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Abstract:
Synthetic glycopeptides have attracted much interest in the biomedical field due to their
structural similarities to the natural glycopeptides or glycoproteins. It is still difficult to
synthesize glycopeptides with greater efficiency and ring opening polymerization remains an
effective way to do so. Proteoglycans are a special class of glycoproteins with
glycosaminoglycan chains. In this study, I tried to do controlled ring opening polymerization of
Hyaluronic acid derivatives with smaller to higher molecular weight while avoiding side
reactions. It is challenging to work with higher molecular weight molecules and do a click
reaction in water effectively. Making nanopolymers with a desired size, studies of the
characteristics, and how to build nanocarriers for drug delivery application was the focus of this
work. Polymeric characteristics, e.g., modification and polymer formation were studied by
nuclear magnetic resonance technique; Particle size was studied by dynamic light scattering
and the loading of rhodamine B encapsulated into the polymer was measured by confocal
imaging technique.
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Developing Glycopeptide based nanocarriers by ring opening polymerization for
drug delivery application
Popular science summary, Mohammad Nazmul Hasan, Master degree project in
Chemistry, 2014
Ring opening polymerization reactions of N-Carboxyanhydride is a versatile method to prepare
well-defined polypeptides. Polypeptide based materials are ideal for drug delivery applications
due to their biocompatibility, biodegradability and tunable structural architecture. In this work,
ring opening polymerization (ROP) of N-Carboxyanhydride (NCA) has been used as a technique
for glycopeptide synthesis. Glycopeptides are a class of peptides, containing carbohydrate
moieties attached to the side chain of amino acid residues that establish the peptide. I have
succeeded to synthesize hyaluronic acid (HA) based glycopeptides with unique sizes and large
molecular weights. It is quite common to start with a small molecule and do a polymeric
reaction but difficult with macromolecules. Also small polymeric drugs frequently posses poor
solubility, undergo rapid metabolism and can cause a non-specific distribution of drugs in the
body. In this project, macromolecular peptides were synthesized which overcome the problems
which are usually encountered in case of small molecules. Performing a ROP reaction of NCA in
water is never easy, but in this work it was successfully performed with an expected polymeric
size.
Hyaluronic acid (HA) is a negatively charged polysaccharide consists of repeating disaccharide
units of D-glucuronic acid and N-acetyl-D-glucosamine. The groups have excellent
biocompatibility and unique biological characteristics, and that is why HA may be a targeting
moiety of drug delivery systems for cancer treatment because various tumor cells are known to
over-express the HA receptor, CD44. Modified HA was used to for the conjugation with NCA to
obtain HA-polymers. Modification of HA was characterized by 1H nuclear magnetic resonance
(NMR) techniques. For the drug delivery, especially for the cancer drug delivery, a drug carrier
with a particle size of 100-500 nm is useful. The particle size of our HA-polymer was in the
range of 200-400 nm which then can be used as an efficient drug delivery carrier. Rhodamine B,
a dye, was encapsulated as a model drug in the polymer to observe the amount of loading.
After Rhodamine B encapsulation, the particle size remained closer to the previous particle size
that was obtained from the HA-polymer alone. All the particle sizes were measured by dynamic
light scattering (DLS). The rhodamine encapsulated HA polymer was released in collected
human colon cancer cells and a clear cell uptake was observed by confocal imaging technique
which proves the usefulness of the prepared product for the drug delivery application.
Further improvement can be done in this project, which might lead to a potential clinical drug
delivery application.
Page 3

