechanical properties after shear, and are able to conform seamlessly into 
the space in vivo that they are injected; these properties are quite useful for minimally 
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invasive medical procedures. It is also possible to adjust the mechanical properties of 
physical gels to cover the range from being rather soft to highly stiff (in excess of 103 
Pa).140

Polysaccharides, in particular, have been attractive candidates as natural building 
blocks of physical hydrogels for biomedical applications due to their inherent charged 
chemical structures, as well as their biocompatibility.141 Alginate is a commonly used 
anionic polysaccharide that, when combined with the cationic polymer poly-L-lysine, 
can form ionically crosslinked gels,45 and has been studied for the immunoprotective 
encapsulation of pancreatic islet cells,142 as well as drug delivery.143 PLGA nanoparticles 
can be surface modified with either anionic alginate or cationic chitosan; these oppositely 
charged particles have been combined to make a cytocompatible polyelectrolyte colloidal 
hydrogel.144

Hydrogels based on natural extracellular (ECM) components may be the most amenable 
for biocompatible and efficacious biomedical therapies. Hyaluronic acid (HA) is one 
such molecule that is particularly attractive due to its role in tissue development, 
embryogenesis, and wound healing.53,54 HA is a linear, anionic polymer consisting 
repeating disaccharides of β-1,4-linked glucuronic acid and β-1,3-linked N-acetyl-
D-glucosamine. Although many chemically crosslinked HA-based gels have been 
synthesized for drug and cell delivery,55,56 only a handful of physically crosslinked HA-
based systems have been developed. Mixtures of HA and methyl cellulose (HAMC) 
form physical gels through a combination of hydrophobic association and a salting-
out effect, and have been studied by the Shoichet group for drug and cell delivery 
applications.57-59 The HAMC gels are injectable, biocompatible, and exhibit temperature-
sensitive reversible gelation. Taking advantage of the fact that HA is negatively-charged, 
polyelectrolyte gels have been fabricated by mixing HA with positively-charged amine-
grafted polymer microspheres;60 when implanted, the authors found that HA-based 
polyelectrolyte hydrogel elicited lower inflammation than both controls (umodified HA 
and collagen). A commercially available physically crosslinked HA gel has also shown 
good biocompatibility but the composition of these gels is unknown.61 Wu et al.62 studied 
water-soluble polyelectrolyte complexes comprised of mixtures of HA and PEG-grafted 
chitosan. In addition to characterizing the conditions in which gels formed, they found 
that the complexes were not cytotoxic.
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In this work, we cross-linked HA into physical hydrogels using cationic block 
copolymers with well-defined chemical structures. We synthesized the copolymers using 
living polymerization, and characterized the physical state of polymer and HA mixtures. 
Rheological characterization of the hydrogels was performed, as well as in vitro and in 
vivo compatibility studies. With further improvement, these hydrogels may find use in a 
range of biomedical applications.

5.2 Experimental Section

5.2.1 Chemicals

Hyaluronic acid (HA) sodium salt of different molecular weights (1.7×104, “low”; 
8.88×105, “mid”; and 1.4×106 Da, “high”) were obtained from Lifecore Biomedical 
(Chaska, MN). UltraPure distilled water was purchased from Gibco Invitrogen (Carlsbad, 
CA). Four-arm PEG-OH (average Mn of 20K) was purchased from Creative PEGWorks 
(Winston Salem, NC) and was used as received. Toluene (Sigma-Aldrich, St. Louis, MO) 
was dried by refluxing over sodium and distilled. The monomer (N-(tert-butoxycarbonyl)
aminoethyl methacrylate) (tBAM), was synthesized as described before.145 The 4-arm 
PEG macro-initiator for ATRP was synthesized following literature.146 Copper (I) 
bromide (CuBr), copper (I) chloride (CuCl), and 2, 2-dipyridyl (bPy) were purchased 
from Sigma. Other chemicals and solvents were purchased from Sigma and used without 
further purification.

5.2.2 Polymer Synthesis

Polymers were synthesized courtesy of Weihang Ji and Dr. Xiaoze Jiang, a current 
graduate student and former post-doctoral associate in our laboratory, respectively. Four 
polymers were synthesized (detailed below): a linear homopolymer, PAEM45; a diblock 
copolymer, PEG113-b-PAEM14; and two 4-arm star polymers, [PEG113-b-PAEM12]4 
(“4PEG12”) and [PEG113-b-PAEM37] 4 (“4PEG37”).

The ATRP of 4-arm polyethylene glycol-block-poly(2-aminoethyl methacrylate) [PEG-
b-PtBAM]4 followed the procedures modified from Tang et al.147 0.8 g of 4-arm PEG 
macro-initiator, 534 mg of tBAM, along with 22.2 mg of CuBr and 48.6 mg of bPy were 
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added to a glass two-neck flask. And the system was degassed three cycles. A volume of 
2mL of dried degassed toluene was added, and the mixture was heated at 90 °C for 6 h. 
The reaction was terminated by exposing the system to air. The diluted reaction solution 
by dichloromethane (DCM) was passed through a basic aluminum oxide column to 
eliminate the copper complex. The resulting product was precipitated in hexane twice 
and dried in vacuum at room temperature for 2 days. The Boc groups were removed by 
dissolving 0.5 g of [PEG-b-PtBAM]4 in 3 mL of trifluoroacetic acid (TFA) and stirred for 
2 h at room temperature. TFA was then removed by evaporation, and the oil residue was 
rinsed three times with diethyl ether. The resultant precipitate was collected by filtration, 
washed twice by diethyl ether, and dried overnight in vacuum. Afterwards, the polymer 
was washed carefully with NaOH solution at pH 9.0,148 and instantly put into dialysis 
tubing (MWCO=3.5K) and dialyzed against distilled water for 3 days. The final [PEG-
b-PAEM]4 polymer was obtained by lyophilization. [PEG-b-PAEM]4 polymers bearing 
different lengths of PAEM block were also synthesized similarly by varying the ratio of 
monomer to macro-initiator. Poly(2-aminoethyl methacrylate) (PAEM) homopolymer 
was synthesized according to the methods used by Ji et al.148 Polyethylene glycol-block-
poly(2-aminoethyl methacrylate) diblock copolymer (PEG-b-PAEM) was synthesized 
according to the methods used by Tang et al.147

5.2.3 Assessment of physical state of HA and cation mixtures, and gel fraction 
determination

Each component (HA or cation) was dissolved separately into each of three solvents: 
water, PBS (Dulbecco’s phosphate-buffered saline, Gibco), or isotonic glucose (5% 
glucose in water). HA was dissolved to a concentration of 12.5 mg/mL. Polycations were 
dissolved to concentrations of maximum solubility (100, 200, 100, and 40 mg/mL for 
PAEM45, PEG113-b-PAEM14, 4PEG12, and 4PEG37, respectively).

