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Materials that resist nonspecific protein adsorption in complex media are important for 

many biological and chemical applications, such as surface coatings of biosensors, 

marine coatings, drug delivery, and therapeutic protein protection. Zwitterionic materials 

have shown unique properties for this purpose. But two critical questions about 

zwitterionic materials remain unsolved. First, why are zwitterionic materials different 

from non-ionic materials? Second, what are the differences among zwitterionic materials? 

This work aims to answer the two questions and design new zwitterionic materials based 

on the solutions. To study the differences between zwitterionic and non-ionic materials, 

this work investigated the effects of carboxybetaine (CB) and oligo(ethylene glycol) 

(OEG) moieties on protein structure and hydrophobic interactions. Non-ionic OEG 

moieties present amphiphilic features. They mask the hydrophobic domains of protein 

surfaces and impede hydrophobic associations in aqueous solutions. Zwitterionic CB 

moieties present superhydrophilic features. They do not influence hydrophobic substrates 



 

 

and hydrophobic associations. To study the differences among zwitterionic materials, this 

work studied hydration, ionic interactions, and self-associations of CB and sulfobetaine 

(SB) moieties; and the influences of carbon spacer length on hydration and ionic 

interactions of CB moieties. This work employed quantum mechanics, molecular 

dynamics simulations, free energy perturbation methods and well-tempered 

metadynamics simulations. Finally, properties of 12 zwitterionic moieties were studied to 

look for new nonfouling zwitterionic materials. The work suggests three criteria for 

assessing protein-resistant zwitterionic materials: strong hydration, few or moderate self-

associations, and few specific interactions with proteins.    

 



i 

 

TABLE OF CONTENTS 

LIST OF FIGURES ........................................................................................................ IV 

LIST OF SCHEMATICS ............................................................................................ VIII 

LIST OF TABLES ....................................................................................................... VIII 

CHAPTER 1.  INTRODUCTION ................................................................................... 1 

CHAPTER 2. DIFFERENT EFFECTS OF CARBOXYBETAINE AND 

OLIGO(ETHYLENE GLYCOL) MOLECULES ON PROTEIN STRUCTURE ..... 4 

2.1. INTRODUCTION .......................................................................................................... 4 

2.2. SIMULATION DETAILS ............................................................................................... 6 

2.3 RESULTS AND DISCUSSION ....................................................................................... 10 

2.4 CONCLUSIONS .......................................................................................................... 18 

CHAPTER 3 DIFFERENT EFFECTS OF CARBOXYBETAINE & 

OLIGO(ETHYLENE GLYCOL) MOIETIES IN ALTERNATING 

HYDROPHOBIC INTERACTIONS ............................................................................ 20 

3.1 INTRODUCTION ......................................................................................................... 20 

3.2 SIMULATION DETAILS .............................................................................................. 22 

3.2.1 Simulation Systems .......................................................................................... 22 

3.2.2 Force Field Parameters ..................................................................................... 23 

3.2.3 Details of Molecular Dynamics Simulation ..................................................... 23 

3.2.4 Details of Well-Tempered Metadynamics Simulation ..................................... 24 

3.3 RESULTS AND DISCUSSION ....................................................................................... 25 

3.3.1 Potential of Mean Force ................................................................................... 25 

3.3.2 Density Distribution ......................................................................................... 28 

3.4 CONCLUSIONS .......................................................................................................... 34 

CHAPTER 4. DIFFERENT HYDRATION OF CARBOXYBETAINE AND 

SULFOBETAINE MOIETIES ...................................................................................... 36 

4.1 INTRODUCTION ......................................................................................................... 36 

4.2 SIMULATION DETAILS .............................................................................................. 38 

4.2.1 Potential Models ............................................................................................... 38 

4.2.2 Simulation Methodology .................................................................................. 40 

4.2.3 Free Energy Perturbation .................................................................................. 41 

4.3 RESULTS AND DISCUSSION ....................................................................................... 42 

4.3.1 Spatial Distribution ........................................................................................... 42 

4.3.2 Dipole Orientation Distribution ........................................................................ 49 

4.3.3 Residence Time ................................................................................................ 50 

4.3.4 Hydration Free Energy ..................................................................................... 53 



ii 

 

4.5 CONCLUSIONS .......................................................................................................... 54 

CHAPTER 5 DIFFERENT IONIC INTERACTIONS OF CARBOXYBETAINE 

AND SULFOBETAINE MOIETIES ............................................................................ 55 

5.1. INTRODUCTION ........................................................................................................ 55 

5.2 SIMULATION DETAILS .............................................................................................. 58 

5.3. RESULTS AND DISCUSSION ...................................................................................... 60 

5.3.1 Radial Distribution Functions ........................................................................... 60 

5.3.2 Association Numbers ........................................................................................ 62 

5.3.3 Association Lifetime ......................................................................................... 63 

5.3.4 Effect of Anion ................................................................................................. 65 

5.3.5 Competitive Associations ................................................................................. 66 

5.4 CONCLUSIONS .......................................................................................................... 69 

CHAPTER 6 DIFFERENT STIMULUS-RESPONSES OF SULFOBETAINE AND 

CARBOXYBETAINE POLYMERS ............................................................................. 70 

6.1 INTRODUCTION ......................................................................................................... 70 

6.2 EXPERIMENT DETAILS .............................................................................................. 71 

6.2.1 Polymer Preparation ......................................................................................... 71 

6.2.2 Rheology Measurement .................................................................................... 72 

6.2.3 Dynamic Lighting Scattering Measurement ..................................................... 73 

6.3 SIMULATION DETAILS .............................................................................................. 73 

6.3.1 Force Field Parameters ..................................................................................... 73 

6.3.2 Molecular Dynamics Simulations of Polymer Solutions ................................. 73 

6.3.3 Molecular Dynamics Simulations of Small Zwitterionic Molecules ............... 75 

6.4 RESULTS AND DISCUSSION ....................................................................................... 76 

6.5 CONCLUSIONS .......................................................................................................... 80 

CHAPTER 7 CARBON-SPACER-LENGTH EFFECTS ON HYDRATION AND 

IONIC INTERACTIONS OF CARBOXYBETAINE MOIETIES ............................ 82 

7.1. INTRODUCTION ........................................................................................................ 82 

7.2 SIMULATION DETAILS .............................................................................................. 85 

7.2.1 Quantum Chemical Calculations ...................................................................... 85 

7.2.2 Molecular Dynamics Simulations .................................................................... 89 

7.2.3 Metadynamics Calculations for Na
+
 Association Free Energy ........................ 92 

7.3. RESULTS AND DISCUSSIONS .................................................................................... 92 

7.3.1 Electrostatic Potential Surfaces of CB Moieties ............................................... 92 

7.3.2 Radial Distribution Functions between Water and CB Moieties ..................... 95 

7.3.3 Coordination Numbers ..................................................................................... 97 

7.3.4 Hydration Structures and Dynamics of CB Moieties ..................................... 100 



iii 

 

7.3.5 Hydration Free Energy of CB Moieties .......................................................... 104 

7.3.6 Association of Na
+
 with CB Moieties ............................................................ 106 

7.5. CONCLUSIONS ....................................................................................................... 110 

CHAPTER 8 NONFOULING ZWITTERIONIC MOIETIES BEYOND 

CARBOXYBETAINE AND SULFOBETAINE: A MOLECULAR SIMULATION 

STUDY ........................................................................................................................... 111 

8.1. INTRODUCTION ...................................................................................................... 111 

8.2 DETAILS OF MOLECULAR SIMULATIONS ................................................................ 114 

8.2.1 Partial Charge Calculation .............................................................................. 114 

8.2.2 Force Field Parameters ................................................................................... 116 

8.2.3 Molecular Dynamics Simulations .................................................................. 117 

8.2.4 Free Energy Perturbation ................................................................................ 119 

8.3 RESULTS AND DISCUSSION ..................................................................................... 120 

8.3.1 Hydration of Zwitterionic Moieties ................................................................ 120 

8.3.2 Self-associations among Zwitterionic Moieties ............................................. 126 

8.3.3 Protein Interactions ......................................................................................... 128 

8.4 CONCLUSIONS ........................................................................................................ 129 

CHAPTER 9 SUMMARY ............................................................................................ 131 

 

  



iv 

 

List of Figures 

Figure 2.1. Structures of carboxybetaine and OEG moieties and the initial configuration 

of the simulation system. (a) CB; (b) EG4 and (c) the initial configuration of CB1 case.

 ......................................................................................................................................... 7 

Figure 2.2. Radial distribution functions (RDFs) between the oxygen atoms of the solutes 

and the C-α atoms of each residue in CI2. (a) EG4, (b) CB1, (c) CB2 and (d) CB3. ... 10 

Figure 2.3. Average numbers of hydrogen bonds. (a) protein-water and (b) protein-solute 

for five different solutes. Protein is CI2. ....................................................................... 12 

Figure 2.4. RMSD of the C-α atoms of CI2 in five simulated cases. .............................. 13 

Figure 2.5. RMSF of the C-α atoms of CI2 in  simulated cases. ..................................... 13 

Figure 2.6. Solvent accessible surface area (SASA) of the nonpolar, polar, positive, 

negative and aromatic residues and their sum in the five simulation cases. ................. 14 

Figure 2.7. SASAs of hydrophobic and hydrophilic domains in the five simulation cases

 ....................................................................................................................................... 16 

Figure 2.8. SASAs of hydrophobic and hydrophilic domains in the Pure, EG4, EG2A 

and EG2B cases. ............................................................................................................ 17 

Figure 3.1. (a) Representative configuration of the simulation system of the 1.0 M CB 

solution. The water molecules are displayed with a line model. The interaction sites of 

the nonpolar plate are displayed with a tan colored VDW model. The CB moieties are 

displayed with a CPK model. (b) Potentials of mean force (PMFs) of the plate-plate 

associations in the CB, EG4, and EG2 solutions and the three reference systems (water, 

1.0 M TMAO, and 1.0 M urea). .................................................................................... 25 

Figure 3.2 Potentials of mean force for plate-plate associations in various solutions as a 

function of simulation time. (a) water, (b) 1M TMAO, (c) 1M urea, (d) 1M CB, (e) 1M 

EG4, (f) 1M EG2 and (g) 2M EG2 solutions. ................................................................. 26 

Figure 3.3. Normalized distributions of the atoms of moieties and water molecules in (a) 

CB, (b) EG4, (c) water, (d) TMAO and (e) urea solutions with r =1.4 nm. The positions 

of the two plates were also plotted in the figures. ......................................................... 29 

Figure 3.4. Normalized distributions of the atoms of moieties and water molecules in (a) 

water with r = 0.78 nm, (b) water with r = 0.40 nm, (c) CB solution with r = 0.78 nm 



v 

 

and (d) CB solution with r = 0.40 nm. The positions of the two plates are also shown in 

the figures. ..................................................................................................................... 30 

Figure 3.5. Dipole orientation distribution of water molecules between the plates in water 

when r = 0.78 nm. A value of 90° indicates that the dipole momentum of the water 

molecule is parallel to the plates, and the values of 0° or 180° indicate that the dipole 

momentum of the water molecule is perpendicular to the plates. ................................. 30 

Figure 3.6. Normalized distributions of atoms of EG4 moieties and water molecules in 

the EG4 solution when (a) r = 0.78 nm and (b) r = 0.40 nm. The positions of the two 

plates are also shown in the figures. .............................................................................. 32 

Figure 3.7. The orientation distribution of EG4 moieties between the plates when r = 

0.78 nm. (a) The definitions of the angles and (b) the distributions of these angles. ... 33 

Figure 4.1. Molecular structures of (a) a CB moiety and (b) a SB moiety ...................... 38 

Figure 4.2 The schematic of the SB simulation system ................................................... 40 

Figure 4.3. Radial distribution functions between water molecules and atoms of CB and 

SB moieties. (a) The oxygen atoms of the betaine moieties (O-Ow); (b) the carbon 

atoms in the methyl groups linked to nitrogen atom of the betaine moieties (C1-Ow). 42 

Figure 4.4. P1 dependences as function of θ and . (a) the definitions of θ and  for the 

water molecules around the cationic group of CB; P1 as functions of θ and  for water 

molecules in the first hydration shell of (b) Na
+
, (c) the anionic group of CB moiety, (d) 

the anionic group of SB moiety, (e) the cationic group of CB moiety, and (f) the 

cationic group of CB moiety. ........................................................................................ 46 

Figure 4.5. Dipole orientation distributions of water molecules in the first coordination 

shells of certain atoms of the CB and SB moieties. (a) Definitions of α and (b) 

distributions of cosα for the water molecules in the first coordination shells of the 

carbon atom (C-CB) of methyl groups linked to the nitrogen atom and the oxygen 

atoms (O-CB) of CB moiety, and the carbon atom (C-SB) of methyl groups linked to 

the nitrogen atom and the oxygen atoms (O-SB) of SB moiety.................................... 49 

Figure 4.6. Residence times of water molecules in the first coordination shells of solute. 

(a) illustration of definition of  and (b) the residence curve of water molecules in the 

first shell of negatively charged group of CB (CBO) and SB (SBO) and positively 

charged group of CB (CBC) and SB (SBC). ................................................................. 51 



vi 

 

Figure 5.1. Radial distribution functions (RDFs) of zwitterions and ions. (a) The RDFs 

between the oxygen atoms of CB and cations (OCB-cation), (b) the RDFs between the 

oxygen atoms of SB and cations (OSB-cation), (c) the RDFs between the nitrogen 

atoms of zwitterions and Cl
-
 (N-Cl

-
) and (d) the RDFs between the nitrogen and 

oxygen atoms of zwitterions (N-O) ............................................................................... 60 

Figure 5.2 Snapshots for the representative associations between zwitterion and cations 

(a) CB-Na
+
 associations and (b) SB-Na

+
 associations. The green ones are Na

+
, Cyan 

ones are Cl
-
. Red ones are oxygen atoms of zwitterions. .............................................. 61 

Figure 5.3. Zwitterion-cation association numbers (ANs) for various cations with Cl
-
 

ions. ............................................................................................................................... 62 

Figure 5.4. Residence curves of zwitterions-cation associations for (a) CB and (b) SB. 63 

Figure 5.5. ANs of zwitterion-cation associations with various anions. .......................... 65 

Figure 5.6. Residence curves of zwitterion-cation associations for (a) in the CB-Li
+
/Na

+
 

solvent and (b) SB- Li
+
/Na

+
 solvent. ............................................................................. 68 

Figure 6.1. Molecular structure of (a) SB and (b) CB polymers ..................................... 72 

Figure 6.2 Initial configuration of SB polymer system ................................................... 74 

Figure 6.3. Rheology properties of (a) SB polymers and (b) CB polymers as a function of 

temperature (T). G' is the storage modulus and G" is the loss modulus. ...................... 76 

Figure 6.4. Hydrodynamic sizes (Rh) of SB and CB polymer solutions as a function of 

NaCl concentration. ....................................................................................................... 77 

Figure 6.5. Radial distribution functions of the nitrogen atoms of cationic groups and the 

oxygen atoms of anionic groups for (a) PSBMA (N-O-SB RDF) and PCBMA (N-O-

CB RDF), (b) small SB molecules with various carbon spacer lengths, and (c) small 

CB molecules with various carbon spacer lengths. ....................................................... 78 

Figure 7.1 Schematic of the five CB moieties (a) CB0, (b) CB1, (c) CB2, (d) CB3 and (e) 

CB4................................................................................................................................ 85 

Figure 7.2. Conformations of CB-water systems ............................................................. 91 

Figure 7.3 EPSs of (a) CB0, (b) CB1, (c) CB2, (d) CB3 and (e) CB4. ........................... 93 

Figure 7.4. RDFs of atoms of CB moieties and oxygen atoms of water molecules in 

simulations with partial charges developed in this work or from the OPLSAA force 



vii 

 

field. (a1) O-Ow (this work), (a2) O-Ow (OPLSAA), (b1) C(N)-Ow (this work), (b2) 

C(N)-Ow (OPLSAA), (c1) C(C)-Ow (this work) and (c2) C(C)-Ow (OPLSAA). ...... 96 

Figure 7.5. Distributions of cosθ for the dipole moment of water molecules in the 

coordination shells of trimethyl ammonium and carboxylic groups with partial charges 

developed in this work and from the OPLSAA force field. (a) trimethyl ammonium and 

(b) carboxylic groups with partial charges from this work, (c) trimethyl ammonium and 

(d) carboxylic groups with partial charges from the OPLSAA force field. ................ 101 

Figure 7.6. Residence time curves C(t) of water molecules in the coordination shells of 

trimethyl ammonium and carboxylic groups with partial charges developed in this 

work and from the OPLSAA force field. (a) trimethyl ammonium and (b) carboxylic 

groups with partial charges from this work, (c) trimethyl ammonium and (d) carboxylic 

groups with partial charges from the OPLSAA force field. ........................................ 103 

Figure 7.7. Relative hydration free energy (ΔΔG) of CB molecules as a function of CSL.

 ..................................................................................................................................... 105 

Figure 7.8 Na
+
-CB associations: (a) RDFs and (b) residence curves of association of Na

+
 

and oxygen atoms of CB moieties............................................................................... 107 

Figure 7.9. Association free energy of five CB molecules with Na
+
 (a) CB0-Na

+
, (b) 

CB1-Na
+
, (c) CB2-Na

+
, (d) CB3-Na

+
 and (e) CB4-Na

+
. r1 and r2 are the distances 

between Na
+
 and the two oxygen atoms of CB moieties. ........................................... 109 

Figure 8.1. Molecular structures of 12 zwitterionic moieties . ...................................... 116 

Figure 8.2. Snapshots of simulation systems for (a) hydration, (b) self-associations 

among zwitterionic moieties and (c) zwitterion-protein interactions.......................... 117 

Figure 8.3. Radial distribution functions of oxygen atoms of zwitterionic moieties with 

the oxygen atoms of water molecules. (a) Carboxylic groups, (b) sulfonate groups and 

(c) sulfate groups ......................................................................................................... 121 

Figure 8.4. Radial distribution functions of hydrogen atoms attached to the nitrogen 

atoms of zwitterionic moieties with the oxygen atoms of water molecules. (a) NC1, (b) 

NC2 and (c) NC3 groups. ............................................................................................ 122 

Figure 8.5 Radial distribution functions of carbon atoms attached to the nitrogen atom of 

zwitterionic moieties with the oxygen atoms of water molecules. (a) NC2, (b) NC3 and 

(c) NC4 groups. ........................................................................................................... 123 



viii 

 

Figure 8.6 Structural and dynamic properties of water molecules in the first coordination 

shells of the oxygen atoms of the anionic groups of zwitterionic moieties. (a) 

Coordination number N, and (b) residence time τ. ...................................................... 124 

Figure 8.7 Structural and dynamic properties of water molecules near the cationic of 

zwitterionic moieties. (a) Coordination number of water molecules in the first 

coordination shells of carbon atoms or hydrogen atoms attached to the nitrogen atoms, 

(b) residence time τme of water molecules in the first coordination shells of carbon 

atoms of cationic groups and (c) residence time τh of water molecules in the first 

coordination shells of carbon atoms of cationic groups . ............................................ 125 

Figure 8.8 Radial distribution functions between the oxygen atoms of the anionic groups 

and the nitrogen atoms of the cationic groups for 12 zwitterionic moieties (N-O RDFs). 

