
  

  

MMAARRTTIINN--LLUUTTHHEERR--UUNNIIVVEERRSSIITTÄÄTT,,  HHAALLLLEE--WWIITTTTEENNBBEERRGG  

  

NNAANNOOMMEEDDIICCIINNEESS  BBAASSEEDD  OONN  MMOODDIIFFIIEEDD  HHYYDDRROOXXYYEETTHHYYLL  

SSTTAARRCCHH  

FFrroomm  ssyynntthheessiiss  ttoo  iinn  vviivvoo  eevvaalluuaattiioonn  

 
 

Dissertation 
Zur Erlangung des akademischen Grades 

Doctor rerum naturalium (Dr. rer. nat.) 
 

Vorgelegt der 

Naturwissenschaftlichen Fakultät I 

Biowissenschaften 

der Martin-Luther-Universität Halle-Wittenberg 

von  

Ahmed Ibrahim Hamed Besheer 

geboren am 14. Oktober 1976 in Kairo, Ägypten 

  

Gutachter: 

1. Prof. Dr. rer. nat. Habil. Karsten Mäder 

2. Prof. Dr. rer. nat. Habil. Jörg Kressler 

3. Prof. Dr. rer. nat. Habil. Alfred Fahr 

 
Halle (Saale), den 29.09.08 



  

  

TToo  

  

MMyy  ffaatthheerr,,  mmootthheerr  aanndd  bbrrootthheerr..    

TThhiiss  wwoorrkk  iiss  tthhee  ffrruuiitt  ooff  tthheeiirr  uunnccoonnddiittiioonnaall  lloovvee,,  ssaaccrriiffiiccee  aanndd  ssuuppppoorrtt..  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

AACCKKNNOOWWLLEEDDGGMMEENNTTSS  

  

II  ffeeeell  iinnddeebbtteedd  ttoo  tthhee  mmaannyy  ppeeooppllee  wwhhoomm,,  wwiitthhoouutt  tthheeiirr  hheellpp,,  ccooooppeerraattiioonn  oorr  

gguuiiddaannccee,,  tthhiiss  wwoorrkk  wwoouulldd  hhaavvee  nneevveerr  bbeeeenn  ccoommpplleetteedd  iinn  iittss  pprreesseenntt  ffoorrmm..  

FFiissrrtt  ooff  aallll,,  II  hhaavvee  ttoo  eexxpprreessss  mmyy  ddeeeepp  ggrraattiittuuddee  aanndd  hheeaarrttiillyy  aapppprreecciiaattiioonn  ttoo  mmyy  

ssuuppeerrvviissoorrss,,  PPrrooff..  KKaarrsstteenn  MMääddeerr  aanndd  PPrrooff..  JJöörrgg  KKrreesssslleerr  ffoorr  tthheeiirr  ccoonnttiinnuuoouuss  ssuuppppoorrtt,,  

aaddvviiccee  aanndd  iinnssppiirraattiioonn,,  nnoott  oonnllyy  dduurriinngg  tthhiiss  tthheessiiss  wwoorrkk,,  bbuutt  aallssoo  tthhrroouugghhoouutt  aallll  mmyy  

mmaasstteerr’’ss  aanndd  PPhh..DD..  ssttuuddiieess..  

MMyy  tthhaannkkss  ggoo  aallssoo  ttoo  DDrr..  MMeettzz  ffoorr  tthhee  uusseeffuull  ddiissccuussssiioonnss  aanndd  iinnssttrruuccttiioonnss  

rreeggaarrddiinngg  EESSRR  ssiimmuullaattiioonn  aanndd  MMRRII  iinnssttrruummeennttaattiioonn,,  aanndd  ttoo  DDrr..  KKuunnttsscchhee  ffoorr  tthhee  

aassssiissttaannccee  wwiitthh  ffiieelldd  ffllooww  ffrraaccttiioonnaattiioonn..  

II  hhaavvee  aallssoo  ttoo  tthhaannkk  PPrrooff..  TThhoommaass  GGrrootthh  aanndd  tthhee  ccoowwoorrkkeerrss  iinn  hhiiss  ggrroouupp,,  

nnaammeellyy  DDrr..  VVooggeell,,  DDrr..  SSaarruunn,,  DDrr..  LLeeee  aanndd  DDiieetteerr  PPeesscchhllee  ffoorr  tthhee  vveerryy  uusseeffuull  

ddiissccuussssiioonnss,,  gguuiiddaannccee  aanndd  ssuuppppoorrtt  wwiitthh  tthhee  cceellll  ccuullttuurree  aanndd  pphhaaggooccyyttoossiiss  

eexxppeerriimmeennttss..  II  aamm  aallssoo  ggrraatteeffuull  ttoo  PPrrooff..  MMaarrkkuuss  PPiieettzzsscchh  aanndd  hhiiss  ggrroouupp,,  nnaammeellyy  DDrr..  

HHeerrtteell,,  DDrr..  MMaarrxx  aanndd  HHaannyy  HHaassssoouunnaahh  ffoorr  tthheeiirr  ccoonnssttrruuccttiivvee  ssuuggggeessttiioonnss  aanndd  

ccooooppeerraattiioonn  rreeggaarrddiinngg  tthhee  eennzzyymmaattiiccaallllyy--ccaattaallyyzzeedd  HHEESSyyllaattiioonn..  

II  hhaavvee  ttoo  eexxpprreessss  mmyy  ggrraattiittuuddee  ttoo  tthhee  llaattee  PPrrooff..  SSiieeggffrriieedd  WWaarrtteewwiigg  ffoorr  hhiiss  

iinnvvaalluuaabbllee  hheellpp  wwiitthh  RRaammaann  ssppeeccttrroossccooppyy,,  ttoo  DDrr..  HHaauussee  ffoorr  tthhee  eelleeccttrroonn  mmiiccrroossccooppyy,,  

ttoo  DDrr..  GGllaannzz  ffoorr  tthhee  ccoonnffooccaall  llaasseerr  ssccaannnniinngg  mmiiccrroossccooppyy,,  aanndd  ttoo  DDrr..  MMüülllleerr  ffoorr  tthhee  ii..vv..  

iinnjjeeccttiioonnss  ttoo  tthhee  mmiiccee..  

II  hhaavvee  aallssoo  ttoo  tthhaannkk  aallll  mmyy  ccoolllleeaagguueess  iinn  tthhee  ggrroouuppss  ooff  PPrrooff..  MMääddeerr  aanndd  PPrrooff..  

KKrreesssslleerr  aass  wweellll  aass  tthhee  tteecchhnniiccaall  aassssiissttaannttss  ffoorr  pprroovviiddiinngg  aa  qquuiittee  ffrriieennddllyy  aanndd  hheellppffuull  

wwoorrkkiinngg  eennvviirroonnmmeenntt  aanndd  ssoollvviinngg  mmyy  ddaayy  ttoo  ddaayy  pprroobblleemmss..  II  sshhoouulldd  ssppeecciiaallllyy  

aacckknnoowwlleeddggee  HHaaggeenn  NNiittzzsscchhee  ffoorr  pprroovviiddiinngg  tthhee  iinn  vviittrroo  MMRRII  iimmaaggeess,,  HHeennrriikkee  CCaayyssaa  



ffoorr  hheerr  vvaalluuaabbllee  hheellpp  wwiitthh  tthhee  iinn  vviivvoo  eexxppeerriimmeennttss,,  SSaammuueell  KKyyeerreemmaatteenngg  ffoorr  hhiiss  

aassssiissttaannccee  wwiitthh  tthhee  ssyynntthheessiiss  ooff  HHMM--HHEESS..    

SSppeecciiaall  tthhaannkkss  ggoo  ttoo  AAhhmmeedd  AAbbddaallllaa,,  hhiiss  wwiiffee  MMaarrwwaa  aanndd  hhiiss  ssoonn  KKhhaalleedd..  TThheeyy  

wweerree  cceerrttaaiinnllyy  tthhee  bbeesstt  ffrriieennddss,,  ffaammiillyy  aanndd  ccoommppaanniioonnss  tthhrroouugghhoouutt  tthhee  llaasstt  44  yyeeaarrss..    

WWiitthhoouutt  mmyy  ppaarreennttss’’  aanndd  mmyy  bbrrootthheerr’’ss  lloovvee  aanndd  ssuuppppoorrtt,,  tthhiiss  wwoorrkk  wwoouulldd  hhaavvee  

nneevveerr  bbeeeenn  ffiinniisshheedd..  SSiimmppllyy,,  nnoo  wwoorrddss  ccaann  eexxpprreessss  mmyy  ggrraattiittuuddee  ttoo  tthheemm..    

LLaasstt,,  bbuutt  bbyy  nnoo  mmeeaannss  lleeaasstt,,  II  tthhaannkk  GGoodd..    

  

  

AAhhmmeedd  BBeesshheeeerr  

HHaallllee,,  SSeepptteemmbbeerr  22000088  



Page I                                                                     Nanomedicines based on modified HES 

 

NNAANNOOMMEEDDIICCIINNEESS  BBAASSEEDD  OONN  MMOODDIIFFIIEEDD  

HHYYDDRROOXXYYEETTHHYYLL  SSTTAARRCCHH  ((HHEESS))    

From Synthesis to In Vivo Evaluation 



Page II                                                                     Nanomedicines based on modified HES 

 

TTAABBLLEE  OOFF  CCOONNTTEENNTTSS  

Synopsis            III 
 
Part I – General introduction and characterization of hydroxyethyl starch (HES)    1 
 
Chapter 1 – General Introduction           2 

1.1 Nanomedicine            2 
1.1.1 The nanosized polymeric toolbox        3 

1.2 Thesis objectives            7 
 
Chapter 2 – Characterization of hydroxyethyl starch (HES)       9 
 2.1 Hydroxyethyl starch (HES)          9 
 2.2 Experimental          12 
  2.2.1 Materials         12 
  2.2.2 Asymmetric flow field flow fractionation (AF4)    12 
  2.2.3 Dynamic light scattering (DLS)      13 
  2.2.4 1H NMR          13 
 2.3 Results and discussion 
  2.3.1 Asymmetric flow field flow fractionation (AF4)    14 
   2.3.1.1 Theory         14 
   2.3.1.2 Results        17 

2.3.2 Dynamic light scattering       21 
2.3.3 1H NMR         21 

 2.4 Conclusions and outlook         24 
 2.5 References          25 
 
Part II – Hydrophobically modified hydroxyethyl starch (HM-HES)    32 
 
Chapter 3- Synthesis, characterization and self assembly of HM-HES    33 
 3.1 Hydrophobically-modified polysaccharides      33 
 3.2 Experimental         35 
  3.2.1 Materials         35 
  3.2.2 Synthesis         35 
  3.2.3 1H NMR spectroscopy        36 
  3.2.4 Raman spectroscopy        36 
  3.2.5 Asymmetric flow field flow fractionation (AF4)    36 
  3.2.6 Preparation of nanodispersions       36 
  3.2.7 Transmission electron microscopy      37 
 3.3 Results and discussion         37 
  3.3.1 Synthesis and 1H NMR        37 
  3.3.2 Raman spectroscopy        44 
  3.3.3. Self assembly of the water soluble HM-HES     48 
   3.3.3.1 Asymmetric flow field flow fractionation (AF4)   48 
   3.3.3.2 TEM         50 
 3.4 Conclusions and outlook         53 
 
 



Page III                                                                     Nanomedicines based on modified HES 

Chapter 4 – Application of HM-HES for the surface modification of PLGA nanospheres  55 
 4.1 Introduction          55 
 4.2 Experimental          57 
  4.2.1 Materials         57 
  4.2.2 Nanosphere preparation       57 
  4.2.3 Physicochemical characterization      58 
  4.2.4 Protein adsorption        59 
  4.2.5 Phagocytosis of the nanospheres      59 
  4.2.6 Confocal laser scanning microscopy (CLSM)     60 
 4.3 Results and discussion         61 
  4.3.1 Physicochemical characterization      62 
  4.3.2 Protein adsorption        65 
  4.3.3 Phagocytosis of nanospheres       68 
 4.4 Conclusions and outlook         71 
 4.5 References          73 
 
Part III – Gd-HES: A macromolecular MRI contrast agent     81 
 
Chapter 5 – Synthesis, characterization and in vivo evaluation of Gd-HES    82 
 5.1 Introduction          82 
  5.1.1 Magnetic resonance imaging       83 
  5.1.2 MRI contrast agents        89 
 5.2 Experimental          91 
  5.2.1 Materials         91 
  5.2.2 Synthesis of the Gd-HES chelates      91 
  5.2.3 1H NMR spectroscopy        92 
  5.2.4 Conductometric analysis       92 
  5.2.5 Asymmetric flow field flow fractionation (AF4)    92 
  5.2.6 Determination of relaxivity       93 
  5.2.7 In vitro imaging         94 
  5.2.8 In vivo imaging         94 
 5.3 Results and discussion         96 
  5.3.1 1H NMR and conductometric titration      96 
  5.3.2 Asymmetric flow field flow fractionation (AF4)    99 
  5.3.3 Relaxivity        103 
  5.3.4 In vitro imaging        105 
  5.3.5 In vivo imaging        106 
 5.4 Conclusions and outlook        115 
 5.5 References         116 
 
Part IV – Enzymatically-catalyzed HESylation      120 
 
Chapter 6 – Enzymatically-catalyzed HESylation using microbial transglutaminase:  

Proof of feasibility         121 
 6.1 Introduction         121 
 6.2 Experimental         123 
  6.2.1 Materials        123 
  6.2.2 HES carrying a lysine component     123 
  6.2.3 HES carrying a glutaminyl component     124 
  6.2.4 1H NMR         125 
  6.2.5 Preparation of rMTG       125 

 



Page IV                                                                     Nanomedicines based on modified HES 

  6.2.6 Reaction of HES 70-GQ-Z with monodansyl cadaverine (MDC) 125 
  6.2.7 Reaction of HES 70-Amine with dimethyl casein (DMC)  126 
 6.3 Results and discussion        126 
 6.4 Conclusions and outlook        131 
 6.5 References         132 
 
Part V – Summary          136 
 
Chapter 7 – Summary           137 
 6.1 English version         137 
 6.2 German version         138 
 

 



Page V                                                                     Nanomedicines based on modified HES 

Synopsis 

The term nanomedicine was introduced around the turn of the century to describe 

the use of nanotechnology in medicine. Nanosized polymeric structures are among 

the most widely researched nanotechnology platforms for application in drug delivery 

and diagnosis due to their versatility and biocompatibility. This thesis includes three 

projects describing the modification of the biodegradable polymer hydroxyethyl starch 

(HES) for the production of polymeric nanomedicines as drug and contrast agent 

carriers.  

The first project involves the esterification of HES using different fatty acids to 

give amphiphilic polymers with varying degrees of modification. This hydrophobically-

modified HES (HM-HES) was characterized using 1H-NMR and Raman 

spectroscopy. The former was used to determine the molar substitution, which 

ranged between 2 to 23.3 mol%, while the latter confirmed the amorphous state of 

the alkyl chains in the amphiphilic polymers. Field flow fractionation (FFF) was used 

to determine the molar mass and size of the water soluble polymers. It showed the 

formation of self-assembled aggregates ranging in size between 100-200 nm. These 

were confirmed to be polymersomes using cryo-TEM. This is one of the first reports 

on polymersomes from hydrophobically-modified branched polymers. 

As an application for HM-HES, it was used to modify the surface of PLGA 

nanospheres, and compared to nanospheres coated with pluronic F68 and F127. 

The thickness of the adsorbed polymer layer was measured using dynamic light 

scattering (DLS) and zeta-potential measurements as a function of electrolyte 

concentration. The thickness of the polymer layer was found to be in the range of 3-

15 nm. The ability of the surface coats to prevent the adsorption of proteins was 

evaluated, where the HM-HES as well as pluronic F68 and F127 succeeded in 

preventing the adsorption of human serum albumin, while only F68 failed in 

preventing the adsorption of the more hydrophobic protein fibrinogen. The 
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phagocytosis of the surface-modified nanospheres by the murine monocyte-

macrophage cell line J 774.2 was evaluated qualitatively using confocal laser 

scanning microscopy (CLSM) and quantitatively using fluorescence spectroscopy. 

Results show that HM-HES having the largest molar mass could reduce 

phagocytosis as good as pluronic F127. These results suggest that the fully 

biodegradable HM-HES might be used as a substitute for pluronics in stabilizing 

polymeric nanospheres, but the in vivo behaviour remains to be studied. 

   The second project describes the preparation of Gd-HES chelates for MRI 

imaging. These were prepared by esterification of HES with 

diethylenetriaminepentaacetic acid (DTPA), then chelation of Gd3+ ions. Molar 

substitution was determined using 1H-NMR and conductometry, and was found to 

range between 18 and 25 mol%. FFF measurements showed the formation of 

crosslinked aggregates due to the fact that DTPA is multivalent. The longitudinal and 

transverse relaxivities of the macromolecular chelates were 2-3 times those of Gd-

DTPA, showing a higher efficiency as an MRI contrast agent. Finally, Gd-HES was 

tested in vivo for angiography and as a tumor contrast agent using a novel benchtop 

MRI instrument. The images showed that Gd-HES circulated in the blood more than 

2.5 h and was mainly eliminated through the kidneys, while the small contrast agent 

Gd-BOPTA (Multihance®) was eliminated within 20 min. Moreover, Gd-HES showed 

a significant rim enhancement in subcutaneously-injected colon carcinoma tumor 

models that persisted for approximately 4 h, while with Gd-BOPTA, it is known that 

such enhancement disappears after 2 min from injection (E. A. Morris, Radiologic 

Clinics of North America, 40 (2002) 43-466). 

The third project describes an approach for enzymatically catalyzed HESylation of 

model proteins and small molecules using the enzyme microbial transglutaminase 

(MTG). The later catalyses the acyl transfer between the γ-carboxamide group of a 

glutaminyl residue (acyl donors) and a variety of primary amines (acyl acceptors), 

including the amino group of lysine. In order to act as a substrate for MTG, HES was 

modified HES with N-carbobenzyloxy glutaminyl glycine (Z-QG) and 

hexamethylenediamine (HMDA) to act as acyl donor and acyl acceptor, respectively. 

Using 1H-NMR, the degree of modification with Z-QG and HMDA was found to be 4.6 

and 3.9 mol% respectively. Using SDS-PAGE, it was possible to show that the 

modified HES successfully coupled to dimethyl casein (DMC), a model protein, and 
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monodansyl cadaverine (MDC), a fluorescent probe, proving that the modified HES 

was accepted as a substrate by MTG. This process is a simple and mild approach to 

produce fully biodegradable polymer-drug and polymer-protein conjugates. 
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Chapter 1 

General introduction  

1.1 Nanomedicine 

The term nanomedicine was introduced around the turn of the century to describe 

the integration of nanotechnology and medicine [1]. Nanotechnology comes from the 

Greek word nano for dwarf. It encompasses a wide range of enabling technologies, 

and can be defined as the design, production and application of structures at the 

molecular or sub-micrometer scale [2]. Historically speaking, nanosized structures 

were produced and studied under other terminologies, like colloids or ultrafine 

particles. For instance, the purple of Cassius, a pigment used in chinaware that owes 

its color to a coated gold colloid, was discovered in the 17th century, while Michael 

Faraday was able to elucidate the mechanism of formation of colloidal metals as 

early as 1857 [3]. Similarly, nanomedicine-related research was conducted long 

before the term was coined, where the first reported lipid vesicles (liposomes) date 

back to 1965 [1]. However, the term nanomedicine crystallized lately as a culmination 

to the rapid and significant advancements in the field of nanotechnology and its 

biomedical applications over the last 2 decades. Today, nanomedicine covers a wide 

field of applications, involving the use of nanotechnology for the treatment, diagnosis, 

monitoring and control of biological systems [4, 5].  

Operating at the nanoscale provides a lot of opportunities to overcome problems 

associated with drug delivery and diagnosis. For example, it can be used to enhance 

the solubility of poorly soluble drugs [6], or to protect sensitive macromolecules , such 

as nucleic acids, from degradation and promote their intracellular penetration and 
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distribution [7, 8]. Specially-engineered nanoparticles, which are smaller than 200 

nm, can alter the drug pharmacokinetics and tissue biodistribution by persisting in the 

circulation for a long period of time [9]. Furthermore, nanocarriers can hold a large 

payload, and allow the specific active or passive targeting of their payloads to certain 

organs or tissues, or even particular cell organelles [5]. All these issues are being 

addressed, with eventual successes reaching the market. However, being in its 

infancy, nanomedicine is expected to contribute more. As the Nobel physics laurate 

Richard Feynman mentioned in a visionary lecture at Caltech in 1959, there is still 

“plenty of room at the bottom” [10, 11]. 

1.1.1 The nanosized polymeric toolbox 

To achieve effective treatment, diagnosis and control of biological systems, 

researches have used polymers, lipids, inorganic metals and metal oxides, or 

composites combining 2 or more of these materials. Among these, polymers have 

played an important role due to their biocompatibility and great versatility. Today, the 

nanosized polymeric toolbox for nanomedicines includes conjugates of drugs or 

proteins to soluble polymers, micelles, dendrimers, polyplexes, polymersomes and 

nanoparticles [12-14]. Some of these systems will be briefly described below, with an 

emphasis on the applications and clinical use (see Figure 1.1 and Table 1.1). 

 

Nanosphere

Nanocapsule Polymersome

Polymer drug conjugate

Polymer protein conjugate

Polymeric micelle

 

 

 

 

 

 

 

Figure 1.1. Different nanosized polymeric platforms for nanomedicine. 
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Table 1.1. Some nanosized polymeric drug delivery systems under clinical use or 
investigation. 

System Name Status Indication Ref.

Polymer drug conjugates     

HPMA-doxorubicin  PK1 Phase II Various cancers, 
particularly lung and breast 
cancer 

[15] 

HPMA-doxorubicin-
galactosamine (PK2) 

PK2 Phase 
I/II 

Hepatocellular carcinoma [16] 

HPMA-carboplatin platinate AP5280 Phase 
I/II 

Various cancers [17] 

HPMA copolymer-DACH-
platinae 

ProLindac Phase 
I/II 

Various cancers [18] 

Poly(glutamate)-paclitaxel Opaxio 
(Xyotax) 

Phase 
III 

Various cancers, 
particularly non small cell 
lung cancer and ovarian 
cancer 

[18] 

Polymer protein conjugates     

Styrene-co-maleic acid 
neocarzinostatin (SMANCS) 

Zinostatin 

Stimalmer 

Market Hepatocellular carcinoma [19] 

PEG-L-asparaginase Oncaspar Market Acute lymphoblastic 
leukaemia 

[18] 

PEG-GCSF Neulasta Market Prevention of neutropaenia 
associated with cancer 
chemotherapy 

[18] 

PEG-IFNα2a PEG-asys Market Hepatitis C [18] 

PEG-IFNα2b PEG-
Intron 

Market Hepatitis C [18] 

PEG-arginine deiminase ADI-
PEG20 

Phase I Hepatocellular carcinoma [18] 

Polymeric micelles     
PEG-poly(aspartic acid) 
micelles with conjugated 
doxorubicin  

NK911 Phase I Different advanced cancer 
conditions 

[20] 

Pluronic® L61 and F127 
micelles encapsulating 
doxurubicin 

SP1049C Phase I Different advanced cancer 
conditions 

[21] 

Nanoparticles     

Albumin nanoparticles Abraxane Market Breast cancer, Squamous 
cell carcinoma of head and 
neck 

[22] 
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The conjugates of soluble polymers to small drug molecules or proteins are 

among the most promising nanosized polymeric drugs [23]. They confer a number of 

advantages, including increase in solubility, reduction of side effects/toxicity, and 

alteration of the pharmacokinetics and biodistribution of drugs. The most widely 

studied polymers for this purpose are poly(ethylene glycol) (PEG), 

poly(hydroxypropyl methacrylamide) (HPMA) and poly(L-glutamic acid) (PGA). 