Examensarbete 30 hp

1KB052

Abbreviations:
Abbreviation

Meaning

Asp
βAsp
Cys
CMC
DMSO
DP
DLS
EDC
EPR
ECM
GAGs
HA
HOBT
HCT
kD
MPS
NCA
NHS
NCL
NMR
PBS
ROP
SPPS
THF

Aspartic acid
β-Benzyl-L-Aspertate
Cystamine
Critical Micelle Concentration
Dimethyl Sulfoxide
Degree of Polymerization
Dynamic Light Scattering
1-ethyl-3-[3-(dimethylamino)-propyl]-carbodiimide
Enhanced Permeability and Retention
Extra Cellular Matrix
Glycoseaminoglycans
Hyaluronic Acid/Hyaluronan
1-Hydroxybenzotriazole
Human Colon Cancer Cell Line
Kilo Dalton
Mononuclear Phagocyte System
N-Carboxyanhydride
N-hydroxysuccinimide
Native Chemical Ligation
Nuclear Magnetic Resonance
Phosphate-Buffered Saline
Ring Opening Polymerization
Solid Phase Peptide Synthesis
Tetrahydrofuran
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1. Prologue:
The efficient delivery of various drugs as well as genes have remained a problematic issue for
biomedical science. There are several drug/gene delivery tools used for biomedical applications
and polymeric nanocarriers are one of the pioneer candidates among those. Synthetic
polypeptide based materials have been widely investigated in recent years (1). Glycopolymers
e.g., glycopeptides have been of particular interest to the area of tissue engineering and drug
delivery. In vivo roles of carbohydrates, specifically in the recognition of various biological
structures, extracellular recognition, cancer cell metastasis, cell growth regulation, have
attracted the interest of researchers in last few decades. Glycopeptides are composed of
carbohydrate moieties e.g., glycans covalently attached to the side chains of the amino acid
residues that form peptides. The synthetic glycopeptides are the major biological probes to
explicate glycan function in natural products for researchers that have efficient therapeutic and
bioengineering applications in mind.
Glycosaminoglycans derived glycopeptides are one of the major efficient polymeric drug
delivery vehicles for biomedical applications because of their excellent biodegradability,
biocompatibility and sufficient loading as well as releasing capability of drugs/genes.
Glycosaminoglycans are polysaccharides without branches and are composed of repeating units
of alternating uronic acids and amino sugars (10). Specific motifs resulting from post translational
modifications, bind to a large variety of ligands and thus regulating growth factor signaling,
cellular behavior, angiogenesis, inflammation and the proteolytic environment (10). In cancer
cells, dysregulated expression of glycosaminoglycans is present and correlation with clinical
prognosis in several malignant neoplasms has been investigated. Recent knowledge on the
biological function of these glycopeptide building blocks in cancer biology, tumor angiogenesis,
and metastasis has initialized the development of drugs targeting these (10).
Traditional solid-phase peptide synthesis is not very efficient for the preparation of
polypeptides larger than 100 residues because of the inevitable deletions and/or cut off that
results from incomplete deprotection as well as coupling steps (3). The polymerization of αamino acid-N-carboxyanhydrides (NCAs) for synthesis of long polypeptide chains is at present
the most effective and reliable way (3). Racemization and a poor yield is the major drawback of
traditional polymer synthesis. On the contrary, it is possible to generate pure
enantiomer/negligible racemization at the chiral centers by using the NCA-ROP method. It
involves different types of N-carboxyanhydrides with excellent diversity to generate high
molecular weight polymers (3).
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2. Background:
2.1 Ring opening polymerization:
Ring opening polymerization (ROP) is a renowned way to polymerize cyclic esters or similar
compounds like cyclic carbonates or anhydrides. Around 1930, Carothers & coworkers were the
first who extensively used this technique (13). After the first attempt till now a lot of work has
been done to improve this technique to get good results. ROP is a very versatile method that
can be used for a wide range of monomers. An initiator or a catalyst is needed for all reactions,
but it is possible to make them suitable for a specific application. The polymerization can be
performed in bulk, solution or in emulsion. The ring strain within the cyclic monomer and the
change in entropy during the reaction is the main mechanism of ROP. There is always an
equilibrium between the growing chain and the rings; this is called “the ring chain equilibrium”.
Three to four member rings are easy to polymerize compared to five member rings, even
though it has been shown that they can form oligomers with ten monomers (14). The
polymerization of six or seven member rings is reversible but the equilibrium favors the
polymer formation. Therefore, the equilibrium is only apparent at high conversion of the
monomer. ROP reactions can be followed by different mechanisms e.g., cationic, anionic,
radical, coordination-insertion. Recent studies (13) with great achievement have been made on
ROP with organo-metallic catalysts. An example of a ROP reaction of a cyclic lactone is given
below in Fig.1

Figure 1: An example of a ring opening polymerization (ROP) of a cyclic lactone.

2.1.1 Ring opening polymerization of
N-Carboxyanhydride:
In my study, ROP of glycosaminoglycans (specifically, Hyaluronan) with NCA monomers was
investigated. N-Carboxyanhydride ring-opening polymerization (NCA-ROP) is an approach to
prepare polypeptides with an increased degree of polymerization in large amount. It is
reasonable to consider the NCA-ROP products as natural polymers e.g., they can form
secondary structures and can be degraded enzymatically (1) .

Page 7

Examensarbete 30 hp

1KB052

There is thus a potential biomedical application of the ring opening polymer reaction such as
drug-delivery and hydrogels for polypeptides and hydride polymers prepared by NCA-ROP. By
using this technique, copolymers, graft copolymers and block copolymers could be synthesized
(1)
.
Currently, ROP is considered as an excellent method for synthesizing heteroatomic polymers as
a skeleton and used to correlate the chain polymerizations of vinyl monomers as well (5). In
particular, the carboxylic acid group (e.g., glutamate, aspertate) and the amine moiety (e.g.,
lysine, cystamine) of amino acids have been used to create chemical and intricate structures
such as pharmaceutical drugs that contain hydrophobicity and/or pH responsiveness (4).
The limitation of NCA polymerizations has been the presence of side reactions (chain
termination and chain transfer) that restrict control over molecular weight, give broad
molecular weight distributions, and prohibit formation of well defined block copolymers (3).
The type of monomer which can be used is restricted to NCAs with alkyl end groups or NCAs
where the functional group is protected. Polymerization with the protected functional group,
deprotection of the functional group, and functionalization is then often required when
creating polypeptide with functional carboxylic acid or amino groups (4). An example of a ring
opening polymerization of NCA is given in Fig.2

Figure 2: NCA polymerization via amine mechanism.