(a) Zwitterionic moieties possessing a CO2 group, (b) zwitterionic moieties possessing 

a SO3 group, and (c) zwitterionic moieties possessing an OSO3 group..................... 126 

Figure 8.9 Radial distribution functions of the oxygen atoms of anionic groups of (a) 

NC3-CO2, (b) NC3-SO3 and (c) NC3-OSO3 and (d) NC2-CO2 and the Cα atom of 

each residue of the CI2. ............................................................................................... 128 

List of Schematics 

Schematic 6.1. Charge-strength matching determines associations among zwitterionic 

moieties in zwitterionic polymers. ................................................................................ 80 

List of Tables 

Table 2.1. Force field parameters of EG4 and CB molecules as labeled in Figure 2.1 ...... 8 

Table 2.2. Five simulation cases ........................................................................................ 9 

Table 3.1 Details of simulation systems........................................................................... 22 

Table 3.2 Peak-Plate distances of atoms in the CB and EG4 solutions, and water when r = 

1.4 nm (nm) ................................................................................................................... 31 

Table 3.3 Peak-Plate distances of atoms of EG4 moieties and water molecules outside the 

plates and between the plates at the two association states when r = 0.78 nm and 0.40 

nm (nm) ......................................................................................................................... 33 

Table 4.1. The force field parameters of SB and CB used in this work. Figure 4.1 shows 

the lables. ....................................................................................................................... 39 



ix 

 

Table 4.2. Coordination numbers of the first coordination shells of the anionic and 

cationic groups of CB and SB moieties ........................................................................ 44 

Table 4.3 Residence time τ of water molecules in the first shells of the negative and 

positively charged groups of CB and SB ...................................................................... 52 

Table 4.4. Hydration free energy of CB and SB. The hydration free energy of EG4, Na
+
, 

Water, F
-
, Cl

-
 and Br

-
 were also listed for comparison ................................................. 53 

Table 5.1 The force field parameters of ions ................................................................... 59 

Table 5.2. The association lifetime τ for Na
+
, K

+
 and Cs

+
 with CB and SB with Cl

-
, Br

-
 

and F
-
 as the anions ....................................................................................................... 64 

Table 5.3 The ANs and association lifetime τ for CB and SB with various cations in the 

system with one type of zwitterion and two types of cations (Cl
-
 as the anions) .......... 67 

Table 5.4. The ANs and association lifetime τ for CB and SB in the system with one type 

of cation and both CB and SB presented (Cl
-
 as the anion) .......................................... 68 

Table 6.1. Details of the simulation systems .................................................................... 74 

Table 6.2 N-O pair numbers and lifetimes of SB and CB polymers ................................ 79 

Table 7.1. Nonbond interaction parameters of atoms of the five CB moieties. See the 

labels in Figure 6.1 ........................................................................................................ 87 

Table 7.2. Bond parameters of the five CB moities ......................................................... 87 

Table 7.3. Angles parameters of the five CB moieties..................................................... 88 

Table 7.4. Torsion parameters of the five CB moieties (Ci: kJ mol
-1

 rad
-i
) ..................... 88 

Table 7.5 Interaction energy E calculated with quantum chemical calculations and 

classical force fields ...................................................................................................... 91 

Table 7.6. Partial charges of the carboxylic groups of the five CB moieties obtained with 

Bader’s analysis and CHELP algorithm ....................................................................... 94 

Table 7.7 Number of water molecules in positive, negative, CS and overlap regions and 

their sum ........................................................................................................................ 98 

Table 8.1 Partial charges of atoms of 12 zwitterionic moieties ..................................... 115 

Table 8.2 Hydration free energy of 12 zwitterionic moieties (kJ/mol
-1

) ........................ 120 

  



x 

 

Acknowledgements 

The author would like to give acknowledgment to financial support through the Office of 

Naval Research (N00014-10-1-0600), Defense Threat Reduction Agency (HDTRA1-10-

1-0074), National Science Foundation (CBET-0854298, CBET-126477, CMMI-0758358, 

and CBET-0854298), and American Chemical Society, Petroleum Research Fund(ACS 

PRF #48096-AC7). The author would like to thank the members of Jiang research group, 

especially Dr. Yi He, Andrew White and Luo Mi for helpful discussions. The author 

would also like to thank Professor Jim Pfaendtner and the members of the Pfaendtner 

group for helpful discussion about molecular simulation techniques. The work in this 

thesis was also supported in part by the National Science Foundation through TeraGrid 

resources provided by NICS and TACC under grant number TG-CHE110006. The work 

in this thesis was facilitated through the use of the advanced computational, storage, and 

networking infrastructure provided by the Hyak supercomputer system, supported in part 

by the University of Washington eScience. Finally, the author thanks Professor Shaoyi 

Jiang for discussion, advisement and funding for all presented works. 



1 

 

Chapter 1.  Introduction 

    Materials that resist biofouling are important in biological and chemical applications, 

including surface coatings of biosensors
1-2

, scaffolds for tissue engineering
3
, contact 

lenses, marine coatings
4
, vehicles for drug delivery

5-7
, and polymeric protection of 

therapeutic proteins
8
. The materials need to resist biofouling in complex media

9
, and are 

required to not influence any critical processes unintentionally. In regard to these two 

criteria, zwitterionic materials have shown excellent performance
10

. Zwitterionic 

materials possess moieties with both cationic and anionic groups. They resist non-specific 

protein adsorption in 100% blood serum
11

, prevent the formation of capsule in vivo for up 

to three month
12

, and protect the chymotrypsin against denaturing effects of heating and 

urea without scarifying the activity of the protein
8
.    

    The first successful synthesis of zwitterionic materials was reported in 1950s
13

. After 

that, many studies have been carried out on the synthesis and solution properties of 

zwitterionic materials, and their applications. The review of Lowe et al. has well 

summarized the synthesis and solution properties of zwitterionic materials
14

.  

    Ishihara et al.
15

 showed that zwitterionic 2-methacryloyloxyethyl phosphorylcholine 

(MPC) polymers could function as a protein-adsorption-resistant additive. The ability of 

MPC materials to reduce protein adsorption was initially attributed to the fact that they 

have the same chemical groups as cell membranes
15

 do. The study of Chen et al.
16

 

showed that the key is the zwitterionic feature that results in strong hydration of materials 

via electrostatic interactions. The simulation study of Yi et al.
17

 also showed that the 

hydration of zwitterionic self-assembled monolayers (SAMs) is stronger than the 

hydration of PEG materials. Strong hydration is critical to the nonfouling properties of 
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materials
18

. Therefore, the strong hydration brought by the zwitterionic feature was 

determined to be the reason of the excellent nonfouling properties of zwitterionic 

materials.  

After the nonfouling mechanism was revealed, carboxybetaine (CB) and sulfobetaine 

(SB) materials showed super low fouling properties first time and have been extensively 

used since then
19-20

. The zwitterionic moieties of CB and SB materials are similar to 

some naturally occurring osmolytes, but the nonfouling properties of these two materials 

should be due to their strong hydration. As stated above, both of these two materials 

showed nonfouling properties in complex media. In addition, SB materials are stimuli 

responsive
21

 and CB materials are functionalizable
22

. The excellent nonfouling properties 

and the capability to couple with other desired properties make zwitterionic materials 

good platforms to develop biological and chemical applications.  

However, two fundamental questions about zwitterionic materials remain unsolved. 

First, why do zwitterionic materials perform differently from non-ionic materials? 

Second, what are the differences among various zwitterionic materials? The answers to 

these two questions will not only explain the current applications of zwitterionic 

materials, but also help to design new zwitterionic materials. This thesis presents 

experimental and computational simulation studies to answer the two questions above 

and design new nonfouling zwitterionic materials beyond CB and SB materials. Chapters 

2 and 3 will present the studies about the differences of zwitterionic CB and non-ionic 

OEG moieties in their influences on protein structure and hydrophobic interactions. 

These two chapters will provide insights in the different performance between 

zwitterionic and PEG materials. CB and SB materials are the most widely used 
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zwitterionic materials today. Chapters 4 to 6 will present the studies about the differences 

between CB and SB moieties in their hydration, ionic interactions, and self-associations 

among zwitterionic moieties. These studies, in line with experimental observations, will 

provide insights in the structure-property relationship of zwitterionic materials. Chapter 7 

will present the influence of carbon spacer length on hydration and ionic interactions of 

CB moieties. Chapter 8 will present a computational design of new zwitterionic moieties 

beyond CB and SB moieties. Chapter 9 will summarize all the studies above.  
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Chapter 2. Different Effects of Carboxybetaine and Oligo(ethylene 

glycol) Molecules on Protein Structure 

This chapter presents a molecular simulation study on the different effects of zwitterionic 

carboxybetaine (CB) and non-ionic oligo(ethylene glycol) (OEG) moieties on the 

structure of a chymotrypsin inhibitor 2 (CI2). We studied the radial distribution functions 

between the two solutes and the Cα atoms of the 64 residues of CI2, the average numbers 

of solute-protein and water-protein hydrogen bonds, the root mean square deviation 

(RMSD) of the Cα atoms of the protein, and the solvent accessible surface area (SASA) 

of the protein. CB moieties have a minimal effect on the protein due to the shared 

zwitterionic nature of CB and protein whereas non-ionic OEG moieties alter the 

flexibility and SASA of hydrophobic domains of the protein.   

2.1. Introduction  

    Protein-solute interactions are attracting increasing attention because of their critical 

roles in protein structure and function
23-25

. The structure and bioactivity of a protein can 

be altered by exposing to different solutes
26-30

.  

    Solutes with different chemical structures can share similar effects on proteins. For 

instance, trimethylamine N-oxide (TMAO), glycine betaine, sorbitol, trehalose and 

glycerol are all recognized as protein stabilizers
25

, and their mechanisms of action have 

been extensively studied experimentally
31-32

 and theoretically
33-40

. Molecular dynamics 

simulations
34-37, 40

 have shown that these five solutes, despite their different chemical 

structures, share the common feature that they do not accumulate near the protein surface. 

Instead, the solutes distribute throughout the solvent, enhance the water structure, and 

slow water mobility. The low water mobility and enhancement of water structure is 
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suggested to be responsible for protecting the native structure of a protein 
41

. The protein 

is surrounded by slower solvent molecules while the solute molecules are excluded from 

the protein surface. This phenomenon implies that protein stabilizers may be potential 

candidates to develop non-specific protein resistant materials because they do not 

associate with proteins
42

. This hypothesis was tested with a number of materials based on 

the protein stabilizers. Anand et al.
43

 also showed that the self-assembly of TMAO on 

CH3-self assembled monolayers can form a low protein-adsorbing surface.  

However, because of the chemical heterogeneity of proteins, solutes with different 

chemical features may interact distinctly with proteins, even though they share common 

properties. Identifying the difference among various solutes is critically important for 

both fundamental understanding and practical applications. Recent experiments of Keefe 

et al.
8
 showed that polycarboxybetaine (PCB) can stabilize the chymotrypsin as well as 

polyethylene glycol (PEG), but without sacrificing the enzymatic activity. This indicates 

that CB and EG may share some common properties to protect a protein, but interact with 

the protein differently.  

CB and EG moieties have different characteristics. CB is a zwitterionic moiety 

possessing both cationic and anionic groups. Its structure is similar to naturally occurring 

glycine betaine. OEG is a neutral moiety with a structure similar to polyols, which can 

protect proteins. It is also interesting to note that EG-type solutes can stabilize
44-45

 or 

destabilize
44, 46

 proteins, depending on the structure of the protein, the molecular weight 

and concentration of the solutes, and other environmental factors such as temperature and 

presence of other solutes. Our previous study
47

 has shown that the local hydration 

structure of a CB moiety differs from that of an OEG moiety, though both are highly 



6 

 

hydrated. The hydration free energy of the former is lower than the one of the latter
48

, 

indicating that the CB moieties may be more hydrophilic. This also indicates that these 

two solutes may interact with proteins differently. A thorough comparison of the effects 

of CB and OEG moieties on proteins is therefore critical to not only distinguish these two 

solutes and provide insights in how solutes with different chemical structures can interact 

with a protein, but also provide a guide for the rational design of biomaterials.  

In this work, we studied the interactions of CB and EG moieties with CI2, a model 

protein, using molecular dynamics simulations. We selected EG4 moieties as the 

representative OEG moieties
47-48

. The main objective is to explore the common and 

different effects of these two solutes on a protein by comparing the spatial distribution of 

solutes around the protein, protein flexibility, and surface areas of different domains.  

2.2. Simulation Details 

The structures of CB and EG4 moieties are shown in Figure 2.1. We selected 

chymotrypsin inhibitor 2 (CI2) (pdb ID: 1ypc) as the model protein since its protein-

solute interactions have been extensively studied
34

. All atom models were used in this 

work. The SPC/E model
49

 was used to represent water molecules because of its good 

representation of the dipole moment, dielectric constant and diffusion properties of water 

molecules.  
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(a) (b) 

 

(c) 

Figure 2.1. Structures of carboxybetaine and OEG moieties and the initial configuration 

of the simulation system. (a) CB; (b) EG4 and (c) the initial configuration of CB1 case. 

The potential energy of intermolecular interactions is calculated as a combination of a 

Lennard-Jones (L-J) 12-6 potential and a Coulombic potential, as shown in Equation 2.1 

 
ij

ji

ij

ij

ij

ij

ijij
r

qq

rr
rU 













































612

4




 

(2.1) 

where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Jorgensen combining rules. 

In simulations of zwitterionic molecules, the proper description of their partial charges 

is particularly important. To obtain the partial charges of the CB molecule, we carried out 

quantum calculations with DFT-B3LYP/6-31G** and CHELP with Gaussian 09
50

. The 

calculations were carried out using GridChem system
51

. The L-J parameters were 

obtained from the OPLS all atom force field
52

 developed by Jorgensen group because of 
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the force field’s good representation of small organic molecules. The bond interaction 

parameters were also derived from OPLS all atom force field. Table 2.1 lists the L-J 

parameters and partial charges for EG4 molecule and CB molecule. The parameters for 

protein were derived from OPLS all atom force field
52

.  

 

Table 2.1. Force field parameters of EG4 and CB molecules as labeled in Figure 2.1 

 σ (nm) ε (kJ·mol
-1

) q (e)  σ (nm) ε (kJ·mol
-1

) q (e) 

EG4    CB    

O 0.290  0.5858 -0.4000 N 0.325 0.7113 0.3516 

C1 0.350   0.2761 0.1400 C1 0.350 0.2761 -0.3226 

H1 0.250   0.1255 0.0300 H1 0.250 0.0628 0.1514 

C2 0.350   0.2761 0.1450 C2 0.350 0.2761 0.0200 

H2 0.250   0.1255 0.0600 H2 0.250 0.0628 0.0660 

Oh 0.312   0.7113 -0.6830 C3 0.350 0.2761 -0.1262 

Ho 0.000   0.0000 0.4180 H3 0.250 0.1255 0.0360 

    C 0.375 0.4393 0.9070 

    O 0.296 0.8786 -0.8756 

 

The simulation system was a periodic solvent box containing water molecules, solute 

molecules, one protein molecule and two Cl
-
 anions as counter ions. We noticed that the 

EG4 and CB molecules have different molecular weights and volumes. To compare them 

fairly, we used one EG4 simulation system and three CB simulation systems, as listed in 

Table 2.2. The recent investigation of Silow et al.
44

 showed that EG solute types increase 

the folding rate of CI2 at concentrations < 4 M, and the EG4 system used in this work is 

within this concentration and thus should not destabilize the protein. The three CB 

simulation systems have the same mole, mass or volume of CB solutes with the 
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corresponding values of the EG4 system. The numbers of water molecules are consistent 

in these four simulation cases. We also simulated a case with only CI2 and counterions in 

pure water as the reference, which is also listed in Table 2.2. Figure 2.1(c) shows the 

initial configuration of the CB1 case, which was produced with the Visual Molecular 

Dynamics program (VMD)
53

.  

Table 2.2. Five simulation cases 

Name Solute 

type 

Solute 

number 

Water 

number  

Molar 

con. (M) 

Mass con. 

(%) 

VDW solute 

vol. (nm
3
) 

Water N/A N/A 3250 N/A N/A N/A 

EG4 EG4 100 5500 1.0 15.3 19.7 

CB1 CB 100 5500 1.0 11.0 13.9 

CB2 CB 140 5500 1.4 14.8 19.5 

CB3 CB 150 5500 1.5 15.6 20.9 

 

    Molecular dynamics (MD) simulations were performed using Gromacs-4.5.1
54

 in an 

isobaric-isothermal (NPT) ensemble. After energy minimization and a 100.0 ns MD run 

with an integral step of 1.0 fs for equilibrium, another 100.0 ns MD run was carried out to 

collect data. The coordinates were saved every 2.0 ps. Long-range electrostatic 

interactions were computed with the particle mesh Ewald method
55

 with periodic 

boundary conditions in all three dimensions. The short-range van der Waals interactions 

were calculated with a cutoff distance of 1.1 nm. For each simulation case, the first 100 

ns MD simulation was maintained at 298 K (0.1 ps time constant) and 100.0 KPa with the 

Berendsen algorithm
56

 (with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps time 

constant). For the next 100 ns for data collection, temperature was maintained at 298 K 

with Nose-Hoover thermostat
57-58

,  and pressure was coupled with Parrinello-Rahman 

method
59

. Intramolecular bonds of molecules involved hydrogen atom were kept 

constrained with the LINCS algorithm during simulations
60

.  
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2.3 Results and Discussion   
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Figure 2.2. Radial distribution functions (RDFs) between the oxygen atoms of the solutes 

and the Cα atoms of each residue in CI2. (a) EG4, (b) CB1, (c) CB2 and (d) CB3. 

  To investigate whether CB or EG4 molecules are concentrated or expelled from the 

protein surface, we analyzed the radial distribution functions (RDFs) between the solute 

molecules and the CI2. Because of the chemical heterogeneity of the protein, we 

investigate the RDFs of the selected atoms of solute molecules and the Cα atoms of the 

64 residues of CI2 instead of the RDFs between the centers of mass of the solutes and 

protein. We selected the two oxygen atoms in CB molecules because of their importance 

in the hydration of CB
48

 and the five oxygen atoms of EG4 molecules. Figure 2.2 shows 

the RDFs of the oxygen atoms of CB and EG4 molecules and the Cα atoms of 64 residues 
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in the CI2. As shown in Figure 2.2(a), for most residues, the RDFs of EG4 case are less 

than 1.5. This indicates that the EG4 molecules do not significantly associate with the 

protein, consistent with the observations of trehalose and glycerol
37, 40

. From Figures 

2.2(b)-(d), we can find that, for most residues, the RDFs of CB cases are less than 1.5. 

Thus the CB molecules also do not concentrate near the protein either, similar with the 

behavior of TMAO
7
 and glycine betaine

8
. The RDF results here showed that both EG4 

and CB molecules do not accumulate near the protein surface, similar to protein 

stabilizers. 

Nevertheless, the RDFs show that EG4 and CB molecules associate specifically with 

certain residues of the CI2. As shown in Figure 2.2(a), EG4 molecules mainly associate 

with six nonpolar and polar residues. Among them, the nonpolar Ala40 residue has the 

highest peak with a value around 4.0 and the Gly35, Thr36, Ile37, Val38, and Thr39 

residues have peaks around 2.0. However, the CB molecules only associate with Thr39, 

as shown in Figures 2.2(c) and 2.2(d). This is probably because CB is superhydrophilic 

and EG4 is amphiphilic. A recent MD simulation study
40

 showed that methanol and 

trifluoroethanol bound to non-polar side chains of a peptide, while more hydrophilic 

glycol and glycerol were excluded from its nonpolar side chains. This trend agrees well 

with what is observed for CB and EG4 in this work. The different behavior implies that 

CB and EG4 may influence the protein structure differently. Because EG4 approaches 

more nonpolar residues, it may have more effect on the hydrophobic domain.  
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Figure 2.3. Average numbers of hydrogen bonds. (a) protein-water and (b) protein-solute 

for five different solutes. Protein is CI2.  

 

To further explore the protein-solute interactions, we investigated the hydrogen bonds 

(HBs) between them. We used the criteria of Luzar et al.
61

 to define a hydrogen bond. 

Figure 2.3 shows the average numbers of water-protein, EG4-protein and CB-protein 

hydrogen bonds per protein for five simulated cases. Bennion et al.
34

 have shown that 

even with a concentration of TMAO as high as 4 M, the number of the protein-TMAO 

hydrogen bonds is still overwhelmed by the protein-water hydrogen bonds. The 

observation here for EG4 and CB agrees well with this observation.  

As shown in Figure 2.3b, the number of EG4-protein hydrogen bonds (4.0) is less than 

the numbers of CB-protein hydrogen bonds in the CB1 (8.8), CB2 (11.5) and CB3 (13.4) 

cases. Shao et al.
40

 showed that different hydrogen bonding interactions played a crucial 

role in the different effects of alcohol molecules on a polypeptide BBA5. The different 

hydrogen bond numbers between EG4-protein and CB-protein implies that these two 

solutes may affect the protein structure differently.     
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Figure 2.4. RMSD of the Cα atoms of CI2 in five simulated cases. 

 

Figure 2.5. RMSF of the Cα atoms of CI2 in simulated cases. 

The analysis of protein structure reveals the different effects of EG4 and CB. Protein 

structure was first investigated with the root mean square deviation (RMSD) of the C-α 

atoms of CI2. Figure 2.4 shows the RMSD as a function of time for the five cases. In the 

simulation of Bennion et al.
34

, an unfolded CI2 denatured by urea has RMSD as high as 

0.6 nm and the one denatured by high temperature has RMSD around 0.5 nm; the folded 

protein has RMSD around 0.2 nm. In this work, the CI2 has RMSD around 0.2 nm in 

water case, agreeing well with the results of Bennion et al.
34

. From Figure 2.4, the 
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RMSDs of three CB cases are also around 0.2 nm during the 100-ns MD simulations, and 

their fluctuations are in the same scale of that of the water case. This similarity indicates 

that CI2 maintains its native structure and flexibility in the CB solutions just as in water. 

However, the RMSD of the EG4 case is around 0.09 nm, much lower than the RMSD of 

the water case. In addition, the RMSD fluctuation of the EG4 case is much less than that 

of the water case. Liu et al.
37

 showed a similar RMSD reduction for CI2 in 0.5 M 

trehalose and glycerol solutions in their simulations. This implies that, although still 

folded, the protein in the EG4 solution has structure closer to the crystal structure than the 

native one in water, and its flexibility decreases. In other words, the structure of protein 

in EG4 solution deviates from the one in water more than the ones in the CB solutions. In 

addition, the protein in EG4 solution is more rigid. The root mean square fluctuation 

(RMSF) in Figure 2.5 also indicates that the protein is more rigid in the EG4 solution.  

Because the flexibility is critical to certain functions such as binding and catalysis 
62-64

, 

such a reduction in flexibility may influence protein’s activity.  
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Figure 2.6. Solvent accessible surface area (SASA) of the nonpolar, polar, positive, 

negative and aromatic residues and their sum in the five simulation cases. 
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  The difference between CB and EG4 was also observed from the solvent accessible 

surface area (SASA) of CI2. We analyzed the SASA of CI2 with a probe of 0.14 nm 

radius. In the four cases of EG4 or CB, the SASA calculations were carried out 

considering the solute molecules. To provide insights into the effects of these two solutes 

on different types of residues, we categorized the 64 residues of the CI2 into five types: 

nonpolar, polar neutral, positive charged, negative charged and aromatic based on their 

side chains. Figure 2.6 shows the SASAs of these five residue types in the five simulation 

cases.   

  As shown in Figure 2.6, the total SASA of CI2 decreases for both EG4 and CB 

solutions. The SASA of a protein is expected to decreases when solute is added
65

. 