Among these, only PGA is biodegradable, thus dictating a size limit of 40 kDa for the 

other non-biodegradable polymers to facilitate their renal elimination [24]. These 

polymer drug conjugates are particularly interesting for cancer treatment. This is 

because they can selectively penetrate the leaky vasculature of solid tumors, while 

their elimination from the tumor site is hindered due to the lack of lymphatic drainage 

in the inherently-disorganized tumors. This phenomenon was termed “enhanced 

permeation and retention effect”, or EPR effect [25]. Currently, this concept is the 

gold standard in macromolecular anticancer drugs [18]. While a number of these 

conjugates are in clinical studies, OPAXIO® (formerly branded as XYOTAX®), a 

conjugate of paclitaxel to PGA, has finished phase III clinical trials and is awaiting 

approval in the EU.  

Polymer-protein conjugates have shown more success, with a number of 

successful candidates in the market (see Table 1.1). The conjugate of polymers to 

polypeptides and proteins extends their half-life, protects them from degradation by 

proteolytic enzymes and reduces their immunogenicity [26]. The most widely used 

polymer for this approach is PEG, and the PEGylation technology is now an 

established approach to bring to the market the new drug molecules coming from the 

biotech revolution. A number of reports review the chemistry of PEGylation as well as 

the effect on the stability and bioavailability of the proteins [26-30]. 

Another delivery platform is polymeric micelles. Micelles are formed by the self-

assembly of low molar mass amphiphilic molecules (surfactants) above the critical 

micellar concentration (CMC). They have a hydrophilic shell and a hydrophobic core, 

where the latter can accommodate hydrophobic molecules, such as drugs with low 

water solubility, thus increasing their apparent solubility. This is an important 

achievement, since dissolution is an important prerequisite for the absorption and 

biodistribution of drugs. However, since these micelles are in a state of 
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thermodynamic equilibrium, they instantly disassemble upon dilution or changes in 

the temperature, leading to precipitation of their payloads.  

Amphiphilic block- and graft-copolymers form micelles which can overcome these 

problems. Compared to surfactant micelles, polymeric micelles have a very low CMC, 

and a slower rate of dissociation, releasing their payloads over a long time upon 

dilution [31]. Moreover, they are not rapidly eliminated by the kidneys, since their size 

is usually several tens of nanometers [32]. Their hydrophilic shells and small size 

allow them to evade the mononuclear phagocytic system, and thus have long 

circulation times. They can also accumulate in solid tumors by the EPR effect, 

leading to a physical targeting of cancer [33]. An illustration for this application was 

provided by the group of Kataoka, where micelles from diblock copolymers of 

poly(ethylene glycol)-poly(β-benzyl-L-aspartate) were loaded with doxorubicin (DOX). 

The release of DOX was biphasic, taking place over more than 80 h. In vivo, the 

micellar formulation showed a dramatic increase in circulation time as compared to 

free DOX, and a higher efficiency against subcutaneously injected tumor models [34]. 

Nanoparticles represent another example of the nanotechnology tools. Their 

definition depends on the discipline. While in physics and colloid chemistry, 

nanoparticles are considered to be < 100 nm, in drug delivery they are defined as 

having a size smaller than 1 µm [35, 36]. They may be produced from natural or 

synthetic polymers, organic drug crystals, or inorganic metals and metal oxides. The 

polymeric nanoparticles have been extensively studied as drug carriers [13, 37]. They 

can be classified into the widely investigated nanospheres and the less common 

nanocapsules [13]. The former are formed of a monolithic matrix that entraps a 

molecularly dispersed drug, while the latter consist of a small polymeric shell 

encapsulating an oil reservoir [13]. For the preparation of nanospheres, many 

polymers have been investigated, including natural polymers (such as chitosan and 

albumin), synthetic non-degradable polymers (such as poly(methyl methacrylates) 

and poly(alkyl cyanoacrylates)), or synthetic biodegradable polymers (such as 

poly(lactic acid) and poly(lactic-co-glycolic acid)). Despite the fact that these systems 

have been investigated for more than 30 years [38], only 1 product reached the 

market in 2005 [13]. This was Abraxane®, an albumin nanoparticle system carrying 

paclitaxel for cancer therapy. 
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Another approach is to prepare nanoparticles from the drug itself, in order to 

influence its dissolution [38]. For example, Elan Corporation uses a wet milling 

approach to prepare drug crystals smaller than 400 nm (NanoCrystal®). The know-

how depends in this case on the successful use of the appropriate surfactants. This 

method increases the solubility and bioavailability of poorly soluble drugs, and is now 

used for 4 commercially available products, namely; Rapamune® (sirolimus, Wyeth), 

Emend® (aprepitant, MK 869, Merck), TriCor® (fenofibrate, Abbott), and Megace® ES 

(megestrol acetate, Par Pharmaceutical, Inc.). Pharmasol GmbH, Berlin, uses a 

modified high pressure homogenization method to produce the nanocrystals in 

molten PEG. They can be immediately filled into capsules, or pelletized after 

solidification. The inclusion into PEG matrix prevents aggregation and insures rapid 

dissolution of the drug [39].  

Polymeric vesicles are a new addition to the toolbox of nanosized polymeric 

platforms. In general, vesicles are globular compartments formed when a membrane 

encloses aqueous medium. Phospholipids self-assemble in water to form vesicles, 

which are known as “liposomes”. Recently, it was found that polymers can also form 

vesicular structures. These were given the name “polymersomes” [40, 41]. The basic 

principles underlying this vesicular self-assembly were reviewed by Antonietti and 

Förster [42]. Compared to liposomes, polymersomes have a larger membrane 

thickness, higher mechanical strength and lower transport rates across their 

membranes [40]. Since these properties are attractive for producing a drug vehicle, 

the group of Discher produced biodegradable polymersomes from PEG-PLGA and 

found that they encapsulated anticancer drugs and successfully delivered them to 

solid tumors [43, 44]. 

1.2 Thesis objectives 

In the present thesis, three projects were designed to modify hydroxyethyl starch 

(HES) in order to formulate different nanosized drug and contrast agent carriers. In 

the first project, an amphiphilic HES was synthesized by esterification with different 

fatty acids, with the aim of producing a fully biodegradable polymeric surfactant that 

can modify the surface of polymeric nanospheres as an alternative for non-

biodegradable surfactants such as Pluronics®. In the second project, a 

macromolecular MRI contrast agent based on HES was synthesized, with the aim of 
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producing a long circulating contrast agent that can be used for angiogenesis and 

tumor imaging. In the third project, HESylation of model proteins and low molar mass 

compounds was attempted. A new enzymatic approach for the coupling of HES was 

developed and tested, which can be a mild alternative to the many chemical coupling 

methods reported in the patent literature. 

2 beeeeb 
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Chapter 2 

Characterization of hydroxyethyl starch (HES) 

2.1 Hydroxyethyl Starch (HES) 

Hydroxyethyl starch (HES) is one of the first line colloidal plasma volume 

expanders* (PVEs) in Europe, particularly in Germany [45]. It offers a number of 

advantages over other (PVEs) such as albumin and dextran. These include lack of 

bacterial or viral contamination hazards, a clearly lower incidence of hypersensitivity 

[46] and no drug interactions (for instance albumin interacts with ACE inhibitors) as 

well as a higher cost effectiveness [47].  

HES is usually produced from waxy maize starch - and less frequently from potato 

starch - by alkaline derivatization with ethylene oxide. Starch consists of two types of 

polyglucans; amylose, a non-branched polymer of glucose units attached through α-

(1,4) glycosidic bonds, and amylopectin, which contains branch points with α-(1,6) 

glycosidic bonds. Waxy maize starch consists mainly of amylopectin which is 

structurally similar to glycogen, the branched glucose storage polymer in humans. 

This close similarity is believed to be one reason why HES lacks immunogenicity 

[46]. Furthermore, amylose is responsible for retrogradation and synersis, which 

makes amylopectin more favourable [48].  

                                                 
* PVE are classified as colloidal (which use polymers for plasma substitution) and crystalloid (which use 
electrolyte solutions from salts and/or sugars). The colloidal ones have the advantage of smaller volume, but may 
have unwanted side effects. The crystalloids are safer, but due to the very short half lives, large volumes are 
needed. Upon infusion of PVE, the colloid osmotic pressure causes a flux of tissue fluid, hence the name plasma 
volume expander. They are used in cases of blood and fluid loss that can lead to circulatory failure, such as 
hypovolemia, hypoalbuminemia and burns [45]. 
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To characterize the substitution of starch with hydroxyethyl units, two terms are 

used in the literature, namely degree of substitution (DS) and molar substitution (MS) 

The definition of these terms in the literature is not unequivocal, and are often 

interchanged leading to confusion [49-51]. In this manuscript, DS is defined as the 

average number of hydroxyethyl groups per anhydroglucose unit (AGU), while MS 

represents the fraction of substituted AGU. Accordingly, DS can have a maximum 

value of 3, while MS can have a maximum of 1.  

During hydroxyethylation, the ethylene oxide units can add to the hydroxyl groups 

of the AGU, or to that of an already attached hydroxyethyl group, leading to the 

formation of short poly(ethylene glycol) chains [48]. Furthermore, the acidity of the 

three hydroxyl groups of the AGU is different leading to a preferred attachment to C2, 

followed by C6 then C3 [48].  

After hydroxyethylation, HES is hydrolysed to the desired molecular weight either 

by acid hydrolysis or by enzymatic hydrolysis. Sommermeyer and coworkers used 

GC/MS to investigate the homogeneity of substitution throughout the polymer chain 

as well as the effect of the different methods of hydrolysis. They found that the non-

reducing chain end has a higher substitution followed by the normal α 1,4 AGU then 

the branch point AGU. Additionally, the α-amylase-hydrolysed polymer turned out to 

be more branched, and thus more hydrodynamically compact, in comparison to the 

acid hydrolysed polymer with the same molecular weight. They presume that this can 

have an effect on the in vivo performance, where the enzymatic hydrolysis reduces 

the possible attack points for serum α-amylase decreasing the in vivo hydrolysis [49]. 

Hydroxyethylation of starch is carried out to achieve a number of objectives, 

namely, increasing the solubility and solution stability of starch, reducing the viscosity 

of starch solution, and more importantly, to decrease its in vivo hydrolysis [46, 51]. 

The half life of soluble starch is of the order of few minutes due to the rapid hydrolysis 

by serum α-amylase. Hydroxyethylation hinders this enzymatic degradation leading 

to complete elimination after few weeks [46]. Contrary to dextran, HES is not 

metabolized to CO2 but to oligomers that are predominantly filtered through the 

kidneys and excreted in urine. The in vivo degradation of HES depends on a number 

of factors, including the MS and the so called pattern of substitution (PS), which is the 

ratio of C2/C6 substitution. In contrast, the molecular weight has little effect on 

elimination, provided that the molecular weight is greater than the renal threshold 
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which is approximately 70,000 g/mol [52]. Meanwhile, and as a rule of thumb, an 

increase of MS by 0.1 leads to a doubling of the half life [50]. The ratio of C2 to C6 

substitution plays also an important role, since a substitution at C2 slows down the 

hydrolysis by α-amylase [53, 54]. 

Adverse effects to HES are generally regarded as mild and clinically insignificant 

[47]. Nevertheless, HES can cause an increase in bleeding time due to interference 

with the action of blood clotting factors and blood platelets [55]. Such effects can be 

minimized by using moderately or rapidly degrading starches [46]. Furthermore, 

cases of acute pruritis that do not respond to medication have been reported. It is 

postulated that this severe itching is due to tissue storage in cutaneous nerves after 

high cumulative dosage administration [56].  

It is worth noting that, contrary to many synthetic polymers, the molecular 

structure of HES is very complicated, and a comparison of results through the 

literature regarding structural properties is not easy. For instance, the branching of 

amylopectin differs whether the source is waxy maize starch or potato starch, as well 

as if the molecule was hydrolysed enzymatically or by an acid. The differences in the 

MS, DS and PS were found to affect the in vivo performance and side effects. Even 

the molecular weight distribution may vary a lot, despite the same nominal average 

molecular weight [47]. In general, a valid structure-property relationship for HES is 

still lacking [47]. 

In addition to its use as PVE, HES is also used as a cryopreservative of biological 

cells [57]. There are only few attempts to use HES for drug delivery purposes. On the 

one hand, some labs tried the conjugation of drug molecules, particularly proteins, to 

HES, in an attempt to replace poly(ethylene glycol) (PEG) with a biodegradable 

polymer [58], and there is a number of patents on the HESylation of proteins. The 

group of DeLuca derivatized HES with acryloyl chloride then crosslinked the product 

to form hydrogel microspheres that were capable of swelling in water and entrapping 

hydrophilic protein molecules [59]. In another study, they incorporated insulin-loaded 

hydrogels into PLGA microspheres to achieve a sustained drug release and to avoid 

the initial burst effect [60]. Devy et al. produced protein loaded HES microcapsules 

(MC) produced by interfacial cross linking of emulsified HES solution [61]. They 

showed that a substantial part of the loaded albumin is released only after the 
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biodegradation of the MC, and that α-amylase and not esterase can degrade the MC 

in vitro. 

In the present thesis, HES was chosen as a raw material for the production of 

derivatives suitable for biomedical applications. This is because it possess a number 

of advantages, including 

1. It is highly water soluble (contrary to starch which only swells in water). 

2. It is biodegradable. 

3. It is pharmaceutically acceptable (as it is already clinically used as a plasma 

expander under the trade name VitaHES® and Infukoll® HES by Serumwerk 

Bernburg, Germany, Voluven® by Fresenius Kabi, Bad Homborg, Germany 

and Hespan® by the US branch of B. Braun) 

4. It is commercially available with different molecular weights and different 

degrees of substitution (the latter affects the in-vivo degradation rate [52]) 

5. It is readily modified (due to the abundance of hydroxyl groups) 

In this chapter, the characterization of the raw HES using asymmetric flow field 

flow fractionation (AF4), dynamic light scattering (DLS) and 1H NMR spectroscopy is 

briefly described.  

2.2 Experimental 

2.2.1 Materials 

HES with Mw 70 000, 200 000 and 450 000 g/mol and MS 0.5 was a kind gift from 

Serumwerk Bernburg, Germany. The samples are named HES70, HES200, HES450, 

respectively. 

2.2.2 Asymmetric flow field flow fractionation (AF4) 

For AF4 separation, the Eclipse FFF system (Wyatt Technology Corp., California, 

USA) was used. It was coupled to an 18 angle MALS detector (DAWN EOS MALS, 

Wyatt Technology Corp., California, USA) having a 690 nm GaAs laser, and an RI 

detector Shodex 101 (Shoko America, Colorado, USA). Samples were prepared with 

a concentration of 5 mg/ml in 50 mM NaCl solution in bidistilled water, filtered through 

0.1 µm filter and preserved with 0.02 % w/v NaN3. 100 µl of the solution were injected 

into a channel having a 350 µm spacer and a 5,000 g/mole regenerated cellulose 
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ultrafiltration membrane (Nadir C010F, Microdyn-Nadir GmbH). A channel flow of 2 

ml/min was maintained using the same NaCl solution, and a linearly decreasing cross 

flow from 2 ml/min to 0 ml/min over 30 min was used for separation (see Table 2.1). 

Data were evaluated using ASTRA software v.4.90.08 (Wyatt Technology Corp., 

California, USA). 

The refractive index increment (dn/dc) was determined for each sample at 30 °C 

by measuring 3 concentrations, each in triplicates.  

Table 2.1. Cross-flow program used for AF4 sample separation. 

 

Cross flow (ml/min)  Duration 

(min) Start End 

Focus flow 
(ml/min) 

Elution 2 2 2 _ 

Focus 1 _ _ 2 

Focus+inj 2 _ _ 2 

Focus 1 _ _ 2 

Elution 30 2 0 _ 

Elution 10 0 0 _ 

Elution+inj 10 0 0 _ 
 

2.2.3 Dynamic light scattering (DLS) 

HES samples were dissolved in 50 mM NaCl solution preserved with 0.02 % w/v 

NaN3 to give a concentration of 5 mg/ml. Samples were diluted 1:10, and the 

hydrodynamic diameter (dh) of the HES molecules in solution was determined by 

dynamic light scattering (DLS) at 25 °C, using the back scattering mode at 173° 

(HPPS, Malvern Instruments, UK). The hydrodynamic radius (rh) was obtained by 

dividing the hydrodynamic diameter by 2. 

2.2.4 1H NMR 

For 1H NMR measurements, 60 mg polymer samples were dissolved in 700 µl 

DMSO-d6, or D2O and measured at 400 MHz (Gemini 2000, Varian Inc.) 
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2.3 Results and discussion 

2.3.1 Asymmetric flow field flow fractionation (AF4) 

2.3.1.1 Theory 

FFF is a flow-based separation technology that can be considered a hybrid of 

chromatography and field-based separation methods like electrophoresis [62]. In 

chromatography, molecules are separated by differential retention between a solid 

stationary phase (column) and a fluid mobile phase. In FFF, fractionation is 

performed in a channel through which a liquid is pumped giving a laminar flow with a 

parabolic velocity profile [63, 64]. Separation takes place by applying an external field 

perpendicular to the flow in the channel. The most commonly used fields are the 

sedimentation field (using gravitational or centrifugal forces), thermal field (using a 

thermal gradient) and cross flow (using a perpendicular flow field) [63]. The use of an 

external field leads to great versatility for the FFF technique; because the strength of 

the field can be precisely controlled and rapidly varied, leading to an enhanced 

separation. This versatility, however, does not come without a cost, since it adds to 

the complexity of the method, making a universal approach for separation not 

feasible [65].  

In the flow FFF, the field is a second independent flow stream (cross-flow) 

passing perpendicular to the primary flow from the porous upper wall (depletion wall) 

to the lower frit covered by an ultrafiltration membrane (accumulation wall). In the 

asymmetric flow field flow fractionation (AF4), there is no second independent flow, 

and the depletion wall is a nonporous transparent glass or plastic plate. Accordingly, 

the cross flow originates from within the channel itself, where the cross flow rate 

corresponds to the loss of axial flow that occurs as the carrier fluid moves 

downstream [66]. Figure 2.1 shows a schematic representation of the flow channel 

and separation principle. 
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Figure 2.1. Schematic representation for AF4 separation channel. 

Generally, the external field forces the different particles or molecules against the 

accumulation wall. Brownian motion of the analytes will counteract the field-induced 

forces, pushing them towards the depletion wall. At equilibrium, the analytes will 

occupy localized regions of the parabolic flow profile based on their diffusion 

coefficients. Having higher diffusion coefficients, the smaller particles/molecules will 

move upwards towards the center of the flow profile, while the larger 

particles/molecules will be pushed towards the accumulation wall. Since the drift 

velocity varies at different points of the flow profile, the sample will elute at different 

time points, with the smaller particles eluting first. Knowing the retention time tr, the 

analyte’s diffusion coefficient D can be determined using the following equation [64] 
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where t0 is the void time, Fc is the cross flow rate, w is the channel thickness, and V0 

is the void volume of the channel [64]. Using the Stokes-Einstein equation, the 

particle size can be related to the retention time as follows: 
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where dH is the hydrodynamic diameter, k is the Boltzmann constant, T is the 

temperature, and is the viscosity η of the carrier liquid [64].  

It is thus evident that FFF can be used for separation as well as size 

determination. However, this is not usually the case, since the retention time may be 
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affected by the interaction between the analytes and the ultrafiltration membrane 

[62]. More reliable methods are thus coupled to FFF for the determination of size and 

molar mass of the analytes, namely multi-angle light scattering (MALS). 

The theory underlying MALS is based on the fact that the intensity of the 

scattered light depends on many factors, including the scattering angle θ, the weight 

average molar mass (Mw), and the root mean square radius (RMS radius, rg
†) as 

follows [64, 67] 

])(21)[( 2 cPMAcPKMR ww θθθ −=        2.3 

where Rθ is the Rayleigh ratio (excess of scattering of the macromolecular solution 

above that scattered by the solvent itself, all divided by the intensity of incident light), 

Mw is the weight average molar mass, c is the concentration, K is a constant, P(θ) is 

the particle scattering function, and A2 is the second virial coefficient. K and P(θ) can 

be given by the following equations [64]: 
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where λ is the wavelength of light in vacuum, n0 is the refractive index of the solvent, 

N is the Avogardo’s number, dn/dc is the refractive index increment of the scattering 

species in the solvent used. 

In very dilute solutions, which is usually the case upon separation with FFF, the 

term containing A2 can be neglected. When θ is equal to zero, P(θ) is equal to unity, 

and thus 

wMR
Kc 1

=
θ

           2.6 

Accordingly measurements are carried out at different angles and different 

concentrations, and then extrapolated to zero angle and concentration, in what is 
                                                 
† The RMS radius depends on the internal mass distribution of the particle/molecule and is independent of the 
shape. Hence the subscript “g”, which is related to the center of gravity. The misnomer “radius of gyration” is 
usually used instead of the RMS radius. However, the radius of gyration refers to rotation about an axis fixed in 
space. Thus each object has an infinite number of radii of gyrations corresponding to the infinite number of axes 
fixed in space about which an object can rotate [67]. In this text, both designations will be used. 
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usually known as “Zimm plot”. The intercept of this plot is equal to 1/Mw and the slope 

is equal to [64]: 
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Thus the slope depends on Mw and rg, and can be used to determine the size of 

the molecules or the particles. Many useful reviews are available on this topic, and 

the reader can consult them for a more detailed treatment of the light scattering 

principles [67-70]. 

Flow FFF is currently applicable in the range from 0.001-50 µm [63]. This includes 

synthetic and biological macromolecules, as well as particulate systems. It is also 

possible to use aqueous as well as organic solvents as carrier systems. 

2.3.1.2  Results 

FFF has been used for the fractionation and molar mass determination of different 

natural and semi-synthetic polysaccharides, such as ethylhydroxyethyl cellulose [64], 

native starches [71], amylopectins and glycogen [72] and chemically-modified 

starches [73]. Such molecules usually have large molar masses and wide 

distribution. When compared to high performance size exclusion chromatography 

(HPSEC), the latter has a lower exclusion limit and cannot resolve molecules of 

extremely large molar masses. On the other hand, FFF can resolve molecules in the 

range of 5-10 x103 g/mole (which is equal to few nm for most molecules) to 50 µm 

[72]. 

dn/dc was determined for the HES samples as shown in Figure 2.2. After 

correction for the moisture content (ca. 10 % w/w as determined by 

thermogravimetric analysis), an average of 0.1475 cm3/g was obtained. This value is 

close to previously reported refractive index increments of HES [74]. 
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Figure 2.2. Determination of the refractive index increment for HES70 

To determine the molar mass of HES, viscosimetric measurements or HPSEC 

were usually employed [54]. For this study, AF4 was used. Figure 2.3 shows the 

elugrams for the three HES samples studied, where the light scattering and 

differential RI signals as well as the molar masses are plotted as a function of elution 

time. The molar masses and sizes in Table 2.2 are extracted from a Zimm plot. The 

weight average molar masses (Mw) are quite close to the nominal values reported by 

the producer. AF4 was used to determine the molar mass of a number of modified 

starches, including HES450 [73]. Although the used sample had an Mw of 458,012 

g/mole determined by HPSEC as reported by the producer, the authors reported a 

Mw of 564 x103 g/mole. They attributed this high value to a loss of the lower molar 

mass fractions, since they used a 10,000 g/mole ultrafiltration membrane. In our 

case, the use of a 5,000 g/mole membrane seems to prevent the loss of a large 

portion of the sample, as evidenced by the high recovery (> 85 % w/w) and the 

agreement of the measured molar masses with the nominal values. Meanwhile, the 

HES samples show a high polydispersity, ranging from 1.95 for HES70, up to 4.56 for 

HES450. The polydispersity was proven to be a function of the quality of fractionation 

[73], where it increased from 2.8 to 3.3 for HES450 samples when the cross flow 

increased from 1 to 2 ml/min. Our present results are not directly comparable with the 

mentioned study due to the different supplier, as well as the fact that we used an 

elution gradient rather than a constant cross-flow. The former is generally known to 
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have a higher fractionation power, and could have thus led to an increase in 

polydispersity.  