For each cation, we studied mixtures of different “N:C” charge ratios (from 1:8 to 4:1), 
where N stands for nitrogen (amine, or positive charge) and C for carboxyl (negative 
charge). In our initial qualitative survey of gelation ability, we tested only high molecular 
weight HA (1.4 × 106 Da), and PBS and water as solvents. Dissolved HA was added 
to the cation solution by pipetting with a positive placement pipettor, and mixed. Final 
concentration of HA in all mixtures was 1% (10 mg/mL). Final concentration of cation 
was tuned to the desired N:C ratio. Physical state (solution, precipitate, or gel) was 
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assessed visually, and positive gel formation was defined as resistance to flow under 
gravity. For the mixtures that produced gels, qualitative scores were given to each 
mixture to describe the degree of gel formation in terms of the amount of gel produced 
based on visual estimation (<25%, 25-75%, or >75% gel fraction). Based on the 
qualitative observations, the formulation that yielded the most extensive and stiffest gel 
was selected for subsequent quantitative evaluations (rheology, erosion, sol/gel fraction 
determination, cytotoxicity, and in vivo assessments).

5.2.4 Rheological characterization

Rheological examinations were performed on an AR-G2 rheometer (TA Instruments, 
New Castle, DE) outfitted with a Peltier temperature-controlled stage. Oscillatory shear 
measurements were obtained at 20 °C using 40 mm diameter stainless steel parallel plate 
geometry. Solutions of HA and cation were mixed quickly in a conical tube, pipetted onto 
the bottom plate, and the top tool was lowered to sandwich the sample between the plates. 
Water was placed into the trough of the upper tool and the sample was covered with a 
solvent trap to minimize evaporation from the sample.

A strain sweep (1 - 100%) was first performed at 1 rad/s to determine the linear 
viscoelastic region. Based on the results, frequency sweeps were performed at 10% strain 
to obtain storage (G’) and loss (G’’) moduli. To assess shear reversibility, gels were 
subjected to high amplitude oscillatory shear (1000% at 1 rad/s for 5 min), then recovery 
was monitored (5% strain at 1 rad/s for 45 min). G’ was then normalized to the initial 
storage modulus, G’0, to assess rate of gel recovery.

5.2.5 Gel stability and gel fraction determination

Both HA and 4PEG12 were dissolved into water. The HA was then mixed with 4PEG12 
(N:C 1:1) to make a 12.5 μL gel. The droplet of gel was placed onto the bottom of a 
60-mm plastic petri dish, covered with an excess (2.0 mL) of either water or PBS. The 
integrity of the gel was observed by naked eye observation immediately after addition of 
solvent, and up to 8 days after solvent addition. The dishes were placed into a humidified 
37°C, 5% CO2 incubator between observation time points. 
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After mixing the HA and cation, the extent of gelation was determined by using a pipettor 
to measure the volume of solution remaining in the tube after removal of the gel. This 
non-gelled solution volume was then subtracted from the total volume of the original 
mixture to obtain a semi-quantitative value of the gel fraction.

5.2.6 In vitro cell encapsulation and cytotoxicity

Human mesenchymal stem cells (hMSCs), originally obtained from Lonza (Walkersville, 
MD), were kindly provided by the lab of Dr. Robert Tranquillo (Department of 
Biomedical Engineering, University of Minnesota). Cells were used between passages 
5-10 for all experiments.

For encapsulation studies, hMSCs were trypsinized and labeled in suspension with 
2.5 μM CellTracker Green CMFDA (5-chloromethyl fluorescein diacetate; Invitrogen) 
according to manufacturer’s directions. After labeling, 10,000 cells were combined with 
10 μL of HA (12.5 mg/mL) and 4PEG12 to make a 12.5 μL volume gel of N:C 1:1 in 
isotonic glucose. The gel-encapsulated cells were placed into a 12-well tissue culture 
plate then imaged with an Olympus IX70 microscope at 10x, immediately before addition 
of 1 mL of media and one day after media addition. Cells were placed in a humidified, 
37 °C, 5% CO2 incubator between timepoints. Non-encapsulated cells were cultured on 
tissue culture plates as the control.

For cytotoxicity studies, the hMSCs were plated into tissue culture treated plates at a 
seeding density of 10,000 cells/cm2. Serial dilutions of HA and 4PEG12 were made 
separately in PBS. After the cells reached >95% confluency, HA and 4PEG12 were added 
to the growth medium in the wells (MSCGM; purchased from Lonza); a range of total 
polymer concentrations were tested, with N:C ratio maintained at 1:1. Dose responses 
of each polymer alone were also performed. One day after adding materials to the wells, 
cell viability was assessed by the MTT assay in which 20 μL of MTT reagent (5 mg/mL 
in PBS; (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), Sigma) 
was added to the 100 μL of volume in each well. After a 4 h incubation, the contents were 
removed and replaced with 100 μL DMSO per well. Absorbance was read at 570 nm and 
690 nm (background). After background subtraction, the absorbance value of each sample 
was normalized to the absorbance of TCP control (cells cultured on TCP not exposed to 
either HA or 4PEG12). Data are shown as mean ± S.D (n=3).
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5.2.7 In vivo assessments and histological analyses

Eight- to thirteen-week-old C57BL/6 male mice were purchased from Jackson labs (Bar 
Harbor, ME) and housed and used in accordance with guidelines from the University of 
Minnesota Institutional Animal Care and Use Committee.

