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Abstract 
In situ vascular graft generation and drug delivery system modeled by stromal cell-derived factor 

1a and polylactide-co-caprolactone 
By 

Yu-Fang Hsieh 
Doctor of Philosophy in Chemistry 
University of California, Berkeley 

Professor Song Li, Co-chair 
Professor David Wemmer, Co-chair 

 
 Biodegradable polymer has potentials to be a scaffold as artificial artery of by-pass 
surgery in vascular graft generation.  In this kind of degradable-polymer graft, host cells 
digesting the scaffold and the scaffold is replaced by host issue, this technology is called in situ 
vascular graft generation. In situ vascular graft generation has successfully used in large-inner-
diameter graft clinically but fails to use in small-inner-diameter graft, coronary artery. In this 
paper, we manufactured and electrospun scaffold by two materials seperately, pure poly-lactide-
co-caprolactone (PLCL) and blend of PLCL with polydioxanone (PDO). We discussed the 
biocompatible functionality. The testing included in vitro testing of toluidine blue assay and 
antithrombine III assay; in vivo testing of cell infiltration and immuno-staining of different kinds 
of cells. The results which show in chapter 1 and chapter 3 respectivley indicated PLCL/PDO 
has better performance than pure PLCL. In addition, we also invented a drug, multivalent 
stromal cell derived factor 1α to attract hematopoietic stem cells (chapter 2) which has fairly 
high potency to attract endothelial progenitor cells for endothelization. The results indicate this 
drug has good cell infiltration, and can used in gel ingestion model for treatment of ischemia. 
However, although all these inventions and thought flow of this thesis are completed, there is 
still something we can improve: the multivalent stromal cell derived factor 1α suffered by low 
protein yield which limitates the method of drug quantitative and the downstream testing. Via 
computational biology calculation, changing mutation site of cysteine in plasmid can effectively 
improve the protein yield. After then, the drug can be quantified by size exclusion 
chromatography-multi-angle light scattering (SEC-MALS). In chapter 4, we design a new S-
adenosylmethionine (SAM) biosensor made from a SAM-I riboswitch, a sequence of RNA, 
connected with Spinach, a short fluorescent sensing RNA sequence, using a circular permutation. 
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Chapter 1 
Comparison of plasma and chemical modifications of poly-lactide-co-caprolactone 
(PLCL) scaffolds for heparin conjugation 
 
Abstract 
 

Biodegradable polymers have potential as a scaffold material for making small 
diameter artery bypass grafts. To resist thrombosis, maintain biocompatibility and enhance 
the remodeling of the grafts, it is crucial to modify polymer scaffolds so that the grafts have 
anti-thrombogenic capacity and allow cell infiltration. In this study, two methods of 
aminolysis on electrospun poly-lactide-co-caprolactone (PLCL) nanofibers vascular graft are 
compared: plasma treatment method and Fmoc-PEG-diamine insertion method. Both 
methods successfully inserted amino groups on the polymer graft for heparin conjugation. 
However, plasma treatment resulted in significantly higher initial heparin density and higher 
heparin stability under simulated physiological conditions on PLCL nanofibers than Fmoc-
PEG-diamine treatment. In addition, mechanical testing demonstrated that the plasma 
treatment method maintained PLCL nanofiber tensile strength after heparin conjugation while 
Fmoc-PEG-diamine insertion method compromised the mechanical property due to partial 
fiber melting and structure disruption. Subcutaneous implantation of the grafts in a rat model 
showed that heparin coating with both methods promoted cell infiltration. This study 
provides a rationale to optimize the biomolecule conjugation on electrospun PLCL scaffolds, 
and will have applications in tissue engineering vascular grafts and other tissues. 
 
Keywords: plasma treatment, heparin coating, poly-lactide-co-caprolactone (PLCL), 
polymer, vascular graft, in situ generation 
 
Introduction	

There is a significant unmet clinical need for tissue engineered small diameter 
vascular grafts to bypass atherosclerotic arteries in coronary and peripheral artery disease.  A 
potential approach to address this clinical need is to develop biodegradable polymer vascular 
grafts that encourage rapid in situ tissue remodeling resulting in a fully biological bypass 
vessel composed of the patient’s own cells and tissue.1,2 Several biodegradable polymers 
have been studied for both in vitro and in situ tissue engineering applications, such as 
polylactide (PLA)3, polyglycolide (PGA)4, poly(p-dioxanone),5,6 poly(lactide-co-glycolide)7, 
trimethylene carbonate8, poly(glycerol sebacic acid),9,10,11 and poly(L-lactide-co-caprolactone) 
(PLCL)12. Combining the bioabsorbability of synthetic polymers with electrospinning 
fabrication technology results in biomimetic vascular grafts that mimic the physical micro- 
and nano-architecture of soft tissue extracellular matrix (ECM) and are capable of remodeling 
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in vivo.13,14,15,16,17 A critical feature of biodegradable small diameter vascular grafts is to resist 
thrombosis while promoting cell and tissue ingrowth. 

To inhibit thrombogenesis of artificial vascular graft in vivo, anticoagulant can be 
covalently coated on the surface of the polymer scaffold. Since heparin is non-toxic, has 
higher ED50 (~0.3 mg/mL), and can directly be isolated from porcine intestinal mucosa, 
heparin is the most common anticoagulant drug used in medical device coatings.18 Several 
heparin-coating methods have been developed for vascular graft applications, such as 
coupling method,19,20 plasma treatment method,21 and radical insertion method22. The heparin 
conjugation methods may affect coating stabilities, heparin bioactivity, polymer structure and 
degradation, and should be carefully compared and optimized for different polymer materials. 

End-point Borch reductive amination is an attractive method for conjugating heparin 
to polymer surfaces due to its relatively benign reaction conditions and potential for retaining 
heparin bioactivity.23,24,25,26 In fact, end-point heparin functionalization has been successfully 
used for clinically available large diameter PTFE vascular grafts.27  

For biodegradable polymers lacking amine functionality, amino group insertion is the 
first step for heparin conjugation.28,20 Plasma treatment is a low-cost and highly standard 
approach to change the surface properties of a polymer medical device. To improve the 
hydrophilic property, surface coating with oxygen is a common method.28 In amine group 
insertion, there are two main plasma methods available, ammonium gas plasma and plasma 
polymerization.29 Gas plasma techniques are well-known methods for surface modification 
that allow attachment of reactive chemical groups to substrate materials.30 Specifically, the 
amine functional group may be applied to the substrate surface by an ammonia plasma 
treatment or by plasma polymerization of amine containing monomers, e.g. allylamine. The 
ammonia plasma provides a wide range of treatment conditions that makes it an attractive 
candidate in process development. However simple gas phase addition might diminish over 
time as a result of surface relaxation effect, such as polymer chain mobility. Plasma 
polymerization, on the other hand, offers an opportunity for greater surface stability through 
the incorporation of cross-linked thin films which otherwise encapsulate the surface and 
restrict chain motion.31,32,33 However, excessive plasma energy or overtreatment may lead to 
polymer chain degradation and decrease in mechanical and chemical stability of the vascular 
graft. That is, the substrate material itself also plays a role in the plasma surface interactions 
and stability. Polymer chains containing ester groups are susceptible to hydrolysis reactions 
or otherwise general oxidation through oxygen gas plasma in the cleaning up stage.34 Since 
there are many biodegradable polymers used in the tissue-engineering field, such as the 
polymers PLLA, PGA or PLCL, a method of amine plasma treatment that works on ester 
bond linkage polymer scaffold is worthwhile to develop.  

In this study, we electrospun and fabricated small-diameter microfibrous vascular 
grafts, using the biodegradable polyester, PLCL.  We inserted amino groups into the polymer 
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via plasma treatment methods by an allylamine polymerization precursor or an ammonium 
precursor. For comparison, another amination method, Fmoc-PEG-diamine nucleophilic 
substitution reaction was also investigated.  We conjugated heparin by end-point Borch 
reductive amination and tested the physical and chemical properties of the heparinized grafts. 
After comparing the three methods, we determined the most effective modification with 
respect to the surface amine density, heparin bioactivity, polymer mechanical property and 
the enhancement of cell infiltration in vivo.  
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Materials and Methods 
Fabrication of PLCL Nanofibrous Vascular Graft 

PLCL was dissolved in hexafluoroisopropanol (HFIP) at 15% (w/v) concentration. 
This solution was mixed with 1% poly(propylene glycol) liquid (w/v) and was rotated 
overnight. The polymer solution was electrospun with a customized electrospinner apparatus 
onto rotating steel shafts to produce conduits and onto a 10-cm diameter drum to produce 
sheets. Electrospinning was allowed to proceed until the wall of the vascular graft or 
thickness of a sheet reached a desired thickness based on measurements with a thickness 
gauge (Mitutoyo America, Aurora, IL). The finished conduits and sheets were air-dried to 
remove residual solvent, removed from the mandrel or drum and cut to appropriate sizes.  
 
Two Plasma Treatment Methods of PLCL Vascular Graft to Introduce Amino Groups for 
End-point Conjugation of Heparin 
 In collaboration with Plasmatreat, USA, INC (Hayward, CA), surface modification 
with amine functional group attached to PLCL grafts was achieved by way of a two-stage gas 
plasma treatment in the Plasmatreat Aurora™ partial-pressure plasma reactor. The plasma 
reactor was configured with two side-walled electrodes. For process 353, a 1000-watt RF 
generator supplied power to the electrode at a frequency of 13.56 MHz.  The generator was 
capable of applying pulse or duty cycle to the electrode excitation. To perform the surface 
modification, PLCL grafts were evenly spread out on an aluminum screen tray that was 
electrically insulated from the power electrodes. The two-stage plasma treatment protocol 
was consisted of five cycles with low power (50W) ammonia plasma, at a flow rate of 125 
sccm, for 2 minutes in each cycle. The chamber was evacuated between cycles. After then, it 
followed by the application of low power (50W) hydrogen plasma at a flow rate of 100 sccm, 
for 2 minutes. After these two stages, the surface was stabilized by three 2 minutes cycles of 
argon gas (0W, 1000sccm). Standard operating pressures generally ranged between 100-150 
mTorr. Color changes were observed in each active plasma stage. For process 250, a 500-
watt RF generator delivers power to the electrodes at 13.56 Mhz. The two-stage gas plasma 
treatment is O2 plasma cleaning for 1 minute followed by an allylamine plasma vapor for 9 
minutes to allow polymerization and create an ultra-thin film of stable primary and secondary 
amines on the graft surface. The allylamine evaporation was assisted by a 70°C hot tube and 
liquid injection system. Other parameters which are not mentioned are the same as in process 
353. 
 
Fmoc-PEG-diamine Insertion Method of PLCL Vascular Graft to Introduce Amino Groups 
for End-point Conjugation of Heparin 

Fmoc-PEG-diamine (JenKemUSA, 10,000 g/mol) was dissolved in distilled-water 
(di-water) to achieve a concentration of 40 mg/mL. The pH of the solution was adjusted to 
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7.2 with 0.1M NaOH.  The solution was sterilized via a 0.22µm pore-sized filter. PLCL grafts 
with inner diameter of 1mm were cut into 1cm long conduit and immersed in 1mL solution. 
The graft was shaken overnight. After di-water washing, the grafts were subsequently 
incubated in 20% peperidine/formamide (v/v) for de-protecting Fmoc group for 15 mins. The 
grafts were washed with 1 mL di-water three times.  
 
Orange II Colorimeter Assay for Amine Detection  

Modified PLCL grafts (1-mm inner-diameter, 0.5-cm length) were immersed in 
Orange II dye solution (14 mg/mL, Sigma Aldrich) in pH 3 acidic di-water (distilled water 
adjusted to pH 3 with 1M HCl) overnight at 37°C. The grafts were rinsed with di-water for 3 
seconds to remove unbound dye. After air-drying overnight, the grafts were immersed in 1.5 
mL of alkaline di-water (distilled water adjusted to pH 12 with 1M NaOH solution). 
Subsequently, 0.5 mL acidic di-water was added to the solution to adjust the pH to 3. The 
absorbance of the solution was measured in triplicates at 490 nm, using a bottom-transparent-
96-well-plate with 200µL solution in each well. (Molecular Devices ThermoMax, GMI Inc., 
Ramsey, MN). The absorbance values were recorded and compared. The standard curve was 
generated with the amino resin (NovaPEG). All sample and standards were tested in 
triplicates, and fitted by software, Prism 6. 
 