However, EG4 and CB influence differently the SASA of nonpolar residues, while they 

influence similarly the SASAs of other four types of residues. The SASA of the nonpolar 

residues for the EG4 case is 11.87±1.07 nm
2
, considerably less than the corresponding 

SASA for the water case (16.82±0.89 nm
2
). However, the SASA of the nonpolar residues 

for the three CB cases are 15.62±0.7, 14.96±0.89 and 14.88±0.75 nm
2
, comparable to the 

one for the water case.  
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Figure 2.7. SASAs of hydrophobic and hydrophilic domains in the five simulation cases 

Figure 2.7 shows the SASA of the hydrophobic and hydrophilic domains of the CI2 in 

the five cases. The hydrophobic domains were defined by all atoms with partial charges 

from -0.2 to 0.2. We can observe that the EG4 case has SASA of hydrophobic domains 

decreased much more than the CB cases. As shown in Figure 2.6, the SASAs of the 

hydrophobic domains of the three CB cases (22.16±0.98 nm
2
, 21.63±1.06 nm

2
 and 

21.29±0.94 nm
2
) are 90.08%, 87.93% and 86.55% of the SASA of the water case 

(24.60±0.96 nm
2
), whereas the SASA of hydrophobic domains in the EG4 case 

(16.95±1.24 nm
2
) is only 68.90% of that of the water case. This means that nearly 1/3 of 

the hydrophobic domains originally accessible in the water solvent become inaccessible 

in the EG4 solution, whereas the corresponding loss in the CB solution is only around 

1/10.  

This difference is due to that CB moieties consist of two charged groups and are 

superhydrophilic, whereas EG4 moieties are amphiphilic with hydrophobic nature. The 

EG4 moieties used in this work are capped with hydrophilic –OH groups to decrease their 

hydrophobicity. However, even with hydrophilic-group capped EG4 moieties, nearly 1/3 
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of the hydrophobic domain of the protein is covered. Thus, we expect that the 

hydrophobic-group capped EG4 molecules will cover more hydrophobic domain. The 

hydrophobic domain is generally recognized to play an essential role in the protein 

bioactivity (e.g., substrate binding or catalysis), and aggregation. Chennamsetty et al.
41

 

showed a correlation between the domain with high hydrophobicity and the known 

aggregation domain using the spatial aggregation propensity (SAP) analysis they 

developed. Thus, different effects of CB and EG4 solutes on the SASA of the 

hydrophobic domain signal the dramatic differences between these two types of materials 

on protein bioactivity and aggregation. As shown in Figure 2.6, the SASA of hydrophilic 

domains decreases with both EG4 and CB to a similar degree. The effect of CB on the 

SASA of domain is not sensitive to concentration variation. From CB1 case to CB3 case, 

as the concentration increases from 1.0 to 1.5 M, the SASA of the respective domain is 

nearly the same. 
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Figure 2.8. SASAs of hydrophobic and hydrophilic domains in the Pure, EG4, EG2A 

and EG2B cases.    
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For the results presented above, EG4 moieties have been used. To investigate if the 

molecular length and concentration of OEG solutes will affect our findings, we simulated 

two cases with 100 and 200 EG2 moieties, named as EG2A and EG2B. The details of the 

simulation system are exactly the same as the EG4 case. The EG2A case has the same 

mole, while the EG2B case has the same mass and volume of solutes as the EG4 case. 50 

ns MD simulation was performed for each case in the same way as described in section 

2.2 and the last 25 ns was used to collect data. Figure 2.8 shows the SASAs of 

hydrophobic and hydrophilic domains for these two cases. We can observe that, in EG2A 

case, the SASA of hydrophobic domain is 20.00±1.40 nm
2
, larger than that in the EG4 

case. This is expected because the volume of solute in EG2A case is only around half of 

that in the EG4 case. In the EG2B case, which has the same solute volume as the EG4 

case, the SASA of hydrophobic domain is 16.08±1.44 nm
2
, comparable to that of EG4 

case. It is interesting to note that the EG2 molecule is more hydrophilic than the EG4 

molecule because of the hydrophilic cap we used. Therefore, though the SASA of 

hydrophobic domains varies with the molecular length and concentration of EG solute, it 

does not affect the conclusion that OEG molecules affect the hydrophobic domain more 

than CB molecules.     

2.4 Conclusions 

    In this work, we investigated the similarities and differences in the effect of CB and 

OEG solutes on CI2 using MD simulations. We analyzed the RDFs between the solutes 

and the protein, the solute-protein and water-protein hydrogen bonds and the structure 

properties of CI2 including the RMSD and SASA. The results show that, although their 

chemical structures are different, these two solutes share a common feature that neither of 
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them preferentially accumulates near the protein surface, and keeps CI2 in its folded state. 

However, the EG4 moieties associate with hydrophobic residues more than the CB 

moieties, and the later has more hydrogen bonds with the protein. CI2 has different 

flexibility and SASAs with these two solutes even though the protein is in folded state 

with both of them. In EG4 solution, CI2 has reduced structural dynamics whereas the 

protein with CB solution has flexibility similar to that of CI2 in water. Compared to CI2 

in pure water, the SASA of the hydrophobic domain decreases nearly 1/3 in solution of 

1M EG4, whereas the corresponding decrease in solution with CB of the same 

concentration is only around 1/10. Their effects on the hydrophilic domains are similar.  
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Chapter 3 Different Effects of Carboxybetaine & Oligo(ethylene glycol) 

Moieties in Alternating Hydrophobic Interactions 

Polycarboxybetaine and poly(ethylene glycol) materials resist non-specific protein 

adsorption, but differ in influencing biological functions such as enzymatic activity. To 

investigate this difference, we studied the influence of carboxybetaine and oligo(ethylene 

glycol) moieties on hydrophobic interactions using molecular simulations. We employed 

a model system composed of two non-polar plates and studied the potential of mean force 

of plate-plate association in carboxybetaine, (ethylene glycol)4 and (ethylene glycol)2 

solutions using well-tempered metadynamics simulations. Water, trimethylamine N-

oxide and urea solutions were used as reference systems. We analyzed the variation of 

the potential of mean force in various solutions to study how carboxybetaine and 

oligo(ethylene glycol) moieties influence the hydrophobic interactions. To study the 

origin of their influence, we analyzed the normalized distributions of moieties and water 

molecules using molecular dynamics simulations. The simulation results showed that 

oligo(ethylene glycol) moieties repel water molecules away from the non-polar plates and 

weaken the hydrophobic interactions. Carboxybetaine moieties do not repel water 

molecules away from the plates and therefore do not influence the hydrophobic 

interactions.      

3.1 Introduction 

    Materials that can resist non-specific protein adsorption are important for applications 

such as contact lenses
66

, implanted medical devices
12

 and biosensors
1
. 

Polycarboxybetaine (PCB) and poly(ethylene glycol) (PEG) are two typical nonfouling 

materials.
9, 48

 They both resist nonspecific protein adsorption through strong hydration of 
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their moieties.
47-48, 67

 Although they both display strong hydration, the two materials have 

different chemical moieties and some differences have been recently reported. For 

instance, Keefe and Jiang
8
 studied the enzymatic activity of chymotrypsin conjugated by 

PEG or PCB chains. They found that PCB does not decrease the enzymatic activity as 

PEG does, indicating that they influence the molecular structure and/or interactions in 

biological systems differently. A recent simulation study
68

 has also described different 

effects of small solutes,  (ethylene glycol)4 (EG4) and CB moieties on protein structure. 

EG4 moieties mask the hydrophobic domain of a protein more than CB moieties. 

    However, little is known about the differences between PEG and PCB in the ability to 

change molecular interactions in biological systems. Biological systems utilize a 

sophisticated balance of interactions to maintain homeostasis among these interactions, 

and hydrophobic interactions play one of the most important roles.
69-70

 The hydrophobic 

interactions originate from the disruption of water-water hydrogen bonds by nonpolar 

solute
71

, and are important in protein folding
72-73

, cell membrane formation
74

 and protein-

ligand binding
75

. Research has shown that the hydrophobic interactions are susceptible to 

external influences, including ions, organic osmolytes, temperature and pressure
76-77

. 

Considering EG and CB have different molecular structures and hydration
48

, we expect 

that the two materials will differently influence hydrophobic interactions. 

    Here we studied the effects of CB and oligo(ethylene glycol) (OEG) moieties on 

hydrophobic interactions using molecular simulations. A model system of hydrophobic 

interactions was chosen: the association of two nonpolar plates. The moiety 

concentrations in solutions were set to 1.0 M (CB, EG4 and EG2) or 2.0 M (EG2). We 

used three reference systems: pure water, 1 M trimethylamine N-oxide (TMAO) solution 
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and 1 M urea solution. Previous studies have shown that TMAO molecules do not 

influence hydrophobic interactions
78

 while urea molecules weaken them
79

. Therefore, 

water and TMAO systems served as the references for which hydrophobic interactions 

were not influenced while the urea system served as the reference for which hydrophobic 

interactions were weakened.       

3.2 Simulation Details 

3.2.1 Simulation Systems 

    For well-tempered metadynamics simulations, the simulation system includes two 

model nonpolar plates that were placed at an initial distance of 1.0 nm, 1126 water 

molecules and 20 moiety molecules. The initial lengths in x and y directions are 3.0 nm 

and the initial length in z direction is 4.0 nm. Figure 3.1a shows the configuration of the 

simulation system for the plates in the 1.0 M CB solution.  

Table 3.1 Details of simulation systems 

 moiety number   water molecule number concentration (M) 

1M CB 20 1126 1.0 

1M EG4 20 1113 1.0 

1M EG2 20 1113 1.0 

2M EG2 40 1110 2.0 

water  1477  

1M TMAO 20 1100 1.0 

1M urea 20 1666 1.0 

 

The molecular dynamics (MD) simulations include the same numbers of molecules as 

the well-tempered metadynamics simulations. The plate-plate distances were set to their 

desired values. For instance, in a MD simulation to study the distribution of 

carboxybetaine (CB) moieties around the plates with a plate-plate distance of 0.45 nm, 

the initial plate-plate distance was set to be 0.45 nm.  
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3.2.2 Force Field Parameters  

    Water molecules in this work were represented with the TIP3P model
80

. We used the 

force field parameters developed by Kast et al.
81

 to describe TMAO molecules, and the 

force filed parameters
82

 developed in our previous work to describe CB molecules. EG4, 

EG2, and urea molecules were described by the OPLSAA force field
52

.  

A model nonpolar plate was composed of a sheet of 4 4 interaction sites. Each 

interaction site was described by the united-atom OPLS force field parameters for a 

methane molecule. The distance between nearby interaction sites is 0.3 nm and the x and 

y positions of the interaction sites were restrained by a force with a constant of 5000 

kJ·mol
-1

.     

A combination of a Lennard-Jones (L-J) 12-6 potential and a Coulomb potential (eq. 

3.1) was used to calculate the non-bonded potential energy.  
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(3.1) 

where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Jorgensen combining rules. 

3.2.3 Details of Molecular Dynamics Simulation 

    After energy minimization and a 5.0 ns MD run with an integral step of 1.0 fs for 

equilibrium, another 10.0 ns run was carried out with integral step of 2.0 fs. The 

coordinates were saved every 0.2 ps. Long-range electrostatic interactions were computed 

with the particle mesh Ewald method with periodic boundary conditions in all three 

dimensions.
55

 The short-range van der Waals interactions were calculated with a cutoff 

distance of 1.0 nm. During the 5.0 ns MD simulation for equilibrium, the system was 
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maintained at 298 K (0.1 ps time constant) and 100.0 kPa with the Berendsen algorithm
56

 

(with a compressibility of 4.5 × 10-5 bar
-1

 and a 1 ps time constant). During the 10.0 ns 

MD simulation for data collection, the system was maintained at 298 K with the Nose-

Hoover algorithm
57-58

. Intramolecular bonds of moieties and water molecules involving 

hydrogen atoms were kept constrained with the LINCS algorithm.
60

 The MD simulations 

were performed using Gromacs-4.5.5
83

. 

3.2.4 Details of Well-Tempered Metadynamics Simulation 

    Well-tempered metadynamics simulations
84

 were used to calculate the potentials of 

mean force. This method was developed from traditional metadynamics
85

 and improves 

the convergence of simulations since it rescales the hill weight factor. The collective 

variable was the distance between the centers of mass (COM) of the plates in the z 

direction. The initial hill height was set to be 1.5 kJ·mol
-1

 and the deposition rate of the 

hill bias terms was set to be 200 fs with a bias factor of 10. The width σ for the hills was 

set to 0.05. The total production simulation times were 100 ns (water), 120 ns (1.0 M CB, 

11.0 M TMAO and 1.0 M urea), 260 ns (1.0 M EG4 solution), 260 ns (1.0 M EG2 

solution) and 140 ns (2.0 M EG2 solution) with an output frequency of 200 fs.  

    The initial configurations used in the well-tempered metadynamics simulations were 

obtained after an energy minimization and a 5 ns MD simulation in order to equilibrate 

the systems. The plates were placed with a COM distance of 1.0 nm and the other details 

of the MD simulations and systems were described in section II.C. All the well-tempered 

metadynamics simulations were carried out in a NVT ensemble with v-rescale 

algorithm
86

 to control the temperature at 298 K using Plumed-1.3.0
87

 implemented 

Gromacs-4.5.5
83

.  
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3.3 Results and Discussion 

3.3.1 Potential of Mean Force 

 

 
Figure 3.1. (a) Representative configuration of the simulation system of the 1.0 M CB 

solution. The water molecules are displayed with a line model. The interaction sites of the 

nonpolar plate are displayed with a tan colored VDW model. The CB moieties are 

displayed with a CPK model. (b) Potentials of mean force (PMFs) of the plate-plate 

associations in the CB, EG4, and EG2 solutions and the three reference systems (water, 

1.0 M TMAO, and 1.0 M urea). 

Figure 3.1b shows the potentials of mean force (PMFs) of the plate-plate associations 

in various solutions as a function of the plate-plate distance r. Convergence of 

metadynamics simulations was investigated through the variation of potentials of mean 

force as a function of simulation time, as shown in Figure 3.2. The PMFs show the 

difference between CB and EG4 in their effects on hydrophobic interactions. The PMF of 

CB solution is identical to the PMF of water. The PMF profile in the TMAO solution is 

also similar to the one in water. Athawale et al.
78

 studied the effect of TMAO on 

assembly of a hydrophobic polymer chain. They concluded that TMAO has a negligible 

effect on hydrophobic interactions based on the similar free energy profiles of assembly 

in the TMAO solution and in neat water. Thus the similar PMFs of CB solution and water 

indicate the CB moieties also have a negligible effect on hydrophobic interactions.       
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Figure 3.2 Potentials of mean force for plate-plate associations in various solutions as a 

function of simulation time. (a) water, (b) 1M TMAO, (c) 1M urea, (d) 1M CB, (e) 1M 

EG4, (f) 1M EG2 and (g) 2M EG2 solutions. 



27 

 

    The PMF of EG4 solution differs from the PMF of water in two aspects: The minimum 

at 0.4 nm increases by 10 kJ·mol
-1

 and a new minimum occurs at 0.78 nm with a value of 

around -40 kJ·mol
-1

. The minimum at 0.4 nm represents the state that the two plates 

associate directly, and its value is the free energy of this direct association. The upside 

movement of minimum therefore means a decrease of association free energy, indicating 

that the hydrophobic interactions between the two plates weaken. The PMF of urea 

solution has a similar movement for the minimum at 0.4 nm. Zangi et al.
79

 reported that 

urea weakens the hydrophobic interactions of two nonpolar plates, which was also 

manifested as a upside movement of the PMF minimum. The minimum at 0.78 nm 

indicates a new association state. The large r of this state implies the two plates may be 

associating indirectly with some molecules between them. The minimum value indicates 

that this association state at 0.78 nm may be not as stable as the one at 0.4 nm. However, 

the association state at 0.78 nm may impede the formation of an association at 0.4 nm 

because the two plates need energy to dissociate from the state at 0.78 nm to approach 

closer. The structural detail of this association state will be discussed in the next section.   

To study the influence of molecular size, we analyzed the PMFs of EG4 and EG2 

moieties. As shown in Figure 3.1b, when EG4 is shortened to EG2 moieties, the minimum 

at 0.4 nm is still higher than the one in water. The minimum shifted from 0.78 to 0.80 nm, 

with a minimum value around -20 kJ·mol
-1

. This observation indicates the influence of 

OEG moieties mainly depends on their chemical nature. The PMFs of 1.0 M and 2.0 M 

EG2 solutions have similar minima at 0.40 nm but different minima at 0.80 nm. As shown 

in Figure 3.1b, the minimum at 0.80 nm for the PMF of 2.0 M EG2 solution is lower than 
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that of 1.0 M EG2 solution, indicating that hydrophobic interactions are influenced more 

with more OEG moieties.      

3.3.2 Density Distribution 

The distinct effects of CB and EG4 moieties on hydrophobic interactions may be 

caused by their different effects on the local environments of the plates. The literature
79, 

88-89
 has shown the importance of local environment to hydrophobic interactions. In order 

to study the local environments of the plates, we did MD simulations to investigate the 

distributions of the atoms of moieties and water molecules when r is equal to 1.4 nm. 

Figure 3.3 shows their normalized distributions in the normal direction of the plates in 

various solutions. The profiles in Figure 3.3 were calculated only for the portion of box 

delimited by the x and y values of the plates. The Ow curves were normalized as 

N(Ow)/N(Ow-bulk), where N(Ow) is the actual number of Ow in the bin and N(Ow-bulk) 

is the number of Ow in the bin in bulk phase. The curves of atoms for moieties were 

normalized as N(A)/N(A-ave), where N(A) is the actual number of atom A in the bin and 

N(A-ave) is the number of atom A in the bin if they distribute evenly at the normal 

direction of the plate in the system. Table 3.2 lists the peak-plate distances in the CB and 

EG4 solutions, and water.  
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Figure 3.3. Normalized distributions of the atoms of moieties and water molecules in (a) 

CB, (b) EG4, (c) water, (d) TMAO and (e) urea solutions with r =1.4 nm. The positions 

of the two plates were also plotted in the figures. 

 

 

 

 

 

 

 

 

 



30 

 

  

  
Figure 3.4. Normalized distributions of the atoms of moieties and water molecules in (a) 

water with r = 0.78 nm, (b) water with r = 0.40 nm, (c) CB solution with r = 0.78 nm and 

(d) CB solution with r = 0.40 nm. The positions of the two plates are also shown in the 

figures. 

 

 

 
 

Figure 3.5. Dipole orientation distribution of water molecules between the plates in water 

when r = 0.78 nm. A value of 90° indicates that the dipole momentum of the water 

molecule is parallel to the plates, and the values of 0° or 180° indicate that the dipole 

momentum of the water molecule is perpendicular to the plates.       
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    The normalized distributions in the CB and EG4 solutions illustrate their 

hydrophobicities and why they change the hydrophobic interactions differently. Figure 

3.2 (a and b) show that the CB moieties are further from the plates than water molecules, 

while the EG4 moieties are closer to the plates than water molecules. This EG4 

accumulations demonstrates the hydrophobic feature of EG4 moieties, which has been 

discussed previously
90

. The strength of hydrophobic interactions is affected by water-

water hydrogen bonds between the two plates. The CB moieties keep the plates in a 

hydrophilic environment similar to that of water. EG4 moieties deplete water molecules 

from the plates and offer a more hydrophobic environment for the plates. In CB solution, 

when r decreases to 0.78 or 0.40 nm, the plates are in a hydrophilic environment similar 

to that of water (Figure 3.4). Figures 3.2d and 3.2e show the plates are surrounded by 

water molecules in the TMAO solution and by a urea-water mixture in the urea solution. 

Zangi et al
79

. also observed that the plates are surrounded by a water-urea mixture in the 

urea solution, and they attributed the change of hydrophobic interactions to this change of 

the local environment of plates. 

Table 3.2 Peak-Plate distances of atoms in the CB and EG4 solutions, and water when r = 

1.4 nm (nm) 

 water moieties 

 Ow O C N 

CB 0.34±0.01 0.69±0.06  0.45±0.01 

EG4 0.88±0.20 0.40±0.04 0.40±0.04  

Water 0.36±0.01    

 

We also did MD simulations with r constrained at 0.78 and 0.4 nm in the 1.0 M EG4 

solution in order to investigate the mechanism for the two different association states in 

the EG4 PMF profile. Figure 3.6 shows the normalized distributions of the atoms of EG4 
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moieties and water molecules in the normal direction of the plates in these two states. As 

shown in Figure 3.6a, no water molecules but only EG4 moieties are between the plates 

when r is equal to 0.78 nm, confirming that the two plates associate indirectly through 

EG4 moieties. MD simulations showed that there could be only a layer of water 

molecules between the plates when r is equal to 0.78 nm in water (Figure 3.4a), and the 

dipole moments of these water molecules prefer to align with the plates (Figure 3.5). The 

hydrophobic feature
90

 of EG4 moieties made it more energetically favorable to replace 

layer of water molecules with a layer of EG4 moieties, which is consistent with the PMF 

profile. No molecules are between the plates when r is equal to 0.40 nm, indicating a 

direct plate-plate association.  