2.2 Drug delivery systems:
It is comparatively easy to make new drugs with desired characteristics but it can be very
difficult to get them to the specific target. Drugs are mostly small hydrophobic molecules which
is why it is difficult to make them soluble in the living system. Because of their poor solubility,
the circulation time is rather short in bloodstream. To make them perfect in size and more
soluble, drug carriers are very useful. They should have a useful size as well as long enough
circulation time for the drug and carrier conjugation to act efficiently to the specific target site.
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2.2.1 Polymeric nanoparticles:
A large amount of nanoparticle based therapeutics in preclinical and clinical investigations are
polymeric nanoparticles and these have been extensively investigated as therapeutic carriers.
Biocompatibility and biodegradability are the advantages of this type of engineered polymeric
nanoparticles. Most of these particles are formed through a self assembly process using
amphiphilic block copolymers consisting of two or more polymeric blocks. In aqueous
environment these copolymers assemble into a core-shell structure. The hydrophobic parts
assemble in the core to minimize their exposure to the aqueous surroundings and the
hydrophilic parts assemble in the outer shell to stabilize the core and the resulting structure is
suitable for efficient drug delivery. Here, the hydrophobic core is capable of capturing
therapeutics in higher amount and the hydrophilic part holds and protects the hydrophobic
core. Not only small drug molecules but also macromolecules such as nucleic acids and proteins
can be encapsulated in this type of polymeric nanoparticles. Self-assembly is not the only
method of formulating polymeric nanoparticles; Some other techniques such as particle
replication in nonwetting templates (PRINT) is also useful to formulate particles with precise
size, shape and composition using films of tiny molds.

2.3 Important facts in nanoparticle drug delivery:
There are some general concepts that are relevant in nanoparticle drug delivery. These include
the enhanced permeability and retention (EPR) effect, nanoparticle clearance by the
mononuclear phagocyte system (MPS) and desirable nanoparticle characteristics for different
types of drug delivery applications (14).

2.3.1 Enhanced Permeability & Retention Effect:
Due to the Enhanced Permeability and Retention (EPR) effect, specific sized molecules
accumulate in tumor tissue to a much larger extent compared to normal tissue. This might be
because tumor cells grow quickly. The EPR effect is more important for nanoparticle and
liposome delivery to cancer tissue and one example of this is the work based on
thermal ablation with gold nanoparticles. Halas and West showed a possible complement
to radiation and chemotherapy in cancer therapy (14). According to West et.al, when
nanoparticles are at the cancer site they can be heated up in response to a skin penetrating
near IR laser. This therapy showed best results in conjunction with chemotherapeutics or other
cancer therapies. The major role of the EPR effect is to carry the nanoparticles and distribute
them inside the cancer tissue.
Tumor vasculatures are usually abnormal and have aberrant branching and leaky walls because
of the rapid proliferation of endothelial cells and decreased number of pericytes.
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These characteristics give rise to large pores in the tumor vasculatures that range from 100 nm
to several hundred nanometers in diameter, while the normal vessel junctions are 5–10 nm (14).
These large pores lead to higher vascular permeability and hydraulic conductivity in tumors that
enable macromolecules to pass into tumors. In normal tissue, these macromolecules are
cleared by the lymphatic system, but in the solid tumors, the lymphatic system is impaired. This
is because of proliferating tumor cells that consist of lymphatic vessels and results in collapse of
most of the vessels, specifically at the center of the tumors. The impaired lymphatic system
combined with increased permeability of tumor vasculature results in the EPR effect. The nano
particles extend their retention times in the tumor which causes higher concentrations than in
plasma or in other tissues, and nanoparticles may achieve passive targeting of tumors via the
EPR effect (14).

2.3.2 Mononuclear Phagocyte System:
The Mononuclear phagocyte system (MPS) is a part of the immune system which consists of
phagocytic cells located in tissue. To fully benefit from the EPR effect, nanoparticles must
remain in circulation long enough so that the tumor can accumulate there. Instead the
nanoparticles are liable to clearance by the mononuclear phagocyte system. The major role of
MPS is to clear macromolecules from circulation. The MPS consists of bone marrow
progenitors, tissue macrophages and blood monocytes. The Kupffer cells of the liver and
macrophages of the spleen are also part of MPS, which are responsible for clearance of
macromolecules from circulation. Nanoparticles can collaborate with MPS cells and prompt
their opsonization. As nanoparticles will not be accumulated in tumors because of premature
elimination, it becomes necessary to create “stealth” nanoparticles. For stealthing the nano
particles, grafting polyethylene glycol (PEG) or other macromolecules such as polysaccharides,
onto the nanoparticle surface can be used. The PEG or other molecules facilitate steric
stabilization; prevent protein adsorption, interactions among particles, and also interactions
with immune cells (14).