Quantification of Amine Group by Rhodamine B Isothiocyanate (RITC) 
 RITC was used to label the amine group on the PLCL grafts for fluorescent image by 
immersing the PLCL grafts in 0.1 mg/mL RITC/di-water solution overnight at 4 °C, and then 
low speed shaking in di-water overnight at room temperature to remove unbound RITC. The 
image was taken by fluorescent microscope.  
  
End-point Heparin Conjugation to PLCL grafts 

The plasma-treated grafts or Fmoc-PEG-diamine-treated grafts were immersed in 40 
mg/mL heparin solution prepared in cyanoborohydride coupling buffer (0.02 M sodium 
monobasic phosphate, 0.2 M sodium chloride, and 3 mg/mL sodium cyanoborohydride; pH 
5.0-5.5) for 24 hours on a shaker at room temperature, followed by di-water wash. The 
heparin solution was sterilized by a 0.22µm pore-sized filter before incubation. These 
heparin-conjugated grafts, via plasma treatment, will be referred to as plasma-heparin grafts 
in the remainder of this study, and the heparin-conjugated grafts, via Fmoc-PEG-diamine 
insertion, will be referred to as Fmoc-heparin grafts in the remainder of this study. 
 
Quantification of Heparin Covalently Bound on the Grafts by Using Toluidine Blue Assay 
(TB assay) 
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The presence and amount of heparin on the heparin-conjugated PLCL grafts modified 
via plasma treatment or Fmoc-PEG-diamine insertion was confirmed and measured by 
toluidine blue (Sigma Aldrich) assay.35,36,37,38 At day 1 and day 7 (1 and 7 days after the 
heparin conjugation reaction in which grafts were placed in di-water at room temperature on 
a low speed shaker), control grafts (untreated), Fmoc-heparin grafts, and plasma-heparin 
grafts were immersed in 25µL di-water. Different concentrations of standard heparin solution 
for standard-curve measuring were prepared from 0, 25, 125, 250, 500, 750, 1000, 1500 to 
2000 µg/mL. 25µL of each standard heparin solution was used for the test. 200µL of 
0.0005% (w/v) toluidine blue solution was added to each sample and standard, followed by 
vortexing for 10 minutes to release the unbound heparin and promote heparin-TB interaction 
in solution phase. All samples and standards were left to sit for 5 minutes, for precipitation. 
The absorbance of the free toluidine blue was subsequently measured at 650 nm (Molecular 
Devices ThermoMax) and recorded. The amount of bound heparin on the grafts was 
determined by comparing their absorbance values to the standard curve made from the 
heparin standard solutions. All sample and standards were tested in triplicates, and the 
resulting data was fitted using the software, Prism 6.  
 
Quantification of Heparin Antithrombogenic Activity by Using Anti-thrombin III (ATIII) 
Assay 

The antithrombogenic activity and stability of heparin-conjugated PLCL grafts 
modified via plasma treatment and Fmoc-PEG-diamine insertion were determined by 
measuring thrombin activity with the chromogenic substrate S-2238 (Diapharma, West 
Chester, OH) in the presence of antithrombin-III (AT-III).39 Similar to the TB assay, heparin 
standard was prepared. 25µL of each standard heparin solution was used for the test. Control 
grafts (untreated), plasma-heparin grafts, and Fmoc-heparin grafts taken from day 1 and day 
7 were incubated in 25µL di-water. 25µL of heparin standard solution and sample grafts 
along with 25µL di-water were added into each well of a bottom-transparent-96-well-plate. 
The plate was heated on a heat block at 37oC for 5 minutes. 50µL of 0.5 U/mL AT-III (Sigma 
Aldrich, A2221) was added into each wells using a multi-channel pipette and left to incubate 
for 1 minute. Subsequently 100µL of 10 U/mL thrombine (Sigma Aldrich, T8885) was added 
and incubated for 1 minute. Immediately after one minute, 25µL of 0.5 mM S-2238 was 
added into each well and incubated for 4 minutes. After four minutes, 25µL of 40% acetic 
acid was added immediately to quench the reaction. The absorbance of the cleavage S-2238 
was subsequently measured at 405 nm (Molecular Devices ThermoMax) and recorded. The 
bioactivity of bound heparin on the grafts was determined by comparing their absorbance 
values to those of the heparin standard solutions as mentioned above. All sample and 
standards were tested in triplicates, and the resulting data was fitted using the software, Prism 
6. 
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Water Retention Test 

The PLCL sheet was cut into 2cm x 2cm square pieces. The sheets were heparin 
functionalized in the same manner as the vascular grafts described above. After measuring 
the dry mass, each PLCL sheet sample was incubated in di-water at room temperature for one 
day. After blotting to remove excess water the wet mass of each sample was recorded. Each 
group was tested in triplicate. The water retention percentage was calculated by the following 
formula: the wet weight of the sheet minus the dry weight of the sheet; divided by the dry 
weight of the sheet.  
  
Tensile Strength Test 
 Heparin conjugated and unmodified control PLCL sheets were cut into 1cm x 6cm 
strips and subjected to uniaxial tensile testing using a Chatillon force testing apparatus. 
 
Subcutaneous Implantation and Histological Staining 

All animal experimental procedures were approved by the Institutional Review Board 
Service and the Institutional Animal Care and Use Committee (IACUC) at the University of 
California, Berkeley. To evaluate and compare the performance of Fmoc-heparin grafts and 
plasma-heparin grafts in a short-term in vivo study, we used a Sprague Dawley (SD) rat 
subcutaneous implant model: SD rats, 4 to 8 weeks old, in good health were put under 
isoflurane anesthesia. An aseptic technique was maintained for all procedures. The abdomen 
skin was cut open and the Fmoc-heparin grafts and plasma-heparin grafts were implanted 
subcutaneously. The wound was closed by 6-0 nylon suture, by the interrupted closure 
method. 

At two weeks post implantation the animals were euthanized and the grafts and 
surrounding tissue was explanted. The explanted grafts were fixed with 4% 
paraformaldehyde (PFA) for 30 minutes and dehydrated with 30% sucrose in phosphate 
buffered saline (PBS) overnight. The grafts were embedded in optimal cutting temperature 
(O.C.T) compound, and cyrosectioned with a cryostation. The cryo-sections of the samples 
were post-fixed with 4% PFA for 10 minutes. Then, they were permeabilized with 0.5% 
Triton X-100 in 5% donkey serum for 15 minutes and washed with PBS. Subsequently, the 
cell nuclei in the samples were stained with DAPI for 5 minutes. Images were captured with 
Zeiss microscope. The cell infiltration percentage was calculated and counted in each image 
by using Image J software.   

 
Statistical Analysis 

 The data in this study were presented as mean + standard deviation. Two groups were 
analyzed by Tukey’s t-test. In addition, for multiple group comparison, all data were initially 
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analyzed by ANOVA, followed by Tukey’s t-test for post-analysis. A p-value of less than 
0.05 was considered statistically significant, indicated by a * sign in the figure. 

 
Results	and	Discussion	
 
Structural and SEM Characterization of electrospun PLCL Tubular Grafts 

PLCL conduits in a range of clinically relevant inner diameters between 0.8 - 1.5 mm 
were successfully and reliably electrospun with 250 + 20µm thickness and 11 cm length 
using a customized electrospinner apparatus (Figure 1A). The average microfiber diameter 
and pore size were determined by the analysis of SEM images (Figure 1B). The average 
microfiber diameter was 1.14 + 0.11µm and the average pore size was 14.38 + 5.18µm.  
 
Quantification of Amine Group on Modified PLCL Tubular Grafts 
 Amine functionalization of PLCL microfiber surfaces was necessary to enable 
endpoint heparin conjugation via Borch reductive amination. Three amine functionalization 
methods were evaluated to balance optimal amine density with minimal PLCL polymer 
degradation. Two methods relied on gas plasma activation and polymerization of allylamine 
precursor or ammonium precursor study. The third method utilized an Fmoc protected PEG-
diamine reacted with the PLCL graft in an aqueous buffer. The principle of three methods 
indicate in Figure 1C, 1D and 2A respectively. The ability of plasma to break and form 
different types of bonds involved the factors such as excitation voltage, bond energy, and the 
concentration of precursor.  
 Uniformity of amine functionalization throughout the PLCL conduit thickness was 
qualitatively determined using RITC labeling. Both ammonium plasma treatment and 
aqueous Fmoc-PEG-diamine insertion demonstrated uniform amine functionalization in 
PLCL grafts (Figure 2B and 2C).  Amine density quantification using an Orange II assay 
showed that PLCL grafts treated with ammonium plasma had significantly higher amine 
content (19 mmol/cm3) than grafts treated with allylamine plasma and PEG-diamine (6 
mmol/cm3 and 12 mmol/cm3, respectively) (Figure 2D). All three methods showed retention 
of amine coating after 7-day incubation in PBS. Interestingly, while allylamine plasma 
resulted in the lowest amine density, it demonstrated negligible loss of amine coating after 7-
day incubation in PBS suggesting greater stability of the poly-allylamine film. However, 
based on the significantly higher amine density, all further plasma treatments performed in 
this study utilized ammonium plasma.  
   
 
Borch amination under different pH value 
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 After amine functionalization, the graft then was conjugated with heparin via the 
Borch amination reaction.  This involved three steps: (1) end-point polysaccharide’s ring 
opening process; (2) NH2 attacks C=O to become imine; and (3) NaBH3CN reduces imine to 
become the amine group. Since the reaction is a one-pot reaction, the reaction pH needs to be 
optimized to achieve both the ring opening process and imine reduction. We studied 
efficiency of end-point heparin conjugation to aminated PLCL grafts under various acidic and 
basic pH conditions and quantified heparin conjugation using TB assay. As shown in Figure 
3A, the heparin conjugation reaction was more efficient at acidic pH with reactions carried 
out at pH 5.5, demonstrating highest heparin density on the PLCL grafts. 
 
Detection of Heparin Density in PLCL Vascular Grafts 
 TB assay was used to verify heparin conjugation by ammonium plasma treatment 
(plasma-heparin) and Fmoc-PEG-diamine (Fmoc-heparin) in PLCL grafts. In Figure 3B, the 
TB assay results showed 7 + 0.05 µg/cm3 heparin on plasma-heparin graft, and 3 + 0.2 
µg/cm3 on Fmoc-heparin graft. The stability of heparin attachment was measured by 7-day 
incubation in PBS. After 7 days, heparin density was 3.5 + 0.5 µg/cm3 and 0.3 + 0.25 µg/cm3 
on plasma-heparin and Fmoc-heparin graft, respectively. These results indicate plasma-
heparin grafts retained more heparin than Fmoc-heparin grafts. In Figure 3C, the ATIII assay 
shows both plasma-heparin graft and Fmoc-heparin graft have bioactivity in day 1 and day 7.  
 
Water Retention and Mechanical testing of Modified PLCL Vascular Grafts 
 Heparin conjugation will impact the chemical and physical properties of the PLCL 
microfiber grafts. We evaluated the impact of heparin conjugation on water retention and 
tensile strength. With heparin modification, water retention increased 31% and 41% in the 
plasma-heparin graft and Fmoc-heparin graft, respectively (Figure 4A). The increased water 
retention capability of the heparin-modified grafts may improve cell penetration and nutrient 
diffusion in vivo.  
 The ultimate tensile strengths of the control grafts, plasma-heparin grafts and Fmoc-
heparin grafts were 4.7 + 1MPa, 4.8 + 2.5MPa and 2.5 + 1.5MPa respectively. The results 
indicate that plasma-heparin graft maintained a similar tensile strength as in the control graft, 
while Fmoc-diamine modification method resulted in a significant reduction in tensile 
strength (Figure 4B).  
 PLCL polymer degradation likely occurred during the Fmoc deprotection step, which 
was done by immersing the graft in a basic solution of 20% piperidine/formamide. Since the 
basic solution also hydrolyzed the PLCL structure, the tensile strength might decrease 
following by this treatment. In fact, doubling the incubation time for the de-protection step 
further decreased the graft UTS to 1.8 + 1.5MPa (data not shown). Indeed, SEM images of 
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the grafts (Figure 5) shows that the Fmoc-heparin graft had fiber disruption and melting after 
modification.  

These results indicate the modification method may have a significant impact on graft 
morphology. The PLCL material largely retains its microstructure after plasma treatment 
while with the chemical modification method, the PLCL material is highly damaged and 
melted.  
 