 

  

Figure 3.6. Normalized distributions of atoms of EG4 moieties and water molecules in 

the EG4 solution when (a) r = 0.78 nm and (b) r = 0.40 nm. The positions of the two 

plates are also shown in the figures. 
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Table 3.3 Peak-Plate distances of atoms of EG4 moieties and water molecules outside the 

plates and between the plates at the two association states when r = 0.78 nm and 0.40 nm 

(nm) 

 outside the plates between the plates 

 water EG4 water EG4 

r (nm) Ow O C Ow O C 

0.78  0.97 0.38 0.38  0.39 0.39 

0.40  0.97 0.38 0.38    

 

 

 

 
 

Figure 3.7. The orientation distribution of EG4 moieties between the plates when r = 

0.78 nm. (a) The definitions of the angles and (b) the distributions of these angles. 

 

To study the orientation of EG4 moieties between the plates, we analyzed the 

distributions of angles between their adjacent oxygen atoms and the normal direction of 

the plates (Figure 3.7a). We also analyzed the distributions of angles between the 

hydroxyl groups and the normal direction of the plates. As shown in Figure 3.7b, the four 

angle distributions of the adjacent oxygen atoms (O0-O1, O1-O2, O2-O3 and O3-O4) 

were concentrated at around 90°. This indicates that the EG4 moieties between the plates 

were mostly aligned with the plates. This is consistent with the observations in Figure 3.6 
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where the peak of O(EG4) is at the same position as the peak of C(EG4). The hydroxyl 

groups (O0-H0, O4-H1) have a random orientation distribution.      

The difference in altering hydrophobic interactions leads to distinct roles of PEG and 

PCB materials in biological and chemical applications. As stated before, hydrophobic 

interactions play an important role in many critical biological processes
72, 74-75, 91

. PEG 

not only weakens the hydrophobic interactions, but also introduces a new indirect 

association state that competes with the direct hydrophobic association. In this way, PEG 

could impede the biological processes driven by hydrophobic interactions. For instance, 

PEGylated chymotrypsin has a bioactivity drop
8
. Fatima et al. 

92
 showed that PEG 

destabilizes thiol proteases. Kubetzko et al.
93

 also showed that PEGylation decreases the 

apparent affinity of antibody fragment by approximately 5-fold. On the other hand, the 

negligible effect on hydrophobic interactions implies that CB materials should not affect 

the efficiency of biological processes driven by hydrophobic interactions. For example, 

CB materials can protect chymotrypsin without sacrificing its activity
8
.       

3.4 Conclusions 

    We studied the influences of CB and OEG moieties on hydrophobic interactions 

using molecular simulations. We investigated the PMFs of two nonpolar plates in CB, 

EG4, EG2, TMAO, urea solutions and water using well-tempered metadynamics 

simulations. The similar PMFs of CB and water indicate that CB moieties do not impact 

hydrophobic interactions. However, the PMFs of EG4 and EG2 moieties differ from the 

one in water in two aspects. First, the value of the minimum at 0.4 nm increases. This 

increase indicates that OEG moieties weaken the hydrophobic interactions between the 

two plates. Second, a new minimum occurs around 0.78 nm. This minimum represents an 
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indirect association state that the two plates are associated with OEG moieties in between 

them. This indirect association state can impede the formation of a direct association state 

because the two plates need to overcome the free energy of indirect association to 

approach closer. Simulation results showed that the distinct effects of CB and EG4 

moieties on hydrophobic interactions result from their influences on the local 

environment hydrophobic plates, i.e., hydrophilic in the CB solution and more 

hydrophobic in the OEG solution. The different influences of CB and OEG moieties on 

hydrophobic interactions are responsible for their different influence on biological 

systems.  
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Chapter 4. Different Hydration of Carboxybetaine and Sulfobetaine 

Moieties 

This chapter presented a molecular simulation study on the different hydration of 

carboxybetaine (CB) and sulfobetaine (SB) moieties. The coordination number, spatial 

distribution, dipole orientation distribution, and residence time of water molecules around 

the cationic group (N(CH3)3
+
) and anionic group (CO2

-
 for CB and SO3

-
 for SB) were 

investigated to compare the hydration of these two betaine molecules. The results showed 

that the anionic group of SB moieties has more water molecules around it than the one of 

CB moieties, while the water molecules around the anionic group of CB moietiy have a 

sharper spatial distribution, more preferential dipole orientation, and longer residence 

time. The behavior of water molecules around the cationic groups of CB and SB moieties 

are similar. For both SB and CB moieties, the cationic groups are surrounded by more 

water molecules than the anionic groups, whereas the water molecules around the anionic 

groups are more ordered than those around the cationic groups. The hydration free energy 

of CB and SB moieties are considerable lower than the one of oligo(ethylene glycol).  

4.1 Introduction 

    Materials that resist non-specific protein adsorption receive considerable attention 

because of their importance in many relevant chemical and biological applications
5, 94-95

. 

Polyethylene glycol (PEG) derived materials are currently the most widely used materials 

for this purpose
96

. However, the oxidization susceptibility of PEG in biochemical media 

precludes its use for long-term applications
97-98

. Zwitterionic poly(carboxybetaine 

methacrylate) (polyCBMA) and poly(sulfobetaine methacrylate) (polySBMA) are two 

new types of materials attracting attention recently because they show advantages 
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compared to conventional PEG derived materials
11, 99-102

. Both of them are ultra low 

fouling and stable in complex biological media such as human blood serum
11, 102

.  

    Hydration of materials plays a key role in their nonfouling performance. For instance, 

Zheng et al.
18

 studied the interactions between a protein and a surface in water when the 

protein was positioned at various distances from oligo(ethylene glycol) (OEG) self-

assembled monolayers (SAMs), hydroxyl terminated SAMs, and methyl terminated 

SAMs. They found that the protein experiences a strong repulsive force only when it is 

close to the OEG-SAM. Furthermore, they found this repulsive force mainly arises from 

the interactions between the protein and water molecules. He et al.
17, 103

 further clarified 

that the water molecules near OEG-SAM surface generate this strong repulsive force. 

Their studies also showed that the non-fouling OEG-SAM surface has a stronger ability 

to hold water molecules compared to the low-fouling OH-SAM surface by measuring the 

residence time of water molecules near surfaces. Hower et al.
104

 reported that the water 

molecules near surfaces play a key role in the protein resistance of methylated and 

hydroxyl sugar based SAMs. 

    A thorough understanding about hydration of materials is crucial to investigate their 

nonfouling mechanism at the molecular level. The hydration of materials depends on 

many factors. An important one is the hydration of the moieties. A recent simulation 

study of Hower et al.
105

 investigated the relationship between the nonfouling performance 

of several materials and the hydration of their moieties. By quantifying the coordination 

numbers and the molecular volumes, they show a close relationship between the 

nonfouling properties of materials and the moiety hydration.    
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    PolyCBMA and polySBMA have CB and SB moieties, respectively. These two 

moieties share a common cationic group: quaternary amine group, whereas they have 

different anionic groups. A CB moiety has a COO
-
 group, whereas a SB moiety has a 

SO3
-
 group. This difference could cause distinctive hydration, and a careful comparison 

between their hydration can advance our understanding about the nonfouling mechanisms 

and offer insight into materials selection and design. In this work, we will investigate and 

compare the hydration of CB and SB moieties from structure, dynamics and free energy. 

Previous studies have shown that these properties are important to study hydration
103, 106-

107
.   

4.2 Simulation Details  

4.2.1 Potential Models 

 

 

(a) 

 

(b) 

Figure 4.1. Molecular structures of (a) a CB moiety and (b) a SB moiety 

The structures of these two betaine molecules are shown in Figure 4.1. All atom models 

are used in this work. The SPC/E water model
49

 was used because of its good 

representation of the structural and dynamic properties for water.  
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The potential energy of intermolecular interactions is calculated as a combination of a 

Lennard−Jones (L-J) 12−6 potential and a Coulombic potential, as shown in Equation 

4.1. 
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  (4.1) 

where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Lorentz-Berthelot combining 

rules, where σij = (σi + σj)/2 and jiij   . 

Table 4.1. The force field parameters of SB and CB moieties used in this work. Figure 

4.1 shows the labels.  

 σ (nm) ε (kJ·mol
-1

) q (e)  σ (nm) ε (kJ·mol
-1

) q (e) 

SB    CB    

N 0.325 0.7113 0.3200 N 0.325 0.7113 0.3516 

C1 0.350 0.2761 -0.2925 C1 0.350 0.2761 -0.3226 

H1 0.250 0.06276 0.1470 H1 0.250 0.0628 0.1514 

C2 0.350 0.2761 0.0186 C2 0.350 0.2761 0.0200 

H2 0.250 0.06276 0.0848 H2 0.250 0.0628 0.0660 

C3 0.350 0.2761 -0.2100 C3 0.350 0.2761 -0.1262 

H3 0.250 0.1255 0.1010 H3 0.250 0.1255 0.0360 

S 0.355 1.046 1.3193 C 0.375 0.4393 0.9070 

O 0.296 0.7113 -0.755 O 0.296 0.8786 -0.8756 

 

    In simulations of zwitterionic moieties, the proper description of their partial charges is 

particularly important. To obtain the partial charges of the carboxybetaine and 

sulfobetaine, we carried out quantum calculations with DFT-B3LYP/6-31G** and 

CHELP with Gaussian 09
50

. The calculations were carried out using GridChem system
51

. 

The L-J parameters were obtained from the OPLS all atom force field
52

 developed by 

Jorgensen group because of the force field’s good representation of small organic 
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molecules. Table 1 lists the L-J parameters and partial charges used in this work. The 

bond interaction parameters were also derived from OPLS all atom force field. 

4.2.2 Simulation Methodology 

 

 

Figure 4.2 The schematic of the SB simulation system 

The simulation system was a periodic water box (initial size:  3.1 × 3.1 × 3.1 nm) 

containing 966 water molecules and three zwitterionic moieties. The concentration of 

betaine moieties in this system is 0.19 M. The betaine moieties were solvated in the bulk 

water reservoir and it was ensured that the initial distance between each two betaine 

molecules is at least 1.2 nm to avoid initial solute pairing. Figure 4.2 shows the initial 

configuration for one simulation of SB, which was produced with the Visual Molecular 

Dynamics program (VMD)
53

.  

    The molecular dynamics (MD) simulations were performed using Gromacs-4.05
54

 in 

an isobaric-isothermal (NPT) ensemble. After energy minimization and a 1.0 ns MD run 

with an integral step of 1.0 fs for equilibrium, another 1.0 ns run was carried out with an 

integral step of 2.0 fs. The coordinates were saved every 0.2 ps. Long-range electrostatic 

interactions were computed with the particle mesh Ewald method with periodic boundary 
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conditions in all three dimensions
55

. The short-range van der Waals interactions were 

calculated with a cutoff distance of 1.1 nm. The system was maintained at 298 K (0.1 ps 

time constant) and 100.0 KPa with the Berendsen algorithm
56

 (with a compressibility of 

4.5 × 10
-5

 bar
-1

 and a 1 ps time constant). Intramolecular bonds of betaine molecules and 

water molecules were kept constrained with the LINCS algorithm
60

. For each type of 

betaine molecule, three independent simulations with different initial configurations were 

carried out. Furthermore, we selected one of the three simulations for each betaine 

molecule and extended it to 10.0 ns to ensure sufficient sampling.  

4.2.3 Free Energy Perturbation 

 The hydration free energy of CB and SB moieties was calculated with the free energy 

perturbation (FEP) method. The perturbation process in this work mimics the reversible 

process of dehydration as described in literature
108-109

. The negative of the free energy 

change of this process is the hydration free energy. As shown in Equation 4.2, we change 

the interaction energy between the solute and water, including the van der Waals 

interaction energy and electrostatic interaction energy, from the normal values to zero 

gradually as λ changes from zero to 1.  
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 (4.2) 

    This interaction change causes the potential energy of the system to vary gradually 

from UA(λ =0) to UB(λ =1). λ should decrease as small as possible in every step in order 

to preserve reversibility. Taking into consideration both the precision required in this 

work and the tolerance of computational cost, we divided λ into 50 intervals from zero to 

1 evenly. For every λn+1, a 600 ps MD simulation was carried out with the initial structure 
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obtained from the final structure of MD simulation of λn. The potential energy is the 

average of the last 300 ps. The other simulation parameters were the same as the classical 

MD simulation described in section 4.2. Three independent FEP calculations with 

different initial structures were carried out for each betaine molecule. The FEP 

calculations in this work were carried out with Gromacs-4.05
54

.  

4.3 Results and Discussion 

    This work mainly focuses on the hydration of two charged groups of CB and SB 

moieties. A CB moiety possesses an anionic COO
-
 group and a SB moiety possesses an 

anionic SO3
-
 group. Both of them have the same cationic group: N(CH3)3

+
. 

4.3.1 Spatial Distribution 
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(a) (b) 

Figure 4.3. Radial distribution functions between water molecules and atoms of CB and 

SB moieties. (a) The oxygen atoms of the betaine moieties (O-Ow); (b) the carbon atoms 

in the methyl groups linked to nitrogen atom of the betaine moieties (C1-Ow). 

The anisotropic solute-water interactions cause the water molecules to spatially 

rearrange around the solute. One of the important spatial distributions is the water-solute 

distance distribution. This is most often represented with the radial distribution functions 

(RDFs). Figure 4.3 shows the RDFs of the oxygen atoms of water molecules and certain 
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atoms of the CB and SB moieties. This can be considered as the RDFs of water 

molecules and the selected atoms of the solute because the center of mass of water 

molecules is nearly identical to the oxygen atom position.  

We find in Figure 4.3a that both the O-Ow RDF profiles of the two zwitterionic 

moieties have maxima around 0.23 nm and minima nearby around 0.32 nm. The 

significant maxima indicate the existence of a coordination shell around the anionic 

groups of the betaine moieties. The identical maximum and minimum positions of O-Ow 

RDFs for these two zwitterionic moieties imply that the first coordination shell radii of 

their anionic groups are nearly same. Since a SB moiety has three oxygen atoms and a 

CB moiety has just two oxygen atoms, the first coordination shell volume of the anionic 

group of SB is larger than that of CB. However, we can observe in Figure 4.3a that the 

first maximum value of O-Ow RDF of CB is higher than that of SB, indicating there are 

differing spatial distributions of water molecules in the first coordination shells.   

Figure 4.3b shows the RDFs between the carbon atoms (C1) of the N(CH3)3
+
 group and 

the oxygen atoms of water molecules. We can observe a maximum at 0.35 nm and a 

minimum at 0.44 nm. Similar to the observation of the anionic group, C1-Ow RDFs of 

CB and SB have nearly identical first maximum positions, indicating the similar shell 

size. Furthermore, we find the nearly identical maximum value of C1-Ow RDFs of these 

two zwitterionic moieties. This indicates that the water molecules in the first shells of 

these two betaine moieties have very similar water-solute distance distributions.   
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Table 4.2. Coordination numbers of the first coordination shells of the anionic and 

cationic groups of CB and SB moieties 

  First shell 

CB  Size (nm) Coor. No. 

 Anionic 0.32 5.94±0.04 

 Cationic 0.46 18.54±0.11 

SB    

 Anionic 0.32 7.08±0.01 

 Cationic 0.46 18.64±0.01 

 

    We calculated the coordination numbers (N) of the first coordination shell of the 

anionic and cationic groups of CB and SB based on the RDFs shown in Figure 4.3. The 

results are listed in Table 4.2. For both CB and SB moieties, N of the cationic group is 

larger than the one of the anionic group. However, as shown in Figure 4.3, the maximum 

value of C1-Ow RDF of either CB or SB moieties is much lower than that of the O-Ow 

RDF. The value of C1-Ow RDF is only around 1.3, whereas the O-Ow RDF of CB is 3.5 

and that of SB is 2.5.  

    N of the cationic groups of CB and SB moieties are nearly the same, whereas those of 

their anionic groups are different. This agrees with the observation of RDFs in Figure 4.3. 

As listed in Table 4.2, the anionic group of a SB moiety has 1.54 more water molecules 

around it. However, the previous results show that the maximum value of O-Ow RDF of 

SB moiety is smaller than that of CB moiety. The larger N of the anionic group of SB 

molecule is due to its extra oxygen atom.           

    The water-solute RDF represents the r distribution. This is adequate for the hydration 

of inorganic ions because they are usually treated as a perfect sphere. However, it is 

inadequate to fully understand the spatial distribution of water molecules around the 

solute with aspherical structures. We also need to know the angle distribution of water 
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relative to the solvent in order have a complete description of the spatial distribution of 

water molecules near a solute. 

Figure 4.4a shows the definitions of θ and  for the water molecules around the 

positively charged group of CB. A plane was defined based on three atoms: the nitrogen 

atom (N), the carbon atom (C(COO
-
)) of the COO

-
 group and the carbon atom (C1) of 

one methyl group attached to the nitrogen atom. Owp is the projection point of the 

oxygen atom of water molecule on this plane.   is defined as the angle between the line 

C-Owp and N-C(COO
-
). θ is defined as the angle between the line Ow-C(COO

-
) and the 

plane. For water molecules around the negatively charged group of CB, the plane was 

established based on N, C(COO
-
) and one oxygen atom (O) of the COO

-
 group.  is 

defined as the angle between the line O-Owp and N-C, and θ is defined as the angle 

between the line Ow-O and the plane.  
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Figure 4.4. P1 dependences as function of θ and  . (a) the definitions of θ and   for the 

water molecules around the cationic group of CB; P1 as functions of θ and   for water 

molecules in the first hydration shell of (b) Na
+
, (c) the anionic group of CB moiety, (d) 

the anionic group of SB moiety, (e) the cationic group of CB moiety, and (f) the cationic 

group of CB moiety.  
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    We define a parameter P1, as shown in Equation 4.3, to represent the angle 

distributions of water molecules referring to certain atom of the solute.  

),(/),(11  NNP   (4.3) 

    As shown in Equation 4.3, ),(1 N  is the ensemble-averaged number of water 

molecules to appear within a certain range with θ and  . ),( N is the number for water 

molecules to appear in a certain range with θ and   in assuming they distribute evenly as 

in the bulk phase. P1 larger than 1 means that the water prefer to stay in this area, while 

P1 less than 1.0 indicates that the possibility of water molecules appearing in this area is 

less than that in the bulk phase.  

    Figure 4.4b shows P1 as functions of θ and  for water molecules in the first 

coordination shell of Na
+
. We can observe that the distribution is quite random, 

indicating that there are no preferential orientation for water molecules around Na
+
. This 

random distribution verifies that only a RDF is adequate for describing the spatial 

distribution of water molecules around Na
+
.  

    However, we find that the water molecules around either the positively charged group 

or the negatively charged group of the betaine molecule have certain angle distribution, 

as shown in Figure 4.4 (c-f). Figure 4c and 4d shows P1 as functions of θ and   for water 

molecules in the first shells of the negatively charged groups of carboxybetaine and 

sulfobetaine. We can observe that the preferential distributions for the CB and SB 

moieties are quite similar. The majority of water molecules prefer to stay in the region 

with 0°<θ<80° and 0°< <80°. This is probably due to the geometric effect of other 

atoms in the betaine molecules. Interestingly, in the region with 0°<θ<30° and 0°< <20°, 
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which is the region in front of the line C(COO
-
)-O or S(SO3

-
)-O, P1 is less than 1. This 

indicates that the probability for water molecules to appear there is less than the average 

probability. This preferential distribution is probably caused by the geometric 

requirement of hydrogen bond formation between the water molecules and the solute.  

We can observe from Figures 4.4e and 4.4f that there are still preferential distributions 

for the water molecules near the cationic groups of CB and SB moieties. This indicates 

that the water molecules in the first shell do not have random distributions as opposed to 

those around a single ion. However, the partial charge distribution of the cationic group is 

much more even than the anionic group. The P1 distributions for the cationic groups are 

much broader than those near the anionic groups. Water molecules near the cationic 

group of CB moiety have a P1 less than 1.0 in region with 0°< <80° and 100°< <180°. 

This may also be attributed to the van der Waals repulsion from the atoms of the solute 

itself. The distribution of P1 for the cationic group of SB moiety, as shown in Figure 4.4f, 

is similar to that of CB moiety shown in Figure 4.4e.  
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4.3.2 Dipole Orientation Distribution 

 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

7

8

 

 

P
e

rc
e

n
ta

g
e

(%
)

cos 

 O-CB

 O-SB

 C-CB

 C-SB

 
(a)  (b)  

Figure 4.5. Dipole orientation distributions of water molecules in the first coordination 

shells of certain atoms of the CB and SB moieties. (a) Definitions of α and (b) 

distributions of cosα for the water molecules in the first coordination shells of the carbon 

atom (C-CB) of methyl groups linked to the nitrogen atom and the oxygen atoms (O-CB) 

of CB moiety, and the carbon atom (C-SB) of methyl groups linked to the nitrogen atom 

and the oxygen atoms (O-SB) of SB moiety. 

    Another important effect of solute on water molecules is the orientation distribution. 

Several theoretical studies showed that the preferential orientation is very important to 

assess the hydration strength of solute
106-107, 110-111

. To evaluate the orientation 

distribution of water molecules around the solute, we define an angle α between the 

dipole moment of water molecule and a certain solute atom, as illustrated in Figure 4.5a. 

For CB molecule, we selected the carbon atom of methyl groups linked to the nitrogen 

atom and the oxygen atoms of COO
-
 group. For SB moiety, we selected the same carbon 

atom as for the CB moiety and the oxygen atoms of SO3
-
 group. Figure 4.5b shows the 

distributions of cosα for these four types of atoms.    

    We can observe that the distribution profiles of cosα for O-CB and O-SB have maxima 

around 0.6, whereas those of C-CB and C-SB have maxima around -0.5. These 
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distributions are consistent with the dipole orientation distributions of water molecules 

around halogen anions and alkali metal cation as reported by previous molecular 

simulations
106, 110

. Furthermore, we can observe that the peak height for the O-CB and O-

SB are much higher than the corresponding one of C. This observation indicates that the 

water molecules near the cationic groups of the betaine molecules orient much more 

randomly than those water molecules around the anionic groups. The anionic group 

interacts with individual water molecules significantly stronger than the cationic group. 