2.4 Optimal nanoparticle characteristics for cancer treatment:
Identifying the best suited nanoparticle characteristics for oncology applications is of great
interest. It has been proved that nanoparticle size is a major factor in particle distribution into
tumors. On average, nanoparticles smaller than 100 nm are considered best for tumor
targeting. Much smaller particle sizes might, however, not be effective for tumor targeting.
Particles that are larger than 100 nm tend to have low permeation into tumors but anything
around 200 nm can still be a good particle size for various applications. Larger particle sizes are
useful for drug loading, but might not be uptaken by the small tumor pores. Nanoparticle sizes
can also effect tumor accumulation by intracellular trafficking. Besides, nanoparticle surface
charge can also play an important role in tumor uptake. Positively charged nanoparticles are
rapidly taken up by tumor cells but they can cause significant immune reactions.
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Thus, negatively charged or neutral particles are more suitable for clinical applications. Shape is
also a considerable issue for macrophage clearance, cell-uptake and biodistribution. However,
there are no specific criteria discovered yet to explain the optimal characteristics of
nanoparticles, and experimental studies are taking place for further improvement (14).

2.5 Roles of glycopeptides/glycosaminoglycans:
Glycoseaminoglycans (GAGs) are long, unbranched polysaccharides that are made up of
repeating disaccharide units with alternating uronic acids and amino sugars (10). Until now only
four major classes of Glycoseaminoglycans have been recorded. An interesting fact is that all
the reported classes of Glycoseaminoglycans have relevance in cancer. Hyaluronan is one of the
glycoseaminoglycans without sulfate groups. Usually glycoseaminoglycans forms covalent
bonds to core proteins and produces proteoglycans. The glycosaminoglycans and proteoglycans
are major components of not only ECM but the cell-surface proteoglycans also bring about cellmatrix interactions. There is a reduction in cell adhesion and a promotion in cancer cell invasion
when the expression of these molecules is changed. The nutrient support from the vascular
system is required for cancer cells to grow beyond a diameter of 2mm. This means
angiogenesis is an important process and can be used for targeting in cancer therapy. Apart
from growth factors, glycoseaminoglycans and proteoglycans are also involved in angiogenesis
(10)
.

2.6 Hyaluronic acid based drug targeting:
Hyaluronan acid (HA), a negatively charged polysaccharide, consists of repeating disaccharides
of D-glucuronic acid and N-acetyl-D-glucosamine. These groups have been extensively
investigated for biomedical and pharmaceutical applications. The groups have excellent
biocompatibility and unique biological characteristics (11). This means HA may be a targeting
moiety of drug delivery systems for cancer therapy because various tumor cells are known to
over-express the HA receptor, CD44. Since HA have various functional groups that are available
for chemical conjugation, several HA-drug conjugates are produced as macromolecular
prodrugs, where the conjugated drugs become active upon release from the backbone of
HA (11). Otherwise, HA is chemically or physically anchored onto various nanoparticles that
contain drugs such as doxorubicin, mitomycin and siRNA. These are HA modified
macromolecular prodrugs. These nano-sized drug carriers have shown increased tumor
targeting ability and therapeutic efficacy compared to free anticancer agents (11).
Physicochemical properties such as surface chemistry, size, surface charge, molecular weight
etc are important for pharmacokinetics of drug conjugates (11). However, the detailed in vivo
characteristics, like tumor targeting ability, biodistribution of HA-modified macromolecular
prodrugs or nanoparticles, have not yet been completely understood (11). A model structure of a
disaccharide unit of hyaluronic acid is given in Fig.3.
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Figure 3: Structure of a hyaluronic acid unit.

2.7 Chemical modification and synthesis of HA
derivatives:
There are various chemical methods used to obtain the desired HA derivatives. HA can be
modified in two major ways: HA cross-linking and HA-conjugation. These different methods are
based on the same chemical reactions and the only difference is that, in HA conjugatation, a
compound is grafted onto one HA chain by a single bond only, whereas in HA cross-linking,
different HA chains are linked together by two bonds or more (Fig 4). It is possible to modify HA
at two functional sites: the carboxylic acid group and the hydroxyl group. There are different
methods which have been reported for HA conjugation or cross-linking; most of the methods
are performed in water, since HA is highly water soluble but sometimes, because of the
reagents which can be hydrolyzed, the reaction is performed in an organic solvent (16). The
easiest way, however, is to perform the reaction in water.