HA and 4PEG12, dissolved in isotonic glucose at 1:1 N:C, were mixed in a conical 
tube to form a gel. The control consisted of high MW HA dissolved in isotonic glucose. 
Both test and control injections had a final HA concentration of 1%. Using a positive 
displacement pipettor, the material was then back-filled into a 1 mL syringe (25G × 5/8” 
needle; Tyco Healthcare Group, Mansfield, MA) by removal of the plunger and addition 
of the gel into the lumen of the syringe barrel. All materials were dissolved and handled 
under aseptic conditions.

For distribution studies, 6.0 μm diameter blue-dyed polystyrene microspheres 
(Polysciences, Inc., Warrington, PA) were sterilized by incubation in ethanol for 30 min 
then washed four times with sterile DI water. Beads (2.8 × 106) were incorporated into 
the HA+4PEG12 gel to make a total volume of 100 μL. The bead plus gel mixture was 
subcutaneously injected into the backs of the mice between the scapulae. The animals 
were terminated one day after injections.

For tissue response assessments, 30 μL of material was injected into the subcutaneous 
space of each leg; animals were termed at 3 and 14 days post-injection. Tissues were 
removed, embedded in OCT compound, flash frozen in liquid nitrogen and sectioned (10 
μm thick).

Tissue sections were stained with either H&E using standard methods, or for CD68/
ED-1, which is a marker of activated macrophages.149 Slides were washed with PBS-T 
(0.05% Tween 20 in PBS), blocked at room temperature first with 5% bovine serum 
albumin (Sigma) in PBS for 30 min then with 5% goat serum (Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA) in PBS for 30 min. The sections were then incubated 
for 3 h at room temperature with rat anti-mouse CD68/ED-1 antibody (1:100 dilution; 
AbD Serotec, Raleigh, NC), washed with PBS-T, and then incubated with the secondary 
antibody (Rhodamine Red goat anti-rat IgG, 1:200 – 1:500 dilution; Jackson) for 1 h at 
room temperature in the dark. The slides were washed again with PBS-T, counterstained 
with Hoechst 33342 (Gibco Invitrogen), and then mounted with Vectashield fluorescent 
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mounting medium (Vector Laboratories, Burlingame, CA). Images were captured with 
an Olympus IX70 microscope at 10x. Percent of total image area of ED-1 fluorescence 
was determined with ImageJ using the software’s built-in analysis tools; data are shown 
as mean percentage ± S.D (n = 3 animals per timepoint/material; ≥3 slices per timepoint/
material, 1 field per slice). Statistical analyses were performed using the two-sample 
equal variance Student’s t-test. A probability (p) value of <0.05 was deemed statistically 
significant.

5.3 Results and Discussion

5.3.1 Qualitative assessment of physical states: HA and cation mixtures

Several types of polycationic molecules were synthesized (Figure 5.1A): a linear 
homopolymer, PAEM45; a diblock copolymer, PEG113-b-PAEM14; and two 4-arm star 
polymers, [PEG113-b-PAEM12]4 (“4PEG12”) and [PEG113-b-PAEM37] 4 (“4PEG37”). Our 
purpose was to investigate how the different structures of positively charged polymers 
would interact with negatively charged HA, and hypothesized that a star structure would 
produce a gel while a linear structure would not (Figure 5.1B). We first performed 
qualitative investigations of different mixtures of HA and cationic molecules to determine 
which mixtures would produce a physically crosslinked gel, then we subjected the most 
robust gel to quantitative characterizations. Of all of the combinations tested, the water-
dissolved mixture of HA and the short cationic four-arm star PEG, 4PEG12, at the N:C 
ratio of 1:1 was our most promising candidate because it yielded the largest gel fraction 
and the strongest gel. Below we describe the various parameters that were investigated to 
conclude that this was our best candidate from the mixtures tested.

5.3.1.1 Qualitative scoring of mixtures

For our initial investigations to screen combinations, we dissolved high molecular weight 
HA and each cationic molecule separately, mixed the solutions at room temperature, 
and assessed the mixtures. Some, but not all, mixtures of HA yielded observable gels 
or precipitates (Table 5.1). Due to solubility limits, not all cations could be dissolved at 
sufficient concentrations to prepare the full range of N:C ratios.



Chapter 5 | Characterization of Hyaluronic Acid-Polycation Gels 75 

HA 

- 
- - 

+ + 

+ 

+ 

+ 

+ 

- - 
- 

- 
- - 

- - 
+ 

+ 
+ 
+ 

+ 
+ 

+ - - 
- - + + 

+ 

+ + + 
+ 

- - 

- 
- - - - - 

- 

- 

- 

+ 
+ 

- - 

PAEM PEG 

(Hydrogel) 

(Precipitate) 

(Precipitate) A B 

Figure 5.1 Chemical structure of polymers that were synthesized (A) and a schematic illustration of hydrogel 

assembly (B).

Table	  1.	  	  Physical	  state	  of	  mixtures	  of	  HA	  (MW	  =	  1.4	  ×	  106	  Da)	  and	  
ca(onic	  polymers	  

3	  

Key:	  	  	  =	  precipitate;	  +	  =	  <25%	  gel	  frac(on;	  ++	  =	  25-‐50%	  gel	  frac(on;	  +++	  =	  >75%	  gel	  frac(on;	  -‐	  =	  solu(on;	  n.d.	  =	  not	  
determined.	  	  

KEY: 
Precipitate =  "
Gel, <25% volume =  + 
Gel, 25 -50% volume =  ++ 
Gel, >75% volume =  +++ 
Solution = - 
Not determined=  n.d. 

"4PEG12" "4PEG37" 

PAEM45 PEG113-b-PAEM14 (PEG113-b-PAEM12)4 (PEG113-b-PAEM37)4 

N:C H2O PBS H2O PBS H2O PBS H2O PBS 

1:8 " " - - + - + "

1:4 " " - - + - + "

1:2 " " " - ++ - + "

1:1 " " " - +++ - + "

2:1 " " " " n.d. n.d. n.d. n.d. 

4:1 " " n.d. n.d. n.d. n.d. n.d. n.d. 