    Comparing the profiles shown in Figure 4.5b, we find that the profiles of C-CB and C-

SB are nearly the same, whereas a difference is found between the O-CB and C-SB. The 

value of peak height for O-CB is 16.7% higher than that of O-SB. Previous studies of 

ionic hydration have suggested that the relationship between the sharpness of the 

orientation distribution and the strength of hydration
107, 110

. The higher maximum value 

observed for O-CB implies that the anionic group of CB moiety interact with individual 

water molecules stronger than the anionic group of SB moiety.   

4.3.3 Residence Time  

The hydration dynamics of the CB and SB moieties were analyzed using residence 

times of water molecules in the first coordination shells of the cationic and anionic 

groups. The residence function C(t1) is defined in Equation 4.4.  

0

,0,

1
1)(

t

tti

N
tC





 (4.4) 

Nt0 is the amount of water molecules in the first shell at t0,  1,0, tti  equals 1 when the water 

molecules i is in the first shell at time t0 and t otherwise 0. Figure 4.6a is an illustration of 

the definition of 
1,0, tti .  
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Figure 4.6. Residence times of water molecules in the first coordination shells of solute. 

(a) illustration of definition of 
1,0, tti  and (b) the residence curve of water molecules in 

the first shell of negatively charged group of CB (CBO) and SB (SBO) and positively 

charged group of CB (CBC) and SB (SBC). 

     

    Figure 4.6b shows C(t1) curves of the anionic and cationic groups of CB and SB 

moieties. Comparing the corresponding curves of CB and SB moieties, we can see that 

the two curves for the cationic groups are quite similar, whereas the curve for the anionic 

group of CB moiety decreases slower than the corresponding curve of SB moiety. This 

observation demonstrates that the major difference between hydration dynamics also 

occurs around the anionic groups.  



ns

dttC

1

0

11)(  (4.5) 

To further analyze the residence property quantitatively, we calculated the residence 

time τ based on C(t1) curves shown in Figure 4.6b. It should be noticed that the curve 

does not decrease exponentially. The previous literature have reported several algorithm 

methods 
112-113

 on how to derive τ using single or multiple exponential functions fitting 
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with C(t1) curve, or the combination of numerical integration and fitting function
114

. The 

focus of this work is on the difference between the CB and SB moieties, thus we applied 

the numerical integration from 0 to 1 ns, as shown in Equation 4.5, to obtain τ. The 

results are listed in Table 4.3. 

 

Table 4.3 Residence time τ of water molecules in the first shells of the negative and 

positively charged groups of CB and SB 

  τ (ps) 

CB   

 Anionic 35.64±0.51 

 Cationic 25.85±0.53 

SB   

 Anionic 25.64±0.93 

 Cationic 24.34±0.58 

 

    Table 4.3 shows that τ of the anionic group of CB moiety is larger than the one of SB 

moiety. The water molecules tend to stay longer around the anionic group of CB moiety 

than around the anionic group of SB moiety. This also implies that the interaction 

between water molecules and COO
-
 group is stronger than that between the water 

molecules and SO3
-
 group. This is consistent with the observations of the dipole 

orientation distribution. τ of the cationic groups of CB and SB moieties are found to be 

quite similar, indicating a similar tendency for water molecules to stay around them. 

When comparing τ of the cationic and anionic groups belonging to the same molecule, 

we can observe that, for CB moiety, τ of the anionic group is much larger than that of 

cationic group. For SB moiety, τ of the anionic and cationic groups is very similar. The 

different shell volumes and partial charge distributions are responsible for this.  
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4.3.4 Hydration Free Energy 

Table 4.4. Hydration free energy of CB and SB. The hydration free energy of EG4, Na
+
, 

Water, F
-
, Cl

-
 and Br

-
 were also listed for comparison   

 This work(kJ mol
-1

) Experiment(kJ mol
-1

) Simulation(kJ mol
-1

) 

CB -404.0±9.9 --- --- 
SB -519.0±9.8 --- --- 
OEG4 -182 --- --- 
Na

+ -350 -365
42 -398

43 
Water -33 -26.38

44 -24.79
 33 

F
- -607 -465

42 -580
43 

Cl
- -362 -340

42 -371
43 

Br
- -311 -315

42 -358
43 

 

    Table 4.4 lists the hydration free energy of CB and SB moieties. The hydration free 

energy of water molecule, Na
+
, F

-
, Cl

-
 and Br

-
 were calculated with the same procedure 

and are also listed in Table 4.4. The aim of the extra free energy calculations is to verify 

the process and to provide a basis for comparison. The values of hydration free energy for 

water molecule, Na
+
, F

-
, Cl

-
 and Br

-
 calculated with the process in our work agree well 

with the experimental and theoretical results reported in literature
108, 115-117

. 

    Table 4.4 shows that the hydration free energy of CB and SB moieties is lower than the 

general values of amino acids with normal forms, which are usually around -40 to -16 

kJ·mol
-1 108

, and comparable to those of ions
116

. EG4 (HO(CH2CH2O)4H) has a hydration 

free energy of -182 kJ·mol
-1

, much higher than the ones of the zwitterionic molecules. 

Nonfouling material should have strong hydration
95

. Experiments have shown that 

polyCBMA and polySBMA have excellent nonfouling performance. Experimental results 

agree with simulation findings in this work that SB and CB moieties have low hydration 

free energy.  
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4.5 Conclusions  

We investigated the hydration structures, dynamics and free energy of CB and SB 

moieties using quantum mechanics, MD simulations and free energy perturbation 

calculations. These two zwitterionic molecules represent the head groups of two ultra low 

fouling zwitterionic materials: polyCBMA and polySBMA. The main hydration 

difference was observed around the anionic groups, while the hydration of the cationic 

groups is very similar. The anionic group of SB moiety has more water molecules in its 

first coordination shell than that of CB moiety. However, the water molecules around the 

anionic group of CB moiety have sharper spatial distributions, more preferential dipole 

orientation and longer residence time. These simulation results show that the anionic 

group of CB moiety interacts with water molecules stronger than the anionic group of SB 

moiety, whereas the latter interacts with more water molecules. For either CB or SB 

moiety, the coordination number of the cationic group is larger than that of the anionic 

group. However, the water molecules around the anionic group are found to have higher 

structure order and lower mobility. Both CB and SB moieties have hydration free energy 

considerably lower than that of EG4 moieties. 
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Chapter 5 Different Ionic Interactions of Carboxybetaine and 

Sulfobetaine Moieties 

This chapter presented a simulation study on the associations between zwitterionic 

moieties (carboxybetaine and sulfobetaine) and four monovalent cations (Li
+
, Na

+
, K

+
 

and Cs
+
) in aqueous solutions. We studied the number and lifetime of zwitterion-cation 

associations, and observed that carboxybetaine and sulfobetaine moieties have the same 

order of association number and lifetime: Li
+ 

> Na
+ 

> K
+ 

> Cs
+
. Simulation results 

showed that the carboxybetaine-cation association varies differently from the 

sulfobetaine-cation association as a function of cation type. The effect of anion type on 

the order was also investigated by varying the anions from Cl
-
 to Br

-
 or F

-
. In order to 

further investigate zwitterion-cation association, we simulated two types of systems: one 

has only type of zwitterionic moiety and two types of cations, and the other has both 

carboxybetaine and sulfobetaine moieties and one type of cations. These two systems 

allowed direct competition among the solutes and ions, and the observed association 

number and lifetime validated the order. Simulation results further demonstrated that 

carboxybetaine moieties associate stronger with Li
+
 and Na

+
, and sulfobetaine moieties 

associate stronger with K
+
 and Cs

+
. 

5.1. Introduction 

    Biocompatible materials with high resistance to nonspecific protein adsorption are 

critical for many applications
94-95, 118

. Recently, zwitterionic materials such as poly 

(carboxybetaine methacrylate) (polyCBMA) and poly (sulfobetaine methacrylate) 

(polySBMA) are receiving considerable attention because they present excellent 

nonfouling properties even in undiluted blood serum
95

. Significant efforts have been 
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devoted to develop applications of these materials, such as drug delivery carriers, marine 

coatings, and medical devices
1, 6, 119-120

.  

    The rational design and application of zwitterionic materials requires a fundamental 

understanding of interactions among zwitterions themselves and their interactions with 

the surroundings. Chapter 4 has shown that zwitterionic CB and SB moieties have 

different hydration, although they both present strong hydration
48

. Ions are ubiquitous in 

biological and industrial systems. For instance, ions such as Na
+
 and K

+
 exist in the 

cellular and extracellular environments. Similarly, marine environments have various 

ions. These ions can influence the properties of zwitterionic materials profoundly because 

zwitterionic materials possess highly charged groups
95

. For instance, zwitterionic 

polymers have antipolyelectrolyte property: adding more salts increases the solubility of 

zwitterionic polymers
121-123

. A thorough understanding of zwitterion-ion interactions is 

therefore crucial for the application of zwitterionic materials in complex media.  

    Effects of ions on properties of materials have been studied theoretically and 

experimentally for more than a century. Experimental observations led to the Hofmeister 

series
124

, which ranks ions into a series according to their ability to salt out proteins. The 

classical view considers ions such as Li
+
 and Na

+
 as structure makers that enhance water 

structure. These ions are viewed as strong ions. Another type of ions, such as K
+
 and Cs

+
, 

is viewed as structure breakers that weaken water structure
125-127

. These ions are 

considered as weak ions. Collins
128

 proposed a theory to explain the relationship between 

the strong and weak ions, which explains the preferential association between different 

types of inorganic monovalent ions quite well. In this theory, strong cations prefer to 

associate with strong anions and vice versa for weak ions. Using this “like-likes-like” 
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theory, Jungwirth and his colleagues
129

 studied the associations between the organic 

anions such as CH3COO
-
 and CH3SO3

-
 with inorganic monovalent cations using 

molecular simulations. They suggested that CH3COO
-
 prefers to associate with Na

+
, 

whereas CH3SO3
-
 favors association with K

+
 based on their results of association free 

energy. Hess et al.
130

 also found an order of increasing binding affinity with carboxylate 

ions from their molecular simulation study of specific ion binding to a protein. The order 

they found is Li
+
 > Na

+
 > K

+
. These studies serve as a good starting point for the 

fundamental understanding of zwitterion-ion associations. 

    Zwitterionic moieties have their own features that make them distinguished from other 

molecules. One feature is in that they possess both cationic and anionic groups. For 

example, although a CB moiety has the anionic carboxylic group (COO
-
) as an acetone 

group, it possesses a large cationic group (quaternary amine) that can influence the 

nearby charged groups. Association competition is another studied aspect. Zwitterionic 

moieties themselves are neutral. This means that there are at least one type of anion and 

one type of cation in solvent, which causes competitive association between the charged 

groups of zwitterionic molecules and ions.  

    Several recent researches suggested that ionic effects still have many unrevealed 

aspects
127, 131

. Lund et al.
132

 showed that the weak anions such as I
-
 prefer to bind the 

hydrophobic surface groups of a protein instead of the cationic surface groups. The weak 

ions prefer to approach the air-liquid interface, not stay in the bulk solution as predicted 

by the classical theory of electrolyte solution
133-134

. Recent molecular simulations carried 

out by Zangi
135

 implied that both strong and weak ions decrease water structure, instead 

of the conventional view that strong ions increase water structure and weak ions decrease 



58 

 

water structure. All these new findings provide strong justification for studying 

zwitterion-ion association at the molecular level. 

    This work conducted molecular dynamics simulations of zwitterionic CB and SB 

moieties in various electrolyte solutions. The goals of these simulations are to 

characterize zwitterion-ion associations and rank association strengths. We selected four 

cations (Li
+
, Na

+
, K

+
 and Cs

+
) in this study. The former two (Li

+
 and Na

+
) are strong ions 

and the latter two (K
+
 and Cs

+
) are weak ones. Since our study

48
 has shown the hydration 

difference of CB and SB moieties, it is interesting to explore if they also have any 

difference in ionic association, especially for the competitive association.  

5.2 Simulation Details 

Each simulation system is a periodic box (initial size: 3.58 × 3.58 × 3.58 nm) 

containing 10 zwitterionic molecules, 50 cations, 50 anions and 1300 water molecules. 

The simulation system was created in the following steps: at the first step, the 

zwitterionic molecules were placed randomly in the simulation box using packmol
136

. 

Next, the ten zwitterionic molecules were solvated in a water box containing 1400 water 

molecules. Finally, 100 water molecules were selected randomly in the simulation system 

and replaced by 50 cations and 50 anions. The final simulation system contains 10 

zwitterion molecules, 50 cations, 50 anions and 1300 water molecules. 

The potential energy of intermolecular interactions is calculated as a combination of 

Lennard-Jones (L-J) 12-6 potential and Coulombic potential, as shown in Equation 5.1. 
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where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Lorentz-Berthelot combining 

rules, where σij = (σi + σj)/2 and 
jiij   . The force field parameters for zwitterions 

were the same as those in Chapter 4. The ion was treated as a single Lennard-Jones site 

and the force field parameters from the work of Aqvist were used
137

. The SPC/E water 

model
49

 was used because of its good replication of the dipole moment, dielectric 

constant and diffusion properties of water molecules. Table 5.1 lists the force field 

parameters for all the ions in this study. 

Table 5.1 The force field parameters of ions 

 σ (nm) ε (kJ·mol
-1

) q (e) 

Ions    

Li
+
 0.213 0.0765 1.0 

Na
+
 0.333 0.0116 1.0 

K
+
 0.493 0.00137 1.0 

Cs
+
 0.672 0.000339 1.0 

F
-
 0.273 3.01 -1.0 

Cl
-
 0.440 0.470 -1.0 

Br
-
 0.462 0.377 -1.0 

 

    Molecular dynamics (MD) simulations were performed using Gromacs-4.5.3
54

 in an 

isobaric-isothermal (NPT) ensemble. After energy minimization and a 1.0 ns MD run 

with an integral step of 1.0 fs for equilibrium, another 5.0 ns run was carried out with the 

integral step of 1.0 fs for data collection. The coordinates were saved every 0.1 ps. Long-

range electrostatic interactions were computed with the particle mesh Ewald method
55

 

with periodic boundary conditions in all three dimensions. The short-range van der Waals 

(VDW) interactions were calculated with a cutoff distance of 1.1 nm. The system was 

maintained at 298 K (0.1 ps time constant) and 100.0 kPa with the Berendsen algorithm
56

 

(with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps time constant). Intramolecular bonds 
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of zwitterionic molecules and water molecules were kept constrained with the LINCS 

algorithm
60

.  

5.3. Results and Discussion 

5.3.1 Radial Distribution Functions 

0.0 0.2 0.4 0.6 0.8
0

5

10

15

20

25

30

60

70

 

 

g
(r

)

r (nm)

 Li

 Na

 K

 Cs

 
(a) OCB-cation 

0.0 0.2 0.4 0.6 0.8
0

2

4

6

8

10

12

 

 

g
(r

)
r (nm)

 Li

 Na

 K

 Cs

 
(b) OSB-cation 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

 

 

g
(r

)

r (nm)

 CB-Li

 CB-Na

 CB-K

 CB-Cs

 SB-Li

 SB-Na

 SB-K

 SB-Cs

(c)  N-Cl
-
 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

 

 

g
(r

)

r (nm)

 CB-Li

 CB-Na

 CB-K

 CB-Cs

 SB-Li

 SB-Na

 SB-K

 SB-Cs

(d) N-O 

Figure 5.1. Radial distribution functions (RDFs) of zwitterions and ions. (a) The RDFs 

between the oxygen atoms of CB and cations (OCB-cation), (b) the RDFs between the 

oxygen atoms of SB and cations (OSB-cation), (c) the RDFs between the nitrogen atoms 

of zwitterions and Cl
-
 (N-Cl

-
) and (d) the RDFs between the nitrogen and oxygen atoms 

of zwitterions (N-O) 

 

We first studied the radial distribution functions (RDFs) between zwitterionic moieties 

and ions, and between zwitterionic moieties. We investigated three types of RDFs: (a) 
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between the oxygen atoms of zwitterionic moieties and the cations; (b) between the 

nitrogen atoms of zwitterionic moieties and the anions; and (c) between the oxygen atoms 

and the nitrogen atoms belonging to different zwitterionic moieties. The purpose is to 

explore the association among zwitterions, cations, and anions in the three-component 

systems and the possible self-associations of zwitterionic moieties themselves. Figure 5.1 

shows the RDFs and Figure 5.2 shows the representative snapshots of CB-Na
+
 and SB-

Na
+
 associations.  

 

 

(a) 

 

(b) 

Figure 5.2 Snapshots for the representative associations between zwitterion and cations 

(a) CB-Na
+
 associations and (b) SB-Na

+
 associations. The green ones are Na

+
, Cyan ones 

are Cl
-
. Red ones are oxygen atoms of zwitterions.   

Previous simulations have shown that hydration of the quaternary ammine groups of 

both CB and SB are nearly identical
48

. From Figure 5.1c, we can observe that the peak 

locations of the RDFs of N-Cl
-
 are identical. Figure 5.1d shows that there is no significant 

peak for O-N RDFs, indicating that there is no stable association between the zwitterion 

themselves in electrolyte solutions. The main difference occurs around the anionic groups. 

As shown in Figure 5.1a and 5.1b, the peak locations for Li
+
, Na

+
, K

+
 and Cs

+
 are 0.20, 
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0.23, 0.30 and 0.3 nm, respectively. For CB moieties, the peak height decreases following 

the order: Li
+ 

> Na
+ 

> K
+ 

> Cs
+
. This observation is consistent with those simulation 

results of Hess et al.
130

 that the cation affinity to carboxylate anion follows the order: Li
+ 

> 

Na
+ 

> K
+
. The same order was also observed for SB moieties, as shown in Figure 5.1b. 

This order correlated well with the decreasing order of the ion VDW radius size. Our 

previous simulation study has shown that the oxygen atoms of these two zwitterionic 

moieties have highly partial charge
8
. The ion with smaller size has higher charge density 

and probably causes stronger zwitterion-cation association.    

5.3.2 Association Numbers  
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Figure 5.3. Zwitterion-cation association numbers (ANs) for various cations with Cl
-
 

ions.  

In order to investigate the zwitterion-cation association more in details, we obtained the 

association numbers (ANs) by counting the number of cations whose distances from the 

oxygen atoms of zwitterionic molecules are less than the first minimum of the 

corresponding RDFs. Figure 5.3 shows the results of ANs for CB and SB moieties as a 

function of cation type. The ANs of CB moieties are 10.70 (Li
+
), 7.89 (Na

+
), 2.00 (K

+
), 

and 1.18 (Cs
+
), decreasing in the order: Li

+ 
> Na

+ 
> K

+ 
> Cs

+
, in a very good agreement 
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with the observations of RDFs. The ANs of SB moieties with various cations vary much 

less significant. As shown in Figure 5.3, the ANs of SB moieties with various cations are 

quite similar. Even for Cs
+
 case in which we observed the most reduction, the decrease is 

only 37% relative to the SB-Li
+
 AN. This is insignificant comparing to the dramatic 

decrease of AN from CB-Li
+
 to CB-Cs

+
 case, a nearly 90% drop.  

The different variations of ANs of CB and SB moieties result in a crossover point. As 

shown in Figure 5.3, for Li
+
 and Na

+
, the ANs of CB moieties are larger than the ones of 

SB moieties. For K
+
 and Cs

+
, the ANs of SB moieties are larger than the ones of CB 

moieties. In other words, CB moieties can associate more with two strong cations (Li
+
 

and Na
+
), whereas SB moieties can associate more with two weak cations (K

+
 and Cs

+
).  

 

5.3.3 Association Lifetime 
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Figure 5.4. Residence curves of zwitterions-cation associations for (a) CB and (b) SB. 

Besides the AN, we studied the association lifetime. A longer lifetime indicates a more 

stable association. The association curve is defined as 
0

,0, 1)(
t

tti

N
tC





, where Nt0 is the 

amount of association exists at t0, and δi,t0,t is equal to 1 when the association i exists at t0 

and t, otherwise 0, regardless whether the association forms or not during t0 to t. Figure 
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5.4 shows the C(t) curves of CB and SB moieties with various cations. For both CB and 

SB moieties, the decrease of C(t) curve follows the order: Li
+ 

< Na
+ 

< K
+ 

< Cs
+
. This 

indicates that the association stability for both CB and SB moieties with cations also 

obeys the same order that we found for ANs. Hence, for both CB and SB moieties, their 

associations with cations follow the order: Li
+
>Na

+
>K

+
>Cs

+
. 

    To further quantitatively analyze the association lifetime between zwitterionic 

molecules with various cations, we fitted the curve with  ( )    
 

  and obtained the 

association lifetime τ. The integration is only done to Na
+
, K

+
 and Cs

+
, not to Li

+
 because 

tail of the Li
+
 curve still has a very high value even after a 5 ns MD simulation. Table 5.2 

lists τ of CB and SB moieties with Na
+
, K

+
 and Cs

+
.  