Figure 4: Chemical conjugation and cross-linking of a polymer (16); where L is the ligand.
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2.8 EDC coupling:
The most widely used technique for HA modification is the amidation in water with 1-ethyl-3[3-(dimethylamino)-propyl]-carbodiimide (EDC). Danishefsky and Siskovic first introduced the
carboxylic acid group conversion of polysaccharides including HA in amides (16). The reaction is
usually done under acidic condition (pH around 4.5-5.5) to activate the carboxylic groups. The
first step is the activation by EDC of the HA carboxylic acid which forms an O-acyl isourea
intermediate. In a second step, the amine attacks the activated HA as a nucleophile and forms
amide bond. The problem is that O-acyl isourea is highly reactive, can react with water and
quickly rearranges into N-acyl urea which is a stable by-product (Fig.5a) and thus prevent the
reaction with the amine. HOBT (Hydroxybenzotriazole) or NHS (N-hydroxysuccinimide) can be
used as hydrolysis resistant and non-rearrangeable intermediates while activated HA
intermediate undergoes nucleophilic attack by the amine (Fig.5b) and the pure and desired
product can be obtained (16).

Figure 5: Reaction pathways of EDC coupling: a) HA with EDC; b) HA with EDC+HOBT (16)

2.9 Glycopeptide synthesis strategies:
Glycopeptides contain carbohydrate moieties covalently attached to the side chains of amino
acid residues that establish the peptide and are thus counted as a class of peptide.
Carbohydrate moieties in glycopeptides are known as glycans. Glycans and glycoproteins play a
vital role in biology e.g., in the immune system (22) brain development (23) and inflammation (23).
There are varities of glycans like N-linked glycans, O-linked glycans, and C-linked glycans.
Several useful methods have been reported for the synthesis of glycopeptides.
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The two most common methods are explained here in brief to understand the importance of
the traditional glycopeptides synthesis strategies and their limitations. We then also discussed
the benefit of ring opening polymerization (ROP) over these traditional methods.

2.9.1 Solid Phase Peptide Synthesis:
There are two different ways for solid phase peptide synthesis (SPPS) of glycopeptides; linear
and convergent assembly. The strategy of linear assembly is the synthesis of building blocks and
then the use of SPPS to attach the building blocks together. An outline of this approach is
shown in Fig.6.

Figure 6: Solid phase peptide synthesis (linear assembly strategy).
The linear assembly is a popular strategy for the synthesis of glycopeptides (24).
In the convergent assembly, a peptide chain and glycan residue is synthesized separately and
then the glycan is glycosylated onto a specific residue of the peptide chain. This strategy is not
as common as the linear assembly because of the poor reaction yields in the glycosylation
step (25).
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2.9.2 Native Chemical Ligation
Native chemical ligation (NCL) is a convergent synthetic strategy based on the linear coupling of
glycopeptides fragments (26). A chemoselective reaction between a N-terminal cystein residue
on one peptide fragment with a thio-ester on the C-terminus of the other peptide fragment
occurs in this synthetic process (26). The reaction steps are shown in Fig.7.

Figure 7: Native Chemical Ligation strategy.
This strategy is better than SPPS in the sense that it can construct larger glycopeptides where
the SPPS strategy is limited to 50 amino acid residues. The problem with the NCL strategy,
however, is that it requires a cystein residue at the N- terminus which is an amino acid residue,
rare in the nature. This problem can be party solved by the selective desulfurization of the
cystein residue to an alanin.
Limitations of traditional SPPS and NCL approaches:
 Neither useful nor practical for direct preparation of large polypeptides ( > 100
residues)


Difficult to keep control over the expected molecular weight



Side reactions, non unique polymeric chains.
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2.10 Micelles as drug carriers
A micelle is in general an aggregate of amphiphilic molecules dispersed in a liquid system. The
amphiphilic molecules can be of different types, starting from small lipids to bigger copolymers.
In normal phage micelles, the aggregate is formed in a hydrophilic solvent where the
hydrophilic part is out towards the solvent and the hydrophobic part is in the core of the
micelle. On the contrary, an inverse micelle is formed in a hydrophobic solvent. The total
process called micellization needs to be taken into account when the critical micelle
concentration (CMC) is exceeded. Polymeric micelles have quite a narrow size distribution (17)
and for this project study, the characteristics of the polymeric micelles is very important. As an
example, hydrophobic drugs can be encapsulated in the hydrophobic core of the polymeric
micelle. A simple structure of a drug encapsulated polymeric micelle is depicted below in Fig.8.

Figure 8: A simple structure of a drug encapsulated polymeric micelle.

3.0 The aim of the study:
The major goal of my work was to develop a strategy which overcomes the shortcomings of
traditional methods of synthesizing glycopeptides. Ring opening polymerization (ROP) is a
versatile method which drives the reaction in such a way that we can obtain an efficient and
satisfactory result of developing glycopeptides. However, it has been difficult to run ROP
reactions in water (H2O) while avoiding side reactions and obtaining the desired polymers with
high molecular weight and increased degree of polymerization (DP). In this project, I managed
to do the reaction in H2O and obtained the desired polymer with an increased degree of
polymerization. I loaded Rhodamine as a model drug in the polymer and was successful to show
the efficient release of the drug in cancer cells.
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4.0 Material and methods:
4.1 Materials:
Hyaluronic acid (HA) with different molecular weights (7.5, 51kD) were purchased from Sigma
Aldrich (St.Louis, MO, USA).
Cystamine.2HCl, 3-amino-1,2-propanediol, N-hydroxybenzotriazole (HOBT), 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC), L-Aspertate benzylester, Triphosgen were purchased
from Sigma Aldrich. Spectra/Por-6 (MWCO 3500, 1000) dialysis membrane was purchased from
Spectrum Laboratory.