Figure 2.4 shows the molar mass distribution of the HES samples. The samples 

have a molar mass ranging between 10-20 x 103 g/mole and 5 x 105 g/mole (for 

HES70) and 6 x 106 g/mole (for HES450). The distributions do not show long tails 

extending to large molar masses, which is important for clinical use [54]. 

The measurement of molar mass and radius of gyration (rg) allows the 

determination of the conformation of macromolecules in solution according to the 

following equation: 

αkMrg =            2.8 

where α is the conformational coefficient (also known as the Flory’s exponent [75]) 

and k is the proportionality constant [76]. α is equal to 1 in case of rigid rods, 0.5-0.6 

in case of random coils, and 0.33 for hard spheres [75, 76]. Figure 2.5 shows a 

double logarithmic plot for all 3 HES samples, where a considerable scatter is 

observed below 10 nm. Accordingly, a linear fit was applied to data larger than 10 nm 

in order to estimate the values of α. These can be found in Table 2.2. The values for 

all HES samples are slightly lower than the expected value for a random coil, 

indicating a slightly compact conformation, which is most probably due to the 

branching of HES. Wittgren et. al [73] determined a value of 0.44 for α, which is in 

very close agreement to the values determined in this study. It is worth noting that at 

very high molar masses in case of HES200 and HES450, the slope tends to 

decrease, indicating that these fractions are even more compact due to higher 

degrees of branching. 

Table 2.2. Molar masses, polydispersity, RMS radius, conformational coefficient α and recovery 
of the different HES samples as determined by AF4 coupled to MALS. 

Sample 

Mn 

x 103 

(g/mole) 

Mw 

x 103 

(g/mole) 

Polydispersity

Mw/Mn 

RMS radius 

(nm) 

Conformational 

coefficient α 

Recovery 

(% w/w) 

HES70 35.8 ± 0.8 69.7 ± 2.2 1.95± 0.02 5.5 ± 0.5 0.435 86.1 ± 1.1

HES200 59.5 ± 1.0 190.3 ± 6.1 3.20 ± 0.11 11.1 ± 1.0 0.424 96.0 ± 1.4

HES450 102.6 ± 5.9 466.9 ± 7.7 4.56 ± 0.20 19.0 ±  0.2 0.463 93.4 ± 24 
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Figure 2.3. Elugrams for the different HES samples showing the LS signal at 90° (left), and the 

RI signal as well as the molar masses (right). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Cumulative (left) and differential (right) weight distributions of the molar masses of 

the different HES samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. A double logarithmic plot of the RMS radius vs. molar mass for the different HES 

samples. 
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2.3.2 Dynamic light scattering 

The hydrodynamic diameters of the different HES molecules in solution are 

shown in Table 2.3. As expected, the size increases with the molar mass, ranging 

between 13.67 nm for HES70 and 32.62 nm for HES450. The polydispersity is rather 

high for all the HES samples, which is the same observation obtained from AF4 

measurements. 

The ratio of the radius of gyration to the hydrodynamic radius (rg/rh) is known as 

the ρ-ratio. The latter is a good qualitative indicator for the conformation of 

macromolecules, where its value is equal to 0.778 for hard spheres, 0.977 for 

dendrimers, 1.225 for a hyper-branched polymers, and 1.73 for a random coil of 

polydisperse linear macromolecule in a θ-solvent [77]. Again, the values of the ρ-ratio 

shown in Table 2.3 indicate that the HES molecules are rather compact due to a 

relatively high degree of branching. 

Table 2.3. Z-average hydrodynamic diameter (dh), polydispersity index (PDI), hydrodynamic 
radius (rh) and ρ-ratio for the different HES samples. 

Sample 
dh 

(nm) 
PDI 

rh 

(nm) 
ρ-ratio 

HES70 13.67 ± 1.1 0.255 6.84 1.155 

HES200 23.34 ± 0.8 0.241 11.67 1.088 

HES450 32.62 ± 0.1 0.211 16.31 1.227 

 

2.3.3 1H NMR 

A typical 1H NMR spectrum of HES in DMSO-d6 is shown in Figure 2.6. There is a 

considerable peak overlapping which precludes the assignment of all peaks in the 

spectrum. By comparing with spectra of amylose and amylopectin published in the 

literature [78], it is possible to assign the peaks in the region between 4.5 and 5.6 

ppm to the proton attached to C1 of the AGU as well as the 3 hydroxyl groups of 

each AGU (regardless whether these belong to the AGU directly, or through the 

hydroxyethyl substitution). 

The spectrum of HES in D2O is more simplified, due to the exchange of the 

protons of the alcohol groups with deuterium, and thus they disappear from the 

spectrum. By comparing the spectra with those reported for starch [79] as well as 
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HES [54], assignment for some of the peaks was possible (see Figure 2.7). The 

peaks between 5.8 ppm and 5.7 ppm all belong to C1 protons of the AGU. The sharp 

peak at 5.3 ppm belongs to the C1 protons in case of α 1-4 linkage, at 4.85 ppm 

belong to those having an α 1-6 linkage, and at 5.6 ppm belong to the C1 protons 

having hydroxyethyl ethers attached to the neighboring C2. Using these proton NMR 

spectra, it is possible to determine the degree of branching of the different HES 

samples. The results shown in Table 2.4 indicate that HES70 has a slightly higher 

degree of branching (5.15 mol%) compared to HES200 (4.35 mol%) and HES450 

(4.05 mol%). In general, these results are close to the degree of branching 

estimations determined by GC/MS (ranging between 5.5 and 7.17 mol% for 7 

different HES samples [49]), and {1H}-13C NMR spectroscopy (ranging between 3.1-

5.5 mol% for 3 different HES200 samples [54]). 1H NMR spectroscopy has the 

advantage of being much simpler than these 2 methods, and can be used for a rapid 

determination of the degree of branching; however, the above methods can give 

detailed information about the pattern of hydroxyethylation at C2, C3 and C6 

positions, as well as the average molar substitution.  

2.02.53.03.54.04.55.05.56.0

 

O
CH2OH

O
CH2OH

OO
O

OH

OH OH

OH

n

a

a

a

a

a
a DMSOWater

Chemical Shift / ppm

a

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. 1H NMR spectrum of HES200 in DMSO-d6. 
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Figure 2.7. 1H NMR spectrum of HES200 in D2O. 

 
Table 2.4. Degree of branching of the different HES samples as determined from 1H NMR 

spectroscopy of solutions in D2O. 

Sample 
Degree of branching 

(mol%) 

HES70 5.15 

HES200 4.35 

HES450 4.05 

 

2.4 Conclusions and outlook 

Using AF4 coupled to MALS, the molar mass of the different HES samples was 

determined and was found to roughly agree with the nominal values. The 

polydispersity of the HES samples was high, and despite the fact that this might 

complicate the characterization of the modified samples (see the next parts), no 
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measures were taken to fractionate the samples and use a narrowly distributed 

fraction. The conformation coefficient obtained from a double logarithmic plot of the 

molar mass and the radius of gyration is lower than that expected for a random coil 

indicating a somehow compact conformation for the HES samples due to branching. 

1H NMR of the HES samples in DMSO-d6 could not provide information about the 

molecular structure due to extensive peak overlapping. Some peaks of the C1 

protons could be identified unequivocally for HES solutions in D2O, thus allowing the 

determination of the degree of branching. Results were found to agree with previous 

results determined using GC/MS and {1H}-13C NMR spectroscopy. The small degree 

of branching was responsible for the relatively compact HES coil as determined by 

AF4 and DLS. 

A thorough characterization of the molecular characteristics of the HES samples 

requires a very cumbersome GC/MS process, involving permethylation, hydrolysis to 

monosaccharides, reduction, followed by acetylation [49]. This procedure was not 

carried out, and the above tests were considered sufficient for the analytical 

characterization of the crude HES. 
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Chapter 3 

Synthesis, characterization and self-assembly of 

hydrophobically-modified hydroxyethyl starch 

(HM-HES) 

3.1 Hydrophobically-modified polysaccharides 

Polysaccharides are ubiquitous structural and functional constituents of all living 

organisms. Their main roles include energy storage (such as starch and glycogen) or 

structural functions, (such as cellulose in plant cell walls). Furthermore, nature has 

brilliantly made bioconjugates of proteins and polysaccharides (peptidoglycans, such 

as mucin to coat mucosal membranes) or lipids and polysaccharides 

(lipopolysaccharides, such as those in the cell wall of gram negative bacteria that 

impart an immune resistant character to them). In pursuing new materials that fulfil 

pressing needs in the biomedical field, man has recently started to realize the 

wonders of nature and adopt a policy aiming to understand its wisdom and 

attempting to mimic it.  

One of these approaches is the hydrophobic modification of water soluble 

polysaccharides with fatty acids. Emulsan is an example for such naturally-occurring 

lipopolysaccharides, produced as an exopolysaccaride in the capsule of the oil-

degrading bacterium Acinetobucfer culcoaceticus. It is a polyanionic 

heteropolysaccharide containing 3 types of aminosugars, and 5-15 % w/w fatty acid 

residues (predominantly laurate) attached by ester links [1]. Although it is not 
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particularly effective in reducing the surface tension, it has a high tendency to bind 

tightly to interfaces, which makes it an excellent stabilizer for emulsions at relatively 

small concentrations [1]. Among the possible applications, it was tested successfully 

for the emulsification and pipeline-transportation of heavy oil, as well as the 

emulsification and direct combustion of heavy fuel emulsions [1].  

Man-made hydrophobicaly-modified polysaccarides were synthesized and studied 

for many polymers, including starch [2], dextran [3], pollulan [4, 5], xylan [6], pectin 

[7] and chitosan [8]. In general, these amphiphilic polymers show a spectrum of 

different self-assembly behaviours. For example, Francis et al. grafted 

polyethyleneglycolalkyl ether to dextran [9] and hydroxypropyl cellulose [10] and 

found out that the produced amphiphilic polymers form 20-30 nm micelles in aqueous 

solutions. Akiyoshi et al. reported the formation of monodisperse nanoparticles from 

pullulan hydrophobized with cholesterol [11], while Liebert et al. described the 

formation of 200-500 nm particles from highly esterified dextran [12]. Polymeric 

vesicles [13] were reported by Uchegbu et al. for the self-assembly of chitosan 

palmitate. Finally, three-dimensional hydrogel structures were formed from highly 

concentrated aqueous solutions of hydrophobized pullulan [14].  

Such amphiphilic polysaccharide derivatives find a number of applications in the 

biomedical field. For instance, Durand and Dellacherie studied the properties of 

hydrophobicaly-modified dextrans as rheology modifiers [15]. The ability of the 

polymeric micelles of amphiphilic dextran and hydroxypropyl cellulose to solubilize 

poorly-soluble drugs was also reported [9, 10]. Rouzes et al. used dextran 

hydrophobized with 3-phenoxy 2-hydroxypropyl residues for the preparation of stable 

emulsions as well as the stabilization of the surface of poly(styrene) particles 

prepared by emulsion polymerization [16]. Lauroyldextran with different degrees of 

modification was investigated as a polymeric coating for tablets to achieve site 

specific drug delivery to the colon [17]. The hydrophobized polysaccharides can also 

be used for the surface decoration of liposomes as reviewed by Sihorkar and Vyas 

[18], while Lemerchand et al. reviewed their use for the surface modification of 

nanoparticles to achieve “stealth” characters and/or site directed delivery [19]. 

Compared to the widely used cellulosics, HES has the advantage of being 

biodegradable in human body. Furthermore, it has less incidence of hypersensitivity 

reactions when compared to dextran. Accordingly, hydrophobically modified HES 
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(HM-HES) is expected to have a better biodegradability and biocompatibility than the 

aforementioned amphiphilic polymers. In this part of the present thesis, the synthesis 

of HM-HES prepared by esterification with fatty acids (lauric, palmitic and stearic 

acids) is reported. The characterization of the modified HES was carried out using 1H 

NMR and Raman spectroscopy, and its aqueous self-assembly was studied using 

FFF and TEM.  

3.2 Experimental 

3.2.1 Materials 

HES with Mw 70 000, 200 000 and 450 000 g/mol and MS 0.5 was a kind gift from 

Serumwerk Bernburg, Germany. Lauric (C12), palmitic (C16) and stearic (C18) acids 

as well as dicyclohexyl carbodiimide (DCC) were purchased from Sigma-Aldrich. 

Dimethyl aminopyridine (DMAP) was from Merck, Darmstadt, Germany. 2-

heptadecyl-2,4,5,5-tetramethylimidazole-1-oxyl (HD-TMI) was obtained from Prof. V. 

Khramtsov, Institute of Chemical Kinetics and Combustion, Novosibirsk, Russia. All 

other chemicals and solvents were reagent grade and used as received, except 

dimethylsulfoxide (DMSO) which was stored over a 3 Å molecular sieve for drying. 

3.2.2 Synthesis 

a) Using lauric acid, DCC and DMAP. 1.5 g HES was dried at 105 °C for 2 h 

then dissolved in 20 ml dry DMSO. To this solution, a certain amount of the fatty acid 

(see Table 3.1), DCC and DMAP (in the molar ratio 1:1:0.5, respectively) were added 

and dissolved while the flask was tightly sealed and left under stirring at room 

temperature for 24 h (except in the case of stearic acid, where the temperature was 

raised to 40 °C). During the reaction, DCC converts to dicyclohexyl urea (DCU) which 

is precipitated and removed by filtration. The filtrate was added to 200 ml 

precipitating solvent mixture (see Table 3.1). The product was filtered and washed 

with 100 ml of the same solvent mixture, and then air dried. The dry polymer was 

dialyzed against distilled water for 3 days then lyophilized.  

b) Using vinyl laurate and lyophilized phosphate buffer. 1.5 g HES was dried 

at 105 °C for 2 h before dissolving in 20 ml dry DMSO. 0.65 ml vinyl laurate were 

added to the HES solution as well as 50 mg of phosphate buffer pH 7.8 as a 

lyophilisate.  The reaction mixture was shaken for 72 h at 37 °C. Purification took 
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place by filtration, precipitation with 200 ml isopropanol/ether (1:1), dialysis then 

lyophilization. 

3.2.3 1H NMR spectroscopy 

For 1H NMR measurements, 30 mg polymer samples were dissolved in 600 µl d6-

DMSO and measured at 400 MHz (Gemini 2000, Varian Inc.). 

3.2.4 Raman spectroscopy 

Raman scattering was recorded at 180° to the incident beam on a Bruker FT-

Raman spectrometer RFS 100/S (Bruker Optics, Ettlingen, Germany) using a diode-

pumped Nd:YAG laser with wavelength of 1064 nm. The temperature dependence of 

the Raman spectra of lauric acid was studied in the range from 23 to 55 °C. 

Temperature variations were performed by flowing tempered air in a glass Dewar 

cell. After a temperature step, the sample was allowed to equilibrate for 15 min 

before recording each spectrum. The manipulation and evaluation of the spectra was 

performed with the Bruker OPUS software. 

3.2.5 Asymmetric flow field flow fractionation (AF4) 

The water soluble polymers (samples 1-3 in Table 3.1) were studied using AF4 

and compared to the original HES. Samples were prepared with a concentration of 5 

mg/ml in bidistilled filtered water preserved with 0.02 %w/v sodium azide. HM-HES 

samples were filtered through 0.2 µm filter before injection. For separation, the same 

procedure were used as mentioned under section 2.2.2. For the raw HES samples, a 

dn/dc value equal to 0.146 was obtained from the literature [20]. For the other 

samples, dn/dc was determined by measuring 3 different concentrations, each 

repeated three times. 

3.2.6 Preparation of nanodispersions 

For the study of the self-assembly of the water dispersible HM-HES (samples 4-6 

in Table 1), the following procedure for the preparation of a dispersion of the 

nanoparticles was used. 15 mg polymer was dissolved in 2 ml water/THF 1:1 

mixture, and then 2 ml water was added dropwise with stirring. THF was removed by 

evaporation in a rotary evaporator at 40 °C and 150 mbar. The polymer concentration 

in the final nanodispersion was 0.5 % w/v. 
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3.2.7 Transmission Electron microscopy (TEM) 

The water-soluble HES laurate samples were investigated using CryoTEM 

microscopy (courtesy of Frank Steiniger, Electron Microscopic Center, Friedrich-

Schiller-University, Jena, Germany). A few microlitres of polymer solution (5 mg/ml) 

were placed on a grid (Quantifoil Micro Tools, Jena, Germany) and the excess liquid 

was removed with filter paper. The samples were cryofixed by rapid immersion into 

liquid ethane cooled to -170 °C to -180 °C in a cryobox (Carl Zeiss NTS GmbH, 

Oberkochen, Germany). The excess ethane was removed by blotting in the cold. The 

samples were transferred with a cryotransfer unit (Gatan 626-DH) into the pre-cooled 

cryoelectron microscope (Philips CM 120, Netherlands) operated at 120 kV and 

viewed under low dose conditions. 

The water-dispersible HES laurates were investigated with negative stain and 

freeze fracture microscopy. For negative staining, the suspension was mixed with 1% 

aqueous uranyl acetate (1:1). A copper grid coated with formvar film was placed on a 

droplet of this mixture for 1 min. Then the liquid was blotted off with filter paper and 

the grid was air dried. The samples were observed with a transmission electron 

microscope (EM 900, Carl Zeiss SMT, Oberkochen, Germany) operating at 80 kV. 

For freeze fracturing, the samples were cryofixed with a propane jet freezer (JFD 

60, BAL-TEC, Liechtenstein) and freeze fractured at -110° C using a BAF 060 freeze 

fracture apparatus (BAL-TEC, Liechtenstein). After freeze etching for 30 s, the 

surface was shadowed with platinum (2 nm, shadowing angle 45°) and subsequently 

with carbon (25 nm, shadowing angle 90°). The replica were floated in sodium 

chloride solution (4 % Cl) for 30 min, rinsed in distilled water (5 min) and washed in 

30 % acetone for 30 min. After final washing in distilled water the replica were 

mounted on grids and observed with a transmission electron microscope (EM 912 

OMEGA, Carl Zeiss SMT, Oberkochen, Germany) operating at 80 kV. 

3.3 Results and discussion 

3.3.1 Synthesis and 1H NMR 

In general, there are various ways to carry out an esterification reaction, however 

not all of them are suitable to obtain fatty acid esters of HES. For example, the use of 

acid chlorides is a simple, effective and widely spread method to prepare esters, yet 
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HCl, the byproduct of the reaction, can lead to acid hydrolysis of starches [21]. 

Accordingly, we preferred the use of milder reaction conditions. In the first synthetic 

procedure, DCC and DMAP were used as catalysts, while in the second method, 

vinyl laurate and a solid salt were used. 

The mechanism of the reaction catalyzed by DCC could be explained by two 

possible pathways; the first involves direct activation of the fatty acid with DCC 

followed by reaction with HES hydroxyl groups to form the ester (Scheme 3.1) [22]. In 

the second pathway, the acid is converted to the anhydride through DCC with the 

formation of DCU as byproduct. The anhydride reacts with DMAP to form an 

activated acyl pyridinium, that then readily esterifies with the hydroxyl groups 

(Scheme 3.2) [23]. It was necessary to find a solvent for HES and the reactants to 

carry out a homogenous reaction, but the choices were limited as HES is soluble only 

in water, DMSO, DMF and NMP. Water is not suitable for the esterification reaction, 

and DMSO was chosen as it has a better toxicity profile than DMF and NMP 

according to the FDA [24]. 

 

Scheme 3.1. Direct activation of fatty acid with DCC and subsequent ester formation. 
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Scheme 3.2. Activation of fatty acid with DCC and DMAP for ester formation. 

 

 

 

 

 

 

 

 

 

 

 

 

A typical 1H NMR spectrum of the modified HES dissolved in d6-DMSO is shown 

in Figure 3.1. Peak assignment for the fatty acid residues was straightforward (see 

Figure 3.1 and inset), where the triplet at 0.85 ppm (peak a in Figure 3.1) belongs to 

the methyl group of the hydrocarbon chain, the peak at 2.29 ppm (peak d) is related 

to the methylene group beside the carbonyl group, while the one at 1.5 ppm (peak c) 

is the methylene group directly before it. All the other methylene groups have a peak 

at 1.23 ppm (peak b). The clear broadening of the peaks for the methylene groups 

close to the ester bond (at 2.29 and 1.5 ppm) indicates successful esterification. 

Meanwhile, peak assignment for HES is not easy due to the overlap between the 

different peaks. By comparing the 1H NMR spectrum for HES with previously 

published results [25] and with those of amylose and amylopectin [26, 27] it was 

possible to assign the peaks between 4.4 and 5.7 ppm to four protons, namely the 

proton bound to C1 of the AGU, and those found in the three hydroxyl groups of the 

AGU (regardless whether the OH group is that of glucose or of the attached 

hydroxyethyl moiety). 
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Figure 3.1. 1H NMR spectrum of HES 200-L0.5. Inset shows the structure of HES laurate and 

peak assignment. 

1H NMR was used for the calculation of MS of the acyl chains, where it was 

assumed that each mole of fatty acid removes one mole from the protons of the 

hydroxyl group after esterification. Thus: 

⎟
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where ICH3 is the integral for the methyl group peak at 0.85 ppm, while IAGU is the 

integral for the 4 protons of the AGU between 4.4 and 5.7 ppm. Thus ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
3

3CHI
 

represents one mole of the acyl residue, while ⎟
⎠
⎞

⎜
⎝
⎛

− MS
I AGU

4
 represents one mole of 

AGU after correction, taking into account that the integral area has decreased due to 

acylation. By rearranging equation (1), MSfatty acid can be determined as: 
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The degree of conversion of the fatty acid (DC) is calculated as: 

MS Nominal
 MS Actual

=DC          3.3 

2 different reaction sets were carried out. In the first, lauric, palmitic and staeric 

acids were reacted with HES using the same molar fatty acid (FA) to AGU ratio. In 

the second, lauric acid was reacted with HES, where the molar FA:AGU ratio was 

varied. Results in Table 3.1 show that this simple reaction gave satisfactory DC 

ranging between 15-55 mol%. With the same fatty acid to AGU ratio, the average 

MSfatty acid (average for the 3 different HES molar masses used) increased from lauric 

acid (9.5 mol %) to palmitic acid (14.7 mol %). On the other hand, HES stearate had 

a much lower average MSfatty acid (5.8 mol %). One must note that stearic acid did not 

dissolve in DMSO at room temperature so that the temperature had to be increased 

to 40 °C for dissolution. Since relatively low temperatures are required for the 

reaction of DCC with the acid [28], the elevated temperature used might have lead to 

this reduction in MSfatty acid.  

DC increased with increasing the FA:AGU for the lauric acid esterification 

reaction. This may be due to the fact that the amount of catalysts, particularly DMAP, 

increased correspondingly. It is worth mentioning that the polymer molar mass 

seems to have no effect on the MSfatty acid as it is similar for the reactions using the 

same fatty acid and polymer: fatty acid ratio.  

The second investigated synthetic procedure was a transesterification reaction 

using vinyl laurate. Transesterification is a process where an ester is converted into 

another ester by the exchange of the alkoxy moiety [29]. These reactions are usually 

catalyzed by acids or bases, and lately using different enzymes, such as Lipase [30, 

31] and Proteinase [32]. The vinyl groups are good leaving groups that transform into 

acetaldehyde, and thus shift the reaction forward. Figure 3.2 shows a comparison of 

the NMR spectra of HES laurate prepared by the DCC method (a) and the vinyl 

laurate/lyophilized buffer method (b). In case of the DCC catalyzed synthesis, peak 1 

at 4.2 ppm for the α-methylene of the esterified primary alcohol is apparent but it is 

missing in the case of vinyl laurate. This allows the calculation of the proportion of 
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esterification on primary to secondary alcohol. It turns out that ca. 90 % of the 

esterification by the DCC occurred at the primary alcohol position, while using the 

lyophilized salt it occurred exclusively at the secondary alcohols (probably at C2 as it 

is much more reactive than C3). Another clue is peak 2 at 2.35 ppm which belongs to 

the α-methylene group of the FA chain. In the case of esterification at the secondary 

alcohol position, it is much broader due to direct attachment to the polymer 

backbone, while in case of the primary alcohol esterification, it is less broad, due to 

the presence of a spacer (C6 of the AGU or the hydroxyethyl group). 