Table 5.2. The association lifetime τ for Na
+
, K

+
 and Cs

+
 with CB and SB with Cl

-
, Br

-
 

and F
-
 as the anions 

 τ  (ps) 

 Na
+
 K

+
 Cs

+
 

CB-Cl
-
 432.6 13.9 7.8 

CB-F
-
 468.5 13.6 6.9 

CB-Br
-
 473.1 13.0 6.3 

SB-Cl
-
 163.8 27.8 17.4 

SB-F
-
 208.5 28.0 18.8 

SB-Br
-
 67.5 26.7 15.9 

    

As listed in Table 5.2, with Cl
-
 as the anions, τ of CB-Na

+
 association is larger than SB-

Na
+
 one, whereas τ of CB-K

+
 and CB-Cs

+
 associations are less than ones of SB moieties. 

From Figure 5.3 we can observe that CB-Li
+
 curve decreases significantly slower than 

the SB-Li
+
 one. In the previous section, we have shown a crossover point for ANs of CB 

and SB moieties. In this section we observed the same phenomenon for the association 

lifetime τ. Thus both the AN and lifetime τ show that CB moieties associate more as well 

as stronger to the two strong cations (Li
+
 and Na

+
). SB moieties associate more as well as 
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stronger to the two weak cations (K
+
 and Cs

+
). In our previous simulations, we have 

shown the different hydration behavior of CB and SB moieties
48

. The observation here 

indicates that these two zwitterionic moieties also have different interactions with various 

salts, especially with Na
+
 and K

+
.  

5.3.4 Effect of Anion 
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Figure 5.5. ANs of zwitterion-cation associations with various anions. 

In order to study the effect of anions, in addition to the anion above, Cl
-
, we studied 

two more anions, Br
-
 and F

-
. The simulation systems and simulation procedures were the 

same as those with Cl
-
. Figure 5.5 shows the ANs of CB and SB moieties with the four 

cations studied along with the three different anions. It can be seen that with variation of 

the anion, the ANs for zwitterion-cation association change quantitatively. However, the 

order of ANs is the same: Li
+
>Na

+
>K

+
>Cs

+
. We similarly observed that the identity of 

the anion preserved the preferential association of CB with Li
+
 and Na

+
 and SB with K

+
 

and Cs
+
. 

Table 5.2 shows the lifetime τ for the association of Na
+
, K

+
 and Cs

+
 with CB and SB 

when Br
-
 or F

-
 are present as the anion. We can observe in Table 5.2 that the change of 
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anion types from Cl
-
 to Br

-
 or F

-
 changes the lifetime quantitatively. However, this 

variation does not change the order Li
+
>Na

+
>K

+
>Cs

+
. We can also observe that, with Br

-
 

and F
-
 as the anions, the CB associates longer with Li

+
 and Na

+
, while the SB associates 

longer with K
+
 and Cs

+
. This is the same as the observations with Cl

-
. Anions therefore 

do not influence the zwitterion-cation association qualitatively, although they can change 

the association properties quantitatively.  

5.3.5 Competitive Associations  

To further verify the phenomena observed for the zwitterion-cation association, we 

studied two types of competitive scenarios. One is with one type of zwitterionic moieties 

and two types of cations (i.e., Competition of different cations). The other is with one 

type of cation and both CB and SB moieties (i.e., Competition of different zwitterions). 

The investigation of these two types of competitions will help to understand the 

preferential association between zwitterionic moieties and cations in a more direct way. 

Because the anion type does not affect the association order qualitatively, we chose Cl
-
 as 

the anions. 

Competition of Different Cations  

To investigate the preferential association order found based on single ion in a more 

direct way, we selected three cases: Li
+
/Na

+
, Na

+
/K

+
 and K

+
/Cs

+
. These cases enable to 

directly elucidate which cation preferentially associates with zwitterionic molecules. The 

used simulation systems are similar to what we described in section 5.2. The major 

difference is that instead of having 50 same-type cations, we have two types of cations 

with 25 each. All the other simulation details are the same as that described in section 5.2.   
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Table 5.3 The ANs and association lifetime τ for CB and SB with various cations in the 

system with one type of zwitterion and two types of cations (Cl
-
 as the anions) 

 AN τ (ps) 

 Li
+
 Na

+
 K

+
 Cs

+
 Li

+
 Na

+
 K

+
 Cs

+
 

CB-Li
+
/Na

+
 6.06 2.67    495.2   

CB-Na
+
/K

+
  3.15 0.91   347.8 17.8  

CB-K
+
/Cs

+
   1.15 0.52   12.7 6.1 

SB-Li
+
/Na

+
 2.27 1.99    292.7   

SB-Na
+
/K

+
  2.39 1.37   237.9 28.2  

SB-K
+
/Cs

+
   1.76 0.89  - 34.1 15.6 

 

Table 5.3 shows the ANs and association lifetime τ of various cations when they are 

competing with other cations. Figure 5.6 shows residence curves of the association of Li
+
 

and Na
+
 with respective zwitterionic molecules in the zwitterion-Li

+
/Na

+
 solutions. For 

both CB and SB molecules, the order for both AN and τ is still the same as we found in 

the previous section. Valchy et al.
129

 investigated the associations of different cations 

with organic solutes, and they considered SO3
-
 as weak ion because their results showed 

that the association of a single K
+
 to SO3

-
 is favored over that of single Na

+
 to SO3

-
. 

However, our simulations show that both CB and SB molecules prefer to associate more 

with Na
+
 than K

+
. This observation indicates that if we rank the zwitterions, both of these 

two zwitterions are probably considered as strong ones according to the “like-likes-like” 

theory
16

, although CB molecules are stronger than SB molecules. However, a recent 

simulations carried out by Zangi showed that there is no disruption or sudden change in 

the observed properties as we might think of the strong and weak ions
135

. This means 

more effort will be needed to have an insightful view of the effects of ions and their 

ranking. 
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Figure 5.6. Residence curves of zwitterion-cation associations for (a) in the CB-Li
+
/Na

+
 

solvent and (b) SB- Li
+
/Na

+
 solvent. 

 

Competition of different zwitterions 

In the previous section, we have shown that Li
+
 and Na

+
 associate with the CB stronger 

than with the SB, while K
+
 and Cs

+
 seems to associate preferentially with SB. To verify 

this phenomenon in more detail, we simulated the system with the same type of cation 

and both CB and SB presented. A typical simulation system used for this purpose has five 

CB and SB moieties distributed randomly in the simulation box. All the other simulation 

details are exactly the same as described in section 5.2.  

 

Table 5.4. The ANs and association lifetime τ for CB and SB in the system with one type 

of cation and both CB and SB presented (Cl
-
 as the anion)   

 

 AN              τ(ps) 

 CB SB CB   SB 

Li
+
 8.16 3.06 - - 

Na
+
 3.58 1.89 517.67 268.3 

K
+
 1.05 1.57 14.41 26.0 

Cs
+
 0.64 0.79 8.32 14.8 
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Table 5.4 lists the ANs and the lifetime of each type of cation with CB and SB moieties. 

We can observe directly that, for Li
+
 and Na

+
, the ANs of CB moieties are significantly 

larger than the ones of SB moieties. As to K
+
 and Cs

+
, the ANs of SB moieties are larger 

than the ones of CB moieties. The same is observed for τ. This observation demonstrates 

directly what we found in previous sections, namely that the Li
+
 and Na

+
 associate with 

the CB moieties stronger than with SB moieties, while K
+
 and Cs

+
 associate 

preferentially with SB moieties. 

5.4 Conclusions  

This chapter presented a molecular simulation study to investigate the associations of 

two zwitterionic moieties, CB and SB, with four cations (Li
+
, Na

+
, K

+
 and Cs

+
). We 

studied the radial distribution functions between the zwitterionic molecules and the ions, 

the association number per zwitterionic moiety and the association lifetimes. Simulation 

results show that, for both CB and SB moieties, the association number and lifetime 

follow the order: Li
+
>Na

+
>K

+
>Cs

+
. This order is verified by simulations of competitive 

association of single type of zwitterionic molecules with two types of cations and 

simulations of varying anion types. CB moieties prefer to associates with strong cations 

significantly than weak ones while SB moieties has the similar trend, but in much less 

degree. This demonstrates that CB moieties are stronger than SB moieties. Consequently, 

the two strong cations (Li
+
, Na

+
) associate with CB moieties stronger than with SB 

moieties, while the two weak cations (K
+
, Cs

+
) associate stronger with SB moieties.  
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Chapter 6 Different Stimulus-Responses of Sulfobetaine and 

Carboxybetaine Polymers 

Zwitterionic materials play important roles in biological applications. The associations 

among zwitterionic moieties dictate properties of zwitterionic materials. However, the 

underlying interactions that determine their associations and properties are still not 

known. This work compared thermal and salt responsive behaviors of sulfobetaine 

polymers and carboxybetaine polymers by examining their rheological properties as a 

function of temperature and their hydrodynamic sizes as a function of salt concentration. 

Results showed that carboxybetaine polymers do not have stimuli-responses as predicted 

from the classical theory about zwitterionic polymers such as sulfobetaine polymers. We 

further performed molecular simulations to study the associations among zwitterionic 

moieties in these two zwitterionic polymers at the molecular level. Simulation results 

provide a fundamental understanding of underlying interactions among cationic and 

anionic group within zwitterionic moieties, which are responsible for different 

associations and responsive properties of carboxybetaine and sulfobetaine polymers.  

6.1 Introduction 

    Zwitterionic materials have many unique properties: they resist biofouling in complex 

environments
10

; they protect enzymes from denaturation without sacrificing bioactivity
8
; 

and they prevent capsule formation in vivo
12

. Zwitterionic moieties are common in nature 

such as cell membranes, proteins or osmolytes. These observations position zwitterionic 

materials as an excellent candidate for many biological applications.    

    Zwitterionic moieties are believed to form associations among themselves, which 

make zwitterionic polymers stimuli responsive. Schultz et al.
138

 showed that adding salts 
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could decrease the upper critical solution temperature of zwitterionic sulfobetaine (SB) 

polymers. They also observed an inverted lower critical solution temperature for SB 

polymers. They proposed that such behaviors are due to the variation of the associations 

between the sulfonate and trimethyl ammonium groups of SB moieties. Zwitterionic 

polymers are suggested to possess antipolyelectrolyte effects: adding salts can enhance 

the solubility of zwitterionic polymers. Recent studies further showed that the swelling
139

, 

mechanical and other properties of SB polymers
140-141

 vary with salt concentration and 

temperature.      

    However, it is still unclear what underlying interactions of zwitterionic moieties 

determine the associations among them and the responsive properties of zwitterionic 

polymers. To address this question, we compared thermal and salt responses of two types 

of zwitterionic polymers: SB and carboxybetaine (CB) polymers. The zwitterionic moiety 

of SB polymers has a cationic trimethyl ammonium group and an anionic sulfonate group. 

The zwitterionic moiety of CB polymers shares the same cationic group as the one of SB 

polymers, but has an anionic carboxylic group, which has stronger charge strength than 

the sulfonate group. We also performed atomistic simulations to analyze the associations 

of cationic and anionic groups of zwitterionic moieties in these two types of zwitterionic 

polymers at the molecular level. Our results showed that the associations are dictated by 

matching the charge strength of cationic and anionic groups.     

6.2 Experiment Details 

6.2.1 Polymer Preparation 

    In a typical radical polymerization reaction of sulfobetaine or carboxybetaine polymer 

synthesis, 2 g monomer and 20 mg initiator (2,2'-azobis[2-(2-imidazolin-2-
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yl)propane]dihydrochloride, VA-044) were dissolved into 20 ml solvent (water for CB 

polymers; 0.5M NaCl solution for SB polymers). The solution was subsequently 

deoxygenated on an ice bath by bubbling filtered nitrogen through for 1 hour. Following 

the deoxygenation, the reaction solution was heated to 40 
o
C and stirred vigorously for 18 

h. After 18h, the reaction was stopped by exposure to air. The polymer solutions were 

subsequently purified via dialysis and followed by lyophilization, resulting a white power 

for both PCBMA and PSBMA. The polymers were then used without further 

purification.  Figure 6.1 shows the molecular structures of PCBMA and PSBMA. 

  
(a) (b) 

 

Figure 6.1. Molecular structure of (a) SB and (b) CB polymers 

6.2.2 Rheology Measurement 

The dynamic viscoelasticity was measured with a Kinexus Pro rheometer (Malvern 

Instruments Ltd.) using parallel plates of 40-mm diameter and plate-to-plate distance of 

900 μm. The temperature dependence of the storage modulus (G') and loss modulus (G") 

was determined by oscillatory shear deformation with the temperature range from 10 ºC 

to 40 ºC. The frequency was fixed at 10 Hz and the strain was fixed at 1%. The 

concentrations of polymer solution were 50 g/L. 
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6.2.3 Dynamic Lighting Scattering Measurement 

Dynamic light scattering (DLS) measurements were performed at room temperature by 

using a Zetasizer NanoZS Instrument (ZEM4228, Malvern Instruments, UK) equipped 

with a 4 mW He-Ne laser (λ0 = 633 nm) and with noninvasive backscattering (NIBS) 

detection at a scattering angle of 173°. The autocorrelation function was converted in a 

volume-weighted particle size distribution with Dispersion Technology Software 5.06 

from Malvern Instruments. Each measurement was repeated at least three times.  

6.3 Simulation Details 

6.3.1 Force Field Parameters 

    Water molecules in this work were represented with the SPCE model
80

. We used the 

force filed parameters
82

 developed in our previous work to describe zwitterionic moieties. 

The other atoms of polymers were described by the OPLSAA force field
52

.  

A combination of a Lennard-Jones (L-J) 12-6 potential and a Coulomb potential 

(Equation 6.1) was used to calculate the non-bonded potential energy.  

 
ij

ji

ij

ij

ij

ij

ijij
r

qq

rr
rU 













































612

4




 

(6.1) 

where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Jorgensen combining rules. 

6.3.2 Molecular Dynamics Simulations of Polymer Solutions 

The systems used for molecular dynamics simulations of polymer solutions contain 10 

SB or CB polymer chains and varying numbers of water molecules. Each polymer chain 

has 30 monomers. The initial configurations of the polymer chains in the simulation 
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systems were generated by packmol
136

. Figure 6.2 shows the initial configuration of the 

SB polymer system. Table 6.1 lists the numbers of molecules in the simulation systems. 

 

Figure 6.2 Initial configuration of SB polymer system  

 

Table 6.1. Details of the simulation systems 

 Number of monomers 

per chain 

Number of polymer 

chains 

Number of 

water molecules 

Concentration of 

zwitterionic 

moieties 

SB 

polymer 

30 10 11279 1.5 M 

CB 

polymer 

30 10 11201 1.5 M 

 

    For simulation systems at 298 K, after energy minimization, a 40 ns MD simulation 

was run with an integral step of 1.0 fs in NPT ensemble for equilibrium. After this, 

another 10 ns MD simulation was carried out with temperatures coupling to 298 K, 320 K, 

340 K, 360 K, 340 K, 320 K, 340 K, 360 K, 330 K and 298 K for every nanosecond to 

relax the system. After this, another 40 ns MD run was carried out with integral step of a 

2.0 fs in NPT ensemble and the last 20 ns was used to collect the coordinate data with a 

frequency of 2 ps.  
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    Long-range electrostatic interactions were computed with the particle mesh Ewald 

method with periodic boundary conditions in all three dimensions.
55

 The short-range van 

der Waals interactions were calculated with a cutoff distance of 1.0 nm.  

    During the first 40 ns MD simulation for equilibrium, the temperature and pressure 

were coupled using the Berendsen algorithm
56

 (with a compressibility of 4.5 × 10-5 bar-1 

and a 1 ps time constant). During the 10 ns MD simulation, the temperature was coupled 

with the Berendsen algorithm
56

, During the 40 ns MD simulation after the temperature 

annealing, the temperature was maintained with Nose-Hoover algorithm
57-58 

and pressure 

was maintained with Parrinello-Rahman algorithm. Intramolecular bonds involving 

hydrogen atoms were kept constrained with the LINCS algorithm.
60

 The MD simulations 

were performed using Gromacs-4.5.5
83

.  

6.3.3 Molecular Dynamics Simulations of Small Zwitterionic Molecules 

The simulation systems for 2.0 M solution have 50 zwitterionic molecules and 1400 

water molecules, and the systems at 4.0 M solution have 100 zwitterionic molecules and 

1400 water molecules. For each simulation system, after an energy minimization, a 5.0 ns 

MD simulation in an NPT ensemble (T=298 K, P=100 KPa) was carried out for 

equilibrium. The system was maintained at temperature and pressure with the Berendsen 

algorithm
56

 (with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps time constant). Another 

5.0 ns MD simulation in an NVT ensemble was carried out for data collection. The 

temperature was maintained with Nose-Hoover algorithm
57-58

. The other details were the 

same as the MD simulations of zwitterionic polymer solutions in S.6.3.2. 
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6.4 Results and Discussion 

  

Figure 6.3. Rheology properties of (a) SB polymers and (b) CB polymers as a function of 

temperature (T). G' is the storage modulus and G" is the loss modulus.  

 

    We first compared the thermal responses of SB and CB polymers by analyzing the 

storage (G') and loss (G") moduli of 50 g/L polymer solutions as a function of 

temperature. Figure 6.3 shows G' and G" of SB and CB polymer solutions from 10 to 

40°C. In this temperature range, the SB polymer solution shows larger moduli than the 

CB polymer solution, indicating that SB polymers possess more associations among their 

zwitterionic moieties. Furthermore, increasing temperature results in a significant 

reduction in G' and G" of SB polymers. This reduction is due to the dissociations caused 

by temperature increase, consistent with what is observed for SB hydrogels
122

 and SB 

polymer solids
142

. However, G' and G" of CB polymers do not show such reduction as 

temperature increases, indicating that CB polymers may have few inter-polymer 

associations.       
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Figure 6.4. Hydrodynamic sizes (Rh) of SB and CB polymer solutions as a function of 

NaCl concentration. 

    We further studied the hydrodynamic sizes (Rh) of SB and CB polymer solutions as a 

function of NaCl concentration using dynamic lighting scattering. Zwitterionic polymers 

are well known to show the antipolyelectrolyte effect
14

. Thus, we can expect that the Rh 

of the zwitterionic polymers will decrease with salts addition. Figure 6.4 shows Rh of 2 

g/L SB and CB polymer solutions with NaCl concentrations from 50 to 200 mM. In this 

NaCl concentration range, both SB and CB polymers dissolved well. As shown in Figure 

6.4, Rh of SB polymers decreases as NaCl concentration increases, consistent with what is 

expected from the classical theory of zwitterionic polymers
123

. However, Rh of CB 

polymers is nearly unchanged as NaCl concentration increases. Our previous study
143

 has 

shown that zwitterionic CB moieties interact with Na
+
 stronger than zwitterionic SB 

moieties, excluding the possibility that NaCl has less influences on associations among 

CB moieties than on those among SB moieties. Hence, CB polymers may have few 

zwitterionic associations, different from what is commonly known about zwitterionic 

polymers. 
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Figure 6.5. Radial distribution functions of the nitrogen atoms of cationic groups and the 

oxygen atoms of anionic groups for (a) PSBMA (N-O-SB RDF) and PCBMA (N-O-CB 

RDF), (b) small SB molecules with various carbon spacer lengths, and (c) small CB 

molecules with various carbon spacer lengths. 

To investigate the origin of different behaviors of SB and CB polymers, we performed 

molecular dynamics simulations to study how cationic and anionic groups of zwitterionic 

moieties interact in these two zwitterionic polymers. Figure 6.5a shows the radial 

distribution functions (RDFs) of the nitrogen atoms in cationic groups and the oxygen 

atoms in anionic groups of SB polymers (N-O-SB) and CB polymers (N-O-CB) in 3 g/L 

solutions. As shown in Figure 6.5a, the N-O-SB RDF has a peak with a height of 1.5 at 

0.5 nm, and the N-O-CB RDF does not have any significant peaks higher than 1. This 
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indicates that the zwitterionic SB moieties of SB polymers prefer to form associations 

among themselves, while the zwitterionic CB moieties of CB polymers do not.  

    The CB moieties of CB polymers have two methylene groups between the cationic and 

anionic groups, and the SB moieties of SB polymers have three methylene groups. To 

study if the carbon spacer length plays a role in the different associations of SB and CB 

moieties, we performed molecular dynamics simulations to study the associations among 

cationic and anionic groups of small SB and CB molecules with carbon spacers from one 

to three methylene groups. The molar concentrations of zwitterionic molecules were 2 

and 4 mol/L, higher than the ones of zwitterionic moieties in the polymer solutions (~1.5 

mol/L). Figures 6.5b and 6.5c showed that the three N-O RDFs of SB molecules all have 

a peak, which is not observed in CB molecules. This observation excluded the effect of 

carbon spacer length and confirmed that zwitterionic associations result from interactions 

of cationic and anionic groups.  

Table 6.2 N-O pair numbers and lifetimes of SB and CB polymers 

 Number Elapsed time (ps) 

PSBMA 373 323 

PCBMA 163 115 

     

    We further studied the zwitterionic associations of SB and CB polymers by analyzing 

the numbers and dynamics of nitrogen atom-oxygen atom (N-O) pairs at 298 K and 100 

kPa. The distance threshold to define an N-O pair of SB polymers is set to be 0.56 nm, r 

of the first minimum of the N-O-SB RDF. The elapsed time (τ) for the N-O pairs at 

certain time to decay to 1/e portion was used to characterize the pair dynamics. We also 

analyzed the N-O pair number and lifetime of CB polymers using the same method. As 

shown in Table 6.2, the N-O pairs of SB polymers have several folds the number and 
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elapsed time of CB-polymer N-O pairs, confirming that SB polymers have more and 

stronger zwitterionic associations than CB polymers.  