Table 5.1  Physical state of mixtures of HA (MW = 1.4 × 106 Da) and cationic polymers
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Mixtures that formed gels did so within two to three aspirations of the mixture (~10 
seconds). After the gel had formed, it became difficult to aspirate again. For combinations 
in which gels formed, the resulting mixture was not homogeneous, but separated into 
a standalone mass of gel suspended within a non-gelled solution; depending on the 
cationic component, different fractions of gels were produced (Table 5.1). As shown 
in Figure 5.2A, the gel portion ejected out of the pipet as a single coherent mass, and 
was microscopically heterogeneous—the bulk of the gel was transparent and colorless, 
but was interspersed with areas of white precipitate. In addition, the gel possessed a 
stickiness that made it adhere to the pipet tip and required the use of a second tip to 
detach it from the original mixing tip. In contrast, HA alone was quite viscous, was 
optically clear, and could be expelled cleanly as discrete droplets from the pipettor 
(Figure 5.2B). Further evidence of the different state of the materials can be revealed 
when the plates were slowly separated after rheological testing (Figure 5.2C and D; 
details of rheological characterization to be discussed below).

A B

C D

Figure 5.2 HA and 4PEG12 

were dissolved separately in 

distilled water, mixed together 

(N:C 1:1, final HA concentration 

= 1%), and ejected out 

of a pipettor (A); HA only, 

1% final concentration (B). 

After rheological testing, the 

materials showed very different 

structures: HA+4PEG12 gel 

(C), HA only (D).
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5.3.1.2 Effect of solvent

The components were dissolved into aqueous solutions of comparatively low or high 
ionic strength (water or PBS, respectively). For all polymers, gels only formed in water 
(Table 5.1). The polymers were designed to be cationic in order to ionically interact with 
the negatively charged carboxyl groups of HA. The observation that solutions of higher 
ionic strength prevented gel formation support the idea of an electrostatically assembled 
gel. This phenomenon is substantiated by other studies in which salts interfere with PEC 
formation, such as HA and PEG-grafted chitosan.62

The water-dissolved mixture of HA and 4PEG12 at the N:C ratio of 1:1 yielded the 
largest gel fraction as qualitatively assessed by eye. After volumetric measurements 
were performed, we determined the gel fraction of this mixture to be 88% of the total 
volume. To determine the stability of this gel after formation, a small volume of gel was 
placed in an excess of either water or PBS. The gel quickly disintegrated (within 15 min) 
after the addition of PBS, but remained stable for at least 8 days when water was added. 
Furthermore, gels prepared in water are able to be stored at 4 °C for at least 14 days. 
When removed from storage, the gels and had assumed the shape of the conical tube in 
which they were stored, but were able to be ejected from a small diameter 25G needle. 
By qualitative observation, the gels had also become more optically homogeneous with 
time, and had a slight, but uniform, white opacity.

5.3.1.3 Effect of polymer architecture

We hypothesized that a star-shaped polymer would be more effective than a linear 
polymer to form a gel. The homopolymer PAEM45 precipitated when combined with HA, 
in both solvents and at all N:C ratios tested. The diblock copolymer PEG113-b-PAEM14 
was miscible with HA at low N:C ratios, but formed precipitates at higher N:C ratios. 
The presence of precipitation suggested that an interaction had occurred between HA and 
these linear cationic molecules. At low N:C ratios, the hydrophilic PEG portion of the 
diblock copolymer may have prevented complex precipitation that occurred when the 
amounts of amine groups were increased.

In contrast, gels formed when HA was combined with four-arm PEG-b-PAEM molecules. 
The “star” shape of the four-arm molecules may provide steric hindrance—and therefore 
spacing—to foster a three-dimensional gel structure upon interaction with the long chains 
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of HA. This result is consistent with studies of poly(ethylene glycol)-poly(propylene 
sulfide) (PEG-PPS) multiblock copolymers, which have shown that structure influences 
intramolecular interactions. Di- and triblock PEG-PPS copolymers (akin to “one-arm” 
and “two-arm” PEG-PPS, respectively) aggregate and make micelles in water,150,151 
whereas a solution of four-arm PEG-PPS star copolymer yields a physical hydrogel.130 

5.3.1.4 Effect of cationic arm length

Overall, gel formation was better when HA was combined with the shorter version of 
the star polymer (4PEG12) than the long-arm version (4PEG37). In water, gels were 
formed with both 4PEG12 and 4PEG37, but the use of the shorter cationic arm resulted 
in larger gel fractions. There are a couple of reasons that can be offered to explain this 
difference in gel formation. One, a longer cationic arm may interact more with HA’s 
anionic carboxyl groups. The greater interaction may induce a partial collapse of the 
complex, so that the HA/4PEG37 gel cannot hydrate as efficiently, thus yielding smaller 
gels. Two, at a given N:C ratio, the stoichiometry of PEG:HA is not equal; namely, there 
are approximately one-third less 4PEG37 molecules than 4PEG12 molecules. If mixtures 
were made based on mole ratio of PEG:HA, then a comparison of gel size could be made. 
Unfortunately, due to the solubility limit of 4PEG37, this was not able to be tested (i.e., 
this would be equivalent to an N:C ratio of 3:1).

In PBS, the HA and 4PEG12 mixture remained a solution, whereas HA and 4PEG37 
mixture made a precipitate. Again, it is possible that the longer cationic length of 4PEG37 
interacts more with HA than 4PEG12, causing precipitation of HA/4PEG37 mixtures. 
However, it is surprising that we would observe any precipitates at all, since it would 
be assumed the salts from PBS would compete for ionic interaction, and therefore 
solvate each individual molecule to prevent precipitation from occurring. Ikegami et 
al.152 has shown that polyelectrolytes can precipitate in the presence of salts, but the salt 
concentration in their system was much higher than ours. Therefore, a detailed study of 
polycation chain-length and its effect on physical gel formation in combination with HA 
may therefore be an area of further investigation.