In Vivo Performance of cell infiltration of PLCL Vascular Grafts 

The heparin-modified grafts were implanted subcutaneously in SD rats to assess cell 
infiltration within conduit wall. In figure 6, the results indicate that both plasma-heparin 
grafts and Fmoc-heparin grafts demonstrated significantly higher cell infiltration percentage 
than the untreated-PLCL graft at two-week post-implantation. These results suggest that the 
increased graft hydrophilicity and net negative charge of the heparin molecules improved 
water penetration and nutrient diffusion thereby encouraging cell penetration within the graft 
material. This is in agreement with previous studies showing enhanced cell infiltration and 
tissue ingrowth within heparin modified electrospun biodegradable polymer grafts.20,40 
 
Conclusion 
 
 In this study, we compared two coating methods for optimizing heparin density and 
bioactivity on bio-degradable electrospun PLCL microfiber vascular grafts. We demonstrated 
that ammonium plasma mediated amination enabled endpoint heparin conjugation on PLCL 
microfiber surfaces with minimal polymer chain degradation. The end-point-conjugated 
heparin retained heparin stability on the grafts for at least 7 days under physiologically 
relevant conditions. Furthermore, heparin conjugation increased graft hydrophilicity and 
enhanced cell penetration into the graft wall in vivo. Further studies will be carried out to 
assess the biological performance of the heparinized PLCL microfiber vascular graft in small 
diameter vascular graft applications. Overall, the results of this study demonstrate the 
potential of a heparinized PLCL microfiber vascular graft in resisting thrombus formation 
and encouraging cell ingrowth and tissue remodeling for small diameter vascular graft 
applications.   
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Figure 

 
Figure 1-1. Structure and plasma-amine-insertion principle of nanofibrous PLCL polymer 
vascular graft. (A) Electrospinning fabricated PLCL vascular graft with 0.8 mm inner 
diameter and 250µm thickness. (B) Scanning electron microscopy (SEM) images taken from 
the outer surface of the graft. The principle of two plasma treatment processes which used 
different precursor, (C) allylamine and (D) ammonium respectively. In this paper, we indicate 
these two plasma treatments as process 353 and process 250, because they not only use 
different precursor but also use different voltage of excitation and treatment cycle. (E) The 
rational guessing of radical reaction of process 353. 
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Figure 1-2. Chemical-amine-insertion principle and qualitative of amine-grafts. (A) The 
chemical reaction of Fmoc-diamine-PEG insertion of the grafts. In Fmoc-diamine-PEG 
insertion method, the scaffold increases more negative charges, which can increase the cell 
seeding. The amine group qualitative by RITC-labeling of (B) ammonium-plasma treatment 
graft and (C) Fmoc-diamine-PEG graft. (D) Amine density of different modified graft tested 
by orange II dye.  
* RITC: λex = 543 nm; λem = 580 nm. 
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Figure 1-3. Heparin conjugation and Heparin quantified by TB assay. (A) Heparin density of 
grafts by Borch amination under different pH values, in which the heparin is quantified by 
TB assay after 7 days washing. The result shows pH 5.5 is the best condition for heparin 
Borch amination. (B) Heparin quantification test using TB assay in day 1 and 7. (C) Heparin 
antithrombogenic activity test by using ATIII assay in day 1 and 7.  
 
 

 
Figure 1-4. Physical property of PLCL untreated graft, plasma-heparin graft and Fmoc-
heparin graft. (A) Water retention test of the PLCL graft before and after heparin 
modification. After heparin conjugates on the graft, the surface of the graft is highly 
negatively-charged and water retention increases. (B) Tensile strength test of the PLCL 
grafts. The result shows that the de-protection step in the Fmoc modification process damages 
the graft structure. Even though Fmoc modification process damages the graft slightly, both 
plasma-heparin graft and Fmoc-heparin graft still maintain tensile strength in MPa scale 
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Figure 1-5. The stability test. At day 1, the SEM images of (A) untreated PLCL graft, (B) 
plasma-heparin graft, and (C) Fmoc-heparin graft. The results show that the Fmoc-heparin 
insertion process damages the pore structure of the graft. (D) the room-out SEM image of 
Fmoc-heparin graft. The image shows the damage is unevenly. The fiber is melted and forms 
islands. 
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Figure 1-6. Cell infiltration efficiency in subcutaneous animal study. (A) Untreated PLCL 
graft, (B) plasma-heparin graft, and (C) Fmoc-heparin graft were cryo-section and the cell 
nuclei were stained by DAPI.  (D) One-way ANOVA analysis of different graft cell 
infiltration. Compared to control graft, both plasma-heparin graft and Fmoc-heparin graft 
show significant difference statistically. Each group has been tested duplicates. In each 20X 
image, the cell number was counted within three 3x3 square inch area randomly inside the 
graft wall by Image J software. The data shows the average, and the error bars show the 
standard deviation. The star signs indicate P<0.05, which signals a statistically significant 
difference. 
 

Heparin stock 2mg/mL    

Vial 
Di-water 

(µL) Heparin stock (µL) Final concentration (µg/mL) 
A 0 300 2000 
B 125 375 1500 
C 325 325 1000 
D 175 175 750 
E 325 325 500 
F 325 325 250 
G 325 325 125 
H 400 100 25 
I 400 0 0 

  
Table 1. Stander curve preparation spreadsheet of TB assay. 
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Chapter 2 
Site-specific-linked Multivalent Stromal Cell-Derived Factor 1α Affects Cell 
Recruitment Efficiency in a Tissue-repaired Drug Delivery System 
 
Abstract 

Stromal cell derived factor 1α (SDF1α) is a protein emitted from bone marrow.1 It is a 
chemokine made by hematopoietic stem cells (HSC) and endothelial progenitor cells.2-3 In 
light of this fact, SDF1α is a candidate for use in a tissue-repairing drug, for diseases such as 
ischemia of the peripheral vasculature of the heart or bone damage.2, 4  

In this study, we engineered a cysteine-SDF1α (cysSDF1α) protein, and used it to 
create two drugs by ligating the cysSDF1α to two forms of backbone, hyaluronic acid (HA) 
and 4-arm-polyethylglycol (PEG), through the maleimide functional group. These site-
specific-linked multivalent SDF1α are indicated as the HA drug for the hyaluronic acid 
backbone form and the MA drug for the 4-arm-polyethylglycol backbone form in the 
remainder of this paper. Compared to non-site-specific protein ligation via 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), the MA drugs showed higher potency in 
chemotaxis assay.  

In in vitro experiments, different sizes of 4-arm-PEG were also investigated. For the 
MA drug, the results showed the 10 kDa 4-arm-PEG (10MA) has 40% higher potency than 
the 40 kDa 4-arm-PEG (40MA) of 100 ng/mL. For the HA drug, after lysis by hyaluronidase, 
the drug potency increased 53%. In SDS-PAGE gels, the 10MA drugs showed 5 species, 
cysSDF1α monomer, 1, 2, 3, and 4-cysSDF1α linked to the 4-arm-PEG backbone. Since 
varying molecular weights can tune the release rate in vivo, the 10MA drug was used in an 
animal abdomen injection model for a pilot study.  

In the in vivo study, the drug was mixed with MAP gel, a drug carrier created by Dino 
Di Carlo group, and injected subcutaneously into the abdomen tissue of GFP-encoded-CD31 
mice to investigate the angiogenesis effect. The result shows that a positive angiogenesis 
effect is observed with the 10MA drug compared to the control gel.  

In summary, for multivalent SDF1α, the PEG backbone is a drug carrier that modifies 
the molecular weight of the potent drug, increases the hydrophilicify, and helps retain a 
structure favorable for cell receptor clustering. With the site-specific linking, each species in 
the heterogeneous product retains the cell-sensing site and has the ability to attract cells.  
 
Keywords: tissue repair, drug delivery, cell recruitment, receptor cluster, stromal cell-derived 
factor 1α, site-specific protein ligation, chemical modification, multivalent protein 
conjugates. 
 
 



 

 
 

21 

 
Introduction 
 Traditional protein ligation relies on joining atoms through coupling reagents.  For the 
purposes of protein ligation, the advantages of typical coupling reactions are as follows. First, 
the active pH level is 6, which is close to neutral and can prevent the protein from becoming 
denatured. Second, the reaction directly forms an amide bond between two proteins between 
amine and carboxylate groups without any linker. Third, there are various reagents that can 
be used, such as DCC (dicyclohexyl carbodiimide), which can dissolve and be used in the 
organic solvent system and sulfo-NHS, which has a higher leaving group ability than the 
traditional NHS, and can increase the reaction yield.  A particular standard coupling reagent 
is EDC-NHS, short for 1-ethyl-3-(3-dimethylaminopropyl) and N-hydroxysulfosuccinimide.5 
 However, even though traditional protein ligation is reliable, and has many benefits, 
the resulting protein ligation is non-specific. The ligation can occur at every amine group and 
carboxyl group, including lysine, N terminus, glutamic acid, and aspartic acid. Even though 
the ligation efficiencies between different reaction pairs vary, non-specific ligation greatly 
increases heterogeneity. In a protein-ligation drug, heterogeneity decreases purity as well as 
the yield after purification. In addition, non-specific ligation also decreases the bioactivity of 
the protein. For example, if lysine in an active domain links to another protein, the active 
domain is blocked and the protein loses its bioactivity.  
 To preserve protein bioactivity and yield during ligation, scientists have created a 
specific ligation method which ligates via the thiol group and maleimides. This technique 
required an engineered SDF1α. In this engineered SDF1α, an extra cysteine residue was 
encoded as a linking site. This extra cysteine is located at a site far away from the active 
domain where there is space to insert a linker. The location was chosen and then carefully 
checked by examining a crystal structure to ensure extra cysteine does not perturb the folding, 
and does not interrupt the active domain. This engineered protein can be linked to molecules 
containing maleimide. 

Stromal cell derived factor 1α (SDF1α) is a protein released by bone marrow for 
homing hematopoietic stem cells (HSCs) in the human circulation system. That is, SDF1α is 
a chemokine that forms a concentration gradient which leads the HSC to go back to the bone 
marrow, balancing the concentration and need of HSCs in the body system. The HSCs 
responds to SDF1α via a receptor-ligand interaction, namely with CXCR4-CXCL12 
interaction.2 The response is highly sensitive, indeed a ng/mL of SDF1α can cause significant 
cell movement.  In addition, SDF1α can attract endothelial progenitor cells6-7, and it can bind 
to heparin with another face of its structure.1 Given this, SDF1α is a candidate for use in 
tissue-repairing drugs, for diseases such as ischemia of the peripheral vasculature, of the heart, 
or bone damage. Researchers have tried to mutate SDF1α to prolong its potency.4 However, 
until now, there has been no investigation into multivalent forms of SDF1α. With different 
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sizes and linkers, multivalent SDF1α could serve as a potential drug in tissue-repair with 
different receptor-clustering efficiency.  We developed this idea in the present work. 

In our study, one extra cysteine residue was encoded in the C terminus of SDF1α, 
since the N terminus of SDF1α is the cell-sensing domain. This engineered cysSDF1α was 
linked to a backbone, hyaluronic acid (HA) or 4-arm poly-ethylglycol (PEG), with the 
maleimide functional group via the Michael addition reaction. The structures are displayed in 
Figures 1 and Figure 3. This site-specific linkage preserves the cell-sensing face of the 
protein. Compared to the non-specific protein ligation by 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC), this site-specific-linked multivalent SDF1α showed higher potency in 
chemotaxis assays. This site-specific-linked multivalent SDF1α will be indicated as the HA 
drug for the hyaluronic acid backbone form and MA drug for PEG backbone form in the rest 
of this paper.  
 
Materials and methods 
Multivalent SDF1α (HA and MA) conjugation and buffer exchange 
EMCH-HA ligation.  