Similar results were obtained by Decke during the modification of starch using 

vinyl esters and different solid salts in DMSO [33]. The regioselectivity of the 

esterification using vinyl laurate and the lyophilized buffer is attributed to the solvation 

of starch with DMSO which leads to the activation of the secondary alcohol at C2, 

while the mechanistic role of the salt in this reaction is not yet known [33].  

Meanwhile, the preferential esterification of primary alcohols when using DCC is 

probably due to the bulkiness of the DCC-activated acyl group. 
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Figure 3.2. 1H NMR spectrum of HES laurate prepared by the lauric acid/DCC method (a) and 
the vinyl laurate/lyophilized buffer method (b). Inset shows peak assignment, where 1 
is the α-methylene of the esters attached to primary alcohols, and 2 is the α -
methylene of the esters bound to secondary alcohols. 
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Table 3.1. Degree of conversion of the fatty acid, percentage molar substitution as determined by 1H NMR as well as aqueous solubility.  

Serial Sample 
HES Mw 

a 

x103 g/mol

Reacting FAb

(wt in g) 
FA:AGUc Precipitating solvent 

DCFatty acid
d

mol % 

MSFatty acid
e

mol % 
Aqueous 

solubility 

1 HES 70-L2.3 f 70 LA (0.25) 1:6.52 Isopropanol/ether 1:1 15 2.3 
2 HES 200-L2 200 LA (0.25) 1: 6.52 Isopropanol/ether 1:1 13 2 

3 HES 450-L2 450 LA (0.25) 1: 6.52 Isopropanol/ether 1:1 13 2 

Water 
soluble 

4 HES 70-L10.3 70 LA (0.5) 1:3.26 Isopropanol/ether 1:1 33.7 10.3 
5 HES 200-L8.7 200 LA (0.5) 1:3.26 Isopropanol/ether 1:1 28.4 8.7 

6 HES 450-L9.4 450 LA (0.5) 1:3.26 Isopropanol/ether 1:1 30.6 9.4 

Water 
dispersible 

7 HES 70-L19.2 70 LA (1) 1:1.63 Acetonitrile/methanol  1:1 31.3 19.2 
8 HES 200-L27 200 LA (1) 1:1.63 Acetonitrile/ methanol  1:1 44. 27 

9 HES 450-L23.3 450 LA (1) 1:1.63 Acetonitrile/ methanol  2:1 38 23.3 

Water 
insoluble 

10 HES 70-P14.5 70 PA( 0.64) 1:3.26 Isopropanol/ether 1:1 47.2 14.5 

11 HES 200-P16.9 200 PA (0.64) 1:3.26 Isopropanol/ether 1:1 55 16.9 

12 HES 450-P12.6 450 PA (0.64) 1:3.26 Isopropanol/ether 1:1 41.1 12.6 

Water 
insolube 

13 HES 70-S7.5 70 SA (0.7) 1:3.26 Ethanol/ether 1:1 24.4 7.5 
14 HES 200-S5.4 200 SA (0.7) 1:3.26 Ethanol/ether 1:1 17.6 5.4 

15 HES 450-S4.6 450 SA (0.7) 1:3.26 Ethanol/ether 1:1 14.9 4.6 

Water 
dispersible 

 

a Weight average molar masses are according to the manufacturer. Amount of HES in all reactions was 1.5 g. b FA= fatty acid, LA= lauric acid, PA= palmitic acid, 
SA= stearic acid. c molar ratio, AGU= anhydroglucose unit. d DCFatty acid= degree of conversion of the fatty acid. e MSFatty acid= molar substitution of the acyl chains. f 
Sample nomenclature: the numbers 70, 200, 450 refer to the MW of HES as seen in the 2nd column. The letters L, P or S refer to the type of fatty acid used as 
seen in the 3rd column. The number after the letter refers to the molar substitution of the acyl chains as seen in the 7th column.  

. 
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Although the method using the vinyl laurate/lyophilized salt is scientifically 

intriguing and is worth further investigations of the mechanismof the reaction, this 

was beyond the scope of the current thesis. Additionally, The method was time 

consuming, and was thus not pursued for the preparation of the HM-HES. For the 

rest of the thesis, only the samples prepared using the lauric acid/DCC method were 

used. 

3.3.2 Raman spectroscopy 

The esterification was further confirmed with Raman spectroscopy (Figure 3.3 and 

Figure 3.4). By comparing the spectra of the modified HES to that of lauric acid and 

native HES, one can notice the appearance of a shoulder (or a peak for higher MSfatty 

acid) at 1440 cm-1 due to the CH2 scissoring, and at 1300 cm-1 due to CH2 twisting of 

the alkyl chains, as well as a clear shoulder close to 2852 cm-1 due to the symmetric 

CH2 stretching of the alkyl chains. 

Raman spectroscopy is not only a well known analytical tool for the identification 

of functional groups in organic compounds, but it can also deliver valuable 

information about the conformational state, for instance for the hydrocarbon chains 

[34]. To study this effect, the spectra of crystalline and molten lauric acid at 23 °C 

and 55 °C, respectively were compared (N.B., the melting point of lauric acid is 45 °C 

as confirmed by DSC measurements). The spectrum of lauric acid at 23 °C shows 

the typical features of well ordered hydrocarbon chains [35, 36] (see Table 3.2 for 

peak assignment). Upon melting, a number of changes could be observed. Most 

importantly, the antisymmetric C-H stretching at 2880 cm-1, which is very strong and 

sharp in the crystalline state, collapses into a broad peak upon melting, while the 

symmetric C-H stretching peak at 2845 cm-1 remains sharp and the peak position 

increases by 7 cm-1. This latter shift of the symmetric C-H stretching versus 

temperature was found to be sigmoidal, and the midpoint coincides with the melting 

temperature (see Figure 3.5). Furthermore, the decrease in intensity of the C-C 

stretching peaks at 1063 and 1127 cm-1, and the CH3 rocking peak at 893 cm-1 as 

well as the disappearance of the splitting of the CH2 scissoring band at 1400-1480 

cm-1 all indicate a loss of order which means an increase of the gauche/trans ratio of 

the alkyl chains. 
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Table 3.2. Raman peaks and their assignment for conformationally sensitive bands in the 
spectrum of lauric acid at room temperature. 

Peak position (cm-1) Assignment 

893 CH3 rocking 

1063 C-C antisymmetric stretching for 3 or more trans-
trans bonds in sequence 

1127 C-C symmetric stretching for 3 or more trans-
trans bonds in sequence 

1297 CH2 twisting 

1410 Bending of the CH2 group adjacent to COOH 

1400-1480 CH2 scissoring 

2845 CH2 symmetric stretching 

2880 CH2 antisymmetric stretching for 3 or more trans-
trans bonds in sequence 
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Figure 3.3. Raman spectra in the range from 100-2000 cm-1 for a) lauric acid measured at 23°C, 
b) lauric acid at 55°C. c) HES 450 (unmodified), d) HES 450-L0.5, e) HES 450-L1, f) 
HES 450-P0.5. Polymer samples were measured at room temperature. 
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Figure 3.4. Raman spectra in the range 
from 2500-3400 cm-1 for a) lauric 
acid measured at 23°C, b) lauric 
acid at 55°C. c) HES 450, d) HES 
450-L0.5, e) HES 450-L1, f) HES 
450-P0.5. Polymer samples were 
measured at room temperature. 
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Figure 3.5. Raman shift of the symmetric CH2 stretching band as a function of temperature. 

To find out the conformational state of the lauryl residues attached to HES, a 

simulated spectrum was calculated by the addition of spectra of crystalline or molten 

pure lauric acid, respectively, to that of the unmodified HES 450 (90 % of the 
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spectrum was unmodified HES 450 and 10 % was pure lauric acid to simulate the 

MSfatty acid of HES 450-L0.5) and then compared to the experimental spectrum. Figure 

3.5 shows the simulated and experimental spectra in the range of CH2 stretching 

bands. Obviously, the experimental spectrum does not show the sharp peaks due to 

the symmetric and anti-symmetric stretching modes of the ordered chains, indicating 

that the acyl chains are indeed in a non-crystalline state. It is worth noting that similar 

results were found for all types of fatty acids studied and the different polymeric molar 

masses used. 

 

Figure 3.6. Raman spectra of a) HES 
450-L0.5, b) sum spectrum 
consisting of 90 % HES 450 
and 10 % lauric acid at 55°C, 
c) sum spectrum consisting 
of 90 % HES 450 and 10 % 
lauric acid at 23°C. 
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3.3.3 Self-assembly of the water soluble HM-HES 

3.3.3.1 Asymmetric flow field flow fractionation (AF4) 

 

 

 

 

 

 

 

Figure 3.7. dn/dc for HES70-L2 is 0.143 cm3/g. 

0.0015 0.0020 0.0025 0.0030 0.0035 0.0040
0.00025

0.00030

0.00035

0.00040

0.00045

0.00050

0.00055

0.00060

 

 
dn

 / 
μR

IU

Conc / g/cm3

Linear Regression for HES70L2_D:
Y = A + B * X

Parameter Value Error
------------------------------------------------------------
A 2.3958E-5 1.16234E-5
B 0.14332 0.00405
------------------------------------------------------------

R SD N P
------------------------------------------------------------
0.99762 8.2401E-6 8 <0.0001
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AF4 coupled to MALS was used to study the water soluble HM-HES samples 

which have a low degree of modification, and compare them to the original HES (see 

section 2.3.1). The refractive index increment for the water soluble HES laurates was 

0.143 cm3/g as seen in Figure 3.7. The elugrams for the unmodified original HES are 

shown in Figure 3.8, while those for HM-HES are in Figure 3.9, and a summary of the 

data evaluation is given in Table 3.3.  

Upon esterification with lauric acid, the elugrams show considerable changes. 

The refractive index signals show either a second peak (as in the case of HES70-L2) 

or a significant broadening of the polymer peak and extension to longer elution times, 

as in HES200-L2, while HES450-L2 shows a small shift to higher elution times. The 

LS detector shows an increase in the elution times corresponding to those observed 

from the RI detector. The molar masses show a considerable increase over the 

original HES, as well as an increase over the expected/calculated Mw based on 1H 

NMR results (see Table 3.3). Moreover, the polydispersity also increases, particularly 

for HS70-L2 and HES200-L2. The increase in molar mass above the theoretical 

value based on NMR measurements is probably because the amphiphilic polymers 

aggregated to form micelles. However, it was not possible to completely separate the 
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micelles from the soluble molecules due to the high polydispersity of the original 

HES.  
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Figure 3.8. Elugrams for the original HES samples showing the refractive index and molar 
mass (left) as well as the light scattering signal (right) as determined by AF4 coupled 
to MALS. 
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Figure 3.9. Elugrams for the soluble HM-HES samples showing the refractive index and molar 
mass (left) as well as the light scattering signal (right) as determined by AF4 couled 
to MALS. 
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Table 3.3. Weight average and number average molar masses as well as the polydispersity, 
recovery and RMS radius of the original and modified HES samples as measured by 
AF4 coupled to MALS. 

 

Mn 

(x103 

g/mole) 

Mw 

(x103 

g/mole) 

Calc. Mw 

(x103 

g/mole) 

PDI 
Recovery 

(% w/w) 

RMS radius

(nm) 

HES70 35.8 ± 0.8 69.7 ± 2.2 - 1.95 86 ± 1 5.5 ± 0.5 

HES200 59.5 ± 1.0 190.3 ± 6.1 - 3.20 96 ± 1 11.1 ± 1.0

HES450 102.6 ± 5.9 466.9 ± 7.7 - 4.56 93 ± 2 19.0 ±  0.2

HES70-L2 46.1 ± 0.3 105.9 ± 1.7 72 2.30 72 ± 7 6.8 ± 0.7 

HES200-L2 70.3 ± 1.9 292.8 ± 11.8 204 4.17 84 ± 5 14.8 ± 0.3

HES450-L2 137.4 ± 1.6 650.0 ± 2.9 470 4.73 63 ± 2 19.8 ±0.3 

 

An additional peak is observed between 30-40 min for all three samples in the LS 

elugram. The fact that there is no RI signal in this region of the elugram indicates that 

the concentration of these large particles is rather small. The peaks appearing 

between 30-40 min were analysed for their particle size using the “particle mode” 

option available in the software. This option uses the fact that it is possible to 

calculate particle size from light scattering measurements without the knowledge of  

concentration, dn/dc or the molar mass [37]. Results show that those aggregates lie 

between 120-150 nm in diameter. To elucidate the nature of these larger aggregates, 

cryoelectron microscopy was carried out (see the next section) 

3.3.3.2  TEM 

The results of the CryoTEM of the water soluble HESlaurates are shown in Figure 

3.10. Vesicular structures were observed, having a membrane thickness of 7 nm. 

This indicates that the HM-HES could self-assemble into polymeric vesicles, also 

known as polymersomes. 
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Figure 3.10. CryoTEM micrographs for HES70-L2 samples, concentration 5 mg/ml. 

 

Similarly, HES modified with lauric acid and with medium MSfatty acid (samples 4-6 

in Table 3.1) formed polymersomes as shown in the TEM micrographs of negatively 

stained samples (Figure 3.11a). This observation was supported with freeze fracture 

EM (Figure 3.11b). In the latter, the vesicles were not intact after fracture, but the 

fracture plane passed through the vesicles, forming a cross section in the vesicle that 

was clear after etching and shadowing (see Figure 3.11c). The size of the vesicular 

structure from freeze-fracture TEM is in the range of 100-500 nm, and the electron 

micrographs show a broad size distribution.  

 

 

 

 

 

 

 

 



Page 52                                                                                                           Part II: HM-HES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. a) Negative stain TEM micrograph of HES 200-L0.5 nanodispersion (0.5 % w/v) 
showing polymeric vesicles. Arrow points to overlapping vesicles. b) Freeze fracture 
micrograph of the same sample c) schematic for the freeze fracture of the polymer 
vesicle and the etching. 

In general, the interest in polymersomes has increased a lot in the last decade 

from an academic and practical point of view [38, 39]. This is because they have an 

aqueous core which can entrap proteins, polypeptides or nucleotides [40, 41], and 

compared to liposomes, they have higher stability, lower membrane fluidity, lower 

transmembrane permeability and larger membrane thickness [42]. An examination of 

the literature reveals that the majority of publications dealing with polymeric vesicles 

are reports for the self-assembly of di-, tri- or multi-block copolymers [38, 42-45]. In 

this case, it is easy to extend the physicochemical formalisms developped for the 

small surfactant molecules that form vesicles, such as phospholipids or nonionic 

Fracture 
plane 

Polymer 
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Fracture  Etching  
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emulsifiers. This includes the packing factor and interfacial curvature [39]. Only very 

few papers describe the formation of polymersomes from non-block copolymers. For 

instance, the hyberbranched polymer (poly(3-ethyl-3-oxetanemethanol)–star PEO) 

self assembled into giant polymersomes, 100 µm in diameter [46]. Uchegbu et al. 

reported the formation of vesicles from palmitate-modified glycol chitosan [13, 47], 

where it self-assembled into vesicular structures in the presence of cholesterol as 

stabilizer. Recently, Dan et al. reported the spontaneous formation of polymeric 

vesicles from alternating copolymer of hydrophobic alkyl maleates and hydrophilic 

polyhydroxy vinyl ethers [48]. These vesicles were found to have a very thin 

membrane (1.5 ± 0.3 nm), and showed relatively rapid release characteristics similar 

to liposomes. (N.B. Release experiments were carried out using a dialysis 

membrane. In this case, the diffusion through the dialysis membrane is usually the 

rate limiting step and may interfere with the actual release kinetics. [49, 50]) 

Little is known about how graft copolymers can form polymeric vesicles. Ringsdorf 

et al. [51] have mentioned that hydrophobized polymers cannot self-assemble into 

vesicles unless there is a hydrophilic spacer molecule between the lipid and the 

polymer backbone. This is necessary to decouple the movement of the grafted lipid 

and the stiff backbone, otherwise, a high degree of polymeric cooperativity is needed 

which makes vesicle-formation very difficult to achieve. The presence of hydroxyethyl 

units and oligo(ethylene glycol) chains in HES satisfy this necessary prerequisite for 

such assembly. A detailed study of the mechanism of formation of the vesicles needs 

a more defined molecular architecture. This could be achieved by using the fatty acid 

esters of unbranched polysacharide, such as dextrin, as well as coupling 

poly(ethylene oxide) alkyl chains to the same molecule to see the effect of the spacer 

molecule. 

 

3.4 Conclusions and outlook 

HES was hydrophobically modified with lauric, palmitic and stearic acids by mild 

esterification using DCC and DMAP. The molar substitution of the acyl chains (MSfatty 

acid) was determined using 1H NMR. Three groups of HES laurates were produced 

having had an average MSfatty acid of 2, 9.5 and 19-27 mol%. These were water 
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soluble, water dispersible and water insoluble, respectively. Using the same FA:AGU 

molar ratio, an average MSfatty acid of 9.5 and 14.7 mol% were obtained for lauric and 

palmitic acid respectively, while stearic acid showed a lower MSfatty acid (5.8 mol%) 

due to the higher temperature necessary to dissolve it in DMSO. Raman 

spectroscopy confirmed the esterification and showed that the hydrocarbon chains 

lost their crystalline form after esterification. The water-soluble HES laurates were 

studied using AF4, and were found to have a larger size and molar mass compared 

to the unmodified HES. The 100-150 nm aggregates detected in the AF4 

measurements were found to be polymeric vesicles (polymersomes) as visualized 

using TEM. This is one of the few reports describing the formation of polymersomes 

from non-block copolymers. The architecture of the macromolecule needs to be 

optimized in order to increase the amont of produced polymersomes. The ability of 

these polymersomes to encapsulte hydrophilic and/or hydrophobic molecules needs 

to be estimated as well as the release characteristics. 

4 beeeeeeeeeeeeeeeeeeeeeb 
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Chapter 4 

Application of HM-HES for the surface modification 

of PLGA nanospheres 

4.1 Introduction 

Polymeric nanoparticulate systems are promising drug delivery vehicles that can 

control the pharmacokinetics and biological fate of encapsulated drugs [52]. In this 

regard, surface properties proved to be crucial for the behaviour of these 

nanoparticles, where untreated particles are rapidly removed from the circulation by 

the mononuclear phagocytic system (MPS) [53]. This takes place because these 

particles can easily adsorb opsonins from the blood plasma, thus facilitating their 

identification and elimination from the circulation [54]. To prevent this rapid uptake, 

engineering the surface properties of nanoparticles is essential [55]. This can 

produce long-circulating or “stealth” particles and allow both passive and/or active 

targeting. The general conditions for the stealthiness of colloidal drug carriers were 

reviewed by Vonarbourg et al. [56]. These include having a small size, with a neutral 

and hydrophilic surface, as well as a thick, well-anchored and flexible coating.  

Accordingly, the use of hydrophilic polymer-coatings to nanoparticulates is now a 

common practice to achieve a long circulation time. The most commonly used 

polymer for this purpose is poly(ethylene glycol) (PEG) [57] due to its high 

hydrophilicity and extreme flexibility. It is generally accepted that these PEG coats 

prevent opsonization by imparting an entropically-driven steric hindrance for protein 

adsorption, which mainly depends on the degree of surface coverage and their molar 
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mass [58]. However, this may not be the only mechanism. Another possible 

explanation is that the PEG coats allow the selective adsorption of some serum 

proteins that are sometimes known as dysopsonins, i.e. plasma components which 

are believed to prevent opsonization [59, 60]. This is supported by the observation 

that liposomes carrying gangliosides (a group of naturally occurring glycolipids) on 

their surface show an extended circulation time, despite the fact that their very thin 

hydrophilic coats cannot impart the necessary steric hindrance. This is explained by 

their ability to adsorb selectively some dysopsonins [61]. Additionally, the group of R. 

H. Müller has provided evidence that the selective adsorption of blood proteins can 

alter the fate of nanoparticles, by, for example, allowing their targeting to the brain, in 

what they called “differential protein adsorption” [62]. To summarize, it may be the 

selective adsorption, and not the prevention of adsorption, that alters the 

pharmacokinetics and fate of nanoparticles. 

In this study, Pluronics are used to modify the surface of poly(lactic-co-glycolic 

acid) PLGA nanospheres. Pluronics (also known as poloxamers) are a group of ABA 

triblock copolymers with hydrophilic PEG outer blocks and a hydrophobic 

poly(propylene oxide) (PPO) as a middle block. They have been extensively studied 

as surface coatings that can modify the pharmacokinetics and fate of nanoparticles 

[63-67]. For example, Pluronic F127 (poloxamer 407) was found to prolong the 

circulation of PLGA nanospheres, where 44 % and 5.9 % of the nanospheres were 

found in the blood after 3 and 24 h respectively, compared to 6.4 and 1.6 %  for the 

bare nanospheres [65]. However, Pluronics are not biodegradable, and despite the 

long history, no commercial product using F127 was approved for parenteral 

administration until now.  

Polysaccharides have also been suggested as biomimetic polymer coatings for 

nanoparticles [19]. For example, a heparin coating on poly(methyl methacrylate) 

nanoparticles increased their half-life from a few minutes up to 5 h [68]. Similarly, 

coating superparamagnetic iron oxide nanoparticles (SPIONs) with dextran increased 

their half-life up to 4.5 h [69]. However, caution should be exercised upon clinical 

administration to avoid hypersensitivity reactions due to dextran [19].  Meanwhile, 

hydroxyethyl starch (HES) is a semisynthetic polysaccharide that is used as a plasma 

volume expander. HES is currently investigated at the industrial level as a 

biodegradable substitute for PEG, so that HESylation of proteins would substitute 
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PEGylation [70], however the ability of HES to stabilize nanoparticulate systems was 

not studied before. We have reported earlier the synthesis, characterization and self-

assembly of hydrophobically modified hydroxyethyl starch (HM-HES) [71]. In this 

manuscript, the ability of HES laurate to stabilize PLGA nanospheres and the 

interaction of these stabilized nanospheres with phagocytic cells in vitro are reported, 

in comparison to Pluronics. 

4.2 Experimental 

4.2.1 Materials 

Resomer RG 502 (PLGA, molar mass 12-13 kDa) was purchased from 

Boehringer Ingelheim, Germany, Lutrol F68 (Pluronic F68, PEO79-PPO28-PEO79
*, 

molar mass 8.594 kDa [72]) and Lutrol F127 (Pluronic F127, PEO101-PPO56-PEO101
*
, 

molar mass 12.154 kDa [73]) were purchased from BASF, Germany. Different HES 

laurate polymers were synthesized as in section 3.2.2. Only the water soluble and 

water dispersable esters were used in this study (samples 1-6 in Table 3.1). Triton-X 

100, fibrinogen (from bovine plasma) and the fluorescent probes 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) and 3,3′-

dioctadecyloxacarbocyanine perchlorate (DiO) were from Sigma-Aldrich, Germany. 

Human serum albumin (HSA) was from Pharma Dessau GmbH, Germany. All other 

chemicals and solvents were reagent grade and were used as received.  

4.2.2 Nanosphere preparation 

A stock dispersion of the nanospheres was prepared by adding 3.5 ml of distilled 

acetone containing 25 mg PLGA to 10 ml bidistilled water with stirring at 1000 rpm. 

Acetone was removed by evaporation in a rotary evaporator, and the sample weight 

was adjusted to 10 g using bidistilled water. The polymer-stabilized nanospheres 

were prepared by dissolving the amphiphilic polymer in the nanospheres dispersion 

to a final concentration of 7.5 mg/ml. 