In summary, we tested the effect of solvent, polymer architecture, and polymer backbone 
structure, in our qualitative assessment of gel formation. We identified that the mixture 
of HA and 4PEG12 at an N:C ratio of 1:1 yielded the stiffest gel and the greatest gel 
fraction, and subsequently characterized this gel with quantitative measures.
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5.3.2 Quantitative characterization of HA + 4PEG12 gels

5.3.2.1 Dynamic moduli measurements

Rheological measurements showed that the storage modulus (G’) of the HA+4PEG12 
mixture was larger than its loss modulus (G’’) across all frequencies (Figure 5.3A, 
circles), which demonstrated that a gel was formed. At low frequencies, the storage 
and loss moduli of HA+4PEG12 exhibited frequency-independence, which further 
confirmed gel formation.153 A solution of 1% HA in water, which served as control, 
exhibited storage and loss moduli that were frequency dependent over the entire range 
of frequencies tested (Figure 5.3A, triangles); the crossover of G’ and G’’ are typical of a 
high concentration linear polymer in solution.153 Taking into account the slightly different 
experimental conditions (temperature and MW of HA), the moduli values shown in the 
literature (G’,G’’ ≈ 10 Pa for 1% HA solution, MW = 1.7 × 106 Da at 5 °C and ω = 1 
rad/s)154 agree well with what we obtained for HA-only solutions (G’ = 2.3 Pa, G’’ =5.3 
Pa for 1% HA solution, MW = 1.4 × 106 Da at 20 °C and ω = 1 rad/s).

When HA and 4PEG12 were dissolved in PBS, however, G’ and G’’ were frequency 
dependent (Figure 5.3B, circles). Additionally, the moduli of HA alone in PBS (Figure 
5.3B, triangles), which is a liquid, looked very similar to the HA+4PEG12 mixture. This 
is quantitative confirmation that salts in the PBS interfered with ionic coacervation of HA 
and 4PEG12, and prevented gel formation.

It was envisioned that these materials would be used for in vivo delivery of biologics, 
such as cells. Because gels were not formed in the physiologically isotonic PBS buffer, 
we attempted to make the HA+4PEG12 gels in physiologically isotonic glucose (5% 
glucose in water) as an alternate material for entrapping cells without lysis. Again, 
HA+4PEG12 showed frequency independent moduli at low frequencies, while 1% HA 
alone in isotonic glucose was frequency dependent (Figure 5.3C). Gels were formed in 
isotonic glucose, which does not contain salts, whereas gels are prevented from formation 
when the components were dissolved in an isotonic salt solution. This data yields further 
evidence that HA+4PEG12 mixtures gel based on an electrostatic mechanism.

Interestingly, glucose appears to provide extra stabilization of the HA+4PEG12 gel. At 
low frequencies, the plateau values of G’ and G’’ are larger in the glucose solution (7.6 
Pa and 3.9 Pa, respectively, Figure 5.3C) than when water is used as the solvent (3.7 Pa 
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and 2.1 Pa, respectively, Figure 5.3A). The moduli values of HA alone are also higher 
in glucose solution than in water. It is has been reported that increased storage and loss 
moduli are of HA-only solutions can be attributed to hydrogen bonding of the glucose 
molecules with the polysaccharides of hyaluronan backbone.154 It is likely that glucose 
may also stabilize the HA+4PEG12 gel, thereby increasing the stiffness over the same 
gels made in water.
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For comparison, we also explored the effect of fabricating HA+4PEG12 gels at N:C of 
1:1 using hyaluronan of different molecular weights. Figure 4 shows the storage and 
loss moduli that were obtained as a function of angular frequency of two additional 
lower molecular weights of HA. Both mid and low MW HA failed to make a gel when 
combined with 4PEG12 (circles in Figure 4A and 4B, respectively), as evidenced by 
the larger loss moduli than storage moduli at low angular frequencies, and the moduli 
crossover at higher frequencies.

5.3.2.2 Determination of shear reversible gelling behavior

We subjected the HA+4PEG12 gel to high amplitude oscillatory shear to breakdown 
the gel then monitored its modulus over time to determine if—and how quickly—the 
gel could recover its original strength. In Figure 5.5, the gel’s storage modulus (G’) is 
plotted as a fraction of its original modulus (G’0) over time. Within 30 sec of initiating the 
large amplitude shear protocol, modulus of the gel dropped to 4% of its original value; it 
then remained constant for the remainder of the high-amplitude test. After halting high 
shear and probing the properties of the gel with low-amplitude shear, the gel recovered 
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Figure 5.5 Gels composed of high molecular weight HA (1.4 × 106 Da) and 4PEG12 (N:C 1:1 in water, 1% 

final HA concentration) were subjected to high-amplitude oscillatory shear (0 – 300 sec), followed by linear 

recovery measurements at low-amplitude shear. The gel’s storage modulus, G’, is normalized its original gel 

strength G’0 over time. The inset shows a close-up of the recovery period.
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to 49% of its original strength within 14 sec (which was the minimum sampling time of 
the instrument); and more slowly returned to 90% of its original stiffness over the next 
45 minutes. This result suggests that the HA + PEG gel is held together by non-covalent, 
transient bonds. 

Shear recovery may be useful to enable convenient injection followed by in situ gelation 
and has been observed in other hydrogel materials.136,155-159 The gel recoveries can happen 
quite quickly. For example, hydrogels made of β-hairpin peptides can recover ~50% of 
their stiffness within 5 seconds,155 a crosslinked alginate hydrogel was able to recover 
~67% of its viscosity within 6 seconds,159 and recently, the Burdick group has been 
reported that their peptide-based physical hydrogel system can recover its full stiffness 
within 6 seconds.158

5.3.3 Biological assessments

The intended application of this material is for a cell delivery vehicle, so we used a 
clinically relevant cell type, human mesenchymal stem cells (hMSCs), in our biological 
assessments.

5.3.3.1 Cell encapsulation

Physiologically isotonic glucose was used as the solvent for cell encapsulation because 
gels do not form in PBS. Before addition of medium, green fluorescing cells were 
homogeneously suspended within the gels (Figure 5.6A); the polymer network of the 
gels could be clearly seen using standard phase contrast microscopy (Figure 5.6B). After 
addition of media, the gel quickly dissolved within 15 min (observations not shown). 
By one day post-encapsulation, cells remained green and had spread evenly throughout 
well; however, most cells were round and not attached to the culture plate (Figure 5.6C). 
In comparison, control cells plated onto tissue culture plates were spread and adhered 
(Figure 5.6D). Because the gel components likely dissociate in salt-containing medium, 
it is possible that the cationic polymer was then allowed to interact with the cells. Cation-
grafted PEG copolymers have been shown to form nanometer-thick coatings around cells; 
the positively charged portion electrostatically adsorbs onto a cell’s negatively charged 
membrane while the PEG moieties assemble at the outermost layer.38 PEG has been long 
studied for its anti-adhesive properties.160 Our cationic PEG block copolymer, 4PEG12, 
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may have adsorbed onto cell membrane and prevented the cells from attaching to the 
tissue culture plate.