Before conjugating cysSDF1α to HA, the HA was modified with a maleimide linker, 
following the method published by the Healy group. Two sizes of hyaluronic acid sodium salt 
(HA) were purchased from Lifecore Biomedical with molecular weights of around 200kDa 
and 700kDa (more precisely, the approximately 200kDa HA molecular weight at distribution 
was in the range of 151-300kDa, while the approximately 700kDa weight was in the range of 
500-749kDa). A quantity of 12 mg of HA was weighed and dissolved in 3mL of a 0.1M pH 
6.5 MES buffer, by slowly rotating the solution at 4 °C overnight.  Then 4.8 mg N-ε-
maleimidocaproic acid hydrazide linker (EMCH, ThermoFischer, #22106) was mixed with 
40 mg EDC (Sigma Aldrich, #03450) in a1mL tube. Slightly more than 4.8 mg 1-
hydroxybenzotriazole hydrate (HOBt, Sigma Aldrich, #54804) was weighed in a separate 
tube, which then was also rotated. The two tubes were mixed, together and rotated for 8 
seconds, and then this solution was added into the HA solution. To thoroughly mix all 
reagents, the result was pipetted up and down, and then the solution was rotated for 4h at 4 
°C.  Next, we activated a 100kDa cut-off dialysis tube (Float-A-Lyzer) by incubating the 
dialysis tube in 10% ethanol for 10 minutes, and then soaking it in di-water for 15 minutes.  
We added a total of 4 mL of the sample into the dialysis tube and dialyzed it against 400 mL 
1X PBS with 10% glycerol overnight. We changed to a fresh buffer and performed dialysis 
for another 4 h the next day. The utilized ratio of sample volume to dialysis volume was 
1:100. The samples were then aliquoted and slowly frozen to -20°C. Below, we denote the 
sample with 200HA backbone as 200HABB, and the sample with 700HA backbone as 
700HABB. 
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Multivalent SDF1α conjugation and buffer exchange.  
Stromal cell derived factor 1α (SDF1α) was expressed in E. coli, and refolded by the 

refolding protocol published by Murphy et al. After the protein was purified by 5kDa and 
40kDa cut-off centrifuge tubes, the concentration was detected by a human CXCL12/SDF-1 
alpha Quantikine ELISA Kit (R&D systems), with the aim of achieving a concentration 
around 1 µg/mL.  
For HA drug: We took 5µL of 200HABB or 5µL of 700HABB to mix with 422 µL 
cysSDF1α. The pH value was measured by adding a drop on the pH indicator paper, and then 
the pH value was adjusted to pH 6.5 by adding 0.1 M HCl drop by drop. The solution was 
rotated at 4 °C overnight. A 100kDa cut-off dialysis tube was activated by the protocol 
described above. A total volume of 427 µL of the sample was added into the dialysis tube, 
and dialyzed against a 40 mL pH 7 PBS buffer at 4 °C overnight for the exchanged buffer. A 
pipette was used to measure the sample volume. We detected the amount of cysSDF1α in the 
dialyzed solution via ELISA, which indicates the unbound cysSDF1α monomer. Via 
Subtracting the value of total used cysSDF1α to the value of unbound cysSDF1α monomer to 
quantify the cysSDF1α ligated on the HA. These cysSDF1α ligated to the HA backbone are 
referred to as 200HA and 700HA in this study.  
For MA drug: Two sizes of 4 arms multiarm-PEG-maleimides (MA backbone) were 
purchased from Sunbright with molecular weights of 10kDa and 40kDa. We series diluted 
10kDa and 40kDa multiarm-PEG-maleimide to 1 µg/µL. The mole ratio 1:4 was used for 
backbone to cysSDF1α while preparing the reaction: specifically, we added 0.1 µL 10kDa 
backbone or 40kDa backbone to the amount of 320 µL or 80 µL cysSDF1α respectively. As 
above, the pH value was adjusted to a level of pH 6.5.  We rotated the solution at 4 °C 
overnight. The solution was dialyzed with a 20kDa cut-off dialysis tube (Float-A-Lyzer) by 
40 mL pH 7 PBS buffer at 4 °C overnight for the exchanged buffer. At this point, the same 
methods as we used for the MA drug to purify and quantify the sample for the HA drug were 
used here. These cysSDF1α ligated to the MA backbone are referred to as 10MA and 40MA 
in this study.  
 
Chemotaxis assay 

The chemotaxis assay, also called the Boyden chamber assay, was used. For all drugs, 
chemotaxis activity was tested via a 96-well-transwell plate (Corning HTS-Transwell-96 
Well Plate, #3389) with 5µm pore size polycarbonate membranes and Jurkat T-lymphocytic 
cells (Scientific Facilties, UC Berkeley). We prepared the HA drugs, MA drugs, cysSDF1α 
and commercial SDF1α in a starvation media, namely RPMI media with 1%FBS, aiming for 
a drug concentration of 100 ng/mL. If 10 ng/mL and 1 ng/mL are needed, then it is 
recommended dilution be applied to the sample. The dilutant solution is not pure media but 
the fix ratio of media/sterilized water, in case each sample have same concentration of media. 
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We found it important to ensure all bottom wells had the same PBS/RPMI volume ratio.  The 
bottom well was plated with 100 µL of sample. The bottom well was assembled to the 
membrane well and the membrane well was left to soak in the sample of different drugs for 
10 minutes.  We cultured Jurkat cells with rich media, namely RPMI media with 10% FBS, 
then transferred the cell solution into a 50 mL tube, and spun down the cells with a centrifuge 
at 4500 rpm for 4 minutes. Starvation media, RPMI media with 1% FBS, was added and 
pipetted up and down to break up any aggregation of cells. The cells were counted to achieve 
the aim of 3-5,000,000 cells/mL. We quickly and carefully added 100 µL of cell suspension 
to the membrane well using a multichannel pipette and avoiding bubbles to obtain 3-500,000 
cells per well. The plate was covered with a lid, and incubated at 37 °C for 4 hours. After 
those 4 hours, the lid was removed and the cells in the bottom wells were counted with a 
hemocytometer.  We then calculated the cell migration percentage.  
 
Hyaluronidase lysate efficiency test 
 100 ng/mL HA drug was dissolved in 4 mg/mL hyaluronicdase (Sigma Aldrich, 
#H3506) in an RPMI media. The solution was incubated at 37 °C for 1 hr or overnight. After 
cooling to room temperature, the solution was plated for chemotaxis assays as explained in 
the above paragraph. 
 
Reduced SDS-PAGE gel 
 The sample of all drugs were lyophilized into powder and then reconstituted in 15 µL 
di-water. The 15 µL sample was thoroughly mixed with 1 µL β-mercaptoethanol and 4 µL 
sample buffer, and then heated for 5 minutes at 85 °C. The commercial gradient SDS-PAGE 
gel (Biorad) was settled with a 1X running buffer. The sample mixture and ladder dye were 
loaded in the well respectively. The gel was run of 100 V for 1.5 hours.  After removal of the 
gel, it was stained with a 1X simple blue (Coomassie blue) buffer for 3 hours, and then 
washed with di-water overnight on a seesaw to remove the unbound dye. 
 
Results and discussion 
Chemotaxis study of CysSDF1α 
 To prove cysSDF1α folded into the active conformation, we tested its chemotaxis 
bioactivity. The active conformation is one in which the extra-encoded cysteine residue does 
not disrupt the folding of cysSDF1α, that is, the rest of the cysSDF1α folded the same as 
wild-type SDF1α, and expresses the same chemotaxis bioactivity. In Figure 2A, at 1 ng/mL 
cysSDF1α shows a similar cell migration percentage to wild-type and commercial SDF1α. 
However, at 10 ng/mL, the cell migration percentage drops to around 38%. This is because at 
the higher concentration, the cysSDF1α monomers passively attached to one another and 
formed a dimer form. The structure of this dimer form causes the deactivation. This 
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deactivation mechanism is supported by in Veldkamp et al.’s paper. Lowering the 
concentration of cysSDF1α can decrease the attachment of the two monomers, and recover 
the bioactivity. In Figure 2B, the cysSDF1α exhibits dose dependence at a lower 
concentration, ranging from 0.5-10 ng/mL. This shows that cysSDF1α has dose dependence 
and similar chemotaxis bioactivity to commercial SDF1α (cSDF) at 10 ng/mL. In Figure 2C, 
the SDS-PAGE shows cysSDF1α monomers around size 8kDa. 
  
Chemotaxis study of multivalent SDF1α 
 After refolding the cysSDF1α, it was ligated to either of two sizes of 4-arm-PEG 
backbones, 10kDa and 40kDa, and two sizes of hyaluronic acid, 200kDa and 700kDa. The 
two kinds of drug are indicated as MA and HA with the respective number of molecule 
weights in the front. For example, 200HA indicates cysSDF1α ligated to the 200kDa 
hyaluronic acid backbone, while, 10MA indicates cysSDF1α ligated to the 10kDa PEG 
backbone. Following ligation, the chemotaxis of these multivalent cysSDF1α was tested. In 
Figure 4A, the results show both the 10MA and 40MA drugs have dose dependence through 
1, 10 and 100 ng/mL. In addition, 10MA has higher chemotaxis bioactivity than 40MA. Due 
to structural differences where 40MA has a longer 4-arm than 10MA. Longer arm has higher 
chance to wrap up cysSDF1α, it follows 40MA has a higher chance of hiding cysSDF1α than 
10MA. In addition, 10 ng/mL 10 MA has similar potency to 100 ng/mL commercial SDF1α 
and cysSDF1α, suggesting 10 MA has around 10-fold higher potency than the SDF1α and 
can be used as a tissue-repair drug. Compared to the HA drugs, MA drugs show significantly 
higher chemotaxis bioactivity. This ligation strategy prove that site-specific ligation has 
benefic to maintain bioactivity of chemokine which shows high bioactivity than the non-
specific ligation (Figure 4B). In other hand, in Figure 4C, we compare the bioactivity of MA 
drug and HA drug. At 100 ng/mL, both the 10MA and 40MA drugs display higher bioactivity 
than the 200HA and 700HA drugs. The results show the MA drugs have promoting cell-
migration, while HA drugs do not have this ability. The MA drugs can attract the cells which 
have CXCR4 receptors. Since endothelial cells have CXCR4, the MA drug may be useful in 
a vascular graft generation model or a tissue-repairing angiogenesis model. We discuss this 
potential in more detail below.  The crucial point for generating a by-pass graft by artificial 
polymer-based artery is lining-up of endothelial cells on the lumen surface. While MA drugs 
can attract endothelial cells, it can accelerate the endothelial cell lining-up process on the 
lumen surface and prohibit thrombosis. We anticipate mixing the MA drug with the polymer-
based artery would further accelerate this process. In addition, for the angiogenesis model, in 
peripheral artery ischemia or heart artery ischemia, injecting the MA drug into the wound site 
with the gel-based carrier should effectively increase endothelial cells’ attraction and has 
potential to form a micro-vascular network for supporting the blood system and accelerating 
the tissue-repair process.   
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SDS-PAGE gel of the 10MA drug 
 Let’s discuss more details about SDS-PAGE gel. To determine the efficiency of the 
heterogeneous species and ligation, after buffer exchange, 10MA and 200HA were 
concentrated about 50-fold by lyophilizer, and run in the reduced SDS-PAGE gel. The 
200HA was too large to go through the gel, and did not show any band. On the other hand, in 
Figure 2C, the 10MA shows 5 different bands around 10-50kDa, corresponding to cysSDF1α 
monomer, 1, 2, 3, and 4-cysSDF1α-linked PEG, respectively. Each band has one protein-
molecule-weight difference of around 8kDa. This small difference cannot be separated by 
size exclusion columns. As opposed to using one species as a drug, we use all of the 
heterogeneous mixture as tissue-repair drug. That is, in this case, the role of the PEG 
backbone served as a drug carrier to modify the molecular weight of the potent drug, to 
increase hydrophilic properties, and to retain a structure-favorable for cell receptor clustering. 
With the site-specific linking, each species of heterogeneous products retained the cell-
sensing site and had the ability to attract the cells. 
 
Chemotaxis study of HA drug fragment 
 Compared to the MA drug, the HA drug has very low chemotaxis bioactivity, 
however, after we lyse HA drugs with hyaluronidase for 1 hour or overnight, the HA drugs 
recover their bioactivity (see Figure 4D). This suggests the HA drug has too many proteins 
loaded, which sterically hinders cells from approaching. Once the hyaluronic acid is 
fragmented, the protein is dispersed, and there is more space for cells to approach so that the 
bioactivity is recovered. The results are a good sign because there are many hyalyronidase in 
the tissue area. If the HA drug is retained on the carrier long enough, then it may serve as a 
long-term tissue-repairing drug through slow release after its being acted on by hyaluronidase. 
This hypothesis was supported by preliminary in vitro HA/hyaluronidase chemotaxis data, 
which shows that once the HA drugs incubates with hyaluronidase, the bioactivity of the HA 
drugs is recovered.  
Site-specific-linked multivalent SDF1α compare to random-linked SDF1α 
 Another linking method of SDF1α using the EDC coupling reagent was also 
investigated. The EDC coupling reagent randomly linked any carboxyl group to any amine 
group on the proteins. This random-linking method caused an SDF1α cluster to form.  This 
could increase the bioactivity, but on the other hand, random linking has a high probability of 
hiding the cell-sensing domain of SDF1α and causing low chemotaxis bioactivity in the end. 
As shown in Figure 4B, 10 ng/mL EDC-cSDF1α has only slightly higher bioactivity than 
10% FBS. This result supports the idea that the site-specific-linking more successfully retains 
the activity of the cell-sensing domain after ligation. 
 