For the cell uptake experiments (see below), a very hydrophobic fluorescent dye 

was entrapped in the nanospheres during preparation. 1 mg of a fluorescent probe, 

DiI, was dissolved in 10 ml acetone stock solution and used during the nanospheres 

preparation. Its final concentration in the nanospheres dispersion was 50 µg/ml. For 
                                                 
* The degree of polymerization is an average number 
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these experiments, it was not possible to prepare a stock solution of PLGA 

nanospheres without using a stabilizer, since the nanospheres encapsulating the 

fluorescent probe precipitated during the evaporation of acetone. Therefore, the 

stabilizing polymers were dissolved in water before the addition of the organic PLGA 

solution. This led to the formation of stable nanospheres. 

4.2.3 Physicochemical characterization 

Particle size was determined using dynamic light scattering (DLS). Samples were 

diluted 1:20 in bidistilled water, and the hydrodynamic diameter of the nanospheres 

was determined at 25 °C using the back scattering mode (HPPS, Malvern 

Instruments, UK).  

The thickness of the adsorbed polymer layer (also known as fixed aqueous layer 

thickness, FALT [74]) was determined using DLS, as well as zeta potential (ζ) 

measurements as a function of electrolyte concentration [75]. In the case of DLS, the 

thickness of the adsorbed polymer layer (δ) was determined according to the 

following equation (1) [66]: 

2
oa dd −

=δ           4.1 

where da is the hydrodynamic size after polymer adsorption and do is the 

hydrodynamic size of the bare nanospheres. 

The zeta potential-based measurements of the adsorbed polymer layer are 

derived from the approximation of the Guy-Chapmann theory, which expresses the 

decrease of the electrostatic potential as a function of the distance from the surface 

as follows [76].  

x
ox e κψψ −=           4.2 

where xψ  is the potential at a distance x from the surface, oψ  is the surface potential, 

and κ-1 is the Debye length, which is the length characterizing the decrease with 

distance of the potential in the double layer. The Debye length decreases as the 

concentration of electrolytes increases. This approximation applies only in case of 

using neutral polymers, and using monovalent electrolytes [77]. Since ζ is the 

potential measured at the slip plane (also called plane of shear), then a plot of ln ζ vs. 
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κ will give the thickness of the adsorbed polymer layer, where κ is equal to 

3.33Fehler! Textmarke nicht definiert. c  (c is the molality of electrolytes) [78]. 

For zeta potential measurements, samples were diluted 1:10 with a NaCl solution 

(in bidistilled water) so that the final electrolyte concentration is 0, 1, 2, 4, 6, 8 and 10 

mM. Samples were measured using a Zetamaster (Malvern Instruments, UK). 

4.2.4 Protein adsorption 

In order to test protein adsorption, the nanospheres were prepared in bidistilled 

water or in a phosphate buffered saline (PBS) pH 7.4 (according to the EP). However 

in the latter case, bare nanospheres were not stable, probably because PBS reduces 

the zeta-potential necessary for their stabilization. Therefore, the amphiphilic 

polymers were dissolved in PBS during nanospheres preparation to stabilize them. 

Please note that the HES laurates with high molar substitution were not soluble in 

PBS, and thus not used for this experiment.  

Nanospheres stabilized with the different amphiphilic polymers were incubated 

with different concentrations of HSA (0, 10, 15 and 20 mg/ml dissolved in bidistilled 

water or in PBS pH 7.4) or FBG (0, 1, 2 and 3 mg/ml in PBS pH 7.4) for 3 h at room 

temperature, after which samples were diluted 1:20 and the hydrodynamic radius 

was measured using DLS (HPPS, Malvern Instruments, UK).  

4.2.5 Phagocytosis of the nanospheres 

The murine monocyte-macrophage cell line J774.2 was used to study the 

phagocytic uptake of the different PLGA nanospheres [79, 80]. Cells were maintained 

in Dulbecco’s Modified Eagle Medium (DMEM, Biochrom GmbH, Berlin Germany) 

supplemented with 10 % v/v fetal bovine serum (FBS, Biochrom) and 1 % w/v 

antibiotic/antimycotic solution (Sigma, Deisenhofen, Germany) at 37 °C and 5 % v/v 

CO2.  For phagocytosis experiments, the cells were scraped mechanically at 70 – 90 

% confluence from the bottom of tissue culture flask, and counted using a 

hematocytometer. The cells were suspended in DMEM with 10 % v/v FBS at a 

concentration of 5 x 105 cells/ml.  

100 µl of the cell suspension were added per well in a 96-well plate (Cellstar, 

Greiner bio-one GmbH, Germany), and incubated for 2 h. To each well, 100 µl test 

suspension were added, consisting of 9 parts DMEM supplemented with FBS and 1 
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part nanospheres dispersion, and then incubated at 37 °C for 6 h. Thereafter, the 

wells were washed twice with DMEM and incubated for 1 h with 100 µl of 1 % v/v 

Triton X-100 as a cell lyses solution. The resulting cell lysate was transferred to a 

black poly(propylene) 96-well plate to measure the fluorescence intensity using a 

fluorescent plate reader (Lumistar Optima, BMG, Jena, Germany) with excitation filter 

of 544 nm, and emission filter of 590 nm. The fraction of nanospheres phagocytosed 

was determined by dividing the measured fluorescence intensity to that of the original 

nanospheres preparation diluted 1:10 in 1 % v/v Triton X-100 solution. Since 

phagocytosis does not take place at 4 °C [81], the same experiment was carried out 

simultaneously at 4 °C to determine the extent of surface adsorption of the 

nanospheres to the cells. 

4.2.6 Confocal laser scanning microscopy (CLSM) 

Preparation of the DiO solution [82]: 3 mg DiO were dissolved in 0.9 ml ethanol 

plus 0.1 ml DMSO. The solution was filtered through a 0.45 µm nylon filter. 0.7 ml 

dye solution was diluted to 10 ml with DMEM to a final concentration of ca. 0.2 

mg/ml. 

Cell staining, fixation and mounting: Glass cover slides 15 x 15 mm were 

placed into a 12 well plate (Cellstar, Greiner bio-one GmbH, Germany). To each well, 

0.5 ml of the diluted DiO solution in the culture medium was added. 0.5 ml of the cell 

suspension in DMEM with 10 % v/v FBS at a concentration of 5 x 105 cells/ml were 

added to each well. Cells were incubated in a CO2-incubator at 37 °C for 2 h to allow 

cell adhesion and staining. Then, the medium was aspirated, and adherent cells were 

washed once with DMEM. 1 ml of DiI-encapsulating nanospheres, diluted 1:10 in 

DMEM medium with FBS, was added per well and incubated at 37 °C. After 6 h, the 

medium was aspirated, and the cells washed with PBS. RotiHistofix was used for cell 

fixation, followed by washing with PBS. The cover slides were mounted on objective 

glass slides using Mowiol 4-88 solution, then left to dry at 4 °C for at least 2 days 

before CLSM. 

Images of cells and nanoparticles were obtained using a Leica DM-IRE2 confocal 

microscope (Leica Microsystems Heidelberg GmbH, Mannheim, Germany) equipped 

with a computer-controlled, motorized scan stage. An argon laser for DiO excitation 

at 488 nm was used, while a 543 nm He-Ne laser was used for the excitation of DiI. 2 
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band-pass filters were used between 493-538 nm and 548-630 nm, for the DiO and 

the DiI emission signals, respectively. For each cell, 20 optical planes were scanned, 

each having a thickness of 0.3 µm. 

4.3 Results and discussion 

4.3.1 Physicochemical characterization 

The process of nanoprecipitation can produce nanoparticles with a size range of 

100 – 300 nm and with a narrow unimodal distribution [83]. Results in Table 4. 4.1 

show that the produced nanospheres follow the same pattern, with an average size 

of 110 nm for the bare nanospheres, and a considerable low PDI (< 0.1, c.f. 

emulsions with PDI > 0.2) . The thickness of the adsorbed polymer layer obtained 

from DLS measurements are close to those mentioned in the literature for Pluronic 

F68 (3-6 nm depending on particle size [84]) and F127 (7 nm [65]). In the case of 

HES laurate, it is possible to notice that the thickness increases with the increase of 

the average molar mass from 70 to 450 kDa, particularly in the group with low degree 

of substitution. It is also worth mentioning that the adsorbed layer is thinner in the 

case of high fatty acid substitution. This is probably because the macromolecule 

bends to form loops and trains that are anchored to the surface with the hydrophobic 

fatty acid. Due to the higher fatty acid content, the number of loops is higher and the 

thickness is thus lower (Figure 3.12). 
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Figure 3.12. A simplified schematic representation showing the adsorption of Pluronics on the 
surface of PLGA nanospheres (left), where the PPO blocks (black) adsorb to the 
surface, while the PEG chains (grey) extend to the surrounding aqueous phase. In the 
middle, the HM-HES with low substitution is anchored to the surface through the 
alkyl chains (black) and the HES backbone (grey) forms loops and tails. To the right, 
the HM-HES with high substitution shows a more tight anchorage due to the higher 
number of fatty acid chains and the thickness of the adsorbed layer is smaller. 

 

As seen in Table 4.1, the increase of the molar mass (and thus the adsorbed 

layer thickness) is accompanied with a decrease in the zeta potential. This is due to 

the outward shift of the slip plane due to the increase in the thickness of the 

adsorbed polymer layer. The adsorbed layer thickness determined from zeta 

potential measurements is slightly higher for the Pluronics than that determined by 

DLS, but is nearly identical in the case of HES laurates. It is worth mentioning that 

the thickness of the adsorbed polymer layer is method-dependent. For example, 

Stolnik et. al [66] found a difference in the results of the thickness of the polymer 

layer when determined by field flow fractionation (FFF) and DLS. Similarly, Rübe et 

al. [85] found the thickness of Pluronic F68 adsorbed on PLA nanocapsules to be 17 

nm using small angle neutron scattering. In this regard, the differences between the 2 

methods used in this study can be regarded as minor. 
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Table 4.1. Z-Average diameter, polydispersity index (PDI), zeta potential and the thickness of 
the adsorbed polymer layer determined using DLS and zeta potential measurements 
for PLGA nanospheres (NS) stabilized with different amphiphilic polymers.  

  

Z-Av ± S.D. PDI 

Thickness of the 
adsorbed polymer 

layer from DLS 
(nm) 

Zeta 
Potential 

(mV) 

Thickness of the 
adsorbed polymer 

layer from zeta 
potential (nm) 

Bare NS 110.5 ± 1.1 0.06 0 - 34.5 0 

F68 116.9 ± 0.8 0.07 3.17 - 23.1 5.4 +/- 0.16 

F127 122.8 ± 0.8 0.06 6.12 - 23.5 8.9 +/- 1.10 

HES 70-L2 126.3 ± 0.9 0.07 7.87 -19.2 7.4 +/- 1.40 

HES 200-L2 132.9 ± 0.5 0.10 11.20 - 16.4 11.9 +/- 1.00 

HES 450-L2 140.7 ± 1.2 0.07 15.07 -15.6 14.2+/- 2.40 

HES 70-L10.3 116 ± 0.4 0.12 2.75 n.d. n.d. 

HES 200-L8.4 118.8 ± 0.4 0.11 4.15 n.d. n.d. 

HES 450-L9.4 119 ± 0.9 0.12 4.25 n.d. n.d. 

(n.d. = not determined) 

Both Pluronic F68 and F127 have 2 PEG chains, each having an average† of 76 

and 100 monomeric units, respectively. Note that the radius of gyration of a polymer 

in a theta solvent is equal to: 

2/1aNRg =            4.3 

And in a good solvent 

5/3aNRg =           4.4 

 

where a is the segment length (which is 0.36 nm in case of PEG [76], and 0.515 nm 

in case of the anhydroglucose unit (AGU) [87]), and N is the degree of 

polymerization. A comparison between the expected diameters from Table 4.2 and 

the thickness of the adsorbed polymer layers shows that the values for Pluronics are 

close to the theoretical values for a random coil, while they are much lower than 
                                                 
† The average molar mass copolymer distribution which conforms to the USP requirement for Pluronic F68 is 
7680-9510 Da, and for Pluronic F127 is 9840-14600 Da. Batch-to batch variations and differences between 
different producers were observed by different researchers  [86] 
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theoretical for the HES-Laurates. This discrepancy could be for a number of reasons, 

including the fact that HES is a branched polymer with a rather large polydispersity, 

and more importantly, that HM-HES is expected to bend on the surface forming loops 

and trains in order to accommodate the hydrophobic fatty acid groups on the surface 

of the nanospheres. 
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Figure 3.13. Plot of ln ζ vs. 3.33 c  (= κ). The slope gives the thickness of the adsorbed 

polymer layer. 
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Table 4.2. Number of monomeric units for the different amphiphilic polymers, together with the 
radius of gyration in theta- and good solvents. 

 Number of 

monomers 

Rg in theta 

solvent 

(nm) 

Diameter in 

theta solvent

(nm) 

Rg in  good 

solvent 

(nm) 

Diameter in 

good solvent

(nm) 

 One PEG chain 

of Pluronic F68 
76 3.14 6.28 4.84 9.68 

One PEG chain 

of Pluronic F127 
100 3.6 7.2 5.7 11.4 

HES 70-L2 379 10 20 18.15  

HES 200-L2 1084 16.96 33.92 34.1 68.2 

HES 450-L2 2439 24.69 49.38 55.48 110.96 

 

4.3.2 Protein adsorption 

Figure 3.14 shows the results of incubation of the bare and the polymer-stabilized 

PLGA nanospheres with different concentrations of HSA in bidistilled water. The bare 

PLGA nanospheres show an increase in the hydrodynamic radius of 33 nm with the 

10 mg/ml HSA concentration, which then decreases to approximately 10 nm for the 

higher concentrations. Lee et al. [88] have reported similar results for HSA adsorption 

on polystyrene nanospheres. They attributed the initial high apparent increase in the 

hydrodynamic radius at a protein/polymer ratio ≤ 5 due to bridging of nanospheres 

with the albumin molecules. Higher concentrations give a constant increase in 

thickness of approximately 8 nm due to a monolayer of adsorbed albumin [88]. 

Tan et al. [64] reported that Pluronic F68 and F108 (the latter having 2 PEG 

chains each with approximately 129 monomeric units) were effective in preventing 

the adsorption of HSA on polystyrene nanospheres. Similarly, our results show that 

Pluronics prevent the adsorption of HSA on PLGA nanospheres as indicated by the 

constant hydrodynamic radius of the nanospheres. On the other hand, not all the 

HES laurates behaved in the same manner. Those having a low degree of 
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substitution were effective in preventing the protein adsorption, while the ones with a 

higher degree of substitution showed a slight increase in size with 15 mg/ml HSA 

probably due to protein adsorption, and a large increase in size with eventual 

precipitation with higher protein concentration due to bridging and destabilization of 

the nanospheres. Albumin is known to have 4 binding sites for fatty acids [89]. It is 

possible that some alkyl chains are extending to the aqueous environment in the 

case of the high degree of substitution, and thus act as adsorption sites and bridging 

points for HSA. Upon using PBS pH 7.4 instead of bidistilled water, no adsorption 

was observed in the case of Pluronics or low substitution HES laurates (Figure 3.15). 

It is worth mentioning that the increase in ionic strength due to using PBS reduces 

the effect of electrostatic repulsion. This indicates that indeed the prevention of 

adsorption was due to steric hindrance from the polymer coat. HES laurates with high 

degree of substitution were not used in this experiment because they were not 

soluble in PBS. 
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Figure 3.14. Hydrodynamic radius of PLGA nanospheres stabilized using different amphiphilic 
polymers before and after incubation with 10, 15 and 20 mg/ml HSA in bidistilled 
water at room temperature for 3 h. For better visibility, the inset shows the same data 
excluding the results of HES laurates with high degree of modification. 

Fibrinogen is known to have a higher penetrating/anchoring ability due to its semi-

flexible α-chains, and thus a higher affinity to hydrophobic surfaces [88]. As seen in 
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Figure 3.16, Pluronic F68 failed to prevent the adsorption of fibrinogen, while F127 as 

well as the low substitution HES laurates showed no adsorption. 
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Figure 3.15. Hydrodynamic radius of PLGA nanospheres stabilized using different amphiphilic 
polymers before and after incubation with 10, 15 and 20 mg/ml HSA in PBS pH 7.4 at 
room temperature for 3 h. 
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Figure 3.16. Hydrodynamic radius of PLGA nanospheres stabilized with different amphiphilic 
polymers incubated with 0, 1, 2 and 3 mg/ml fibrinogen in PBS pH 7.4 at room 
temperature for 3 h. 
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4.3.3 Phagocytosis of nanospheres 

It is well known that pluronic F68 and F127 can reduce the uptake of 

nanospheres by phagocytic cells in vitro [65, 67]. However, the reduction of 

phagocytosis in the case of Pluronic F68 is concentration dependent, and decreases 

by dilution [90], implying a reversible adsorption. Figure 3.17 shows the quantities of 

nanospheres associated with cells after 6 h of incubation with the particles at 4 °C 

and 37 °C.  The fluorescence intensity (FI) was lower at 4 °C with no statistically 

significant differences between the various polymeric coats (P ≤ 0.001). Since 

phagocytosis is inhibited at 4 °C [81], one can assume that nanospheres are only 

adhering to the cell surface at this temperature. By contrast at 37 °C, significantly 

elevated FI can be observed for all nanospheres modifications indicating 

phagocytosis of nanospheres. Pluronic F68 expressed the highest FI indicating 

highest particle uptake, while Pluronic F127 and HES 450-L2 showed a statistically 

significant reduction (40-50 % reduction in uptake) compared to Pluronic F68. Figure 

3.18 shows the effect of the amphiphilic polymer concentration on the uptake of 

nanospheres at 37 °C. As expected for Pluronic F68, the reduction in uptake was 

concentration dependent, and increased with increasing concentration. By contrast, it 

was rather constant in the case of HES 450-L2 in the studied concentration range. 

This points to the relatively firm attachment of HES 450-L2 to the surface, which is 

probably due to the presence of multiple anchoring points, and the need for a 

statistically less likely cooperative motion of the polymer backbone for the desorption 

of the macromolecule. 
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Figure 3.17. Adsorption and uptake of PLGA nanospheres stabilized with different amphiphilic 
polymers upon incubation with J774.2 phagocytic cell line for 6 h at 4 °C (dashed 
bars), and 37 °C (black bars). Statistical significance was calculated using 2-tailed 
unpaired t-test, P ≤ 0.001. (Average of 2 experiments, n=10). 
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The confocal micrographs in Figure 3.19 represent optical sections in the middle 

of the cells (slice 11 out of 20). Cells were incubated with nanospheres, stabilized 

with different polymers, for 6 h at 37 °C. The micrograph in Figure 3.8a shows the 

appearance of cells labelled with DiO only, which stains mainly lipids. The cells have 

a strong green background, while the nuclear region appears black. A specific 

staining of internal vesicles, which may represent endosomes and other organelles, 

is visible. Cells incubated with Pluronic F68-stabilized nanospheres shown in Figure 

3.8b, express a large number of red dots (see arrows), which represent nanospheres 

stained with DiI. These dots are mainly visible inside the cells. The orange colour of 

most of them indicates a mixing with the green staining of intracellular vesicles. This 

is probably attributed to the trafficking of the nanospheres to cell organelles, such as 

the endosomes or lysosomes. By contrast, only a few nanospheres stabilized with 

F127 and HES 450-L2 (Figure 3.8c and d) can be seen associated with cells. 

Moreover, the nanospheres stabilized with F68 showed a higher tendency for surface 

adsorption than those stabilized with F127 or HES 450-L2 (see arrows in Figure 

3.8b). Overall, confocal microscopy confirms qualitatively the findings of quantitative 

phagocytosis assay, that nanospheres stabilized with F68 undergo a considerable 

uptake while those covered with F127 or HES 450-L2 possess a stealth character 

since their uptake was considerably lower.   
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Figure 3.19. CLSM micrographs of a control cell (not incubated with nanospheres) stained with 
DiO (green) (a), cells incubated with PLGA nanospheres stabilized with Pluronic F68 
(b), Pluronic F127 (c), and HES 450-L2 (d) at 37 °C for 6 h. nanospheres are stained 
with DiI (red) 

 

4.4 Conclusions and outlook 

In this study, the ability of HES laurates - having different molar masses and 

different degrees of modifications - to stabilize PLGA nanospheres was evaluated, in 

comparison to Pluronic F68 and F127. Nanospheres with an average particle size of 

110-140 nm were produced. The thickness of the adsorbed polymer layer increases 

with the increase in molar mass, and is generally higher for HES laurates than the 
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studied Pluronics. The adsorption of HSA on the nanospheres was prevented by 

Pluronic F68, F127 as well as the HES laurates with low molar substitution, while the 

ones stabilized with medium substitution HES laurate aggregated in the presence of 

HSA. This is probably due to the presence of fatty acid binding sites on HSA, so that 

it acts as bridges between the nanospheres. Meanwhile, HES laurates with low molar 

substitution and F127, but not F68, prevented the adsorption of the more 

hydrophobic protein fibrinogen. The phagocytosis experiments showed that the HES 

laurates, particularly HES450-L2, could reduce the uptake of the nanospheres better 

than F68 and comparable to F127. This points to the significant role of an efficient 

steric repulsion to prevent protein adsorption and phagocytosis.  In general, HES 

laurates with low degree of substitution may be a biodegradable alternative to 

Pluronic F127 for stabilization and in vivo administration of PLGA nanospheres. 

However, the question remains open; how they would perform in vivo, which should e 

the focus of future investigations.  
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Chapter 5 

Synthesis, Characterization and in-vivo evaluation 

of Gd-HES 

5.1 Introduction 

Since its first implementation by Lauterbur [1], magnetic resonance imaging (MRI) 

has become a powerful non-invasive diagnostic tool in the clinical setting. It depends 

on the phenomenon of nuclear magnetic resonance (NMR), whereby atomic nuclei 

exposed to a strong magnetic field absorb electromagnetic waves at a characteristic 

frequency, which falls in the radio frequency (RF) range [2]. Using special 3D-

encoding techniques, MRI gives a spatial distribution of the density (and relaxation) 

of protons [3]. When compared to other clinical imaging techniques like computerized 

tomography (CT) or positron emission tomography (PET), MRI has the advantage of 

(i) using non-ionizing radiations, and (ii) high versatility, since the procedure used to 

acquire the images can be easily tailored to enhance the visibility of specific organs 

or tissues.  

Despite its high ability to differentiate between internal organs, MRI contrast 

agents may be used for tissue specific enhancement of the MRI images. Depending 

on their pharmacokinetics and biodistribution, which in turn depend on their 

physicochemical properties, size and molar mass, these contrast agents can 

differentially enhance certain pathological conditions, thus sparing the patient from 

carrying out a biopsy or other expensive and invasive procedure [4]. For the sake of 

clarifying the background for the experiments described in this section, this 
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introduction will include a brief overview of the basics of MRI and the contrast agents 

used for image enhancement. 

5.1.1 Magnetic resonance imaging 

5.1.1.1  Theory 

Medical magnetic resonance uses the signal from the nuclei of hydrogen atoms 

(protons) for image construction. As a rotating mass carrying a positive charge, the 

proton possesses a magnetic moment, i.e. it behaves like a small magnet. In an 

external magnetic field, the nucleus precesses along the direction of the field (see 

Figure 5.1). The speed of precession is proportional to the applied magnetic field [5], 

and is called the “Larmor frequency” ωo,  

ooo B×= γω           Eq. 1 

where γo is the gyromagnetic ratio* and Bo is the external magnetic field. For protons 

exposed to an MRI magnetic field, the Larmor frequency lies in the radiofrequency 

range. 

 

 

 

 

 

 

Figure 5.1. A schematic diagram illustrating the alignment of nuclei in an external magnetic 
field. Left, random orientation of the nuclei. Right, precession of the nuclei along the 
direction of the external magnetic filed Bo. 

 

                                                 
* The gyromagnetic ratio for a nucleus is the ratio of the nuclear magnetic dipole moment to its angular 
momentum.  
 
 

Bo
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The net magnetic field of all nuclei is the vector sum of the magnetic moments of 

all the protons, and is called the nuclear magnetization M [2]. Under equilibrium 

conditions, there is a small net magnetization in the longitudinal direction (parallel to 

static field B0), while the transverse component (perpendicular to B0) is equal to zero. 