Collins
125

 proposed that cations and anions with similar hydration preferentially 

associate. Fennell et al.
144

 showed that the relative affinity of ions in solution depends on 

the matching of cation and anion sizes. The observations here indicate that zwitterionic 

associations follow the same principle: cationic and anionic groups with similar charge 

strength preferentially form associations. SB polymers possess cationic and anionic 

groups that match well in charge strength, leading to zwitterionic associations and 

stimuli- responses. CB polymers possess charged groups that do not match in charge 

strength. Therefore, CB has few zwitterionic associations, and its does not have stimuli-

responses, which are generally expected for zwitterionic polymers.  

 

 

Schematic 6.1. Charge-strength matching determines associations among zwitterionic 

moieties in zwitterionic polymers.   

6.5 Conclusions 

We investigated the relationship between the thermal and salt responses of SB and CB 

polymers, and the structure and dynamics of associations among cationic and anionic 

groups in these two zwitterionic polymers. The results showed that matching in the 
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charge strength of cationic and anionic groups of zwitterionic moieties determines 

associations among moieties: better matching results in more and stronger associations. 

These different interaction behaviors lead to diversified properties of zwitterionic 

materials.  

Zwitterionic CB moieties have cationic and anionic groups that do not match in charge 

strength, leading to fewer associations. This can allow zwitterionic moieties in CB 

materials to be fully hydrated and make CB materials have stronger hydration. In addition, 

the few associations make CB materials inert to external stimuli, different from the 

classical theory of conventional zwitterionic materials. At the same time, zwitterionic SB 

moieties have cationic and anionic groups that match well, and the formed associations 

make SB polymers stimuli responsive. Following this principle, zwitterionic 

phosphorylcholine (PC) moieties have cationic and anionic groups that match even better, 

and they can associate more and stronger than SB moieties. This could be the reason why 

zwitterionic PC groups are chosen by nature for cell membranes and why zwitterionic PC 

head groups can form highly ordered self-assembled monolayers
145

.  
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Chapter 7 Carbon-Spacer-Length Effects on Hydration and Ionic 

Interactions of Carboxybetaine Moieties 

Zwitterionic carboxybetaines (CBs) are ubiquitous in nature and considered promising 

materials for biological and chemical applications. A thorough understanding of the 

effect of carbon spacer length (CSL) on molecular properties is important. This chapter 

presented a study on the effects of CSL on the properties of CB moieties using molecular 

dynamics simulations, quantum mechanics and well-tempered metadynamics simulations. 

The hydration number, structure, and dynamics of carboxylic and trimethyl ammonium 

groups were investigated and found to present different behaviors in regards to the 

variation of CSL. The simulation results with partial charges developed from quantum 

mechanical calculations were compared with those with partial charges from the OPLS 

all atom (OPLSAA) force field. The hydration free energy of CB moieties and CB−Na
+
 

association was also studied as a function of CSL. 

7.1. Introduction 

    Zwitterionic carboxybetaines (CBs) have received increasing attraction because of 

their importance in nature and their chemical and biological applications. In nature, 

glycine betaine and β–alanine betaine act as naturally occurring osmolytes and protein 

protectants
25, 146

. Recent experiments have shown CB-derived materials to be excellent 

candidates for applications such as drug delivery
6
, gene delivery

147
, and protein 

conjugation
8
 because of their excellent resistance to nonspecific protein adsorption, 

biocompatibility and versatility
95

. A thorough illustration of the structure-property 

relationship is critically important for not only understanding the role of CB molecules in 

nature but also develop the applications of CB materials. A CB moiety possesses a 
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cationic trimethyl ammonium group and an anionic carboxylic group that are linked by 

methylene groups. The two charged groups are considered to be important for the 

properties of CB moieties, and their distance can be altered by varying the number of 

methylene groups, which is called carbon spacer length (CSL).  

    The effect of CSL on zwitterionic molecules has been studied
148-149

 in several 

experiments. Zhang et al.
150

 investigated the protein adsorption of CB-derived materials 

with CSLs of one, two, three and five methylene groups. Experiments showed that the 

CB materials with various CSLs can all resist nonspecific protein adsorption but have 

different applicable pH scales. Vaisocherova et al.
151

 further showed that only materials 

derived from CBs with CSLs of one and two methylene groups are able to resist 

nonspecific protein adsorption from 100% blood serum, while  CBs with CSLs of three 

or more methylene groups cannot resist protein adsorption from this complex medium. 

More recently, Mi et al.
152

 showed different binding behaviors of divalent cations for CB 

materials with different CSLs, leading to different interactions with polysaccharides 

outside bacteria. The effect of CSL on the other properties of materials has also been 

studied, including adsorbed protein conformation
153

, mobility of ionic group
154

, thermal 

stability of the material
155

, adsorption at the air-water interface
156

 and electroosmotic 

flow
157

. These observations offer solid proofs about the important roles of CSL.    

    Weers et al.
148

 have studied how the solution properties of betaine surfactant varies 

with CSL and their research showed the relationship between several properties of CB 

moieties and CSL. For instance, they showed that the pKa of the molecule increases as 

the CSL increases. They also showed that the molecular dipole increases monotonically 

with the increase in CSL and suggested that there is probably no intramolecular 
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association for charged groups. The critical micelle concentration was also found to be 

affected by the CSL.  

    However, the effect of CSL on the properties of CB moieties is poorly understood. One 

is its effect on hydration. Hydration is recognized to play an important role for 

applications in an aqueous environment
6, 158-159

. It is well known from studies of 

surfactants and lipids that the variation of alkyl chain length can change the ratio of 

hydrophobicity/hydrophilicity of molecule
160-161

 and thus the hydration. However, the 

variation of CSL brings more effects on the CB moiety than just alternating its 

hydrophobicity/hydrophilicity ratio. It could change the interplay of charged groups and 

the overlap of their coordination shells. The variation of these two factors can affect basic 

molecular hydration. Therefore, a thorough study of how the hydration of a CB moiety 

varies as a function of CSL can not only offer insight in the hydration-structure 

relationship for a zwitterionic molecule but also guide the rational design of CB materials. 

Another critical effect of CSL regards the ionic association of the CB moiety. Previous 

studies have shown the important role of ionic association to the performance of 

zwitterionic materials
143, 162-163

. Since the charges of charged groups are expected to vary 

with the variation of CSL, this may cause the variation of ionic association, which has not 

been thoroughly studied yet.       

   To address these issues, we will study the effect of CSL on the properties of CB moiety, 

focusing on hydration and ionic association. We will investigate hydration and ionic 

association from structural, dynamic and energy aspects. The electron density 

distributions of CB moieties with various CSLs will also be investigated. The 
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corresponding properties of CB molecules with different CSLs will be compared in the 

aim to explore the effect of CSL.  

7.2 Simulation Details 

7.2.1 Quantum Chemical Calculations 

  

(a) (b) 

  

(c) (d) 

 

 

(e)  

Figure 7.1 Schematic of the five CB moieties (a) CB0, (b) CB1, (c) CB2, (d) CB3 and (e) 

CB4. 

 

    Quantum mechanical calculations were carried out using the Gaussian 2009
50

. For each 

CB moiety, we rotated the dihedral angles C(N)-N-C-C and C-C-C-O to generate the 

input conformations for quantum mechanical calculations. All of the conformations were 

first minimized with a classical UFF force field
164

 and then further optimized in an 

implicit water solvent at the B3LYP/6-311++G (d, p) level. The polarizable continuum 

model was used to describe the implicit water solvent.
165

 The optimized conformations 
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were used for the calculation of partial charge and analysis of electrostatic potential 

surface and the electron density. For each CB moiety, the conformation with the lowest 

potential energy was chosen for single pointe calculation for the analysis of electrostatic 

potential surface.  

In this work, a new set of partial charges were calculated for each CB moiety with 

quantum mechanical calculation. The atomistic charges of CB moieties were calculated 

with the CHELP algorithm
166

, which fits the atomic charges to the electrostatic potential 

of the molecule. For each CB moiety, the partial charges used in MD simulations were 

obtained by averaging in two steps. The first is the average among the same type of 

atoms in one single conformation. For one CB moiety, the same type of atoms means all 

the atoms in the same geometrical and chemical positions, such as the nine hydrogen 

atoms of the three methyl groups bonding to the nitrogen atom. The second is the average 

among various conformations weighted by the Boltzmann factor. The L-J parameters 

were obtained from the OPLS all atom (OPLSAA) force field
52

 developed by the 

Jorgensen group because of its good representation of small organic molecules. The force 

field parameters of all five CB moieties were listed in Tables 7.1-7.4. 
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Table 7.1. Nonbond interaction parameters of atoms of the five CB moieties. See the 

labels in Figure 6.1 

 q (e) σ (nm) ε(kJ mol
-1

) 

 CB0 CB1 CB2 CB3 CB4   

Trimethyl ammonium group   

N 0.3080 0.3838 0.3516 0.2849 0.3382 0.325 0.7113 

C  -0.2740 -0.3224 -0.3226 -0.2955 -0.3082 0.350 0.2761 

H 0.1120 0.1519 0.1514 0.1506 0.1517 0.250 0.0628 

Carboxylic group   

C 0.8100 0.9414 0.9070 0.9586 0.9741 0.375 0.4393 

O -0.6520 -0.8584 -0.8756 -0.9122 -0.9211 0.296 0.8786 

Carbon Spacer Length   

C1  -0.1833 0.0200 -0.1153 -0.1024 0.350 0.2761 

H1  0.0875 0.0660 0.1013 0.0947 0.250 0.0628 

C2   -0.1262 0.1422 -0.0028 0.350 0.2761 

H2   0.0360 -0.0025 0.0248 0.250 0.1255 

C3    -0.1441 0.1336 0.350 0.2761 

H3    0.0158 -0.0267 0.250 0.1255 

C4     -0.1414 0.350 0.2761 

H4     0.0083 0.250 0.1255 

 

Table 7.2. Bond parameters of the five CB moieties 

 kb(kJ mol
-1

 nm
-2

) b(nm) 

N-C 307105 0.147 

C-H 284512 0.109 

C-O 548940.8 0.125 

C-C 224262.4 0.153 

  ( )  
 

 
  (   )
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Table 7.3. Angles parameters of the five CB moieties  

 k θ (kJ mol
-1

 rad
-2

) θ0(degree) 

C-N-C 418.40 113.0 

N-C-O 418.40 109.5 

C-C-O 585.76 117.0 

H-C-H  276.144 107.8 

H-C-C 292.88 109.5 

C-C-C 488.273 112.7 

H-C-N 292.880 109.5 

 

  ( )  
 

 
  (    )

  

 

Table 7.4. Torsion parameters of the five CB moieties (Ci: kJ mol
-1

 rad
-i
) 

 C0 C1 C2 C3 C4 C5 

H-C-N-C 0.63179 1.89535 0.00000 -2.52714 0.00000 0.00000 

C-N-C-C 3.04176 -1.35144 0.51881 -2.20915 0.00000 0.00000 

N-C-C-C 5.77183 -2.67148 0.95814 -4.05848 0.00000 0.00000 

N-C-C-H 0.80333 2.40999 0.00000 -3.21331 0.00000 0.00000 

C-C-C-C 2.92880 -1.46440 0.20920 -1.67360 0.00000 0.00000 

H-C-C-C 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000 

H-C-C-H 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000 

C-C-C-O 3.43088 0.00000 -3.43088 0.00000 0.00000 0.00000 

H-C-C-O 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

N-C-C-O 3.43088 0.00000 -3.43088 0.00000 0.00000 0.00000 

C-N-C-O 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

   ( )  ∑  (   (     
 ))
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7.2.2 Molecular Dynamics Simulations 

    The schematics of the five CB molecules are shown in Figure 7.1. All atom models are 

used in this work. The SPC/E water model
49

 was used because of its good representation 

of the dipole moment, dielectric constant and diffusion properties of water molecules. 

The potential energy of intermolecular interactions is calculated as a combination of a 

Lennard-Jones (L-J) 12-6 potential and a Coulomb potential, as shown in Equation 7.1. 
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  (7.1) 

where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Jorgensen combining rules.      

    The simulation system for the investigation of hydration was a periodic water box 

containing water molecules and one CB moiety. The molecular dynamics (MD) 

simulations were performed using Gromacs (version 4.5.4) 
54

 in an isobaric-isothermal 

ensemble (NPT). For all the five CB cases, after energy minimization and a 1.0 ns MD 

run with an integral step of 1.0 fs for equilibrium, another 1.0 ns run was carried out with 

an integral step of 2.0 fs. The coordinates were saved every 0.2 ps. Long-range 

electrostatic interactions were computed with the particle mesh Ewald method with 

periodic boundary conditions in all three dimensions.
55

 The short-range van der Waals 

interactions were calculated with a cutoff distance of 1.1 nm. During the first 1.0 ns MD 

run for equilibrium, the system was maintained at 298 K (0.1 ps time constant) and 100.0 

kPa with the Berendsen algorithm
56

 (with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps 

time constant). During the second 1.0 ns MD simulation for data collection, the system 

was maintained at 298 K with the Nose-Hoover algorithm
57-58

 and 100 kPa with the 
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Parrinello-Rahman algorithm.
59

 Intramolecular bonds of betaine molecules and water 

molecules were kept constrained with the LINCS algorithm.
60

 MD simulations with the 

developed partial charges and the original ones from the OPLSAA force field were 

performed and compared. 

    In order to compare the force fields with partial charges developed in this work and 

from the OPLSAA force field, we also calculated the interaction energy E of the CB 

moiety and one water molecule from QC calculations and with these two sets of force 

fields, as listed in Table 7.5. The initial conformations of the five CB-water systems were 

shown in Figure 7.5. The result of CB0 with partial charges developed in this work is 

much closer to that from QC calculations than that with partial charges from the 

OPLSAA force field is. In addition, E values for the CB moieties with longer CSL are 

lower than those for the CB moieties with shorter CSL. This indicates the variation of the 

partial charges of those CB moieties with CSL and the necessity to recalculate their 

partial charges, especially to those with shorter CSL in which charge transfer occurs.    

For the five CB-Na
+
 simulation cases, a 10.0 ns MD simulation was carried out for data 

collection after energy minimization and a 10.0 ns MD run for equilibrium. The 

simulation system was the same as that used in our previous work.
143

 The other details 

were the same as in the CB cases.    
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(a) CB0-Water (b) CB1-Water 

 
 

(c) CB2-Water (d) CB3-Water 

 

 

(e) CB4-Water  

Figure 7.2. Conformations of CB-water systems 

Table 7.5 Interaction energy E calculated with quantum chemical calculations and 

classical force fields  

 B3LYP (kJ·mol
-1

) this work(kJ·mol
-1

) OPLSAA (kJ·mol
-1

) 

CB0 -45.4 -41.9  -65.4 

CB1 -42.2 -41.6 -42.7 

CB2 -59.0 -48.8 -49.8 

CB3 -86.5 -80.5 -75.6 

CB4 -86.3 -82.2 -84.9 
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7.2.3 Metadynamics Calculations for Na
+
 Association Free Energy 

    The metadynamics algorithm developed by Laio et al.
85

 was used to evaluate the 

association free energy of Na
+
 and CB moieties. We applied a well-tempered 

metadynamics simulation
84

 since it rescales the Gaussian weight factor and guarantees 

the convergence of simulation. The two selected collective variables were the distances 

between Na
+
 and the two oxygen atoms of CB moiety. The initial Gaussian weight factor 

was set to be 1.5 kJ·mol
-1

 and the deposition rate of the Gaussian bias terms was set to be 

250 fs with a bias factor of 10. The standard deviation for the Gaussian bias term was set 

to be 0.05. The whole simulation time is 100 ns and the output frequency is 250 fs. All 

the metadynamics simulations were carried out in a NVT ensemble with v-rescale 

algorithm 
86

 to control the temperature around 298 K using Plumed-1.3.0
87

  implemented 

gromacs-4.5.5.    

7.3. Results and Discussions 

7.3.1 Electrostatic Potential Surfaces of CB Moieties 

    Partial charges of the two charged groups are critical to the hydration and ionic 

association of a zwitterion. Variation of the CSL changes their distance and affects the 

charges. Figure 7.3 shows the electrostatic potential surfaces (EPSs) of the most 

optimized structure of the five CB moieties in implicit water solvent. It can be seen that 

the EPS color of carboxylic groups of CB0 and CB1 is considerably lighter than the 

others. The same phenomenon is observed in the color depths of EPS around trimethyl 

ammonium groups. This observation indicates that the two charged groups in CB0 and 

CB1 are both less charged than their counterparts in CB moieties with longer CSLs, due 

to the strong interplay between them.   
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(a) CB0 (b) CB1 (c) CB2 

  

 

(d) CB3 (e) CB4  

 

Figure 7.3 EPSs of (a) CB0, (b) CB1, (c) CB2, (d) CB3 and (e) CB4. 

    In CB moieties with longer CSLs, the interplay between charged groups decreases 

sharply. As shown in Figure 7.3, the color depths of corresponding EPSs around charged 

groups are similar in CB3 and CB4. This similarity indicates that variation of the CSL 

cannot affect the interplay between charged groups as significantly as in CB molecules 

with shorter CSLs. This is expected because the two charged groups must be very close 

to interplay with each other. The distance increase induced by growing CS weakens this 

interplay sharply. It has been reported
148

 that the pKa of a CB1 surfactant is around 2, 

lower than that of CB2 surfactant (around 3.2), which is consistent with the sharp 

decrease in interplay observed in this work. Thus, we may expect that when the CSL < 3, 

the variation of CSL may affect the hydration and ionic association significantly. When 

CSL ≥ 3, the variation of CSL may just tune the number of methylene groups in the 
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molecule and molecular flexibility, but hardly change the partial charges of two charged 

groups. 

We further analyzed the electron distributions around the carboxylic groups of the five 

conformations shown in Figure 7.3 using Bader analysis
167-168

. Different from CHELP 

algorithm, Bader analysis calculates the atomic charge based on the number of electrons 

near the atom. In Bader analysis, the whole space of electrons is divided into Bader 

regions by the zero flux surfaces. A zero flux is a 2-D surface on which the electron 

density is at a minimum perpendicular to the surface. The aim of this analysis is to 

observe whether the partial charges obtained from electron densities and calculated from 

the CHELP algorithm have similar tendency as CSL varies. As shown in Table 7.6, the 

partial charges calculated with these two methods showed the same trend with the 

variation of CSL, though their values are different. The carboxylic group in CB0 is much 

less negatively charged as compared to those in the CB moieties with longer CSL. 

Increasing CSL results in the enhancement of the negative charges of the carboxylic 

group, but this effect decreases as the CSL increases. The carboxylic groups in CB3 and 

CB4 have similar partial charges.      

 

Table 7.6. Partial charges of the carboxylic groups of the five CB moieties obtained with 

Bader’s analysis and CHELP algorithm  

 CB0 CB1 CB2 CB3 CB4 

Bader(e)  -0.388 -0.822 -0.917 -0.964 -0.938 

CHELP(e) -0.494 -0.775 -0.844 -0.866 -0.868 
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7.3.2 Radial Distribution Functions between Water and CB Moieties 

Hydration is recognized to be critically important to assess a zwitterion thoroughly.
6
 To 

evaluate the hydration of a CB moiety properly, we first analyzed the radial distribution 

functions (RDFs) of water molecules and selected atoms of the CB moiety. We selected 

the oxygen atoms of the carboxylic group, carbon atoms of the trimethyl ammonium 

group and carbon atoms in the CS part as the feature atoms of these three parts. Figure 

7.4 shows the RDFs of these atoms and oxygen atoms of the water molecules for MD 

simulations with the partial charges developed in this work and from the OPLSAA force 

field.  
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Figure 7.4. RDFs of atoms of CB moieties and oxygen atoms of water molecules in 

simulations with partial charges developed in this work or from the OPLSAA force field. 

(a1) O-Ow (this work), (a2) O-Ow (OPLSAA), (b1) C(N)-Ow (this work), (b2) C(N)-Ow 

(OPLSAA), (c1) C(C)-Ow (this work) and (c2) C(C)-Ow (OPLSAA). 

  



97 

 

    A peak in a RDF profile indicates the existence of a coordination shell and its position 

defines the geometric radius of the coordination shell. As shown in Figure 7.4, both the 

RDFs with partial charges in this work and those from the OPLSAA force field show that 

only the O-Ow RDFs have obvious peaks, whereas no significant peaks can be observed 

for the other two RDFs. This difference in RDFs indicates the difference in the hydration 

of the carboxylic group and other parts of the molecule and these two sets of force field 

parameters give consistent results. To O-Ow RDFs, we observe that their peaks in Figure 

7.4a1 and Figure 7.4a2 are at same positions. These two sets of force field parameters 

give the same results on the size of the coordination shell of the carboxylic group. 

    With the partial charges in this work, the peaks of O-Ow RDFs show a variation as a 

function of CSL similar to that observed for EPS color depth. As shown in Figure 7.4a1, 

the peak height for CB0 is 1.5 and increases to 3.0 for CB1. The peak heights for CB3 

and CB4 are higher than the ones of CB1 and CB0, and very similar to each other. This 

indicates that the hydration of the carboxylic group may show variation in CB moieties 

with shorter CSLs and be similar in those with CSL ≥ 3. For the other parts of molecule, 

we can observe that C(N)-Ow and C(C)-Ow RDFs merely change as the CSL varies, 

indicating that their hydration may not show a significant change as the CSL varies. In 

the OPLSAA force field, the carboxylic groups in five CB moieties are set to have same 

partial charges, and there is not significant variation in peak height, as shown in Figure 

7.4a2.     