4.2 Experimental steps towards ring opening polymerization:
Three different reaction steps were followed to reach the desired ring opening polymerization.
The reaction steps are as follows:
Step 1: HA-Cystamine preparation
Step 2: β-Benzyl L-Aspertate N-carboxyanhydride(βAsp-NCA) preparation
Step 3: Conjugation of HA-Cys and βAsp-NCA towards ROP

4.3 Synthesis of HA-Cystamine:
HA was dissolved in 60mL distilled H2O in a round bottom flask. Cystamine.2HCl (2 equi) was
added to the HA (1 equi) solution. After that, HOBT (1-hydroxi-benzotriazole)(1 equi) was added
to the solution. The observed pH was 3.8 and adjusted to 5.5 by adding NaOH (1M). Finally, EDC
((1-Ethyl-3-(3-dimethylaminopropyl) carbodimide)) (0.3 equi) was added to the reaction
mixture. After stirring the total solution overnight, dialysis (2 days) in H2O, NaCl+HCl was
performed in room temperature to get a pure product and was lyophilized. The reaction
mechanism is shown in Fig.9.
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Figure 9: HA-Cystamine reaction through EDC coupling.

4.4 Synthesis of βAsp-NCA:
L-Aspartic acid β-benzyl ester (2g) was suspended in 60mL THF and heated to 50 0C for 30
minutes (the reaction mixture was turbid). Triphosgene (0.5equi) was added in one portion,
temperature was raised to 700C and the mixture was heated for 2hrs. The crude product was
precipitated into hexane and then dissolved in chloroform. The amount which was not
dissolved (by-product) was discarded by filtration. The chloroform solution was evaporated
(approx. 90 %), precipitated in hexane, filtered and the product was stored in a freezer (-20˚C).
The reaction mechanism is shown in Fig.10.
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Figure 10: Synthesis of βAsp-NCA.

4.5 HA-ROP product:
HA-Cystamine was dissolved in 50mL of water. The observed pH was 4.5 and adjusted to 8.5 by
adding NaOH (1M). The solution was cooled to -100C in an ice salt bath. Separately, the βAspNCA monomer was dissolved in 10mL of ethyl acetate (chilled in -20˚C). The βAsp-NCA
monomer was added to the HA-Cys solution in five equal portions during 2 hours. The
conjugates were purified by dialysis in H2O, NaCl+HCl and freeze-dried until further use. The
total reaction mechanism is shown in Fig.11.
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Figure 11: Ring opening polymerization of HA

4.6 Loading of Rhodamine as a model drug in HA-ROP:
5mg of HA-ROP product was added to a round bottom flask. 5mL (1equi) CH3OH and 5mL (1
equi) CHCl3 was added to the flask. Separately, 1 mg of Rhodamine B was dissolved in 1 mL
CH3OH in a glass bail and 1-2 drops of triethylamine was added to the bail. Then the rhodamine
B solution was added to the HA-ROP solution. The total solution was evaporated to receive
rhodamine color coating inside the flask. 10mL H2O was added, sonicated for 5 mins and then
dialyzed in H2O with few drops of HCl. The structure of a Rhodamine B encapsulated
nanoparticle is shown in Fig.12.

Figure 12: Rhodamine B encapsulated nanoparticle.
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5. Result and discussion:
The synthesis of HA-Cystamine, the βAsp-NCA monomers, and the HA ring opening product was
checked by 1H NMR to obtain a confirmation of all products and their degree of modifications.
The NMR experiments were carried out on Jeol JNM-ECP, single-pulse experiment at a magnetic
field strength of 9.4 T (400 MHz). The particle size of the HA ring opening product and
encapsulated rhodamine-HA polymer was measured by DLS (Dynamic Light Scattering). Loading
of rhodamine was measured in UV/Vis spectrophotometer.

5.1 Characterization of HA-Cys product by NMR:
NMR spectrometry is a very useful method for quantifying as well as characterizing chemical
modifications. I used 1H NMR to check the chemical modification of HA. The spectrum of HACystamine is given in Fig.13 where the product was dissolved in D2O. The broad multiplet signal
between approximately 3.5 and 3.9ppm represents the signals of protons in the sugar rings.
They are all superimposed and that is why it is difficult to distinguish each proton individually.
The peak at 2ppm arises from the –CH3 protons of the N-acetyl group of HA and this peak is
usually used as the reference to calculate the degree of modification and it is rarely modified at
the time of synthesizing new HA-derivatives. After the conjugation of Cystamine, new peaks
arise for the -CH2 groups (marked as b and c in the spectrum) and the degree of modification
can be determined by calculating the ratio of peak integrals of the -CH2 protons (δ=3.0, 3.4)
from cystamine with the methyl protons of the N-acetyl group of HA (δ = 2ppm).