The animal pilot study of the abdomen injection model 
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 The 10MA drug was mixed with MAP gel made in Dino’s group, and injected into the 
abdomen of GFP-encoded-CD31 mice. The MAP gel contained sphere-shaped-polymer 
particles. Cells can infiltrate and sit in the space between particles. Once the 10MA drug is 
released from the gel, the endothelial cells were attracted and infiltrated the gel. The particles 
of MAP gel contained cell-adhesive peptide (RGD), to help cell-seeding, so the cells can 
retain within the gel. While many endothelial cells infiltrating into the gel, it has potential to 
become a microvascular pre-network, a process that is called angiogenesis. Angiogenesis has 
a positive effect on tissue-repair, because for new tissue to expand, it needs a new 
microvascular network to transport the nutrition and oxygen.  The animal pilot study shows 
data one week after injection. In Figure 5, the result show that with the 10 MA drug, the 
endothelial cells infiltrate more than the blank MAP gel. In addition, the infiltrated 
endothelial cells sit between the polymer particles and has potential to a pre-network of 
microvascular. The 10MA drug with the MAP gel are a good drug delivery system in the 
angiogenesis model.  
 
Conclusion 
 The 10MA drug, a multivalent SDF1α, is a site-specific linked SDF1α/PEG drug, 
which serves as an endothelial cell attractor. In vitro, the 10MA drug has fairly high potency 
for chemotaxis bioactivity. In vivo, by mixing the 10MA drug with MAP gel carrier, it 
becomes a drug delivery system for the angiogenesis model. This drug delivery system 
showed increasing infiltration of endothelial cells at the one-week time point in a GFP-
encoded-CD31-mouse abdomen injection animal study.  
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Figure 
 

 
Figure 2-1. The structure of MA drug. (A) The Michael addition reaction between maleimide 
of 4-arm PEG and thiol group of cysSDF1α. (B) The cartoon and size of the MA drugs. 
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Figure 2-2. cysSDF1α monomer chemotaxis study and SDS-PAGE gel. Chemotaxis 
bioactivity of (A) commercial SDF1α (cSDF1α), wild-type SDF1α and cysSDF1α; (B) 
cysSDF1α under low concentration range. (C) Five bands show in the SDS-PAGE gel of 
10MA drug, corresponding to cysSDF1α monomer, 1, 2, 3, and 4-cysSDF1α-linked PEG, 
respectively. 
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Figure 2-3. The structure of HA drug. (A) EMCH is the linker between HA and cysSDF1α. 
Hydrazide and carbonyl group of carboxylic acid are linked by EDC/HOBt, while maleimide 
and thiol group of cysSDF1α are linked by Michael addition. (B) The cartoon and size of the 
HA drugs. 
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Figure 2-4. Dose dependence test of multivalent cysSDF1α. Chemotaxis bioactivity of (A) 
10KDa and 40 KDa MA drug; (B) commercial SDF1α (cSDF1α) linked by EDC/NHS 
coupling reagent; (C) MA drug and HA drug; (D) HA drug after incubation of hyaluronidase. 
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Figure 2-5. Fluorescent image of MAP gel with and without 10MA drug. Fluorescent image 
of blank MAP gel to aim (A) endothelial cells and (B) cell nucleus (DAPI); of MAP gel with 
10MA drug to aim (C) endothelial cells and (D) cell nucleus (DAPI). The results show that, 
with 10MA drug, the gel has more endothelial cells’ infiltration which is positive toward 
angiogenesis effect.  
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Chapter 3 
Development of an in situ Vascular Graft with PLCL/PDO as a Biodegradable Graft 
and Stromal Cell-Derived Factor 1α as a Cell-attracting Drug  
 
Abstract 
 

The treatment of atherosclerosis often requires a vascular graft.1 For by-pass surgery 
of coronary artery disease, since the direct resources from the peripheral artery are limited, an 
artificial vascular graft is worth utilizing. However, the polymer vascular scaffold suffers the 
drawback of inducing blood clotting in small-diameters (<6mm). Therefore, to speed up cell 
remodeling in situ and maintain patency in progress, a polymer synthetic vascular graft needs 
to have (1) an effective surface heparin modification to reduce the thrombogenic effect, and 
(2) a stable and high potency cell-attracting drug for increasing cell seeding to the scaffold.  

To generate the scaffold part, the graft is blended with two polymers, poly(L-lactide-
co-ε-caprolactone) (PLCL) and polydioxanone (PDO)5-6. The blend graft was electrospun to 
produce nanofibrous grafts that closely mimicked a native blood vessel in terms of structural 
and mechanical strength. To enhance the bioactivity, we modified the graft surface with a 
functional amino group by ammonium plasma treatment, which was subsequently employed 
to conjugate heparin via end-point amination. Then, this heparin-modified blend graft was 
submerged in the solution of stromal cell-derived factor 1α (SDF1α). This graft was 
implanted end-to-end with 8 uninterrupted stitches by a 8-0 needle into the male Sprague-
Dawley (SD) rat common carotid artery anastomosis model. The attracted endothelial cells 
were characterized by markers immunostaining, CD 31, in two weeks and two-month time 
points. And the potency of the graft was also checked. 
 
Keywords: vascular grafts generation, electrospinning, poly(L-lactide)-poly(ε-caprolactone) 
(PLCL), poly-dioxanone (PDO), heparin, stromal cell-derived factor 1α, endothelial cells  
 
Introduction  
  

A healthy artery has three layers, vertical intima, vertical media, and vertical 
adventitia. When the cholesterol and foam cells deposit in the lumen layer, the vertical 
intima, it narrows the volume of artery and leads to artery disease, atherosclerosis. When 
atherosclerosis occurs in the coronary artery, the patient can have chest pain, and in serious 
cases, can have a heart attack. In clinical treatment, using a by-pass graft to bridge the 
blockage is one solution, suturing a by-pass graft to restore the blood flow to maintain heart 
function. This by-pass surgery can extend patient’s life by more than ten years if the patient 
cooperates in changing his or her dietary habits. However, the autograft for the by-pass 
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mainly comes from the peripheral artery of the patient, meaning the suitable length and size 
of the usable graft is limited.1 In many emergency cases, the useable peripheral artery of the 
patients is not long enough for auto-transplanting, and the patient does not have enough time 
to wait for the donator’s allograft. To avoid this problem, a polymer artificial vascular graft 
becomes a potential solution.   

There is a polymer artificial vascular graft on the market. The polymer artificial 
vascular graft works well for a large diameter graft. However, for small diameter vascular 
grafts, since the blood flow of the coronary artery is very low, the graft is rapidly blocked by 
the thrombosis effect. To inhibit thrombosis, the anticoagulant, heparin, is covalently coated 
onto the polymer fiber of the polymer artificial vascular graft.  The heparin coated graft can 
maintain artery function at about 70-80% patency. The polymers used in vascular grafts, 
range from traditional Teflon and Dacron which are non-degradable inert materials, to bio-
degradable polyester material, which research indicates not only maintains the artificial 
vascular graft functionality, but also use the in situ genseration strategy. In situ generation is 
an on-site process which directly transplants a bio-degradable by-pass graft to the patient for 
recruiting functional host cells and culturing cells in the artificial biodegradable polymer 
vascular graft scaffold. Before biodegradable material breakage and absorption by cells, 
which usually needs a few months, the by-pass graft can be regenerated to become a real 
vascular artery within the patient.49 The in situ generation is a new and intuitive idea in the 
tissue engineering field. Several bio-degradable polymers have been studied, such as poly-
lactide-co-caprolactone (PLCL),12 polylactic acid (PLA)3, polyglycolide (PGA),4 and poly(p-
dioxanone)5-6. To generate different hydrolysis rates, copolymers have also been studied. For 
example, poly(lactic-co-glycolic acid) and trimethylene carbonate. Other bio-compatible 
polymers are also under investigation, for example, poly(caprolactone) and its copolymers.   

Differing from drug injection for tissue repair, polymer artificial vascular grafts rely 
on an electrospiner to fabricate a bio-mimic fibrous scaffold to aim for about 10-50 µm pore 
size homogeneously. The electrospun graft, meanwhile, still has enough mechanical strength. 
With a large-enough pore size graft, the recruited cells can crawl into the scaffold, and seed 
in.   

Another crucial factor for in situ generation is the cell recruitment rate: before the bio-
degradable polymer is totally hydrolyzed and absorbed by host cells, host cells need to 
reconstruct and form strong integration to replace the polymer scaffold. The main cells 
involved in this process are endothelial cells and smooth muscle cells. It is vital to accelerate 
the endothelization process, because once the lumen layer is covered by endothelial cells, 
they can prohibit thrombosis. Once thrombosis is inhibited on site, smooth muscle cells, 
collagen and elastic fiber can reconstruct the graft later. With the heparin coated polymer 
scaffold, about one and half months is enough time for endothelial cells to mature in the 
middle part of a 1 cm length graft.  In some cases to accelerate the endothelialization, stromal 
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cell-derived factor 1α (SDF1α) is used as a drug. SDF1α is the recruitment protein for 
endothelial progenitor cells in the circulation system. Since heparin and SDF1α are a ligand-
protein binding pair, the heparin-coated graft can retain SDF1α in the scaffold. Through 
releasing SDF1α gradually, the endothelial progenitor cells from the circulation system are 
attracted by the SDF1α gradient. Then, the endothelial progenitor cells seed and crawl into 
the vascular graft scaffold to finally become a mature endothelial layer. The research 
indicates, with the SDF1α saturated vascular graft, endothelial progenitor cells in the middle 
part of graft histology can be observed within two weeks under immunostaining. 

In chapter 1, we described a heparin-PLCL vascular graft, however, the 
macrostructure of the PLCL graft is rigid and stiff, making it difficult to close the junction 
between the graft and real artery in the rat common carotid artery anastomosis model. This 
issue prolongs the surgery time and causes heavy bleeding. In this study, we generated a new 
biodegradable scaffold, the PLCL/PDO blend graft, which is more flexible and easy to suture. 
We electrospun and fabricated an ideal, small-diameter nanofibrous vascular graft by 
blending the PLCL and PDO fibers. We attached heparin to the graft by ammonium plasma 
treatment and Borch amination reaction. The heparin quantity and quality of the graft were 
studied. Lastly, we tested these optimized heparin-coated PLCL/PDO biodegradable grafts 
with a passively-attached SDF1α drug for two weeks and two months of short-term animal 
studies in the rat common carotid artery anastomosis model. The testing focused on the 
performance of endothelialization, cell infiltration and biocompatibility.  

 
Materials and methods  
 
Electrospun and Plasma Treatment of the PLCL/PDO Vascular Graft to Introduce Amino 
Groups for End-point Conjugation of Heparin 
 
 PLCL/PDO blend graft was electrospun followed by Zoey Hung’s protocol: 15% 
PDO (w/v) and 20% PLCL (w/v) were separately rotated in hexafluoroisopropanol (HFIP) 
for 1 day at low-speed until they were thoroughly dissolved. The two solutions were mixed in 
a 1:1 (v/v) ratio and the mixed solution was rotated at low-speed for another day. The 
PLCL/PDO blend graft was electrospun for 30 mins with a homemade electrospinner at 
+11kV, a -3kV power supply and 3 ml/hr flow rate solution jet to achieve 250 µm thickness.  

To ligate heparin on the PLCL/PDO blend graft, the amine group was inserted into 
the graft structure by ammonium plasma treatment followed by the same protocol developed 
in chapter 1 for the PLCL graft. Since the PLCL/PDO blend graft also has an ester-linkage 
structure, the ammonium plasma treatment process 353 was used to modify the amine group 
on the graft: in collaboration with Plasma Technology Systems (Belmont, CA), surface 
modification with the amine functional group attached to PLCL/PDO grafts was achieved by 
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using a two-stage gas plasma treatment in the Plasmatreat Aurora™ partial-pressure plasma 
reactor. The plasma reactor is configured with two side-walled electrodes. A 1000-watt RF 
generator supplied power to the electrode at a frequency of 13.56 MHz.  The generator can 
apply a pulse or duty cycle to the electrode excitation. To perform the surface modification, 
PLCL/PDO grafts were evenly spread out on an aluminum screen tray that was electrically 
insulated from the power electrodes. The two stages of the plasma protocol consist of five 
cycles with low power (50 W) ammonia plasma, at a flowrate of 125 sccm, for 2 minutes in 
each cycle. The chamber was evacuated between cycles, followed by low power (50W) 
hydrogen plasma at a flow rate of 100 sccm for 2 minutes. After these two stages, the surface 
was stabilized by three 2 minute cycles of argon gas (0 W, 1000sccm). Standard operating 
pressures generally range between 100-150 mTorr. Color changes were observed in each 
active plasma stage. The cycle and minutes used change depend on the machine used.  
 