By applying a short pulse of oscillating magnetic field at exactly the Larmor frequency 

(RF signal), the nuclear magnetization can be tipped away from the longitudinal axis, 

producing a finite component in the transverse plane. Since the nuclei precess in 

phase, they produce an oscillating magnetic field that can be detected with an RF 

receiver coil. The signal is thus proportional to the transverse component of M. When 

the RF signal is turned off, the transverse magnetization will gradually decay to zero 

and the signal disappears [6].  

The RF excitation is quantified by the flip angle (FA) through which the net 

magnetization is tipped away from the longitudinal axis, and FA is equal to 

τγβ1=FA           Eq. 2 

where β 1 is the magnetic field component of the RF signal, and τ  is the pulse 
duration.  

The maximum achievable signal is obtained with an FA of 90°, which transfers all 

the longitudinal magnetization into the transverse plane. The amplitude of the signal 

is then limited only by the magnitude of the equilibrium magnetization M0. This, in 

turn, is determined by the strength of the static magnetic field B0. Accordingly, MRI 

instruments with stronger fields have a higher sensitivity. 

5.1.1.2  Spin relaxation 

Excitation of nuclei by means of an RF pulse makes a number of spins precess in 

synchrony, producing a rotating magnetic field that can be detected with an RF coil. 

However, the signal will not persist indefinitely, because the nuclei will lose the phase 

coherence among the spins with a corresponding attenuation of the transverse 

magnetization. This loss of phase coherence is called „transverse relaxation“, and the 

time scale over which it occurs is known as T2. Since the MR signal represents the 

transverse component of the magnetization, T2 determines how quickly an MR signal 

fades after excitation. Simultaneously, the nuclei lose energy to their surroundings, 

leading to the recovery of the longitudinal magnetization to the original equilibrium 
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state. This loss in energy is called „longitudinal relaxation“, and its time scale is T1. 

Thus T1 determines the time required for the spins to recover and be available for the 

next excitation. In many cases, the decrease in the MR signal due to T2 relaxation 

takes around 100-300 ms, while the recovery of the longitudinal magnetization takes 

0.5-5 s [5]. 

5.1.1.2.1  Longitudinal relaxation time T1 

Longitudinal relaxation (also known as spin-lattice relaxation) arises from loss of 

the excitation energy to the surroundings due to fluctuations in the local magnetic 

field. The latter is the sum of the external field and the smaller fields generated by the 

neighboring nuclei, electrons and molecules. As the molecule tumbles, the protons 

experience a fluctuating magnetic field. The excited protons can lose their energy to 

the surrounding environment when these fluctuations (or the molecular tumbling rate) 

approach the Larmor frequency. Thus T1 depends on the molecular mobility, which 

varies with molecular size and the surrounding environment [6].  

5.1.1.2.2  Transverse relaxation time T2 

Transverse relaxation (also known as spin-spin relaxation) occurs more rapidly 

than longitudinal relaxation, because it involves a number of mechanisms, both 

microscopic and mesoscopic. The component caused by microscopic processes is a 

spin-spin interaction accompanied by energy transfer between spins. This process 

takes place on a time scale denoted T2, and occur most efficiently if the molecular 

tumbling rate is low.  

Dephasing over a mesoscopic scale further shortens the relaxation time of the 

transverse magnetization to a value denoted T2*. It is a result of magnetic field 

inhomogeneities, which is due to differences in magnetic susceptibility. The latter 

alters the strength of the field both within the tissue itself and in its immediate 

neighborhood. Most biological materials are diamagnetic, meaning that they have a 

small negative susceptibility. A few biological substances, mostly blood proteins, 

such as deoxyhemoglobin, are paramagnetic and have a small positive susceptibility. 

Whenever a sample contains tissues of different susceptibility, the strength of the 

magnetic field changes across their boundaries, causing spin dephasing and 

shortening the T2* value. This occurs around air-filled cavities, such as the sinuses, 

and in tissues containing deoxygenated blood or byproducts of hemorrhage. 
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5.1.1.3  Measurement of T1 and T2 

Several pulse sequences can be used to measure the relaxation times. The 

simplest pulse sequence is the application of a single 90° RF pulse. The subsequent 

attenuation of the transverse magnetization is known as the free induction decay 

(FID). Since it is affected by both spin-spin relaxation and field inhomogeneities, it 

occurs on a T2* timescale. 

The dephasing caused by mesoscopic field inhomogeneities can be reversed 

using a refocusing procedure. The method uses a 180° RF pulse (the refocusing 

pulse) to give the slower spins a head start, while the faster spins need longer time to 

refocus. As the spins precess back under the influence of the same field 

inhomogeneities (this eliminating their effect), they gradually come back into phase, 

producing a brief signal recovery known as a “spin echo”. The time taken for the 

spins to rephase exactly equals the time during which they were allowed to dephase, 

and the total is known as the “echo time, TE”. Since the effect of the mesoscopic field 

inhomogeneities are neutralized, the decay of the spin echo train is governed by T2 

relaxation and not T2*. 

 

 

 

 

 

 

 

 

Figure 5.2. The use of a 180° refocusing pulse results in the elimination of the effect of field 
inhomogeneities and the formation of a spin echo. The amplitude of the spin echo is 
determined by the T2 relaxation that has occurred during the echo time TE (from 
reference [6]).  
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The above sequence (90° pulse followed by 180°, known as the Hahn spin echo) 

can be replaced by a more refined one for T2 measurement, namely the CPMG 

(Carr-Purcell-Meiboom-Gill) sequence. If there is an error in the 180° RF pulse (175° 

instead of 180°), the magnetization will not be in the x-y plane, and thus the signal 

will be smaller than expected. To avoid this, a second 180° pulse is applied to 

recover the echo exactly in plane. 

T1 is usually measured by the inversion recovery sequence. A 180° pulse is 

applied flipping the magnetization in the negative z-direction. After a certain time 

period, τ, a 90° pulse is applied to tip the magnetization in the x-y plane in order to 

measure its magnitude. Before the 90° pulse, the longitudinal magnetization will tend 

to recover its original (positive) magnitude due to the spin-lattice relaxation. After 

applying the 90° pulse, and for small values of τ, the magnetization will still have a 

negative value, which then increases for larger values of τ, passing through zero 

(see) [7].  

 

 

 

 

 
 
 
 
 
Figure 5.3. Pulse sequence for inversion recovery (top) and CPMG (bottom). 

5.1.1.4  T1- and T2-weighted images 

To produce a good signal-to-noise ratio during imaging, the process of excitation 

and signal acquisition needs to be repeated several times in succession. The 

repetition time between successive excitations, TR, is important in determining the 

signal amplitude from a given tissue type. If the TR is short with respect to T1 of the 

tissue, the longitudinal magnetization will not have fully recovered to its equilibrium 

value before the next excitation. Because the magnetization remains partially 
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saturated, no further excitation is possible, and the signal from the tissue is reduced 

accordingly. By comparison, a tissue with a faster relaxation rate will be less 

saturated and will exhibit a relatively higher signal. If a long TR is selected, all tissues 

will have enough time to return to the equilibrium state and thus will give similar 

signals. Therefore, if TR is chosen to be sufficiently short that the signal from each 

tissue depends heavily on its T1 value, the resulting image is described as being ‘T1-

weighted.’  

In imaging, spin-echo acquisitions provide T2 weighting, whereas FID acquisitions 

provide T2* weighting. The degree of T2-weighting is determined by the value of TE, 

which for a spin-echo sequence may range from a few milliseconds to hundreds of 

milliseconds. If a relatively long TE is chosen, tissues with a short T2 look dark since 

they have lost most of their signal, while tissues with a long T2 still produce a signal 

and appear bright. Because spin-echo sequences employ large FA, they require long 

TR to allow adequate recovery of the longitudinal magnetization. Typical TR values 

range from hundreds of milliseconds to several seconds, the shorter values 

producing greater degrees of T1-weighting. 

Table 5.1. Summary for T1- and T2-weighting (adapted from reference [5]) 

 

 

 

 

5.1.1.5  Spatial encoding for image acquisition 

To construct an MRI image, the nuclei in a certain body slice are excited. Nuclei 

can absorb energy from the RF field only if their Larmor frequency exactly matches 

the frequency of the RF field. Slice-selective excitation is achieved by applying the 

RF field in the presence of a magnetic field gradient. The gradient produces a linear 

variation in the strength of the static field, B0, which gives rise to a spatial variation in 

the value of the Larmor frequency. Only those spins whose Larmor frequency exactly 

matches the frequency of the applied RF field will be excited. 

• Short TR (approximately < 600 ms) gives a strong T1 weighting 
• Long TE (approximately > 60 ms) gives a strong T2 weighting 

 
• Tissues with a short T1 appear bright on T1-weighted images. 
• Tissues with a long T1 appear dark on T1-weighted images. 
• Tissues with a short T2 appear dark on T2-weighted images. 
• Tissues with a long T2 appear bright on T2-weighted images. 
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Figure 5.4. Slice selection. To acquire an image of a particular slice of tissue, the scanner must 
excite the nuclear magnetization only within that slice. Slice-selective excitation is 
achieved by applying an RF)pulse in the presence of a magnetic field gradient. The 
gradient produces a linear variation in the strength of the static field, which gives rise 
to a spatial variation in the value of the Larmor frequency. Only those spins whose 
Larmor frequency, ωL, exactly matches the frequency of the applied RF field, ωRF, 
will be excited. 

 

To obtain information from the 2 dimensions in the slice, frequency encoding is 

applied in one direction, while phase encoding is applied in the other. (for further 

details of these techniques, excellent books can be consulted [5, 6]. 

5.1.2 MRI contrast agents 

MRI contrast agents can alter the magnetic relaxation times, thus increasing the 

contrast between tissues that would otherwise be difficult to obtain, particularly soft 

tissues such as the liver, GIT, cardiovascular system, lymphatic system and the lung. 

MRI contrast agents can alter T1 and T2 to varying degrees. Those that alter T1 and 

T2 by roughly the same amounts generate a positive contrast in T1-weighed images. 

These positive contrast agents are usually paramagnetic complexes of Gd3+ or Mn2+ 

ions [4, 8]. By contrast, super paramagnetic iron oxide nanoparticles (SPIONs) lead 

to a pronounced decrease in T2 compared to T1, and usually give dark spots 

(negative contrast) in T2-weighed images [4, 8].  

The commercially available positive MRI contrast agents, such as Gd-DTPA, Gd-

DOTA or Gd-BOPTA have low molar masses. This causes several drawbacks, such 

as 1) extravasation after administration resulting in low image quality; and 2) rapid 

elimination through the kidneys (Gd-DTPA has a half-life of only 20 minutes in rats 

[9]). One approach to overcome these drawbacks is to conjugate these chelates to a 

ω ωL RF = ω ωL RF< 
ω ωL RF > 

Magnetic field
gradient

Static magnetic
field
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polymeric carrier. Such polymeric contrast agents have additional advantages. These 

include 1) the ability to reduce toxicity of metal ions 2) persistence in the blood, thus 

the time window for imaging is not so critical 3) significantly higher contrast 4) the 

possibility to attach and deliver other ligands including therapeutic modalities 5) they 

can be conjugated to a homing device to be targeted to specific tissues [10, 11]. 

The macromolecular contrast agents have a number of applications. Since they 

are retained in the blood, they can act as a blood pool contrast agent. This can be 

used to assess tissue perfusion, blood volume, capillary permeability and vascular 

anatomy [12]. They can also be used to detect pathological conditions with enhanced 

vascular permeability, such as in case of inflammation, myocardial infarction, 

atherosclerosis, breakdown of the blood-brain barrier and tumors [11].  

Historically speaking, the conjugate of albumin to Gd-DTPA, first synthesized by 

Ogan et al. in 1987 [13], was among the first macromolecular MRI contrast agents. It 

showed potential utility in angiography, mammography and in characterizing the 

microvessels of tumors [4]. However, the elimination of the conjugate is incomplete.  

Accumulation particularly in the liver and bone was observed [4]. Furthermore, 

albumin is potentially immunogenic. All this have prevented the evaluation of the 

albumin conjugate in humans and limited it only to animal tests. To avoid these 

disadvantages, dextran was used instead of albumin and evaluated by several 

authors [14, 15]. The dextran conjugate has a better toxicity profile and was tested in 

humans. However, it is worth noting that there is a high incidence of anaphylactic 

reactions to dextran with a high molar mass. A series of dendrimers with different 

sizes based on polyamidoamine (PAMAM) and polypropylenimine diaminobutane 

(DAB) were conjugated to Gd-DTPA or Gd-DOTA and evaluated in animals [16]. 

Dendrimers 3-6 nm in size were rapidly excreted through the kidneys, while those 

with 7-12 nm size were retained in the circulation and were better suited as blood 

pool contrast agents.  Despite the fact that these dendrimers have a very narrow 

polydispersity and their size is readily tailored, concerns about toxicity may arise due 

to their non-biodegradability. Other polymers include poly(ethylene glycol) [17] and 

poly(l-glutamic acid) [18]. 

It is thus clear that a non-immunogenic biodegradable polymer backbone would 

be the ideal carrier. To this end, hydroxyethyl starch (HES) was chosen in this study. 

HES, with different molar masses, was coupled to DTPA, and then Gd was chelated 
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to it. The HES conjugate was characterized using different methods, and finally 

evaluated in animal models in comparison to low molar mass Gd chelates. 

5.2 Experimental 

5.2.1 Materials 

HES70 and HES200 (Mw 70 x 103 and 200 x 103 g/mole, Serumwerke Bernburg, 

Germany), diethylenetriaminepentaacetic acid (DTPA) (product no. 32320, Fluka), 

N,N′-Dicyclohexylcarbodiimide (DCC) (product no. 36650, Sigma-Aldrich), N-

hydroxysuccinimide (NHS) (product no. 130672, Sigma-Aldrich), N,N-

dimethylaminopyridine (DMAP) (Merck). GdCl3.6H2O (product no. G7532, Sigma-

Aldrich). 

5.2.2 Synthesis of the Gd-HES chelates 

A predetermined amount of DTPA (see Table 5.2) was dissolved in 10 ml dry 

DMF by heating and sonication. After addition of DMAP and heating, DTPA dissolved 

completely. DCC and NHS were dissolved in 5 ml DMF then added to the DTPA 

solution. The molar ratio of DTPA : DMAP : DCC : NHS was 4:1:2:2. 1.5 g HES70 or 

HES200 (8.1 mmol of AGU) were dried at 105 °C for 2 h, then dissolved in 10 ml 

DMF. HES solution was added to the DTPA solution and left to react overnight at 

room temperature under stirring. The reaction mixture was filtered using a Buchner 

flask, dialyzed for 4 days (MWCO 6- 8 kDa), then lyophilized. 

For chelation of Gd, 500 mg of the HES-DTPA conjugate were dissolved in 5 ml 

distilled water (DW). 400 mg GdCl3.6H2O were dissolved in 5 ml DW and added to 

the modified HES solution. The mixture was stirred for 1 h, then dialyzed against DW 

for 3 days and lyophilized. 
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Table 5.2. Amount of DTPA reacted with 1.5 g of HES to produce the different HES-DTPA 
conjugates. 

 
 
 
 
 
 
 
 
 

a The 1st number in the sample name stands for the molar mass of the original HES, while the 2nd 

one represents the molar substitution (MS) of DTPA (see section  5.3.1 for more information) 

5.2.3 1H NMR spectroscopy 

For 1H NMR measurements, 50 mg polymer samples were dissolved in 600 µl 

D2O alone, or with 10 mg NaOH, and measured at 400 MHz (Gemini 2000, Varian 

Inc., USA). 

5.2.4 Conductometric analysis 

A solution of GdCl3.6H2O was prepared (120 mg/100 ml DW). Solutions of HES-

DTPA in 30 ml DW were prepared. Gd solution was added in steps of 0.5 ml and the 

conductivity was measured. The measurement was carried out 3 times for each of 

the modified HES. 

5.2.5 Asymmetric flow field flow fractionation (AF4) 

Samples were prepared with a concentration of 5 mg/ml in a 50 mM NaCl solution 

preserved with 0.02 % w/v NaN3. For FFF measurements, the Eclipse FFF system 

(Wyatt Technology Corp., California, USA) was used. It was coupled to a DAWN 

EOS MALS detector (Wyatt Technology Corp., California, USA) and an RI detector 

Shodex 101 (Shoko America, Colorado, USA). Samples were filtered through a 0.2 

µm filter and 100 µl of the solution were injected into a channel having a 350 µm 

spacer and a 5 kDa regenerated cellulose membrane. A channel flow of 2 ml/min 

was maintained, while a linearly decreasing cross flow from 2 ml/min to 0 ml/min over 

30 min was used for separation (see Table 5.3). Data were evaluated using ASTRA 

software v.4.90.08 (Wyatt Technology Corp., California, USA). 

Sample 
DTPA 

g (mmol) 

HES70-DTPA18a 1.6 (4) 

HES70-DTPA25 a 2.4 (6) 

HES200-DTPA20 a 1.6 (4) 
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For HES70, a dn/dc value equal to 0.146 was obtained from the literature [19]. 

For the other samples, dn/dc was determined by measuring 3 different 

concentrations, each repeated three times. 

Table 5.3. Program for sample separation used for AF4 measurements. 

Cross flow (ml/min) 
 

Duration

(min) 
Start End 

Focus flow 

(ml/min) 

Elution 2 2 2 _ 

Focus 1 _ _ 2 

Focus+inj 2 _ _ 2 

Focus 1 _ _ 2 

Elution 30 2 0 _ 

Elution 10 0 0 _ 

Elution+inj 10 0 0 _ 

 

5.2.6 Determination of relaxivity 

Samples were dissolved in PBS pH 7.4 (EP) and measured at 37 °C in a 20 MHz 

benchtop MRI spectrometer (Oxford Instruments, UK). For T1 measurement, the 

inversion recovery pulse sequence was used, while for T2 measurements, the CPMG 

sequence (Carr-Purcell-Meiboom-Gill sequence) was used (see Figure 5.3). 

Measurement parameters are included in Table 5.4. 

Table 5.4. Parameters for MRI measurements. 

 For T1 measurement For T2 Measurement 

RG 5 20 

SI 256 1 

RD (relaxation delay) 1200000.05 1000000 

Tau 135 135 

NS (No. of accumulations) 1 64 

NECH (No. of echoes) 128 256 

DW 10 10 
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5.2.7 In vitro imaging 

Contrast enhancement of Gd-HES was judged against that of Gd-DTPA in vitro, 

by comparing the images taken for a tissue culture scaffold. The scaffold preparation 

is described elsewhere (Nitzsche et al.). Briefly, it was made of a composite material 

of hydroxyaptite, equine collagen type 1 (Lohmann & Rauscher, Neuwied, Germany) 

and chitosan (Chitoclear FG 95, Primex, Iceland). To impart mechanical stability to 

the freeze dried scaffolds, dehydrothermal treatment was applied as described in 

(Nitzsche et al., personal communication).  

The scaffolds were incubated in 10 ml phosphate buffer pH 7.4 containing 0.1 % 

w/v NaN3 for 3 days. The incubation buffer was exchanged for a solution of the 

contrast medium (0.548 g/l Gd-DTPA (Sigma-Aldrich), or 1.572 g/l HES70-DTPA18-

Gd). For imaging, slices of 3 mm thickness were selected perpendicular to the main 

magnetic field, with TR of 300 ms, and TE of 2.4 ms. Averages of 16 scans were 

used resulting in a total measuring time of 10 min.  

5.2.8 In vivo imaging 

Animals: Nude mice bearing colon carcinoma tumors: 3 male nude mice (NMRI-

Foxn1nu, Harlan Winkelmann, Germany) were used. Their age was approximately 80 

d when they were injected subcutaneously with 2 different human colon carcinoma 

cell lines, namely; HT29 on the right side of the abdomen, and DLD-1 to the left side. 

In each case, 5 million cells suspended in 100 µl PBS were injected. The imaging 

experiment was conducted 4 weeks after tumor cell injection.  

Normal mice: 3 Balb/c mice (2 males and 1 female) weighing between 15-25 g 

were used. 

Sample preparation: HES70-DTPA18-Gd was dissolved in sterile saline solution 

to a concentration of 8 % w/v (concentration of Gd is 5 mmol/l). Samples were 

sterilized by filtration through 0.2 µm filters under aseptic conditions. Gd-BOPTA 

(Multihance®) was diluted 1:100 with sterile saline solution to give a concentration of 

5 mmol/l before use. 

Administration: Through the tail vein, each animal was injected 150 µl of Gd-

BOPTA or 150 µl of HES70-DTPA18-Gd. The injected dose was approximately 0.03 

mmol Gd/Kg. Anaesthesia: For tumor imaging, animals were anaesthetized with a 
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continuous stream of isofluran (Forene®, Abbott) in O2 (2 Vol%, 2 l/min) using an 

Isofuran Vet. Med. Vaporizer (Drägerwerk AG, Lübeck, Germany). For angiography, 

the Balb/c mice were anaesthetized using i.p. injection of a mixture of 6 mg/Kg body 

weight Rompun® (Xylazin) and 90 mg/Kg body weight Ketavet® (Ketamin) diluted in 

0.9 % w/v NaCl solution. Since the anesthesia was sufficient for 40-60 min, the mice 

were imaged sequentially over 3 hours.  

MR imaging was carried out using a prototype benchtop MRI spectrometer for in 

vivo animal studies (Oxford Instruments, UK), where transaxial images of each 

anaesthetized mouse were collected using the following parameters: image 

sequence: T2 spin echo sequence (T2SS), TR 172 ms, TE 9.8 ms, slice width 3 mm, 

slice separation 3.5 mm, number of slices 5, averages 16, total time 360 s, field of 

view 40 mm, and images are 512 X 512 pixels. A 50 µl capillary containing a 

standard solution of Gd-BOPTA was used as a reference (conc. 10 mmol/l). 

 

 

 

 

 

 

Figure 5.5. The left photograph shows the Benchtop MRI spectrometer for in vivo imaging from 
Oxford Instruments, UK, while the right one shows an anaesthesized nude mouse 
with anauthesia mask (black arrow) and subctaneously-injected tumors (white 
arrows). 

Image analysis Greyscale images were analyzed using the image analysis 

software JMicroVision v1.2.5. For the renal sinus and cortex, the average of 36 pixels 

(6 x 6) was used. The same was applied to the tumor center, while for the tumor rim; 

the average of 4 positions (36 pixels for each) was used (see Figure 5.6). To be able 

to compare the measurements, the signal intensity (SI) at the different regions of 

interest (ROI) was divided by the SI for the reference capillary, and then normalized 

by dividing it over the signal intensity at time = 0 min. 
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Figure 5.6. A greyscale image of the tumor area, showing the 4 positions of the tumor rim 
(white bars) and the tumor center (scale bar on top right equals 0.5 cm). 

5.3 Results and discussions 

5.3.1 1H NMR and conductometric titration 

For the coupling of DTPA to HES, the esterification using DCC/NHS/DMAP was 

used as mentioned under HM-HES (see section 3.3.1)  It is worth noting that DTPA 

was not completely soluble in DMF. Upon addition of DMAP, DTPA dissolved with 

sonication and heating (approximately 70°C for 30-60 min). Due to the fact that 

DTPA is multifunctional, there is a chance for crosslinking. The use of an excess 

amount of DTPA in relation to DCC/NHS may reduce the degree of crosslinking. 

Scheme 5.1 shows the esterification reaction. 

Scheme 5.1. Synthesis of HES-DTPA  

 

 

 

 

 

 

1H-NMR was used to determine the degree of esterification of HES with DTPA, as 

seen in Figure 5.7. When samples were dissolved in D2O, it was not possible to 
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assign the peaks for the coupled DTPA due to strong overlapping with the peaks of 

the polymer backbone. Only the peaks from the protons bound to C1 of the AGU 

could be unequivocally assigned (peak a), together with an additional peak e. The 

latter is due to the methylene group of primary alcohols of the polymer backbone 

which have been esterified. Upon addition of NaOH, peaks for the unbound DTPA 

can be easily identified, and the peak of the esterified primary alcohols disappears, 

indicating the hydrolysis of the ester bonds. These spectra were used to determine 

the molar substitution as seen in Table 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. 1H NMR spectrum of HES70-DTPA18 dissolved in D2O (bottom) and in D2O plus 
NaOH (top), together with peak assignment. 