Figure 13 : NMR spectrum of HA-Cystamine conjugation.
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5.2 Characterization of HA ring opening product (conjugation of HACys and βAsp-NCA):
I worked with two different molecular weights of HA; 7.5kD and 51kD with different ratios. It
was easier to work with 7.5kD of HA since molecular weight is smaller and the degree of
polymerization was gradual. For the 51kD HA, however, it was hard to control the reaction and
observe the degree of modification by NMR and it was therefore difficult to compare different
ratios of 51kD HA polymerization. I added the NCA monomer to modified HA-Cys derivatives
with the different ratios 1:1, 1:2, 1:3 and 1:4. The ratio of NCA monomers was increased
gradually and we obtained quite efficient and coherent results with a good degree of
polymerization, which can be observed from the NMR spectrum in Fig.14.

Figure 14: 7.5kD HA a polymer with different ratios of NCA (top curve is for 1:1 and the below
one is for 1:4 polymerization, where we can see the gradual increase of polymerization in the
chemical shift range around 7.5ppm.
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As we increased the amount of NCA we obtained a higher peak in the spectrum because of the
addition of the phenyl ring from NCA and the integral shows the addition of a phenyl ring at
about δ=7.5ppm. From the Table 1, we can compare the degree of polymerization and the
molecular weight of HA polymers in addition of different amount of NCA.

7.5k HA

NCA

DP by NMR

Yield(%)by
NMR

MW by NMR

1

1

13.3

71.0

10,242.3

1

2

23.5

62.7

12,343.5

1

3

42.2

75.0

16,206.0

1

4

67.5

90.0

21,405.0

Table 1: NMR analysis of 7.5kD HA polymer with different ratios of NCA
The expected degree of polymerization and change in MW was different compared to the
experimental findings from NMR analysis.
The calculation for determining the degree of polymerization (DP) and molecular weight (MW)
are explained here in brief.
For 7.5kD HA: 7.5kD is equal to 7500 D, the MW of each disaccharide unit of HA is 400 D,
so, expected MW= 7500 ÷ 400 = 18.75 x 1(for 1 monomer of NCA)= 18.75 .
The MW of a NCA monomer is 250 and after the conjugation with HA-Cys , CO2 (MW= 44) is
released and the molecular weight thus becomes 250-44= 206.
So, 18.75 x 206= 3862.6 but the experimental yield is 3.55/5(5 protons in a phenyl ring)
=0.71=71%, so, 71 % of 3862.6 is 2742.3
Therefore, the experiment MW from NMR = 2742.3 + 7500 = 10242.3 D
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5.3 Particle size measurement by DLS:
We measured the particle size of 7.5kD and 51kD HA polymers using Dynamic Light Scattering
(DLS) technique. For the higher ratio of HA-Cys: NCA we had a larger particle size even though
some of our results were not accurate and we obtained random particle sizes for different
ratios. In general, however, we observed larger particle size for an increased amount of NCA
addition to HA. The results are shown in Table 2 and 3.
51k HA

NCA

Particle size (nm)
before encapsulation

Particle size (nm)
after encapsulation

1

1

118.2

Not measured since there was
no observable encapsulation
of rhodamine due to small
ratio of hydrophobic NCA.

1

2

201.2

-II-

1

3

360.0

-II-

1

4

343.0

295.9

Table 2: Particle size of 51kD HA with different ratios of NCA.
7.5k HA

NCA

Particle size (nm)
before encapsulation

Particle size (nm)
after encapsulation

1

1

193.6

Not measured since there was
no observable encapsulation
of rhodamine due to small
ratio of hydrophobic NCA.

1

2

188.0

-II-

1

3

272.3

-II-

1

4

228.7

120.4

Table 3: Particle size of 7.5kD HA with different ratios of NCA.
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We observe that, after the encapsulation of rhodamine B, the particle size is reduced. In
general, rhodamine B is hydrophobic and when we load rhodamine, the particle shrinks.
From the DLS data in Fig.15 (a) and 15(b), we can see the particle distribution of 7.5kD HA
nanoparticles with great consistency and the result is similar as for 51kD HA nanoparticles,
mentioned in Fig.16 (a) and Fig.16 (b).

Figure 15(a): DLS graph of Rhodamine B encapsulated 7.5kD HA nanoparticle where all the
three mesurement show similar particle size with great consistency.