 Orange II Colorimeter Assays for Amine Detection and Quantification 
 

Modified PLCL/PDO grafts (1-mm diameter, 0.5-cm length) were immersed in 
Orange II dye solution (14 mg/mL, Sigma Aldrich) in pH 3 acidic di-water (distilled water 
adjusted to pH 3 by 1 M HCl) for overnight at 37°C. The grafts were rinsed with di-water for 
3 seconds to remove unbound dye. After air-drying overnight, the grafts were immersed in 
1.5 mL of alkaline di-water (distilled water adjusted to pH 12 with 1M NaOH solution). 
Subsequently, 0.5 mL acidic di-water was added to the solution to adjust to pH 3. The 
absorbance of the solution was measured in triplicate 490 nm using a bottom-transparent-96-
well-plate with 200µL solution in each well. (Molecular Devices ThermoMax, GMI Inc., 
Ramsey, MN). The absorbance value was recorded and compared. The standard curve was 
generated with the amino resin (NovaPEG). All samples and standards were tested in 
triplicate and fitted by Prism 6 software.  

To test the amine loading efficiency and to qualify the amine, the coating was even 
and spread out on the graft structure. Ten pieces of 1 cm blend graft and 1 piece of 10 cm 
blend graft were loaded in the plasma treatment chamber separately. The 10 cm blend graft 
was cut into 10 pieces, and the three of them in the middle portion were used for testing. The 
control-graft, heparin-graft (1 cm set) and middle-portion-heparin-graft (10 cm set) were 
tested by orange II to qualify the amine coating efficiency.    
 
End-point Heparin Conjugation to PLCL graft  
 

The plasma-treated PLCL/PDO graft (1-mm diameter, 0.5-cm length) was immersed 
in 40 mg/mL heparin solution prepared in cyanoborohydride coupling reagent (0.02 M 
sodium monobasic phosphate, 0.2 M sodium chloride, and 3 mg/mL sodium 
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cyanoborohydride; pH 5.0-5.5) for 24 hours on a shaker at room temperature, followed by di-
water washing. Heparin solution was sterilized by 0.22µm pore size filter before incubation. 
These heparin-conjugated grafts via plasma treatment will be referred to as heparin-graft in 
the remainder of this study. 
 
Quantification of Heparin Covalently Bounded on the Grafts--Toluidine Blue Assay 
 

The heparin amount on the heparin-graft was confirmed and measured using toluidine 
blue (Sigma Aldrich): at day 1 and day 7 (1 and 7 days after heparin conjugation reaction in 
which grafts were placed in di-water at room temperature on a low speed shaker), control 
graft (graft reacted in heparin solution without coupling reagent) and heparin-grafts (graft 
reacted in heparin solution with the present of coupling reagent) were immersed in 25µL di-
water. Different concentrations of heparin were prepared as table 1. 25µL of each standard 
heparin solution was used for the test. 200µL of 0.0005% (w/v) toluidine blue solution was 
added to each sample and standard followed by vortexing for 10 minutes to release the 
unbound heparin and promote heparin-TB interaction. All samples and standards were left for 
5 mins for precipitation. The absorbance of the free toluidine blue was subsequently 
measured at 650 nm (Molecular Devices ThermoMax) and recorded. The amount of bounded 
heparin on the grafts was determined by comparing their absorbance values to the standard 
curve made from the heparin standard solutions. All sample and standards were tested in 
triplicate and fitted by Prism 6 software. 
 
Heparin Bioactivity Study of Grafts to Determine Its Antithrombogenic Activity--ATIII 
Kinetic Control Assay 
 

The antithrombogenic activity and stability of the heparin-graft modified was 
determined by measuring thrombin activity with the chromogenic substrate S-2238 
(Diapharma, West Chester, OH) in the presence of antithrombin-III (AT-III). Similar to the 
TB assay, heparin standard solution was prepared as shown in table 1. 25µL of each standard 
heparin solution was used for the test. The control graft (graft reacted in heparin solution 
without coupling reagent) and heparin-grafts (graft reacted in heparin solution with the 
present of coupling reagent) were taken from day 1 and day 7 (1 and 7 days post-heparin 
conjugation in which grafts were placed in di-water at room temperature on a low speed 
shaker) and incubated in 25µL di-water. 25µL of heparin standard solution and sample grafts 
along with 25µL di-water were added into each well of a bottom-transparent-96-well-plate. 
The plate was heated on a heat block set at 37oC for 5 minutes. 50µL of 0.5 U/mL AT-III 
(Sigma Aldrich, A2221were added into each well using a multichannel pipette and incubated 
for 1 minute. Subsequently, 100µL of 10 U/mL thrombine (Sigma Aldrich, T8885) was 
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added and incubated for 1 minute. After one minute, 25µL of 0.5 mM S-2238 was 
immediately added into each well and incubated for 4 minutes. After four minutes, 25µL of 
40% acetic acid was immediately added to quench the reaction. Since the enzyme reaction is 
a kinetic reaction, the timing to add each reagent needs to be very accurate. The absorbance 
of the cleavage S-2238 was subsequently measured at 405 nm (Molecular Devices 
ThermoMax) and recorded. The bioactivity of the bounded heparin on the grafts was 
determined by comparing their absorbance values to those of the heparin standard solutions. 
All sample and standards were tested in triplicate and fitted by Prism 6 software. 
 
Animal study and immunostaining 
 
 Twenty-four heparin-grafts were sterilized in 70% EtOH under UV exposure for 15 
mins.  Then, 12 heparin-grafts were incubated in 100 µg/mL SDF1α overnight. Twelve 
SDF1α-grafts and 12 heparin-grafts were implanted end-to-end with 8 uninterrupted stitches 
using an 8-0 needle into the male SD rats common carotid artery anastomosis model, 
operated on by a surgeon, Xue-Feng Qiu. Six rats of the heparin-graft (control) and 6 rats of 
the SDF1α-grafts (sample) were euthanized at the time points of two weeks and two months. 
Each specimen was mounted in an optimal cutting temperature compound (OCT), cryo-
sectioned into 10µm thickness, and attached on a super-plus slide. Each specimen on the slide 
was immuno-stained with CD31 antibody (488nm) for endothelial cells, and CCR7 for 
macrophages and DAPI (631nm) for the nucleus. Images were captured with a Zeiss 
microscope. The cryo-sectioning, staining and imaging of the PLCL/PDO graft sample were 
carried out by a collaborator, another graduate student, Zoey Hung.  The cell infiltration 
percentage was counted by Photoshop and analyzed by one-way ANOVA followed by 
Tukey’s t-test for post-analysis. A p-value of less than 0.05 was considered statistically 
significant, indicated by a * sign in the figure.   
 
Results and Discussion 
 Amine Group Loading Efficiency of PLCL/PDO blend Graft 
 
 To qualify the amine coating was even and spread out in the graft structure, the 
control-graft, heparin-graft and the middle-portion-heparin-graft were tested under Orange II 
following ammonium plasma treatment. The results show the control-graft, heparin-group 
and middle-portion heparin-graft have 1.48 + 0.09, 1.84 + 0.16, and 2.29 + 0.07 mmol/mm3 
amine density at day 0 which is right after plasma treatment; 1.42 + 0.12, 2.03 + 0.1, and 2.46 
+ 0.1 mmol/mm3 at day 7 which is after di-water washing for 7 days after plasma treatment. 
The results show the amine loading efficiency increases from the control-graft, heparin-graft 
to middle-portion-heparin-graft. Each two pairs show a significant difference, and the loading 
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was stable after 7 days of washing. These results indicate the length of the sample did not 
affect the loading efficiency, otherwise, the longer sample (10 cm set) benefitted from 
accumulated ammonium plasma in the middle part of graft. However, making a longer 
conduit needs more PLCL/PDO solution which is very costly. Even though the 10 cm set 
sample has more amine loading efficiency, the protocol in this paper still uses 10 pieces of a 
1 cm set because of the value/cost consideration. One thing not mentioned in the graft is the 
sample amount for each batch. With each stander-size chamber loading, 30-50 pieces of a 1 
cm set sample is the maximum sample-loading amount. A sample loaded with more than 50 
pieces caused the failure of amine insertion because of the low ratio of plasma/surface area.       
 
Detection of Heparin Activity of Modified PLCL/PDO Blend Grafts 
 
 To verify the heparin conjugates on the graft and whether the heparin still maintains 
the bioactivity, the heparin amount and heparin activity were tested by toluidine blue assay 
(TB) and antithrombine III enzyme kinetic control assay (ATIII) at day 1, washing one day 
after conjugation reaction by di-water to passively remove attached heparin, and day 7, after 
seven days of washing. In the TB assay, the control-graft and the heparin-graft have 3.18 + 
0.57 and 9.21 + 0.5 µg/mm3 heparin density on day 1, and 5.25 + 0.64, 7.89 + 0.65 µg/mm3 
on day 7. In the ATIII assay, the control-graft and the heparin-graft have 0.48 + 0.0 and 0.81 
+ 0.02 NIH U/mm3 heparin activity on day 1, and 0.54 + 0.02 and 0.67 + 0.02 NIH U/mm3 on 
day 7. Both the TB assay and ATIII show a fairly high heparin amount and heparin activity 
on day 1, and the heparin amount and activity drops slightly after 7 days of washing, which 
removed the unconjugated heparin. One interesting result is the behavior of the control graft. 
The control graft shows a high amount of passively adsorbed heparin in the TB assay. On TB 
day 1, about 34% of the heparin comes from the passively adsorbed heparin, and the 
passively-adsorbed heparin shows bioactivity in the ATIII assay. Note, for the control graft, 
from day 1 to day 7, both of the values increased slightly in the TB and ATIII assay. This is 
due to the native hydrophilic property of the PLCL/PDO structure.  With more water 
adsorbed in the graft, the passive-adsorption from the dye will slightly increase. This passive-
adsorption from the dye is blocked if there is more conjugated heparin on the graft. That is, 
the heparin-graft did not show a noticeable increase after a seven-day-washing because in day 
1 the highly-charged-heparin polysaccharide had already helped the graft load as much water 
as possible. Therefore, there will not be much water-swelling difference between day 1 and 
day 7. In this case, the passive-adsorption from the dye will not be significant. This scenario 
does not show in the data of chapter 1(PLCL graft). It might be because the sample used in 
chapter 1 is polymer sheet, not polymer tube. The tube is more compacted in the inside layer. 
Regardless, under the one-way-ANOVA analysis, in both TB and ATIII, there is a significant 
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difference between the control graft and heparin graft (the pairs marked with *), which 
indicates the heparin conjugation reaction works on the PLCL/PDO blend graft.    
 
Fluorescent Image of FITC-Heparin on the PLCL/PDO Blend Graft 
 
 To compare the amount of passively-attached heparin and covalently-attached heparin 
on the graft, the heparin conjugation reaction was done with FITC-heparin for the image. 
Following the conjugation reaction and one-day washing, the modified-graft was 
longitudinally sectioned and imaged at 488 nm. In figure 2, the control group was treated 
with FITC-heparin under a PBS solution, while the sample group was treated with FITC-
heparin under coupling reagent. The result shows the blend graft has high passively-attached 
heparin, indicating a green color on the fluorescent image (figure 2C). Under the same 
condition, the sample group which was reacted under coupling reagent shows a saturated 
FITC-heparin coating in which the lumen and outer surface has more FTIC-heparin 
displayed.     
 