5.3.3.2 Cytotoxicity

Viability assays could not be performed on cells while encapsulated in the HA/4PEG12 
hydrogels because the salt-containing buffers used in these methods dissociated the 
gels. Instead, cells were allowed to adhere to tissue culture plates before exposure to 
the polymers. After adding a combined HA+4PEG12 polymer concentration of 63 μg/
mL, the cells were 89.5 ± 8.1% viable (Figure 5.7). Viability decreased as concentration 
increased, and dropped to 37.8 ± 2.6% at a high combined polymer concentration of 2 
mg/mL.

A
hMSCs in HA/4PEG12 gel, 10K/well; Before media (t=”-1”) 10xbrightfieldcell tracker

B

C D

Figure 5.6 Cell Tracker Green-labeled hMSCs encapsulated into HA+4PEG12 gels in isotonic glucose 

solvent, before addition of cell culture media (green fluorescence, A; brightfield, B). Cells were imaged again 

at one-day post encapsulation (C). Control cells cultured for one day on tissue culture plate are shown in 

(D). Images taken with 10x objective; scale bar represents 200 μm. 
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In order to determine if one component was primarily responsible for the observed 
decrease in viability, we also exposed hMSCs to serial dilutions of 4PEG12 alone at the 
equivalent concentrations that would be used in the HA+4PEG12 gel (e.g., a 2 mg/mL 
combined polymer mixture is composed of 1.15 mg/mL 4PEG12 and 0.85 mg/mL HA). It 
can be seen that the cytotoxicity dose-response profile matches closely with 4PEG12, and 
not HA.

The cytotoxicity of our materials compare favorably to other cationic polymers. Branched 
PEI, a multi-arm amine-terminated, cationic polymer, has been reported to be quite 
cytotoxic to a variety of different cells lines (e.g., dendritic cells147 and rat fibroblasts161), 
with less than 5% cells viable at a concentration of 0.1 mg/mL. Rat mesenchymal stem 
cells treated with 24.5 μg/mL of a polyethylene glycol-grafted polyethylenimine (PEG-
PEI) polymer had less than 5% viability at 24 h.162 Human MSCs were 86% viable at 
24 h after exposure to a chemical conjugate of branched polyethylenimine (bPEI) and 
hyaluronic acid (HA) (bPEI-HA) at a concentration of 0.5 mg/mL.163
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5.3.3.3 Microsphere retention

To assess the potential ability of the HA+4PEG12 gel to facilitate retention of biologics 
at the site of delivery, we injected 6.0 μm diameter polystyrene beads encapsulated within 
gel subcutaneously into the backs of mice. One day after injection, the beads remained in 
one localized area at the injection site when delivered within the HA+4PEG12 gel (Figure 
5.8A), but distributed into separate “pockets” when the beads were delivered within HA 
alone (Figure 5.8B). As described above, the gel is expelled as a single coherent mass, 
which explains why entrapped beads may remain in one area. Although high molecular 
weight HA is an “entanglement” network due to its long polysaccharide chains, HA alone 
is a liquid and therefore cannot prevent the dispersion of the beads from the initial site of 
injection.

As the rheological data has shown, the HA+4PEG12 gel exhibits shear reversible gelling 
behavior and the rapid “set up” of the gel after injection may be the characteristic 
responsible for the retention of the microspheres. It has been suggested that leakage 
and washout of cells after injection presents the largest obstacle of cell transplantation 
trials.18,19 The combined attributes of injectability and shear reversibility gel may 

A B

* *

Figure 5.8 In vivo distribution of blue polystyrene microbeads one day after subcutaneous injection into the 

backs of mice (100 μL total volume). The beads were combined with either HA+4PEG12 gel (A), or HA only 

(B). The asterisk (*) denotes the site of injection. Scale bar represents 0.5 cm. 
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beneficial in such minimally invasive therapies, and injectable hydrogels than can quickly 
recover their strength have been offered as a solution to improve “cell payload.”157 

5.3.3.4 In vivo assessment

The biocompatibility of HA+4PEG12 gels was assessed at days 3 and 14 after 
subcutaneous hind limb injections by routine histological staining (H&E), as well as 
immunohistological staining for ED-1 (CD68), a marker of activated macrophages.58,149 

Three days after injection, H&E staining of explanted tissue sections show much more 
cell infiltration to the HA+4PEG12 gel than to HA only (Figure 5.9). By day 14, the 
HA+4PEG12 hydrogel was largely gone, though a large number of recruited cells 
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Figure 5.9 Representative tissue sections showing H&E staining of explanted tissues. Materials were 

injected subcutaneously into the hind limbs of mice (30 μL per injection). HA+4PEG12 gel is shown in (A, B); 

HA only in (C, D). Animals were assessed at day 3 (A, C) and day 14 (B, D) post-injection. Images taken at 
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Figure 5.10 Representative tissue sections showing positive ED-1 staining indicative of the inflammatory 

response. Materials were injected subcutaneously into the hind limbs of mice (30 μL per injection). 

HA+4PEG12 gel is shown in (A, B); HA only in (C, D). Animals were assessed at day 3 (A, C) and day 14 (B, 

D) post-injection. Images taken at 10x; scale bar represents 200 μm. The percent of ED-1 staining of total 

area for HA only (black bars) or HA+4PEG12 (grey bars) (E); data shown as mean ± S.D. (n≥3). Statistical 

significance was shown by Student’s t-test where *p<0.01; n.s. denotes non-significance.
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remained. For the control HA injection site at day 14, few infiltrated cells were present 
and no material remained.