7.5kD HA :
Avg.size:120.4 d.nm
PDI: 0.20
Before encapsulation,
avg. size was 228
d.nm

Figure 15(b): DLS graph(average of three mesurements) of Rhodamine B encapsulated 7.5kD
HA nanoparticle.
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Figure 16(a): DLS graph of Rhodamine B encapsulated 51kD HA nanoparticles.

51kD HA:
Avg.size:295.9 d.nm
PDI:0.15

Figure 16(b): DLS graph of Rhodamine B encapsulated 51kD HA nanoparticle(Average size)
From the DLS graphs in Fig.15 (b) and Fig.16 (b) we can see that both 7.5kD HA and 51kD HA
nanoparticles show the desired particle sizes and for both of the polymers (7.5 and 51kD), their
peak is unique which means that only the particles with same sizes exist in each polymer. The
51kD HA nanoparticles have larger particle sizes compare to 7.5kD HA nanoparticles and that
should be because of the higher MW of 51kD HA polymer. For a higher ratio of NCA monomer
in HA, the particle size increases in general, even though we observe some results where the
particle size for 1:4 ratios is smaller than 1:3; which could not be explained, but should be due
to the difficulties of handling the reaction. The same reactions were performed several times
and each time the same suitable particle sizes were obtained, which can be used for drug
delivery applications and our mechanism was successful for producing polymers with desired
characteristics and higher molecular weight with a satisfactory degree of polymerization.
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5.4 Quantification of Rhodamine:
The loading of rhodamine inside the HA-poymer was quantified by UV measurement. At first,
standard curve was plotted for the free rhodamine with different concentrations and
absorbances. The absorbance of rhodamine encapsulated polymer was measured and
compared with the free rhodamine absorbance to get the loading of rhodamine in HA polymer.
From the Fig.17, we get the absorbance and concentration of rhodamine.

Figure 17: Standard curve of free rhodamine.
Calculation:
Chosen free rhodamine wavelength was 551.76nm
1) DMSO/Water method:
A= 0.0754 x concentration- 0.0019 (from the standard curve)
So, for 51 HA rop 1:2+ Rhodamine(DMSO+water),
A= 0.044599= 0.0754 x conc – 0.0019
Or, Conc(rhodamine)= (0.044599+0.0019)/ 0.0754 = 0.6167 mg/mL.
The HA-rhodamine sample concentration is 2mg/mL.
So, loading of rhodamine is = (100 x 0.6167)/2 = 30.8 %
2) Emulsion (CHCl3+CH3OH) method:
For, 51 HA rop 1:3 + Rhodamine(CHCl3+CH3OH),
A= 0.0953= 0.0754 x conc – 0.0019
Or, Conc(rhodamine)= (0.0953+0.0019)/ 0.0754 = 1.2891 mg/mL.
The HA-rhodamine sample concentration is 2mg/mL.
So, loading of rhodamine is = (100 x 0.6167)/2 = 64.46 %
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5.5 Confocal imaging of Rhodamine B encapsulated HA polymer into
cancer cells:
We also loaded our rhodamine encapsulated polymer into human colon cancer cell HCT 116.
Cultured HCT 116 cells on tissue-culture treated glass chamber slides (BD Biosciences) at a
concentration of 100,000 cells/4 ml were incubated overnight. 4mg of 7.5kD HArop Rhodamine
sample was dissolved in 1mL PBS (pH 7.4) buffer. 3mL fresh medium (DMEM + 10% FBS+ 1%
pen/strp) + 1mL sample was incubated for 4hrs and the cells were fixed. From the confocal
imaging we can see that our model drug was accumulated nicely by the cancer cells and we can
hope to utilize these polymers for cancer treatment, but further inspections and experiments
are needed to reach an efficient method. The confocal images of 7.5kD HA-Rhodamine
conjugation in HCT-116 are shown in Fig.18 (a), (b) and (c).

Fig 18(a): HCT 116 cells before the loading
Of Rhodamine encapsulated HA polymer.

Fig 18(b): 4 hrs after loading of Rhodamine
encapsulated HA polymer in HCT 116 cells.

Figure 18(c): Rhodamine encapsulated HA
polymer, where cell line is invisible.
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6. Conclusion:
Glycopeptides are of great importance in modern day medical applications. The synthesis of
glycopeptides is a difficult task and ring opening polymerization has been working as a versatile
method during last few decades. In this project, I worked with hyaluronic acid, which belongs to
the class of glycosaminoglycans and is very useful for various drug delivery applications.
Nanoparticle based drug carriers are of great interest in biomedical and therapeutic
applications. I tried to work with different molecular weight HA derivatives and obtained good
particle sizes of polymers which can be very useful as drug carriers. Ring opening
polymerization in water and maintaining the quality of the reaction with desired polymer size
was a success of my project work. Ring opening polymerization has a universal application
towards various kinds of drug delivery approaches and it is possible to do more research in this
area. I was able to encapsulate rhodamine dye as a model drug and to measure the amount of
loading and also observed the loading of the encapsulated rhodamine polymer into cancer cells
by confocal imaging.
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