PLCL/PDO graft patency and endothelization in an animal pilot study 
 The animal study was performed with the SD rats common carotid artery anastomosis 
model. The tissue was cryo-sectioned and immunostained to observe the CD-31-markered 
cells, which are endothelial cells. The results are shown in figure 3. At a 2-week time point, 
the immunostaining image shows the endothelial cells localized on the lumen of both the 
heparin-graft and SDF1α-graft. Lumen covered with endothelial cells can prevent the 
thrombosis effect and maintain the graft’s patency. At a 2-month-time point, there is still a 
fair number of endothelial cells on the lumen, with it showing 1/6 patency in the heparin-graft 
group and 4/5 patency in the SDF1α-graft group. The blockage of heparin-graft comes from 
neointima. The neointima indicated a rapid growth in tissue outside of the graft area and 
narrowing of the lumen. Rapid growth of tissue is good for tissue-repair. However, if new 
tissue grows too fast it cannot balance the degradation of graft, and this will lead to 
narrowing of the lumen and blockages. The neointima also shows the incorrect attraction of 
cell types which we need to avoid. Compared to the heparin-graft, the SDF1α-graft shows in 
the correct condition after both the 2-week and 2-month results. The SDF1α-graft shows 
endothelization in both the 2-week and 2-month data, and it maintains the 4/5 patency at the 
2-month time point.  
 
Cell infiltration 
  
 One key point of in situ generation is the cell infiltration of the graft material. In this 
pilot study, we also investigated the cell infiltration. Figure 4A shows that cells can 
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successfully penetrate and seed inside the graft area. At the 2-week and 2-month time point, it 
shows 4.6 + 2.4 and 15 + 2.4 cells in the heparin-graft, and 2.1 + 1.8 and 4.0 + 1.2 in SDF1α-
graft, respectively. The cell number continue to increase with time. Even though there is a 
neointima in the 2 month heparin-graft sample, the cell infiltration is still fairly high. 
Compared to the heparin-graft, in the SDF1α-graft, the cell number increases slowly between 
the 2-week and 2-month time points. Multiple comparisons are shown in figure 4B. 
 
Inflammation study 
 
 The samples were also immuno-stained with a CCR7 marker, which indicates for 
macrophages. In figure 5, the images taken in the middle portion of the grafts show fairly 
high CCR7 positive cells in the graft area, indicating an inflammatory response. Since the end 
portion of the graft also shows similar results, it indicates macrophages from the tissue 
crawled into the graft area. While macrophage consumed and degraded the graft, it released 
cell signals and attracted more cells to help remodel this area. The inflammatory response is a 
double-edged sword. If the inflammatory response is under control, it can also benefit tissue-
repair from the point of view of cell attraction. In the heparin-graft, 2-week data shows a high 
number of macrophages which still appear, and also increases in the 2-month data, while in 
the SDF1α-graft, the macrophages show numbers between the 2-week and 2-month data. 
This pilot study has small sample sizes, so it is not safe to definitively conclude which sample 
causes the greater inflammatory response. However, one can conclude that the SDF1α-graft 
as a cell-attracted drug is beneficial in in situ vascular graft generation. That is, the 
biodegradable scaffold only is not good enough for in situ generation. In addition, there are 
two kinds of macrophages denoted M1 and M2: they have different functionality and M1 
involved in inflammatory response while M2 involved in tissue-repair. That is, M1 
macrophase emite cell-signaling and sense immune cells, and M2 sense tissue cells. CCR7 is 
a biomarker, a protein of M1 macrophage cells, which mainly acts as an agent of 
inflammatory response, while there is M2 macrophage which mainly attract functional cells 
for remodeling in tissue-repair. Therefore, because there are more cells coming into this site, 
it increases the ratio of M2/M1 macrophage, which is positive for tissue-repair.     
  
Conclusion 
   
 The key points of in situ vascular graft generation are biocompatible and cell-
remodeling.  For the scaffold to survive the thrombosis effect, a stable heparin coating is the 
first step in scaffold modification. Then, a potency drug is used to accelerate the cell-
remodeling. Achieving this requires an understanding of polymer science, biomolecule 
conjugation, cell mobility, and inflammatory response. In this study, we electrospun the 
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biodegradable polymer scaffold (PLCL/PDO), bio-conjugated it with heparin, and incubated 
it with endothelial chemokine SDF1α protein to be our system. With the small sample size 
pilot study using the rat common carotid artery anastomosis model, the results obtained show: 
the PLCL/PDO scaffold shows a structural preference to retain heparin and suppress the 
thrombosis effect, and it also shows the attraction of endothelial cells. However, without the 
SDF1α protein, the scaffold attracts too many incorrect cells and causes neointima at a 2-
month time point. In contrast, with the SDF1α protein the graft mildly attracts functional 
cells, endothelial cells and macrophages, and the inflammatory response is under control. In 
sum, the PLCL/PDO biodegradable polymer has structural and mechanical properties 
favorable to serve as a scaffold, and the SDF1α protein as a drug is beneficial in this 
PLCL/PDO scaffold system for in situ vascular graft generation. 
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Figure 

 
Figure 3-1. Chemical properties of the PLCL/PDO blend graft. (A) Amine group 
quantification test by Orange II dye on day 0 (right after ammonium plasma treatment) and 
day 7 (seven days di-water wash after ammonium plasma treatment). (B) Heparin 
quantification test by toluidine blue dye on day 1 (one day di-water washing after heparin 
conjugation reaction) and day 7 (seven days di-water washing after heparin conjugation 
reaction. (C) Heparin activity test by human antithrombin III (ATIII) kinetic control test. The 
pairs with a p value <0.05 are indicated by a * sign. 
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Figure 3-2. Heparin coating pattern test in which the conjugation reaction was done with 
FITC-heparin under (A)(C) PBS or (B)(D) coupling reagent. The images were separately 
taken in a bright field using a 488 nm fluorescence microscope.  
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Figure 3-3. Endothelialization study. The fluorescent image of the CD31 marker and DAPI in 
the animal pilot study at the 2 week and 2 month time-points on (A)(C) heparin-graft and 
(B)(D) SDF1a-graft, separately. The CD31-marked cells indicate endothelial cells. 
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Figure 3-4. Cell infiltration study. (A) The cell number within the heparin-graft and SDF1a-
graft at the 2 week and 2 month time-points. The pairs with a p value <0.05 are indicated by a 
* sign. (B) the p value between each pairs. 
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Figure 3-5. Inflammation study. The fluorescent image of CCR7 marker and DAPI in the 
animal pilot study at the 2 week and 2-month time-points on (A)(C) heparin-graft and (B)(D) 
SDF1a-graft, separately. The CCR7-marked cells indicate macrophage. 
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Chapter 4 
Development of S-adenosylmethionine (SAM) biosensors using circular permutations of 
the SAM-I riboswitch 
 
Abstract 
 

S-adenosylmethionine (SAM) is the primary methyl donor cofactor within the cell. 
Methyltransferase enzymes use SAM to methylate various biomolecules such as DNA, RNA, 
protein and lipids. Specifically, misregulation of DNA methyltransferases causes aberrant 
gene expression leading to disease states. While HPLC and LC-MS methods have been 
developed to measure the SAM levels in vitro, these are not practical for sensing SAM levels 
in an in vivo context. As such, there is a need for the development of practical in vivo 
biosensors for SAM. In this chapter, we design a new SAM biosensor made from a SAM-I 
riboswitch, a sequence of RNA, connected with Spinach, a short fluorescent sensing RNA 
sequence, using a circular permutation connection; that is, we systematically change the 
connection by different stems of the SAM-I riboswitch. In this circular permutation 
connection method, we test different possible topologies between the two domains of the 
biosensor. The results show the species Tt and Bc have better hits than other species, fusing 
by the P4 stem usually results in a lower Kd value than fusing by the P3 stem, and the original 
P1 stem still produced good results for some constructs.           

 
 
Introduction 

 
S-adenosylmethionine (SAM) is a common methyl donor cofactor of methyltransferase. 

Methyltransferase enzymes transfer methyl groups from SAM to other biomolecules, such as 
protein, lipid, DNA or histone. After SAM donates its methyl group to other molecules, it 
turns into S-adenosylL-homocysteine (SAH) (Figure 1). For example, SAM can modify DNA 
on the cytosine base 5’ position to regulate gene expression; SAM can modify the lysine 
residue in histones (H3K4), the methylation marker for RNA polymerase to initialize; SAM 
can modify non-histone proteins to tune the enzyme catalysis reaction; SAM can modify 
other natural products such as neurotransmitters. The abnormal SAM level within the cell 
triggers mis-methylation, and then, in the long-term, further causes disease because of gene 
mis-expression.52-54 Due to all these reasons, a balanced concentration of SAM is important. 
In a normal cell, the concentration of SAM is stable and regulated by the cycle in (Figure 2). 
In the lab, typically, the detection of SAM concentration in cell or tissue extracts relies on 
analytical instruments such as LC-MS55 and HPLC.56-58 
The Hammond group previously developed fluorescent RNA-based biosensors for some 
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small molecules, taking advantage of the selectivity and specificity of riboswitches for their 
targets. This work focuses on developing a SAM biosensor which uses riboswitches as a 
scaffold.  
    Riboswitches are bacterial RNAs located in the 5’-untranslated region (UTR) of mRNAs, 
which regulate gene expression by binding with small molecule metabolites.59-61 By binding 
with corresponding small metabolic molecules, the riboswitch can trigger conformational 
change. There are several kinds of specific binding, for example, SAM-SAM I riboswitch and 
Vc2-cdG62-64. Upon binding, the terminator (stem) stops the transcription reaction of the 
downstream gene.65 Based on this characteristic of the riboswitch, one strategy to build an 
RNA-based biosensor is to fuse the sequence of the riboswitch with another RNA sequence, 
responsive to a fluorescent molecule.  Then, once the target molecule binds onto this 
complex, fluorescence is emitted and can be detected. This method does not need any 
chemical label. This is the general idea of RNA based biosensor design. There are more than 
five SAM riboswitch classes categorized by different secondary structures such as SAM-I to 
SAM-V, SAM/SAH…etc.66-67 Mutagenesis studies on the Thermoanaerobacter 
tengcongensis (Tt) yitJ riboswitch further confirmed the riboswitch distinguishes SAM from 
SAH by specifying the positively charged sulfonium ion in SAM.68 By using computational 
alignment methods such as BLAST and CMfinder, novel RNA classes in bacteria and archaea 
can be found.69 The consensus for the SAM-I riboswitch is shown in Figure 3, showing the 
sequences of SAM-I riboswitches are not identical among different species. The structure and 
interaction of the SAM-I riboswitch and SAM have been determined by x-ray 
crystallography.70-72 Among more than a dozen distinct riboswitch classes that respond to 
various metabolites, the adenosylmethionine (SAM)-binding S-box (SAM-I) riboswitch class 
is arguably the most prevalent class, especially in Gram-positive bacterial genomes. S-box 
riboswitches were originally identified and extensively studied in Bacillus subtilis (Bs), 
where they control more than 26 genes involved in the import, synthesis, and recycling 
pathways for methionine, SAM,58, 65, 73 lysine,73 methionine and cysteine.74 The main 
interaction between the adenosine of SAM and the uracil base of RNA (U7, U88 of the P1 
stem and U57 of the P3 stem) is specific binding, so these three uracil bases do not change 
and are conserved in evolution. However, by mutating these uracil bases to cytosine bases, it 
is most likely the specific binding changes to bind to GAM, an artificial base created to chase 
the pathway of biomolecules. There is a considerable body of literature related to the SAM-I 
riboswitch, and this is also one reason this paper focused on building a biosensor with the 
SAM-I riboswitch rather than with another SAM riboswitch. 

Recently, the Jeffrey group developed the Spinach aptamer59,61. The Spinach aptamer is a 
sequence of RNA that can bind to 3,5-difluoro-4-hydroxybenzylidene imidazolinone 
(DFHBI). As DFHBI’s structure is similar to HBI in Green Fluorescent Protein (GFP), the 
Spinach can be recognized as an RNA mimic of GFP.75 When Spinach binds to DFHBI, the 
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entire construct locks the DFHBI into a rigid structure which cannot have intramolecular 
rotation. After the rigid structure absorbs light and the photon excites electrons from their 
ground state to an excited state, the only way to release energy is by fluorescent emission. 
This construct is established by Systematic Evolution of Ligands by Exponential Enrichment 
(SELEX). Spinach is then fused to another target-binding RNA sequence such as SAM-I 
riboswitch and becomes a basic architecture RNA based biosensor. In the Jeffrey group’s 
work, they also tried to replace a different loop of Spinach which binds to SAM-II 
riboswitch, and they found only loop2 of the Spinach can be replaced by other RNA 
sequences without disturbing the fluorescent emitting characteristic. The group tested the 
sensitivity of different lengths of transducer stem, counted by the number of nucleotides in 
the transducer, and introduced spot mutations. They found the better transducer qualitatively 
works as follow: before the target molecule binds onto the riboswitch, the transducer is 
floppy and flexible, then, after the target molecule binds onto the riboswitch, it snaps the 
sequence and forms the transducer. The transducer has the function to stabilize the Spinach 
construct and makes the construct rigid, allowing DFHBI to bind into this pocket. The 
research also used this biosensor to measure SAM in vivo. By changing some base pairs in 
the transducer, they even created another Spinach sequence, Spinach2, which is more 
effective in sensing because of better RNA-folding properties. A different Jeffrey group 
paper describes the use of  this complex for performing in vivo testing of bacteria:76 providing 
a detailed protocol for imaging ADP dynamics in living Escherichia coli following a change 
from a glucose-containing medium to other carbon sources. The majority of this protocol is 
applicable to sensing other metabolites and proteins in living bacteria. By changing the 
aptamer of the biosensor to be another riboswitch, the technique can potentially detect other 
small molecules in vivo.  