Tissue sections were also stained for ED-1 to further explore the inflammatory response 
to the materials (Figure 5.10). At day 3, the percent of tissue area that was positively 
stained for ED-1 was significantly greater for the HA+4PEG12 gel than for the HA 
control. By day 14, however, the percent of ED-1 staining was equal for both materials. 
Although H&E showed a fair number of cells remained in the area of the gel by the 
second timepoint, ED-1 staining shows that the inflammatory response had subsided.

We observed that the HA+4PEG12 gel was largely intact at Day 3, and a small amount 
was still seen at Day 14. Although in vitro observations showed that physiological 
salt concentrations in liquid medium can dissolve the gel very quickly (in less than 15 
minutes), the erosion of the gel was much slower in vivo. It appears that the local amount 
of salt in the tissue were not high enough to erode the gel quickly. Depending on the 
kinetics of erosion in the vasculature, this may be an advantageous safety mechanism for 
an injectable biomaterial: If the material is accidentally injected into the bloodstream, it 
may quickly dissolve and not cause a life-threatening obstruction.

5.3.4 Hyaluronic-Based Physical Hydrogels for Biomedical Applications

Recently, it has been recognized that efficient retention of therapeutics will be important 
for successful outcomes of biomedical therapies.157 Physical hydrogels are beginning to 
gain ground for these applications due to their ability to shear thin and recover quickly 
after injection.155,157-159 However, only a few physical hydrogels have been developed that 
are based on HA.57-61 Incorporation of a natural component has become increasingly more 
important, given the environmental niches required for biomedical therapeutics like stem 
cells.41

The work presented here is a novel demonstration of a physically crosslinked 
polyelectrolyte gel that incorporates HA. We used a hybrid, semi-synthetic approach that 
was meant to be practical and relevant: HA, a natural ECM component was chosen to 
provide biological cues, while the use of a synthetic crosslinker enabled versatility. We 
found that two different cationic copolymer structures were able to form hydrogels with 
HA, and future work can be performed to expand the library of crosslinker chemistries. 
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Because mechanical properties of a material can affect cell function,164-167 it may be 
important that a range of material characteristics of the same base material be available 
for different applications. We did synthesize diblock copolymers with different moieties 
(2-hydroxyethyl methacrylate (HEMA) and guanidine) to alter binding affinity to HA, 
but attempts to make hydrogels were not able to be performed due to the copolymers’ 
low solubility in water; these issues will need to be further explored. Future work will 
also address if specific sequences, such as those found in hyaladherins,168 can alter gel 
strength. This being said, lower stiffness may not necessarily be a disadvantage for a cell 
delivery vehicle. It is now known that cells follow durotactic cues and migrate from a 
substrate of low elasticity to one of greater elasticity.17 Therefore, a soft hydrogel may 
actually be advantageous to drive cell migration towards the comparatively stiffer host 
tissue.

Given our material’s injectability and favorable in vitro and in vivo compatibility, the 
HA+4PEG12 gels would be a natural fit for drug, protein, or cell delivery vehicle. Other 
potential applications of our physical HA gels may include its use as a naturally eroding 
occlusion device, or as a tissue adhesive. Taken together, our results show that hybrid, 
semi-synthetic physical hydrogels thus shows promise for biomedical therapies.

5.4 Conclusions

We have developed a physical hydrogel system composed a naturally-derived 
ECM component, HA, combined with a chemically defined, cationic four-arm star 
poly(ethylene glycol) (PEG). We explored different molecular weights of HA, and 
also varied the chemical structure of the PEG molecule. In aqueous conditions, the 
negatively charged carboxyl groups on HA electrostatically interact with the positively 
charged amine groups on the star PEG molecule to make a robust hydrogel. The resulting 
material is injectable through small diameter needles and exhibits shear reversible gelling 
behavior. It is shelf-stable in water, yet will erode with time in physiological conditions. 
Lastly, this hydrogel shows low cytotoxicity with human mesenchymal stem cells, and 
does not cause significant inflammation in vivo. This material may show promise for use 
as a minimally-invasive biotherapeutic delivery vehicle.
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In this thesis, four different approaches were explored for the use of biomaterials in 
cell-based therapies that may be used to address the problems of poor recruitment, 
attachment, retention of transplanted cells.

6.1 Biomaterial microspheres for sustained release delivery of biologics

In the first approach (Chapter 2), biodegradable PLGA polymer microspheres were 
used to encapsulate and release stromal-derived factor-1 alpha (SDF-1α), a stem cell 
chemoattractant. SDF-1α is a widely researched molecule because of its potency to 
induce the migration of stem cells. Previous to our work, only one other group had 
encapsulated this molecule within a biomaterial to prolong its release and effectiveness,13 
and this was from a patch-like material. In our work, we wanted to use microspheres as 
our delivery vehicle. While both the patch-like material and microspheres are able to be 
injected with a needle in minimally-invasive surgery, the patch material must be injected 
before it sets up as a gel. There is no time constraint on microsphere delivery, which 
allows flexibility for the physician.

In short, we were able to successfully encapsulate the SDF-1α protein into microspheres 
and, by varying manufacturing parameters, the protein was released at different rates. 
Most importantly, it was shown that the SDF-1α released from the microspheres can 
stimulate the migration of stem cells, which shows that the encapsulation method 
preserves the biological activity of the protein.

Chapter 6 Conclusions and 
Future Directions
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Because this was the first time SDF-1α was encapsulated into microspheres, though, 
there are improvements that can be made. The release profile of the protein from our 
microspheres occurs in two phases, but ideally, a linear zero-order release profile would 
be desirable. Unfortunately, this multi-phase release profile is an inherent characteristic 
of the erosion of PLGA.82 Further improvements for the microencapsulation of SDF-
1α, then, may require an investigation of other polymers169 and/or microparticle 
geometries.170 

That said, the achievement of zero-order release is the goal of virtually all researchers 
working on controlled release technologies, and is a tall challenge. Therefore, it would be 
interesting to test the in vivo effectiveness of the existing SDF-1α-loaded microspheres 
that we have developed. In the study performed by Zhang et al.,13 SDF-1α-loaded fibrin 
patches were placed onto infarcted mouse hearts, and the migration of c-kit+ cells into 
the area of infarct was monitored over time. We would propose a similar model to test the 
effectiveness of our microspheres.