Another method was used for the determination of the amount of coupled DTPA, 

namely conductometric titration. The sharp initial increase in the curve for 

conductometric titration seen in Figure 5.8 is due to the release of H+ ions from the 

DTPA molecule after complexation of Gd3+ (see Scheme 5.2). When all the DTPA 

molecules are saturated by complexing Gd3+, the addition of GdCl3 leads to an 

increase in conductivity, however with a clearly lower slope. This can be explained by 

the large difference in molar conductivity (λ) between the proton ions and the Gd 
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ions, where it amounts to 349.65, and 201.9 x 10-4 m2Smol-1, respectively [20]. 

Accordingly, the 4 released protons after complexation contribute to the observed 

large increase in conductivity. It was possible to calculate the amount of Gd 

complexed per gram of the macromolecule using 1H NMR and the conductometric 

titration as seen in Table 5.5, where the results show a good agreement between the 

2 methods.  

 
Table 5.5. Molar substitution of the different HES-DTPA conjugates and the amount of Gd 

complexed per 1 g as determined from 1H NMR and conductometric titration. 

 

Molar mass 
(of original 

HES) 
(g/mol) 

Molar 
substitution 

of DTPA 
(mol%) 

Amount of Gd 
complexed per 1 g 

HES-DTPA calculated 
from 

1
H NMR 

(mMoles) 

Amount of Gd 
complexed per 1 g HES-

DTPA from 
conductometric titration 
(mMoles) (± S.D. in %) 

HES70-DTPA18 70,000 18 0.716 0.736 (± 0.123 %) 

HES70-DTPA25 70,000 25 0.884 0.876 (± 0.53 %) 

HES200-DTPA20 200,000 20.7 0.7786 0.824 (± 9.16 %) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Titration of 11.2 mg HES70-DTPA18 with GdCl3 solution. 
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Scheme 5.2. Complexation of Gd by HES-DTPA. 

 
 
 
 
 
 
 
 

5.3.2 Asymmetric flow field flow fractionation (AF4) 

After correction for the moisture content measured by TGA (approximately 8 % 

w/w), dn/dc was found to be 0.136 for HES70-DTPA18 and HES70-DTPA18-Gd. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Determination of dn/dc for HES70-DTPA18-Gd. 

Results for the number average (Mn) and weight average (Mw) molar masses as 

well as the polydispersity (PDI) and recovery of HES-DTPA and the respective Gd 

chelates are given in Table 5.6, and are compared to the results of HES70 and 

HES200 as described in section 2.3.1.3. Upon esterification with DTPA, the molar 

mass increases considerably, where it reaches approximately 205 x 103 g/mole in 

case of HES70-DTPA18 and HES70-DTPA24, compared to 69.7 x 103 g/mole for the 

original HES70. It is worth noting that the recovery is rather low (approximately one 

half of the sample) indicating that a considerable part of the sample was very large 

and was thus retained by the 0.2 µm filter. Similarly, the measurement of HES200-

DTPA20 was not possible, because it could not be filtered through 0.2 µm filter. 
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Rebizak et al. reported a considerable increase in the molar mass after the reaction 

of aminated carboxymethyl dextran with DTPA [21]. They used different methods for 

the activation of DTPA, including the synthesis of DTPA bisanhydride, the 

succinimidyl ester of DTPA, and the mixed anhydride. They observed that whatever 

the activation method used, an increase in the molar mass beyond the theoretically 

expected level occurred. They attributed this to 2 reasons, namely; a) the intra-

molecular electrostatic repulsion of the charged macromolecule, and b) 

polyfunctionalization of DTPA and subsequent crosslinking. A third possible reason is 

the possibility of formation of self- aggregates, since DTPA is not water soluble. In 

conclusion, for the DTPA esters of HES, the evaluation of approximately half the 

sample revealed a considerable increase in molar mass. The rest of the sample was 

retained by the particle filter due to possible crosslinking/aggregation. 

Mw of Gd-HES is clearly higher than that of the original HES, with 205.8 x 103 

g/mole for HES70-DTPA18-Gd, 309.7 x 103 g/mole for HES70-DTPA24-Gd, and 

even more than 3 x 106 g/mole for HES200-DTPA20-Gd. These large molar masses 

are a clear indication for the occurrence of crosslinking/aggregation. Upon 

complexation with Gd, there is a marked increase in the recovery up to 80 % w/w, 

compared to HES-DTPA (see Table 5.6). This increase in recovery is probably due to 

a decrease in the degree of crosslinking/aggregation, with a subsequent decrease in 

molecular size and mass, however a direct comparison to the molar mass of HES-

DTPA is not possible. Rebizak et al. observed a decrease in the molar mass of the 

aminodextran-DTPA after complexation with Gd, which they attributed to a repulsive 

electrostatic interaction of the DTPA conjugate, which is masked upon complexation 

with Gd [21]. Another possible mechanism is the slow metal-catalyzed hydrolysis of 

the ester bond between DTPA and dextran as reported by Armitage et al [22]. The 

increase in water solubility of the conjugate upon Gd complexation can also decrease 

the degree of aggregation. All these mechanism could have contributed to a 

decrease in molar mass, and thus the higher recovery observed for the Gd-

containing macromolecular complexes. 

Another indicator for the conformational state of the macromolecules can be 

extracted from Figure 5.13, which shows a plot of the molecular size vs. molar mass 

for the HES70 derived samples. The slope of this plot is known as the conformational 

coefficient α derived from Flory’s relation between polymer’s molar mass and 
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molecular size (see section 2.3.1.3 for further information) Table 5.6. In the first 

region of the curve, there is a linear increase in size with molar mass until 

approximately 106 g/mole, after which the slope decreases considerably indicating 

highly compact structures. The slopes of the curves below 106 g/mole are listed in 

Table 5.6. While the values for the Gd chelating conjugate are quite close to the 

initial values of the unmodified HES, they are lower for the HES-DTPA conjugate. 

This points to a more compact structure for the latter, which is probably due to 

crosslinking or self-aggregation. 

 

 

 

 

 

 

 

 

Figure 5.10. AF4 chromatogram for HES70, HES70-DTPA18 and HES70-DTPA18-Gd showing 
the LS signal (left), and RI signal as well as molar masses (right). 

 

 

 

 

 

 

 

 

 

Figure 5.11. AF4 chromatogram for HES70, HES70-DTPA24 and HES70-DTPA24-Gd showing 
the LS signal (left), and RI signal as well as molar masses (right).  
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Figure 5.12. AF4 chromatogram for HES200 and HES200-DTPA20-Gd showing the LS signal 
(left), and RI signal as well as molar masses (right). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13. A double logarithmic plot of the molar mass vs. RMS radius for the HES70-DTPA 

conjugates before and after Gd chelation. 
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Table 5.6. Molar masses, polydispersity and recovery as determined by AF4 coupled to MALS 

for the HES samples before and after coupling to DTPA and subsequent 
complexation to Gd. 

 
 

5.3.3 Relaxivity 

Signal intensity in MRI depends on the local longitudinal relaxation rate 1/T1 and 

transverse relaxation rate 1/T2. The signal tends to increase with the increase in 1/T1 

and to decrease with the increase in 1/T2 (see section  5.1.1.4). The longitudinal and 

transverse relaxivities, r1 and r2, are defined as the increase in 1/T1 and 1/T2, 

respectively as a function of the concentration of the paramagnetic agent [8]. 

Relaxivity can thus be used for an approximate comparison for the efficiency of 

different contrast agents regarding signal enhancement in MRI. 

Results for relaxivity measurements are shown in Figure 5.14 and Table 5.7. The 

values of r1 and r2 for Gd-DTPA (3.53 and 3.99 mM-1s-1, respectively) are close to 

those reported earlier [8]. When compared to the Gd-HES conjugates, an increase in 

relaxivity of 2 to 2.5 times can be observed. This increase could be due to one or a 

combination of reasons [22], namely; a) a decrease of the rotational correlation time 

due to conjugation to a macromolecule, b) an increase in the number of inner sphere 

coordinated water and/or their rate of exchange with bulk water, and c) an increase in 

the number of the outer sphere coordinated water and/or their rate of exchange with 

bulk water due entrapment by the polysaccharide. One can also observe that the 

increase in the molar mass of the polymer backbone from 70,000 to 200,000 g/mole 

 Mn 

(g/mol x 103) 

Mw 

(g/mol x 103) 
Polydispersity 

Recovery 

(% w/w) 

Conformational 

coefficient α 

HES70 35.8 ± 0.8 69.7 ± 2.2 1.95± 0.02 86.1 ± 1.1 0.435 

HES200 59.5 ± 1.0 190.3 ± 6.1 3.20 ± 0.11 96.0 ± 1.4 0.424 

HES70-DTPA18 94.6 ± 11.7 205.5 ± 29.2 2.17 ± 0.13 54.3 ± 0.08 0.37 ± 0.07 

HES70-DTPA24 90.3 ± 9.6 204.9 ±23.6 2.3 ± 0.2 47.8 ± 0.04 0.36 ± 0.04 

HES70-DTPA18-Gd 87.6 ± 4.7 205.8 ± 6.1 2.38 ± 0.03 79.9 ± 0.08 0.44 ± 0.03 

HES70-DTPA24-Gd 98.7 ± 1.9 309.7 ± 32.7 3.11 ± 0.29 79.1 ± 0.04 0.47 ± 0.02 

HES200-DTPA20-Gd 267.8 ± 140 3,394.3 ± 1,720 12.69 ± 2.5 61.2 ± 20.1 0.41 ± 0.07 
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has no significant effect on the relaxivity. Similar results were observed for 

complexes of Gd with aminodextran-DTPA having different molar masses [23]. This 

was attributed to the fact that the proton spin relaxation time and the exchange time 

are short enough to preclude any further decrease in the relaxivity by an increase in 

molar mass [23]. Another possible explanation is the presence of internal rotations 

that are similar in the different complexes regardless of the molar mass. 

 

 

 

 

 

 

 

 

 

Figure 5.14. Effect of the concentration of Gd on the longitudinal relaxation rate 1/T1 (left) and 
the transverse relaxation rate 1/T2 (right). 

 
 
 
Table 5.7. Longitudinal relaxivity (r1) and transverse relaxivity (r2) for Gd-DTPA and the 

different Gd-HES samples, measured in phosphate buffer pH 7.4 at 37 °C and 20 MHz. 

 
 
 
 
 
 
 
 
 

 
Longitidunal relaxivity r1 

(mM
-1

s-1) 

Transverse relaxivity r2 

(mM
-1

s-1) 

Gd-DTPA 3.53 3.99 

HES 70-DTPA 18 9.4 11 

HES 70- DTPA 25 7.74 10.43 

HES 200- DTPA 20 7.53 8.261 
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5.3.4 In vitro imaging 

Clinical MRI instruments usually operate in the range of 1.5 - 3 T. In addition to 

being very strong, the magnetic field must also be very stable. To achieve this, 

electromagnets are used, where the coils are made from superconducting materials 

that need extremely low temperatures. The use of liquid helium (4 K) thus increases 

the running costs of the instrument. For research purposes however, a low cost MRI 

instrument would be highly favourable. Oxford Instruments has recently introduced a 

low cost, Bench-top 0.5 T MRI instrument. The new instrument uses a permanent 

magnet, which also decreases the running costs to a large extent. Although the 

instrument has a relatively low resolution compared with stronger field instruments, it 

appeared to be quite satisfactory for the purpose of investigating the efficiency of Gd-

HES, both in vitro and in vivo. 

Results of the in vitro imaging show that in addition to the higher relaxivity and 

thus higher MRI signal enhancement, the macromolecular contrast agent gives better 

images than the small molecule of Gd-DTPA. For instance, Gd-HES gives a sharper 

image of the scaffold after 10 min compared to the Gd-DTPA (see Figure 5.15). Over 

time, Gd-DTPA diffuses rapidly through the scaffolds, leading to blurred images, 

while with Gd-HES, a slow diffusion over time is observed, allowing the visualization 

of details of the internal structure. It is possible to detect channels that extend from 

the edges to the centre (after 46-56 min). These are important for tissue culture 

scaffolds, as they can facilitate the mass transfer of nutrients and oxygen, allowing 

the cells to grow also in the inner parts of the scaffold. Such important details were 

better seen with the macromolecular contrast agent. 
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Figure 5.15. In vitro images of chitosan-collagen scaffolds after addition of the MRI contrast 
agents to the external buffer medium (HES70-DTPA18-Gd to the left, and GD-DTPA to 
the right). 

5.3.5 In vivo imaging 

Gd chelates are often used as MRI contrast agents for the detection of solid 

tumors. Although the morphology of contrast-enhanced tumors depends on many 

factors, such as the tumor type, histological subtype, size, and aggressiveness, it is 

possible to observe that the tumor rim usually enhances more strongly than the core. 

This has been observed in human breast cancer [24-26], gliomas, [27], hepatic 

metastases [28] and musculoskeletal tumors [29, 30]. Using dynamic MRI (i.e. a 

series of time-dependent images taken rapidly after injection), and after i.v. injection 

of a low molar mass Gd chelate, an initial rim enhancement is observed, followed by 
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a washout effect (reduction in the rim enhancement and increase in enhancement of 

the tumor core). The reason for this peripheral enhancement is because the rim is the 

advancing front of the tumor, where the process of angiogenesis is actively taking 

place, leading to better vascularization. By contrast, the core can become hypoxic, 

leading to fibrosis or necrosis. Furthermore, the core of the tumor is known to have a 

higher interstitial pressure, and thus any convection-driven transport would actually 

take place from the core (high pressure) to the periphery of the tumor (lower 

pressure) [31]. The following washout effect is due to diffusion of the low-molar-mass 

contrast agents into the core, since they can easily leave the blood pool and 

permeate into the interstitial tissues.  

It is worth noting that such an MRI morphological pattern (the rim enhancement) 

is so characteristic for solid tumors, that it can be used for the differentiation between 

malignant and benign masses, where in the latter case, a rather homogenous 

contrast enhancement is observed all over the benign mass [29]. It has also been 

suggested to give a rough estimate for the aggressiveness of breast cancer [24].  

Macromolecular MRI contrast agents are expected to have a long circulation time 

and be confined to the blood pool. This should give a longer time window for imaging 

and pathology-revealing images, since they normally have a limited tissue perfusion. 

For instance, Daldrup et al. [32] have shown that, the macromolecular contrast agent, 

in this case an albumin-(Gd-DTPA) conjugate, is more specific in differentiating 

between benign and malignant masses, and in staging of a mammary tumor model in 

rats than the gadopentate dimeglumine. These effects were related to the 

macromolecular hyperpermeability of the microvessels in malignancies. The latter are 

disorganized and perforated, with the degree of disorganization increasing with 

increasing malignant tumor grade [32]. Meanwhile, a comparison between albumin-

(Gd-DTPA) and a cascade polymer developed by Schering AG, Berlin, Germany was 

carried out to test their ability to identify moderately leaky vasculature 

(subcutaneously planted adenocarcinoma) and severely compromised vasculature 

(reperfused infracted myocardium) [33]. The cascade polymer being smaller than 

30,000 g/mole and having a globular shape was not as effective as the albumin 

conjugate in identifying the case of mildly increased vascular permeability, as it is not 

exclusively confined to the blood pool and may leak through normal vasculature [33].   
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Figures 5.16a & b shows the MRI images of the nude mice carrying 

subcutaneously implanted coloncarcinoma cell lines (DLD-1 (left side) and HT29 

(right side)) before and after i.v. injection of 150 µl of 8 % w/v HES70-DTPA18-Gd. 

Panels a-c in Figure 5.16a show the transaxial images for the kidneys. Due to the 

use of a short TR, the images are considered to be T1-weighted. Before injection of 

the contrast agent, it is possible to identify a dark renal sinus and a brighter renal 

cortex. The former usually contains urine, which, being a liquid, has a long T1 and 

thus appears dark. After injection of Gd-HES, an inversion of the contrast could be 

seen, where the renal sinus looks much brighter than the cortex (See Figure 5.16a). 

The signal enhancement of the renal sinus is 4-5 times that before Gd-HES injection 

and extends over nearly 5 h. After 8 h, the enhancement of the renal sinus returns 

back close to the state before injection. Meanwhile, the increase in signal 

enhancement for the cortex is lower, where it reaches twice as much as the original 

state and also goes back to normal after 8 h. These results point to long circulation 

time of Gd-HES. It also points to the elimination of Gd-HES through the kidneys, 

although a detailed study for the amount eliminated through the kidneys and other 

pathways is necessary. However, these results show that an application of Gd-HES 

to image the urinary tract seems quite feasible. 

Panels a-c in Figure 5.16b show the 2 subcutaneous tumors before and after 

injection of Gd-HES.  After injection, a clear and persistent rim enhancement can be 

observed in the HT29 tumor for more than 3 hours. Moreover, a central accumulation 

of the contrast agent in tumor HT29 can be seen in panel c, which is quite evident 

after 8 h. Although the contrast enhancement of the rim of DLD-1 tumor is not as 

strong as HT29, it is still possible to discern the tumor rim. In panel c, it is even 

possible to identify 3 lobes inside the DLD-1 tumor. The latter is not possible to 

identify after 8 h, probably due to the diffusion of the contrast agent to the tumor 

center. Tozera et al. used multi-photon fluorescence microscopy to investigate the 

vascular network of some tumors including HT29 [34]. They could show that the latter 

has a highly vascularized periphery, with vessels that extend to the center (see 

Figure 5.17). This explains the strong peripheral enhancement observed in the MRI 

measurements. To the best of the author’s knowledge, no similar investigation for the 

vascular network of DLD-1 tumors is available in the literature for comparison. 
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Figure 5.16a. Axial MRI sections (3 mm thick) in nude mice 30 days after s.c. injection of 2 

human colon carcinoma cell lines; DLD-1 (down) and HT29 (up). The animals were 
injected with 150 µl of HES 70-DTPA 18-Gd solution (polymer conc. 8 % w/v, ca. 0.03 
mmol Gd/Kg). Panels a-c show images of the kidneys in 3 different mice (scale bar 
equals 0.5 cm). Graph A shows the normalized relative signal intensity in the renal 
sinus and cortex after Gd-HES injection. 
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Figure 5.16b. Axial MRI sections (3 mm thick) in nude mice 30 days after s.c. injection of 2 
human colon carcinoma cell lines; DLD-1 (down) and HT29 (up). The animals were 
injected with 150 µl of HES 70-DTPA 18-Gd solution (polymer conc. 8 % w/v, ca. 0.03 
mmol Gd/Kg). Panels a-c show images of the tumor area in 3 different mice (scale bar 
equals 0.5 cm). Graph A shows the normalzed relative signal intensity in the rim and 
center of the HT29 tumor. 
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Figure 5.17. 3D image reconstructions for HT29 tumor. Image (a) shows all vascular traces 
projected onto the 2D x–y plane. The maximum and the orthogonal tumor diameter in 
the x-y plane is 1.4 x 1.3 mm. Image (b) shows the original volume-rendered data, and 
image (c) shows the surface-rendered images of vascular networks following 
vascular tracing and diameter measurements (from reference [34]). 

 

By contrast, the signal enhancement of Gd-BOPTA is very much less and is over 

a much shorter time interval as seen in Figure 5.18 a and b. The enhancement of the 

renal sinus, as seen in panel a-c in Figure 5.18a, is quite limited and the signal 

enhancement is back to the original state in less than 40 min. Additionally, no 

significant tumor-rim enhancement could be seen in panels a-c in Figure 5.18b. The 

possible reason for this is the rapid elimination of Gd-BOPTA, and the necessity to 

obtain the images within the first 2 min after injection of the contrast agent [35], while 

in this case, the first image was taken 20 minutes after injection.  
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Figure 5.18a. Axial MRI sections (3 mm thick) in nude mice 30 days after subcutaneous 
injection of human colon carcinoma cell lines; namely DLD-1 (down) and HT29 (up). 
The animals were injected with 150 µl of 5 mMol/l Multihance® (0.03 mmol Gd/Kg). 
Panels a-c show images of the kidneys in 3 different mice (scale bar equals 0.5 cm). 
Graph A shows the normalized relative signal intensity in the renal sinus and cortex 
after Multihance® injection. 
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Figure 5.18b. Axial MRI sections (3 mm thick) in nude mice 30 days after subcutaneous 
injection of human colon carcinoma cell lines; namely DLD-1 (down) and HT29 (up). 
The animals were injected with 150 µl of 5 mMol/l Multihance® (0.03 mmol Gd/Kg). 
Panels a-c show images of the tumor area in 3 different mice (scale bar equals 0.5 
cm). Graph A shows the normalized relative signal intensity in the rim and center of 
the HT29 tumor. 
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Figure 5.19 shows the results of using Gd-HES as a blood pool contrast agent as 

compared to the low molar mass Gd-BOPTA. While the Gd-HES contrast agent 

produced a clearly strong contrast allowing the visualization of the heart as well as 

the carotid artery and the jugular vein (see the insert in Figure 5.19, Gd-BOPTA did 

not. Moreover, Gd-HES clearly circulated in the blood for an extended period of time, 

and could be detected in the circulation even after more than 2.5 h from injection. 

 

 
 

Figure 5.19. MRI images of Balb/c mice after injection of HES 70-DTPA 18-Gd (panels a and b) 
or Gd-BOPTA (panels c and d).  Panel a and c show the neck region, where the insert 
show a magnification for the trachea, the jugular vein and the carotid arteries. Panel 
b and d are for the thorax showing the heart (scal bar equals 0.5 cm). 
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5.4 Conclusions and outlook 

HES was esterified with DTPA using DCC, DTPA and NHS, to get samples with 

different molar masses and different degrees of modification. Using 1H-NMR and 

conductometric titration, the molar substitution of DTPA was found to be between 18-

24 mol%. The average molar mass Mw, and the distribution were analysed using AF4 

coupled to MALS. Results show that the molar mass and polydispersity of HES-

DTPA conjugate increased considerably compared to the original HES. This is 

attributed to the intermolecular repulsion between the charged groups, as well as 

possible crosslinking due to polyactivation of the multifunctional DTPA. Upon 

complexation with Gd, both the molar mass and polydispersity decreased, due to the 

disappearance of the electrostatic repulsion, and a possible slow metal catalysed 

hydrolysis of the ester bond. Relaxivity of the macromolecular Gd conjugate was 

compared with that of Gd-DTPA, and was found to be 2-2.5 times that of the latter, 

pointing to a better efficiency in signal enhancement. In vitro imaging of a tissue 

engineering scaffold using GD-HES produced higher quality images as compared to 

Gd-DTPA. The slow diffusion of the macromolecular contrast agent allowed a clear 

identification of the internal structure of the scaffold. In vivo experiments concentrated 

on applying Gd-HES for angiography and tumor localization. The large molar mass of 

GD-HES allowed its confinement to the blood pool, thus giving very good images for 

carotid arteries and jugular veins as well as the heart for longer than 2.5 h. In case of 

solid tumors, a clear rim enhancement of the human colon carcinoma cells injected 

subcutaneously in nude mice could be observed, even after nearly 5 h from injection. 