In this work, we have been moving towards developing an RNA-based biosensor for S-
adenosylmethionine (SAM) by fusing a SAM-I riboswitch to the second loop of Spinach2 by 
circular permutation. That is, to find a good binding pocket, the fluorescent efficiency of the 
biosensor scaffolds which have three different fusing topologies between the riboswitch and 
the Spinach2 was tested (P1, P3 and P4 stems). In addition, four different sequences from 
different bacteria species (Tt, Bc, Bs, Pi), and the length of the transducer stem (3-5 base 
pairs of nucleotides) were also tested. See figure 5-7. The results show the species Tt and Bc 
have better hits than other species, that fusing the P4 stem usually results in a lower Kd value 
than fusing the P3 stem, and also fusing the original P1 stem still produced good results for 
some constructs.  
 
Materials and Method 
Biosensor design methodology 

The sequence of the biosensor construct was designed, based on four different species of 
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SAM-I riboswitch sequences which literally showed low Kd values upon binding to SAM.61, 

70 Then different stems of the SAM-I riboswitch were used as transducers to fuse to the 
Spinach2 sequence by circular permutation, as shown in figure 8.61 In addition, for the length 
of the transducer, the base pairs of the nucleotide, was from 3-5 base pairs.   

In more detail, the design of our biosensor includes three factors: selection of one of four 
different species of SAM-I riboswitch: Thermoanaerobacter (Tt), Bacillus clausii (Bc), 
Polaribacter irgensii (Pi) and Bacillus subtilis (Bs); selection of one of three different stems 
of SAM-I riboswitch for the transducer (P1, P3 or P4); selection of one of three different 
lengths for the transducer (3, 4, or 5 basepairs). Combinations of these choices give 4x3x3 = 
36 constructs in the screening library for the first round test (see Figures 6 and 7.) The 36 
single strand DNA was purchased from the Integrated DNA Technologies company (IDT). 
 
DNA Polymerase Chain Reaction (PCR) and RNA transcription 
    Each DNA single strand was amplified by polymerase chain reaction (PCR) and purified 
by a DNA purification kit, and was then characterized the size by agarose gel electrophoresis. 
The total amount of the DNA product was measured by NanoDropTM Spectrophotometer. The 
amplified DNA is used as a template for RNA transcription. The reagent is used in the 
following:  
For DNA polymerase chain reaction: Mix 1 µL of 40 µM forward and reverse primers, 20 µL 
of 5X phusion buffer, 10 µL of 10X dNTPs, 1 µL 40 µM single strand DNA, 1 µL Phusion 
enzyme, and add D.I. water till total volume to be 100 µL. Use a PCR machine to incubate 
the reaction at 95 °C for 3 min, 35 loops for a time period set of 95 °C for 20 sec, 62 °C for 
20 sec and 68 °C for 30 sec, 68 °C for 10 mins and finally store at 4 °C. Following the 
amplification reaction, purify the DNAs with a DNA purification kit. Use the pure DNAs as a 
template to transcript RNA. 
For RNA transcription: Mix T7 transcription buffer 5µL, NTPs mixture 25 mM 8 µL, MgCl2 
1M 0.7 µL, IPP 0.5 µg/uL 0.5 µL, DNA template 1 µg, T7 polymerize enzyme 4 µL and D.I. 
water to total 50 µL. Incubate the reaction at 37 °C for 3-4 hrs, and then use an RNA 
purification kit to purify the RNA constructs. The final product concentrations are measured 
by NanoDropTM Spectrometer and the final RNA products are ready to screen. 
 
96-wells Fluorescence experiment assay 

All biosensor library screening was performed by a 96-wells Fluorescence experiment 
assay in a fluorescence spectrometer with the kinetic mode. The exciting wavelength was set 
to 460 nm, and the emitting wavelength was set to 500 nm (Figure 9). The screening 
condition was done under the concentrations: RNA 100 nM, DFHBI 10 µM, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 40 mM, KCl 125 mM and MgCl2 
3mM. 
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Results and Discussion 
The First Round and Second Round of Screening 

In the first round of screening, 36 constructs were screened under 30 °C and 3 mM Mg+2. 
Twelve out of 36 constructs showed a significant fluorescence signal. The ratio of the data 
signal compared to the background signal (when the sample only contains water) is called 
fold activation. If the fold activation is larger than 1.5 fold, we define it as a good hit. The 
results are shown in Figure 10. After triplicating measurement of each data under these 
conditions and averaging, we took the twelve constructs showing more than 1.5 fold 
activation for a second round of screening. Since our ultimate goal is to put the biosensor into 
living cells which are best grown in a 37°C environment, in our second round, the twelve 
candidates were tested under 37°C and 3 mM Mg+2 conditions to simulate the conditions of 
living cells. The results can be seen in Figure 11.  Nine out of 12 constructs showed a 1.5 fold 
higher signal than the background. These nine candidates were subjected to further Kd 
measurement, described in the next section. The basic conclusion from the first round is: the 
species Tt and Bc are better candidates than the other two species; the P4 transducer is better 
than P3; 4 base pairs in a transducer is obviously a good length for the transducer. 

 
The Kd measurement of the 9 candidates 
 Kd is the equilibrium dissociation constant between the biosensor and SAM. It is an 
important value in evaluating their binding properties. By measuring the change in 
fluorescent signal as we vary the concentration of SAM in the biosensor solution, we can find 
this Kd value. We plot the signal against log[SAM] for each construct in Excel to obtain an 
experimental data set.  We then make two assumptions to turn our Kd calculation into a 
straightforward curve fit. One assumption is: the biosensors are saturated by DFHBI because 
the concentration of DFHBI is high, that is, the system is assumed to be single site binding. 
Another assumption is: the total concentration of SAM used in each sample equals the 
concentration of free SAM, meaning the amount of SAM that binds to the RNA construct is 
very small, and can be ignored. Now granted those two assumptions, since the Kd value is 
magnitudes higher than the total RNA concentration, it means for [RNA·L], the concentration 
of RNA·L complex, can be ignored, too. Then, since CL= [L]+[RNA·L] @ [L] where CL  is 
the total concentration of the ligand SAM, [L] is the concentration of free SAM in the 
solution, and [RNA·L] is the concentration of the binding complex of SAM and RNA, we 
can find the Kd value by fitting the experimental data set to the single site binding curve.  
This is displayed by the following equation: 

! = #$%&'(
#')*+'),-	#$%&'( =

[012·4]
012·4 6[012] =

CL

Kd+CL
   

Here, !, fractional saturation, is defined as the ratio of the RNA binding complex to the 
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total RNA i.e. [RNA·L] +[RNA]. Qualitatively speaking, results showing higher binding 
ability imply a lower Kd value. 

For the nine constructs selected in the second round, we determine the dissociation 
constant Kd. Each sample was measured under the same solution conditions as in the second 
round but under differing SAM concentrations from 1 nM to 10 mM: 1nM, 3nM, 10nM, 
30nM, 100nM, 300nM, 1mM, 3mM, and 10mM. All data are plotted by Excel, moreover, the 
experimental data was compared to the theoretical Kd value by nonlinear least squares to find 
the best fitting curve.   

In this experiment, the nine constructs’ Kd value were found, and four out of nine showed 
a Kd value lower than 1uM. They are Tt bp4, Tt bp5, Bs p4 4bp, and Bc p4 5bp WT. The 
fitting curve is shown in Figure 12-14, and the results of the Kd value are shown in Figure 15. 

 
Conclusion 

The results show the species Tt and Bc have better hits than other species and that fusing 
by P4 stem usually results in a lower Kd value than fusing by the P3 stem. The original P1 
stem still produced good results for some constructs. Four base pairs in the transducer is 
obviously a good length for the transducer. In addition, four constructs showed a Kd value 
lower than 1uM. They are Tt bp4, Tt bp5, Bs p4 4bp, and Bc p4 5bp WT. The assay can 
successfully be used in measuring the  Kd value of the RNA-biosensor in an efficient, 
convenient and low-cost way. In addition, fusing the SAM-I riboswitch to Spinach2 for 
developing SAM biosensor results in very good selectivity and low background noise.  
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Figure 
 

 
 
 
Figure 4-1 The function of SAM: a general methyl donor cofactor of methyltransferases. 
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Figure 4-2 SAM turnover cycle inside the cell. 
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Figure 4-3 The structure of SAM-I riboswitch.  
(a) SAM-I riboswitch (b) Secondary structure of SAM-I riboswitch 
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Figure 4-4 The structure of Spinach and DFGBI.  

(a) Spinach is a green fluorescence protein (GFP) mimic RNA. Spinach and DFHBI form specific binding and trigger fluorescence light; (b) 
DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone): is GFP mimic chromophore. 
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Figure	4-5	The	strategy	of	biosensor	design:	SAM-I	Riboswitch-Spinach2	construct.	 
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Figure 4-6 Circular permutation design.  
The	circular	permutation	design	in	Bs	SAM-I:	using	different	stems	of	SAM-I	riboswitch	as	transducer	to	connect	to	Spinach2	RNA.	The	
original	Bs	SAM-I	riboswitch	is	one	the	left	picture.	Using	AACG	tetra	basepairs	to	close	the	P1	stem	and	cut	open	the	P3	stem,	and	then	
connect	the	P3	stem	to	Spinach2	sequence	turns	in	to	another	construct	which	is	using	P3	stem	as	transducer.	 
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Figure 4-7 The main design strategy of biosensor. 
The main strategy to combine two part of RNA sequences, SAM-I riboswitch and Spinach2, contains four modular: four different species, 
three different stem as transducers and three length of transducers.  
The upper part of RNA is SAM-I riboswitch and the bottom part of RNA is Spinach2.  
The transducer is marked in box, and the transducer can be P1, P3 or P4 stem of SAM-I riboswitch.  
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                                                           Figure 4-8 36 biosensor constructs.
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Figure 4-9 The 96-well fluorescence detection. 
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Figure 4-10 The first round of screening of all 36 constructs.  
The samples which have activation fold upper than 1.5X define as good hits. Condition: concentration of RNA 100 nM;  
DFHBI 10 uM; HEPES 40 mM; KCl 125 mM; MgCl2 10 mM, at 30 °C.  
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Figure 4-11 Second round screening of the 12 good hit constructs from the first round. 
The samples which have activation foldhigher than 1.5X define as good hits. Condition: concentration of RNA 100 nM;  
DFHBI 10 uM; HEPES 40 mM; KCl 125 mM; MgCl2 10 mM, at 37 °C. 
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Figure 4-12 The third round screening. Kd measuring of Tt SAM-I riboswitch. 
Tt bp4: P1 stem and 4 base pairs in transducer. Tt bp5: P1 stem and 5 base pairs in transducer.  
Tt p4 3bp: P4 stem and 3 base pairs in transducer. 
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Figure 4-13 The third round screening. Kd measuring of Bc SAM-I riboswitch. 
bp: base pairs in transducer; p4: P4 stem of SAM-I riboswitch as transducer. 
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Figure 4-14 The third round screening. Kd measuring of Bs SAM-I riboswitch. 
bp: base pairs in transducer; p4: P4 stem of SAM-I riboswitch as transducer. 
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Construct Kd (µm) 
Tt bp4 1.7 
Tt bp5 0.35 
Bc bp4 7.5 
Bc bp5 2 
Tt p4 3bp 2.5 
Bc p4 3bp 40 
Bs p4 4bp 1 
Bc p4 4bp 40 
Bc p4 5bp 
WT 1 

 
 
Figure 4-15 Summary of Kd value of all 9 candidates. 
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