6.2 Biomaterials for cell surface engineering

My second approach (Chapter 3) investigated modifying the surfaces of cells with 
biomaterials to control attachment to different substrates, either charged surfaces or 
extracellular matrix mimics. In this work, polyelectrolytes (poly-L-lysine and hyaluronic 
acid) were used in a layer-by-layer approach to individually coat cells with minimal 
toxicity. We carried out a systematic investigation to understand surface coating of cells 
beyond what other research groups have reported. 37 Instead of merely coating the cells 
and observing them visually, we have performed detailed and in-depth characterizations 
of the coated cells. The coated cells were found to attach preferentially to oppositely 
charged substrates. While the polyelectrolyte cell coatings appeared to have a statistically 
significant, effect on attachment to extracellular matrix mimic substrates, the effect was 
minimal and can be improved. 

These results point to the obvious fact that cell adhesion is more complicated than non-
specific electrostatic interactions, it is noteworthy to point out that these efforts to control 
cell adhesion by changing the surface of cells is a significant shift in paradigm. This 
work is the first to show that one can control cell adhesion by changing the surface of 
cells using the LbL coating technique. The bulk of research devoted to understanding 
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cell adhesion has focused on altering the non-living substrate to control cell attachment. 
It should be emphasized that the cells are the therapy, so the surface of the cells should 
be modified, not the substrate to which they attach. My work is novel in that it applies 
the knowledge gained from studies of cell attachment on substrates to the actual cells 
that will be delivered. The ability to increase cell adhesion by the modification of the cell 
surface may lead to improvements in the clinical outcome of patients who receive cell 
therapies.

Improvements to using the cell coating technology for the control of cell adhesion 
would likely involve adding specificity to the coatings. The work presented in this thesis 
laid the groundwork: We studied the feasibility of using biomaterials for cell surface 
engineering and control of cell adhesion. The next steps of this work should be study the 
efficacy of such surface-engineered cells. Namely, this will involve the identification of 
a specific physiological application, development of the cell coating methodology with 
the appropriate ligand for that application, and then a study of the adhesion of the ligand-
coated cells in that context. The use of an application-applicable cell type would also be 
warranted (e.g., cancer cell for cancer-targeting treatments, or stem cells for cell-based 
therapies for MI).

6.3 Hydrogel biomaterials as cell delivery vehicles and retention depots

The last two approaches investigated different types of hydrogels that could be used for 
cell delivery: chemically crosslinked versus physically crosslinked. 

A chemically crosslinked hydrogel system based on HA (“HA-PD”) had previously 
been developed in our laboratory, and extensive in vitro characterizations have been 
reported.115 The work presented here in this current thesis (Chapter 4) described 
further modifications to the previous “HA-PD” hydrogel system, and involved an in 
vivo investigation of these materials for their gelation performance and compatibility. 
All materials were found to be biocompatible. Additionally, though, we found that the 
different molecular weights of the HA polymer imparted different – and unexpected – 
gelation behavior when injected in vivo. Specifically, a mid molecular weight version of 
the modified HA gelled without the use of an exogenous crosslinking reagent, simply by 
contact with the in vivo environment. 



Chapter 6 | Conclusions and Future Directions 94 

Future work of the different molecular weights of the chemical HA hydrogels should 
involve the study of their in vivo efficacy cell retention and survival. Chemically 
crosslinked hydrogels have been criticized for their restriction of cell migration and 
proliferation;171 however, many of these studies involve synthetic polymers. Our chemical 
hydrogels are composed of a natural polysaccharide, HA, and mammalian bodies 
generate hyaluronidase, the enzyme that degrades HA. Therefore, the in vivo environment 
would degrade synthetic and natural hydrogels very differently. Upon injection into the in 
vivo environment, our chemically crosslinked HA-based hydrogels may not restrict cell 
movement and proliferation in the same way as synthetic covalent hydrogels do. In vivo 
study is definitely warranted.

Because of the potential cell constriction issues that have been raised with chemical 
gels, however, a new approach to fabricate physically crosslinked hydrogels was also 
investigated (Chapter 5). Semi-synthetic hydrogels were made of a HA as the natural 
component and chemically-defined 4-arm PEG molecules as the synthetic component. 
The hybrid nature may be advantageous: HA is able to provide biomimetic ECM 
cues, while the PEG can be synthesized and tailored to meet mechanical needs. We 
found a combination of HA and star PEG that produced an injectable, shear-reversible, 
biocompatible hydrogel. We investigated the retention of microbeads as a surrogate of 
cell retention and found that the hydrogels localized the beads at the site of injection. 
Next steps may investigate the use of this gel as in vivo depots of biologics such as 
drugs, proteins, or cells. Gel strength is also an area of improvement, and this might be 
accomplished by incorporating specific interactions between the HA and the star PEG 
polymer, such as hyaladherin binding moieties.168

While there are many in situ covalently gelling hydrogels that are so-called “injectable,” 
after the chemical reaction has been initiated, injectability decreases with time and cannot 
be reversed. In contrast, gels that are formed upon exposure to the in vivo environment 
(e.g., the mid molecular weight HA-PD) or can re-gel after injection because of transient, 
physical crosslinks (e.g., the HA + star PEG gels) are not just clinically useful, but are 
clinically practical. Hydrogels with these mechanisms have the capability to be pre-
mixed and “at-the-ready” in a delivery device, and be injectable after an indefinite 
amount of time.



Chapter 6 | Conclusions and Future Directions 95 

6.4 Combination approaches

Beyond next-generation improvements to each of these projects individually, it would be 
interesting to explore combinations of the four approaches that have been described in 
this dissertation. Encapsulating SDF-1α microspheres within a hydrogel may help to not 
only retain microspheres at the site of injection, but may also prolong the release of this 
bioactive protein. In addition, a microsphere plus hydrogel combination can be stronger 
than the hydrogel alone due to a composite effect.58 Combinations of cells coated with 
ligands that improve attachment to the hydrogel itself may be a strategy to retain cells 
at the site of injection. Future hydrogels could be made with a mixture of chemical and 
physical crosslinking mechanisms, such as a combination of HA-PD with the cationic 
4-arm PEG; a similar approach has been tried with an all-synthetic chemically-stabilized 
physical hydrogel for neural stem cell delivery.130
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