In general, the low molar mass counterpart (Gd-BOPTA) was eliminated within 40 

min after injection, and was not suitable for angiography. Moreover, the animals 

seemed to tolerate the Gd-HES better than Gd-BOPTA, since the animals lost weight 

upon repeated administration of the latter but not the former. In brief, these results 

suggest that Gd-HES is a novel biodegradable macromolecular contrast agent with 

possible applications in the clinical settings.  
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Chapter 6 

Enzymatically- catalyzed HESylation using 

microbial transglutaminase: Proof of feasibility 

6.1 Introduction 

Polymer-protein conjugation is one of the successful approaches for the 

formulation and delivery of therapeutic proteins [1]. The multitude of therapeutic 

proteins, produced from the current biotech revolution, usually have some limitations, 

such as short circulation time, poor stability and immunogenicity [2]. The chemical 

conjugation of these proteins to water soluble polymers leads to a number of 

advantages, including an increase in the circulation time, protection from digestion by 

proteoletic enzymes, reduced recognition by antibodies and reduced immunogenicity 

[3]. The standard polymer for this application is polyethylene glycol (PEG), and the 

PEGylation of proteins lead to a number of polymer-protein conjugates being 

currently in the market, such as PEG adenosine deaminase, PEG L-asparaginase 

and PEG interferon [1]. The success of PEGylation lead many researches to test 

other polymers including poly (hydroxypropyl methacrylamide), poly(acrylic acid), 

poly(maleic acid), poly(vinyl alcohol), albumin and dextran [4-6]. Despite the fact that 

PEG is not biodegradable, no other polymer was found to have a superior 

performance so far. 

In general, there are several chemical approaches to couple proteins to polymers 

[2, 3]. However, many of them can have deteriorating effects with the very sensitive 

and fastidious protein molecules [7]. Accordingly, enzymatic procedures were 
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proposed and tested as a gentle alternative to the chemical coupling. Among these, 

the microbial transglutaminase-catalyzed reaction has earned a great deal of 

attention for site specific conjugation [8]. Transglutaminases (TG) catalyze an acyl 

transfer between the γ-carboxamide group of a glutaminyl residue (acyl donors) and 

a variety of primary amines (acyl acceptors), including the amino group of lysine [9]. 

In mammals, there are 6 isolated and characterized isoenzymes of TG, including the 

blood clotting factor XIIIa, keratinocyte TG, and tissue TG [10]. These TGs play an 

important role in blood clotting, wound healing, epidermal keratinization and stiffening 

of the erythrocyte membrane [10]. They need Ca2+ for their activation at 

concentrations higher than the normal physiological levels, i.e. they are normally 

inactive, and are activated only in case of the disruption of the homeostasis. They 

also show a strict specificity in recognising the glutamine residues, but a poor 

specificity for the amine group [10]. 

To be able to commercially use TG for protein cross-linking, a constant supply 

was needed. Accordingly, 5000 microorganisms were screened for TG activity [9]. A 

variant of Streptomyces mobaraensis was found to secrete an enzyme with high TG 

activity [9]. This microbial transglutaminase (MTG) is composed of 331 amino acids, 

with a single Cys residue at the bottom of a deep cleft of the molecule. It is believed 

that this Cys64 residue is an essential part of the active site of the enzyme. Contrary 

to eukaryotic TG, MTG is rather small, with a molar mass of 38 kDa [9], while the 

former is between 77-90 kDa [10]. More importantly, MTG shows some advantages 

over eukaryotic TG, namely; (i) it is calcium-independent and (i) has lower specificity 

requirements [9]. Accordingly, it has found a number of applications in the food 

industry for crosslinking meat and fish products [9]. For instance, legume globulins, 

wheat globulins, egg yolk and albumin proteins, actins, myosins, fibrins, milk caseins, 

α-lactalbumin and β-lactoglobulin could be crosslinked with MTG [9]. It is thus used to 

produce restructured meat and fish by binding together small pieces of meat. It can 

also be used in the production of yogurt by cross-linking milk casein, or tofu, by its 

action on the soybean proteins [9]. 

In biomedical applications, MTG was used to immobilize enzymes, or to couple 

therapeutic proteins to water-soluble polymers [8]. Sato et al. provided a clear 

demonstration for the power of using MTG in protein-polymer conjugation, when they 

used it to couple aminated PEG selectively to one glutamine residue (Gln74) of the 



Page 123                                                         Part IV: Enzymatically-catalyzed HESylation 
 

 

recombinant human interleukin-2 [11]. Other therapeutic proteins that can act as 

substrates for MTG include human growth hormone [12], human interleukin 6, and 

human interferon-α [11]. Fontana et. al have recently reviewed the interplay between 

the catalytic activity of MTG and the substrate structural characteristics that favour 

such site-specificity [12]. Other enzymes and polypeptides were coupled to aminated 

polymers (other than PEG) such as aminated dextran [13], gum arabic [14], 

carboxymethyl cellulose and Ficoll [15]. 

With the aim of studying the feasibility of using MTG for HESylation, this study 

reports the modification of HES with hexamethylene diamine (HMDA) as well as N-

Carbobenzyloxy glutaminyl glycine (Z-QG) to act as a substrate for MTG (both as 

acyl acceptor and acyl donor, respectively), and the reaction of the modified HES 

with model compounds. For these reactions, a recently prepared recombinant MTG 

(rMTG) carrying 6 histidine residues at the C- terminus is used [16, 17]. The histidine 

tag (His-tag) facilitates the work up and separation of the products, and provides the 

possibility for immobilization of enzymes without loss of activity [18]. 

6.2 Experimental 

6.2.1 Materials 

HES 70 (Mw 70 kDa) was a gift from Serumwerke Bernburg, Germany. 

Dicyclohexyl carbodiimide (DCC), N-hydroxysuccinimide (NHS), tosyl chloride, 

hexamethylenediamine (HMDA), N,N-dimethylcasein (DMC), and monodansyl 

cadaverine (MDC) were purchased from Sigma-Aldrich, Germany. 4-

(dimethylamino)pyridine (DMAP) was purchased from Merck, Germany. N-

carbobenzyloxy glutaminyl glycine (Z-QG) was purchased from Bachem AG, 

Switzerland. Dithiothreitol (DTT) was purchased from Carl Roth GmbH, Germany. All 

other solvents and chemicals were reagent grade and were used as received. 

6.2.2 HES carrying a lysine component: Modification of HES with 
hexamethylenediamine to produce HES 70-Amine  

The synthesis of aminated HES was carried out according to the procedure of 

Ehrenfreund-Kleinman et al. with some modifications [19] (Scheme 6.1). 1 gram HES 

70 was dried at 105 °C for 2 h. The dried HES was dissolved in 10 ml dry DMF + 1 ml 

triethylamine at 60 °C. Tosyl chloride (0.5 g) was dissolved in 1 ml dry DMF. Both 
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solutions were cooled on ice to 0 °C, and protected from light. Tosyl chloride solution 

was added gradually to the HES solution and stirred at 0 °C. After 1 h, the solution 

was precipitated in 100 ml cold acetone, filtered and washed with another 100 ml 

acetone. The precipitate was dissolved in water and dialysed against distilled water 

for 3 days (MWCO 6-8 kDa, Spectrapor, U.S.A.), then lyophilized. 

From the prepared HES tosylate, 200 mg were dissolved in 30 ml DMF/borate 

buffer pH 10 (1:2), then an excess of HMDA (500 mg) dissolved in 10 ml DMF/borate 

buffer (1:2) was added to the HES solution and stirred overnight. The solution was 

precipitated in 200 ml isopropanol/methanol mixture (1:1 by volume), filtered and 

washed with 100 ml of the precipitating solvent. The precipitate was air dried at room 

temperature for 2 days. 

Scheme 6.1. Preparation of HES 70-Amine. 

 

 

 

 

 

 

6.2.3 HES carrying a glutaminyl component: Modification of HES with N-
carbobenzyloxy glutaminyl glycine (Z-QG) to produce HES 70-GQ-Z 

In 2 ml dry DMSO, 185 mg Z-QG, 114 mg DCC, 66 mg DMAP, and 64 mg NHS 

were dissolved successively. After stirring at room temperature and 400 rpm for 24 h, 

the solution was filtered to remove the insoluble by-product of the reaction, 

dicyclohexylurea (DCU), while the filtrate contained an activated form of Z-QG, 

namely; its succinimidyl ester. No further purification was needed for the activated 

dipeptide, since the reaction does not yield interfering side products. The filtrate was 

directly added to 1 g HES 70 (5.4 mM AGU) dissolved in 10 ml DMSO, and stirred for 

6 h. The solution was then dialyzed against distilled water for 3 days (MWCO 6-8 

kDa, Spectrapor, U.S.A.), filtered then lyophilized. Scheme 2 shows this 2-step 

reaction. 
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Scheme 6.2. Preparation of HES 70-GQ-Z in 2 steps. 

 

 

 

 

 

 

 

 

 

 

6.2.4 1H NMR 

For 1H NMR measurements, 50 mg polymer samples were dissolved in 600 µl 

D2O and measured at 400 MHz (Gemini 2000, Varian Inc., USA). 

6.2.5 Preparation of rMTG 

A histidine-tagged pro-MTG is produced by soluble expression in E. coli as 

mentioned elsewhere [17]. The cultivation of E. coli BL21(DE3) pDJ1-3 was carried 

out in a batch process using the auto-induction method. The cells were disintegrated 

by high pressure homogenization, and then MTG was obtained from pro-MTG by 

TAMEP, the endogenous protease from Streptomyces mobaraensi,s and then 

purified by immobilized metal affinity chromatography (IMAC)   

6.2.6 Reaction of HES 70- GQ-Z with monodansyl cadaverine (MDC) 

MDC, a fluorescent dye carrying an alkyl amino group, was coupled to HES 70-

GQ-Z using rMTG, where 25 µl of 5 mM MDC solution in 0.1 M acetic acid were 

added to 75 µl of 1 % w/v solution of HES 70-GQ-Z dissolved in 0.1 M Tris buffer pH 

8. One hundred µl of rMTG in glycerin (activity 15 U/ml) were added to this mixture 

and incubated at 37 °C for 1 h, after which the sample was separated by sodium 
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dodecylsulfate poly(acrylamide) gel electrophoresis (SDS-PAGE) according to the 

method of Laemmli [20] using a Mighty Small apparatus from Hoefer (Amersham 

Biosciences, Germany). The gels were examined under UV light (excitation filter 365 

nm, emission filter 520 nm). A number of control experiments were carried out 

simultaneously, where 0.5 % w/v dimethylcasein (DMC) was allowed to react with 

MDC in the presence of rMTG as a positive control. Similarly, unmodified HES was 

tested if it could bind MDC in the presence of rMTG, and HES 70-GQ-Z was tested if 

it could bind MDC in the absence of rMTG. 

6.2.7 Reaction of HES 70- Amine with dimethyl casein (DMC) 

One hundred µl of HES 70-Amine (5 mg/ml) were added to 100 µl of DMC (5 

mg/ml) both dissolved in 0.1 M Tris buffer pH 8. To this mixture, 100 µl of rMTG were 

added and the sample incubated at 37 °C for 1 h. Samples were taken at 10, 20, 30 

and 60 min, boiled with sample buffer for 3 min, and finally separated by SDS-PAGE 

(as above) and stained with Coomassie blue. A negative control investigated the 

possibility of crosslinking DMC with rMTG in the absence of HES 70-Amine. As a 

positive control, rMTG was used to crosslink 0.2 % w/v human serum albumin (HSA) 

in 10 mM DTT to prove that rMTG is active. 

6.3 Results and discussion 

There are more than 20 patents describing the conjugation of HES to different 

molecules, including low molar mass drugs, polypeptides and polynucleotides [21-

33]. These patents describe the use of chemical reactions for the coupling of HES, 

usually through its reducing end group. For instance, the reducing end group 

(aldehyde group) is reacted with a protein amino group to form a Schiff’s base [34], or 

is oxidized to a carboxylic group, either chemically [34] or enzymatically [26], and 

then forms an amide bond with a protein’s amino group. These methods may have 

detrimental effects on sensitive proteins, and may not be sufficiently selective. 

Accordingly, an enzymatic coupling method using microbial transglutaminase (MTG) 

was studied and evaluated as reported here. 

Several researches have modified macromolecules using different protein tags or 

functional groups to act as substrates for MTG. The most common is the 

functionalization with an amine group to act as acyl acceptor. Ohtsuka et al. [35] 
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found that for primary amines to act as MTG substrates, the alkyl chain should 

contain more than 4 carbon atoms. That is why hexamethylene diamine was chosen 

for this study. Other routes include the functionalization with a lysine-containing tag[7, 

36],  N-terminal glycine [37], or a glutamine-containing tag [38, 39].  

1H NMR spectroscopy was used to evaluate the extent of modification of HES as 

seen in Figure 6.1 and 6.2. To determine the percentage of molar substitution (MS, 

number of molecules bound to 100 AGUs) for HES 70-Amine, the relation between 

peak a, representing the protons at C1 of the AGU (5.2-5.6 ppm), and peak c, 
representing 2 methylene protons (1.4-1.6 ppm) was used (Figure 6.1). MS for HES 

70-Amine was found to be 3.9 mol%. Similarly, in case of HES 70-GQ-Z, the relation 

between peak a (the protons at C1 of the AGU) and peak c for the protons of the 

phenyl ring (7.35 ppm) was used (Figure 6.2). MS for HES 70-GQ-Z was found to be 

4.6 mol%. Although Z-QG was not soluble in water, HES 70-Q was completely 

soluble in water, PBS pH 7.4 and tris buffer pH 8 (up to the maximum concentration 

tested, which is 1 % w/v). Similarly, HES 70-K was soluble in water, PBS and tris 

buffer. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. 1H NMR spectrum of HES 70-Amine dissolved in D2O with peak assignment. The 
broad peak between 3.3 and 4.1 ppm belongs to the protons of the polymer 
backbone. 
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Figure 6.2. 1H NMR spectrum of HES 70-GQ-Z dissolved in D2O with peak assignment. The 
broad peak between 3.3 and 4.1 ppm belongs to the protons of the backbone. 

MDC is a known substrate for MTG, acting as acyl acceptor, and is usually used 

to test whether a protein can act as an acyl donor for MTG [26] Indeed, the reaction 

of MDC and HES 70-GQ-Z catalyzed by the rMTG lead to a successful conjugation, 

as evidenced by the presence of high molar mass fluorescent molecules after gel 

electrophoresis (see Figure 6.3). It is worth mentioning that, contrary to the positive 

control trace of DMC which shows a clear band for the protein (lane 4), that for HES 

extends over a large distance due to its high polydispersity (lane 1). The control 

experiments show that, neither the unmodified HES can undergo this reaction in the 

presence of rMTG (lane 2), nor can HES 70-GQ-Z in the absence of rMTG (lane 3), 

indicating that the modification of HES succeeded in making HES 70-GQ-Z an 

accepted acyl donor for the rMTG. 
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Figure 6.3. Fluorescence image of the SDS PAGE gel for the coupling of HES 70-GQ-Z to MDC 

using rMTG. Lane (1) HES 70-GQ-Z + rMTG + MDC. Lane (2) HES 70 + rMTG + MDC. 
Lane (3) HES 70-GQ-Z + MDC (no rMTG). Lane (4) DMC + rMTG +MDC. From top to 
bottom, the arrows point to MDC coupled to HES70-Q, the band of DMC coupled to 
MDC and uncoupled MDC. Also the chemical structure of MDC is shown. 

 

DMC is known to act only as acyl donor for MTG, because all the lysine groups 

are blocked by methylation, thus it is a useful substrate to test the conjugation with 

acyl acceptors. Results for the reaction of DMC with HES 70-Amine are shown in 

Figure 6.4. The reaction is rapid, where the band of pure DMC almost disappears 

after 10 min (lane 2), while another band for the HES-DMC conjugate appears at the 

interface between the collection and separation gel. With increasing reaction time, 

another band appears on top of the stacking gel, which increases in intensity with 

increase in time. This is probably due to the fact that both HES 70-Amine, and DMC 

are multivalent, thus allowing the formation of cross-linked aggregates with large 

molar masses. Finally, lane 10 shows the cross-linking of human serum albumin 

(HSA) by rMTG as a positive control. The intact HSA is not a substrate for rMTG, 

thus dithiothreitol (DTT) is needed to reduce the sulphur bridges of HSA and unfold 

the molecule for the reaction with rMTG. In conclusion, the above reaction shows that 

N
CH3CH3

S
NH NH2O

O

Monodansyl cadaverine (MDC) 
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the modification of HES with HMDA succeeded in rendering HES 70-Amine a 

substrate for rMTG. The formation of crosslinked aggregates as seen in this case is 

due to the fact that both the aminated HES and the model protein, DMC, were 

multivalent. In case of therapeutic proteins, MTG usually adds selectively to one or 

two amino acid residues [11, 12]. In some cases, the protein is not a substrate for 

MTG, and thus it is engineered to carry a peptide tag at one end that is recognized 

by MTG [7]. As for HES, it is possible to use monovalent HES with lower molar mass. 

The later can be produced by reductive amination of the reducing end of HES. Using 

these measures, the cross-linking problem can be alleviated. 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 6.4. Image of the SDS PAGE gel for the coupling of HES 70-Amine to DMC using rMTG. 
Lane (1) molar mass marker, (2) HES 70-Amine + DMC (no rMTG), (3) HES 70-Amine + 
rMTG + DMC after 10 min, (4) 20 min, (5) 30 min, (6) 60 min, (7) DMC alone, (8) DMC + 
rMTG after 60 min, (9) HSA+DTT, (10) HSA + DTT + rMTG after 60 min. Lanes 3-6 show 
the product of coupling of DMC to HES 70-Amine at the interface between the 
stacking and separation gels. At the top of the stacking gel, a crosslinked product 
with high molar mass could be seen, showing an increase in concentration with time. 
Lane 8 shows that no change in the molar mass of DMC occurred in the absence of 
HES 70-Amine. Lane 10 shows the crosslinking of HSA as a positive control. 
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6.4 Conclusions and outlook 

This study was designed as a feasibility study to show whether a biosynthetic 

approach using MTG for HESylation is possible or not. HES was modified by 

esterification with Z-QG to give HES 70-GQ-Z (MS 4.6 mol%). The latter acted as 

acyl donor for the reaction with MDC catalyzed by rMTG. HES was also modified to 

carry primary amino groups of HMDA in two reaction steps giving HES 70-Amine (MS 

4.8 mol%). The reaction of DMC with HES 70-Amine, using rMTG as a biocatalyst, 

led to a rapid and successful conjugation. Reactions for longer periods of time led to 

the formation of crosslinked aggregates of high molar mass. This enzymatic 

procedure is a promising approach for a simple and mild conjugation of proteins and 

drugs to a fully biodegradable water soluble polymer, in order to alter their 

pharmacokinetics and biological fate. However, lots of work is still needed to answer 

important questions, such as the efficiency of the coupling reaction, the range of 

proteins that could be used, the activity of the HESylated conjugates, and the 

immunogenicity of the conjugates. 
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Chapter 7 

Summary  

7.1 English version 

The current thesis describes 3 projects for the modification of hydroxyethyl 

starch (HES) to produce nanomedicines. The latter are nanosized drug and contrast 

agent delivery systems for the treatment, monitoring and diagnosis of humans. In the 

first project, HES was esterified with fatty acids to produce a hydrophobically-

modified amphiphilic polymer (HM-HES). HM-HES was characterized using 1H NMR, 

Raman spectroscopy and asymmetric flow field flow fractionation (AF4). HM-HES self 

assembled into polymersomes as confirmed by freeze-fracture TEM and cryoTEM. 

HM-HES was used to modify the surface of PLGA nanospheres and compared to the 

well-known amphiphilic polymers, Pluronics. HM-HES was found to reduce the 

adsorption of human serum albumin and fibrinogen, and to reduce phagocytosis by 

monocytic macrophages as good as Pluronic F127 and better that F68. These results 

suggest that HM-HES might be a suitable substitute for Pluronics in stabilizing 

nanoparticles, and are encouraging to test these polymers in vivo. 

 

The second project involved the modification of HES with 

diethylenetriaminepentaacetic acid (DTPA) to chelate Gd3+ ions and act as a 

macromolecular MRI contrast agent. The macromolecular chelate was characterized 

by 1H NMR and conductometric titration. It showed 2-3 times higher relaxivity than 

Gd-DTPA, indicating a better performance as an MRI contrast agent. Moreover, in 

vivo results showed a prolonged circulation time (more than 2.5 h), and proved to be 
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a good contrast agent for angiography, urography as well as in the diagnosis of solid 

tumors. 

 

The third project described the use of the enzyme microbial transglutaminase 

(MTG) for the coupling of HES to model proteins and small molecules. To act as 

substrates for MTG, HES was modified with N-carbobenzyloxy glutaminyl glycine (Z-

QG) and hexamethylenediamine (HMDA) to act as acyl donor and acyl acceptor, 

respectively. Using SDS-PAGE, it was possible to show that the modified HES 

successfully coupled to dimethyl casein (DMC), a model protein, and monodansyl 

cadaverine (MDC), a fluorescent probe, proving that the modified HES was accepted 

as a substrate by MTG. This process is a simple and mild approach to produce fully 

biodegradable polymer-drug and polymer-protein conjugates. 

 

7.2 German version 

Die vorliegende Dissertation beschreibt 3 Projekte zur Modifikation von 

Hydroxyethylstärke (HES). Diese soll zur Produktion nanoskaliger 

Arzneistofffreigabesysteme und Kontrastmittel für die Behandlung, Überwachung und 

Diagnose von Krankheiten beim Menschen dienen.  

Im ersten Projekt wurde HES mit Fettsäuren verestert, um ein hydrophob 

modifiziertes amphiphiles Polymer (HM-HES) zu produzieren. HM-HES wurde mittels 
1H–NMR-Spektroskopie, Raman-Spektroskopie und asymmetrischer Fluss-Feld- 

Fluss-Fraktionierung (AF4) charakterisiert. Die Bildung von Polymersomen durch 

HM-HES wurde mittels Gefrierbruch-TEM und CryoTEM bewiesen. HM-HES wurde 

verwendet, um die Oberfläche von PLGA-Nanosphärulen zu modifizieren, und mit 

der Modifikation durch bekannte amphiphile Polymere, Poloxamere, verglichen. HM-

HES reduzierte die Adsorption von menschlichem Serumalbumin und Fibrinogen, 

sowie die Phagocytose der Nanosphärulen durch Makrophagen so gut wie Pluronic 

F127, und besser als Pluronic F68. Diese Ergebnisse zeigen, dass HM-HES ein 

geeigneter Ersatz für Poloxamere beim Stabilisieren von Nanopartikeln sein kann, 

und legen eine in vivo-Untersuchung dieser Polymere nahe.  
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Das zweite Projekt umfasste die Veränderung von HES mit Hilfe von  

Diethylentriaminpentaessigsäure (DTPA), um Gd3+-Ionen zu komplexieren und ein 

makromolekulares MRT-Kontrastmittel zu gewinnen. Der makromolekulare Komplex 

wurde mittels 1H-NMR-Spektroskopie und konduktometrischer Titration 

charakterisiert. Er zeigte zwei- bis dreifach höhere Relaxivität als Gd-DTPA, was 

seine Eignung als MRT-Kontrastmittel untermauert Außerdem zeigten in vivo - 

Ergebnisse eine verlängerte Zirkulationszeit (mehr als 2,5 h) und erwiesen, dass Gd-

HES ein gutes Kontrastmittel sowohl für Angiographie, Urographie als auch in der 

Diagnose von festen Tumoren ist.  

Das dritte Projekt beschäftigte sich mit der Verwendung des mikrobiellen 

Enzyms Transglutaminase (MTG) für die Verbindung von HES mit Mustereiweißen 

und kleinen Molekülen. Um HES für die Enzymreaktion zugänglich zu machen, 

wurde sie mit N-carbobenzyloxyglutaminylglycin (Z-QG) oder Hexamethylendiamin 

(HMDA) modifiziert, um als Acylspender, beziehungsweise Acylakzeptor, zu 

reagieren. Mit Hilfe der SDS-PAGE war es möglich zu zeigen, dass sich die 

modifizierte HES erfolgreich an Dimethylcasein (DMC), ein Mustereiweiß, und 

Monodansylcadaverin (MDC), eine Fluoreszenzsonde koppeln ließ. Durch die 

Bindung an MDC konnte nachgewiesen werden, dass die modifizierte HES als 

Substrat von MTG akzeptiert wurde. Dieser Prozess ist ein einfacher und schonender 

Ansatz, um vollständig bioabbaubare Konjugate von HES mit Proteinen oder 

anderen Molekülen zu produzieren.  
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