7.3.3 Coordination Numbers 

A previous study has shown that water molecules in the coordination shells of trimethyl 

ammonium and carboxylic groups have significantly different structures and dynamics.
48
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When close enough, the two coordination shells may overlap geometrically and affect the 

behavior of water molecules in the shells. We investigated the overlap phenomenon by 

analyzing the numbers of water molecules in the overlap region of the coordination shells 

of the two charged groups and only in the shells of the charged groups. The coordination 

shells of these two charged groups are defined in the same way as in our previous work
48

 

based on the RDFs shown in Figure 7.4. Table 7.7 lists the numbers of water molecules 

in the overlap (in the shells of both carboxylic and trimethyl ammonium groups), 

negative (only in the shell of carboxylic group), positive (only in the shell of trimethyl 

ammonium group) and CS (only in the shell of CS part) regions, as well as the number of 

water molecules in these regions obtained from MD simulations with partial charges 

developed in this work and from the OPLSAA force field.  

 

Table 7.7 Number of water molecules in positive, negative, CS and overlap regions and 

their sum 

  Positive Negative CS Overlap Total No. 

CB0 This work 17.10 2.91 0.00 2.26 22.27 

 OPLSAA 17.70 4.46 0.00 2.58 24.74 

CB1 This work 17.35 5.56 2.63 1.61 27.15 

 OPLSAA 17.67 6.21 2.96 1.39 28.23 

CB2 This work 18.06 6.62 4.31 0.76 29.75 

 OPLSAA 17.4 5.21 3.86 1.34 27.81 

CB3 This work 17.85 6.25 7.34 0.98 32.42 

 OPLSAA 20.23 4.83 6.03 1.26 32.35 

CB4 This work 18.60 6.76 9.44 0.50 35.30 

 OPLSAA 16.09 6.62 11.86 0.74 35.31 
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As listed in Table 7.7, the numbers of water molecules in the four regions from MD 

simulations with partial charges developed in this work are similar to those from 

simulations with partial charges from the OPLSAA force field. Therefore, the effect of 

CSL will be analyzed only based on the simulation results with partial charges developed 

in this work. For CB0, the numbers of water molecules in the negative and overlap 

regions are 2.91 and 2.26, respectively, which means that around 44% of water molecules 

in the coordination shell of the carboxylic group are also considered in the shell of the 

trimethyl ammonium group. This significant overlap indicates the water molecules in the 

coordination shell of the carboxylic group of CB0 have structure and dynamics 

differently from those CB moieties with longer CSs. This overlap decreases rapidly as the 

CSL increases. For instance, for CB1, the numbers for the overlap and negative regions 

are 1.61 and 5.56. This means that the percentage decreases from 44% to only 23%. For 

CB moieties with a CSL ≥ 2, the number for the overlap region decreases to less than one, 

indicating that the overlap may be not even a stable phenomenon.   

    To the water molecules in the coordination shell of trimethyl ammonium groups, the 

effect of overlap may be weaker since the coordination number for the trimethyl 

ammonium group is definitively larger than the corresponding number for the carboxylic 

group. As listed in Table 7.7, the water molecules in the overlap region only count for at 

most 12% of all the water molecules in the coordination shell of the trimethyl ammonium 

group. However, since the effect of the carboxylic group on a water molecule is 

profoundly stronger than the that of the trimethyl ammonium group,
48

 it is not clear up to 

now about how the water molecules in the coordination shell of the positively charged 



100 

 

group would vary because of this overlap. Further investigation of the hydration structure 

and dynamics is necessary to offer a clear view.   

 The number for the CS region increases monotonically with the growing CSL, as listed 

in Table 7.7. The previous RDFs in Figures 7.4c1 and 7.4c2 have indicated that the water 

molecules of this region behave like those near a nonpolar substance. Thus, this increase 

implies that there is more hydrophobic part in the hydration of molecule. 

7.3.4 Hydration Structures and Dynamics of CB Moieties 

Besides the number of water molecules, their structure
48, 107

 and dynamics
48

 are also 

critically important to evaluate the molecular hydration thoroughly. The hydration 

structure and dynamics of carboxylic and trimethyl ammonium groups were investigated 

by analyzing the distributions of dipole orientation θ and residence curve C(t) of water 

molecules in the respective coordination shells of charged groups, as defined in our 

previous study.
48

 The water molecules in the overlap region are considered to be in the 

coordination shells of both charged groups. Figure 4 shows the distributions of cosθ of 

the coordination shells of the two charged groups with partial charges developed in this 

work (Figure 7.5a and 7.5b) and from the OPLSAA force field (Figure 7.5c and 7.5d). 

Figure 5 shows C(t) of the coordination shells of the two charged groups with partial 

charges developed in this work (Figure 7.6a and 7.6b) and from the OPLSAA force field 

(Figure 7.6c and 7.6d). 
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Figure 7.5. Distributions of cosθ for the dipole moment of water molecules in the 

coordination shells of trimethyl ammonium and carboxylic groups with partial charges 

developed in this work and from the OPLSAA force field. (a) trimethyl ammonium and 

(b) carboxylic groups with partial charges from this work, (c) trimethyl ammonium and 

(d) carboxylic groups with partial charges from the OPLSAA force field. 

As shown in Figure 7.5, the distributions of cosθ for the carboxylic group from 

simulations with partial charges developed in this work and from the OPLSAA force 

field present different variations as to the variation in the CSL. The distribution with 

partial charges developed in this work has its peak height increase when the CSL 

increases. The peak height remains identical when the CSL ≥ 3. This indicates that the 
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hydration structure of the carboxylic group increases as the CSL increases, and reaches a 

steady state when CSL ≥ 3. The distribution from simulations with partial charges from 

the OPLSAA force field does not present the similar variation. Instead, the distributions 

for all five CB molecules are nearly identical, as shown in Figure 7.5d. This indicates that 

the hydration structures of the carboxylic groups of all five CB molecules are similar. 

The simulation results with both of these two sets of partial charges show that the 

distribution of cosθ for the trimethyl ammonium group does not have a significant 

variation as the CSL varies.   
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Figure 7.6. Residence time curves C(t) of water molecules in the coordination shells of 

trimethyl ammonium and carboxylic groups with partial charges developed in this work 

and from the OPLSAA force field. (a) trimethyl ammonium and (b) carboxylic groups 

with partial charges from this work, (c) trimethyl ammonium and (d) carboxylic groups 

with partial charges from the OPLSAA force field. 

The analysis of C(t) reveals the tendency for water molecules to stay near the 

carboxylic group. The respective residence times τ for the five curves in Figure 7.7b, 

calculated with the same method as in our previous paper,
48

 are 8.64 ps (CB0), 27.06 ps 

(CB1), 33.54 ps (CB2), 37.28 ps (CB3) and 37.01 ps (CB4). The increment ratios are 213% 

(CB0-CB1), 24% (CB1-CB2), 11% (CB2-CB3) and -1% (CB3-CB4). This indicates that 
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water molecules stay in the coordination shell of the carboxylic group longer as the CSL 

increases and this increase only occurs when the CSL < 3. When the CSL ≥ 3, the CSL 

variation will not change the residence time of water molecules near the carboxylic group. 

τ for the five curves in Figure 7.6d are 56.58 ps (CB0), 55.92 ps (CB1), 55.69 ps (CB2), 

46.83 ps (CB3) and 65.00 ps (CB4). This indicates that, with partial charges from the 

OPLSAA force field, there is no CSL dependence for τ. 

    Experiments have shown that the CB moiety with a shorter CSL has a lower pKa. The 

lower pKa indicates that the carboxylic group in a CB molecule with a shorter CSL has a 

weaker ability to attract hydrogen atoms. Therefore, the interaction between the 

carboxylic group and water molecules should be weaker for a CB moiety with a shorter 

CSL. The results from MD simulations with partial charges developed in this work show 

a CSL dependence consistent with that trend in pKa measurements, while the simulations 

with partial charges from the OPLSAA force field does not show such variation.  

    As the CSL increases, the carboxylic group is becoming more highly charged and the 

overlap with the coordination shell of the trimethyl ammonium group is decreasing. The 

interaction between water molecules and the carboxylic group is growing stronger and 

the behavior of water molecules is more determined by the carboxylic group only. 

Consequently, the hydration structure and dynamics increases. When CSL ≥ 3, variation 

of the CSL cannot cause significant variation of partial charges in the carboxylic group 

and the overlap. Thus the cosθ distribution and C(t) are nearly identical.    

7.3.5 Hydration Free Energy of CB Moieties 

Hydration free energy ΔG is used in the aim to describe the hydration of the whole 

molecule as a function of CSL. The hydration free energy was calculated using the 
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perturbation method as in our previous study
48

. We only studied ΔG with partial charges 

developed in this work because the results with them are consistent with the observations 

from experimental pKa measurements. In addition to the five CB moieties with CSLs 

ranging from one to four, we added three more CB moieties with CSLs of six, eight and 

ten methylene groups to investigate the effect of the CSL on hydration free energy on a 

larger scale. For the three newly added CB moieties, the partial charges of atoms in their 

charged groups are the same as the ones of the CB4 moiety and the additional methylene 

groups are parameterized with the OPLSAA force field. Figure 7.7 shows the relative 

hydration free energy (ΔΔG) of these eight CB molecules as a function of CSL with the 

average hydration free energy of CB3 taken as a reference.  
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Figure 7.7 Relative hydration free energy (ΔΔG) of CB molecules as a function of CSL. 

    The hydration free energy of CB0 is the highest among these eight CB molecules. For 

CB molecules with CSL < 3, the increase of CSL results in a decrease of ΔΔG. This is 

attributed to the charge increase of the two charged groups. However, the reduction rate 

decreases as CSL increases. For instance, the hydration free energy of CB1 is nearly 170 

kJ·mol
-1

 lower than that of CB0, while the hydration free energy of CB2 is only around 



106 

 

30 kJ·mol
-1

 lower than that of CB1. The hydration free energy is related to the hydration 

structure and dynamics around the overall molecule. For CB molecules with shorter 

CSLs, the main contributor to the variation of hydration free energy is the hydration of 

the two charged groups. As shown in the previous analysis, from CB0 to CB1, the 

hydration structure and dynamics around the carboxylic group exhibits the most 

significant change. With the increase in the CSL, the variation rate of the hydration 

structure and dynamics in regards to the CSL decreases. Consequently, the variation rate 

of the hydration free energy decreases.   

    We cannot observe significant variation of the hydration free energy for those CB 

molecules with CSL ≥ 3. As we have shown in previous sections, the trimethyl 

ammonium and carboxylic groups in these molecules have similar hydration structure 

and dynamics. Thus the main contributor to the variation of hydration free energy for 

these CB molecules may come from the CS part itself. The methylene group is 

hydrophobic and supposed to increase the hydration free energy. However, the change of 

hydration free energy brought by the methylene group is small. For instance, the 

hydration free energy of ethane is 11.0 kJ·mol
-1

, while the value for propane is 12.1 

kJ·mol
-1

,
169

 indicating that the addition of one methylene group may just add around 1.1 

kJ·mol
-1

 to the hydration free energy; this is not very noticeable compared to that caused 

by the charge variation of the two charged groups.  

7.3.6 Association of Na
+
 with CB Moieties 

    Na
+
 is ubiquitous in nature and associates with the carboxylic group of CB moieties. 

The association can vary with CSL since the variation of CSL results in the change of 

electron density for the carboxylic group. In this work, Na
+
-CB associations were 
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analyzed from structure, dynamics and energy aspects. The association is also only 

studied with partial charges developed in this work because these results are consistent 

with the observations from experimental pKa measurements. The association structure 

was investigated with RDF between Na
+
 and oxygen atoms of the CB moiety, as shown 

in Figure 7.8a. All five profiles present a significant peak at a position of around 0.25 nm, 

demonstrating that Na
+
 can form a stable and direct association with the oxygen atoms of 

all of them. The peak height varies significantly with the CSL. As shown in Figure 7.8a, 

the peak height follows the sequence: CB0 < CB1 < CB2 < CB3 ≈ CB4. The peak 

heights of CB3 and CB4 are nearly five times as that of CB0. Such considerable 

difference indicates that CB moieties with longer CSLs may have a much higher 

preference to associate with Na
+
, due to the higher partial charges of their carboxylic 

group. This tendency is further confirmed by the analysis of association dynamics. As 

shown in Figure 7.8b, the association residence curve for the CB moiety with a long CSL 

decays slower than the ones of short CSL, indicating a stronger and more stable 

association.   
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Figure 7.8 Na
+
-CB associations: (a) RDFs and (b) residence curves of association of Na

+
 

and oxygen atoms of CB moieties. 
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    Figure 7.9 shows the free energy contour plots as a function of distances between Na
+
 

and two oxygen atoms of CB moieties r1 and r2. For every contour plot, we can observe 

three minimum regions labeled as A, B, and C in each figure. These three minimum 

regions correspond to two types of associations between Na
+
 and CB moieties. As shown 

in Figure 7.9, region A has both r1 and r2 in the scale from 0.23 to 0.27 nm, close to the 

peak position (0.25 nm) observed in the RDFs. This represents the situation that Na
+
 

associates with both oxygen atoms. Regions B and C has either r1 or r2 close to 0.25 nm, 

and the other collect variables in the scale from 0.35 to 0.45 nm. These two regions 

represent the situation that Na
+
 only associates with one oxygen atom.  

     The formation of a direct association needs to overcome an energy barrier sourced 

from the depletion and rearrangement of a certain part of coordination shells of both 

solutes. As shown in Figure 7.9, for every CB moieties, we can observe a plateau that 

represents the energy barrier. We can find that the maximum energy barriers for CB0 and 

CB1 are higher than 15 kJ·mol
-1

, whereas the corresponding values for CB2, CB3 and 

CB4 are all less than 15 kJ·mol
-1

. In addition, we can observe that the barrier region with 

an energy higher than 10 kJ·mol
-1

 decreases with an increasing CSL. These two 

observations also indicate that the CB moieties with long CSLs more easily form 

associations with Na
+
.  
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Figure 7.9. Association free energy of five CB moieties with Na
+
 (a) CB0-Na

+
, (b) CB1-

Na
+
, (c) CB2-Na

+
, (d) CB3-Na

+
 and (e) CB4-Na

+
. r1 and r2 are the distances between 

Na
+
 and the two oxygen atoms of CB moieties. 
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7.5. Conclusions     

    This work studied the effect of CSL on the properties of CB moieties using molecular 

simulations, quantum mechanical calculations and well-tempered metadynamics 

simulations. Five CB moieties with CSLs from zero to four were used. The EPS analysis 

showed that the charged groups in CB moieties with a short CSL are less charged and 

that their charges depends on the CSL, while the charged groups in the CB moieties with 

a CSL ≥ 3 have nearly identical charges. Hydration of the five CB moieties was studied 

using MD simulations with partial charges developed in this work and from the OPLSAA 

force field. Simulations with both force field sets show that the overlap of coordination 

shells of the trimethyl ammonium and carboxylic groups only occurs in the CB0 and CB1 

moieties. However, these two force field sets show different results for hydration 

structure and dynamics of charged groups. Results with the OPLSAA force field did not 

show a significant dependence on CSL because the partial charges of the charged groups 

for all the five CB moieties are set to be identical. However, simulation results with 

partial charges developed in this work showed the determining effect of CSL, consistent 

with the experimental observation of pKa. Simulation results with partial charges in this 

work showed that hydration of trimethyl ammonium and carboxylic groups have different 

behaviors with the CSL variation. The hydration of the former does not vary, while the 

hydration of the latter becomes stronger as the CSL increases and become steady when 

CSL ≥ 3. The hydration free energy of CB moieties with a CSL < 3 also depends strongly 

on the CSL, while those of CB moieties with a CSL ≥ 3 do not show significant variation. 

The analysis of the RDF, lifetime and free energy of CB-Na
+
 association also shows a 

strong dependence on the CSL, affirming its importance.    
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Chapter 8 Nonfouling Zwitterionic Moieties beyond Carboxybetaine 

and Sulfobetaine: a Molecular Simulation Study 

This chapter presents a computational simulation study on investigating protein-resistant 

zwitterionic moieties beyond conventional carboxybetaine and sulfobetaine. Zwitterionic 

carboxybetaine and sulfobetaine materials have shown their excellent ability of resisting 

nonspecific protein adsorption. It is desirable to have a better understanding of 

zwitterionic materials from their molecular structures. This work aims to understand the 

roles of charged groups in zwitterionic moieties and to design new protein-resistant 

zwitterionic moieties beyond carboxybetaine and sulfobetaine. We conducted molecular 

simulations to study the hydration, self-associations and protein interactions of 12 

zwitterionic moieties derived from three anionic groups (carboxylic, sulfonate, and 

sulfate) and four cationic groups (quaternary ammonium, tertiary ammonium, secondary 

ammonium, and primary ammonium). The force field parameters of these moieties were 

developed using quantum mechanical calculations. The hydration was studied through 

the hydration free energy of moieties, and the hydration structure and dynamics of the 

charged groups. All zwitterionic moieties have strong hydration, but their hydration 

structural and dynamic properties depend on the types of the cationic and anionic groups 

involved. The self-associations and protein interactions also show relationships with 

charged groups. The simulation results indicate the good protein-resistant capability of 

several zwitterionic moieties, one of which has been shown by recent experiments.   

8.1. Introduction 

    Zwitterionic carboxybetaine and sulfobetaine materials excel in many biological and 

chemical applications
10

. They resist nonspecific protein adsorption in complex media
11, 
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101
, protect enzymes against denaturing effects of urea and high temperature

8
, and prevent 

the capsule formation in vivo for at least three months
12

.  

    The excellence of zwitterionic materials urges a thorough understanding of 

zwitterionic materials from their molecular structures. The performance of zwitterionic 

materials depends strongly on the properties of zwitterionic moieties that possess cationic 

and anionic groups. Our previous studies have demonstrated the distinguishable effects of 

zwitterionic carboxybetaine from non-ionic molecules
68, 170

, the differences between 

carboxybetaine and sulfobetaine
48, 143

, and the differences between carboxybetaines with 

various distances between charged groups
82

. Considering the vast numbers of cationic 

and anionic groups, zwitterionic moieties can have many molecular structures beyond 

conventional carboxybetaine and sulfobetaine. This provides a rich pool for 

understanding the roles of charged groups in properties of zwitterionic moieties.        

    Charged groups of zwitterionic moieties behave somewhat similar to ions. Many 

studies have been conducted to rank ions based on their charges, sizes, hydration, and 

other properties. One well-known correlation is the Hofmeister series. The Hofmeister 

series was originally used to rank the ability of salts to precipitate proteins, and has been 

employed to explain the influence of ions on other substances
126, 171-173

.  Collins et al
14

 

and Fennell et al.
17

 showed that the similarity in hydration and size determines the ion-

ion interactions. Vlachy et al.
129

 found that the interactions between organic ions and 

inorganic ions can be ranked in the same way as those between inorganic ions are. Our 

previous study
143

 showed that zwitterion-ion interactions obey similar rules as ion-ion 

interactions. The hydration of zwitterionic moieties is also suggested to be dominated by 

electrostatic interactions, similar to the hydration of ions
17

. However, the charged groups 
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of zwitterionic moieties interfere with each other permanently if close enough
82

. This 

interference depends on the charge densities of the cationic and anionic groups, and can 

reversely influence the charge densities. Varying the cationic group may influence the 

properties of anionic group in the same zwitterionic moiety, and vice versa. Therefore, 

we may develop the design principles of zwitterionic materials based on the knowledge 

of ion-ion interactions with a consideration of unique features of zwitterionic moieties.   

We selected three anionic groups: carboxylic (CO2), sulfonate (SO3), and sulfate 

(OSO3). These three anionic groups all have a net charge as -1, and their molecular 

volumes follow the order: CO2<SO3<OSO3. As a result, their charge densities follow 

the order: CO2>SO3>OSO3. We selected four cationic groups: quaternary ammonium 

(NC4), tertiary ammonium (NC3), secondary ammonium (NC2), and primary ammonium 

(NC1). These four cationic groups all have a net charge as +1 and their molecular 

volumes follow the order: NC1<NC2<NC3<NC4. Consequentially, their charge densities 

follow the order: NC4<NC3<NC2<NC1. These seven charged groups have been 

observed in many natural molecules. 12 zwitterionic moieties have been derived from 

these charged groups, as shown in Figure 1. The chemical groups between the charged 

groups were fixed to one methylene group because a long carbon spacer length 

compromises the capability of resisting nonspecific protein adsorption. 

The protein-resistant capability of zwitterionic moieties can be assessed from three 

properties. The first is the hydration of zwitterionic moieties. Strong hydration is believed 

to be the main source of resisting protein adsorption
18

. The second is the self-associations 

among zwitterionic moieties. Too many associations may weaken the hydrophilicity of 

the zwitterionic moieties
47

 and result in a hydrophobic material
174

. The third is the 
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interactions between zwitterionic moieties and proteins. The specific zwitterion-protein 

interactions will compromise the protein-resistant capability of zwitterionic moieties.       

This work will study the hydration, self-associations, and protein interactions of the 12 

zwitterionic moieties shown in Figure 8.1. We focus on the relationships between 

variations in charged groups and three properties mentioned above. At the same time, we 

are interested in exploring new protein-resistant zwitterionic moieties beyond 

conventional carboxybetaine and sulfobetaine.   

8.2 Details of Molecular Simulations 

8.2.1 Partial Charge Calculation 

Our previous studies
48, 82

 showed that the partial charges of the current force fields 

cannot represent zwitterionic moieties well. We calculated the partial charges of atoms 

for the 12 zwitterionic moieties using quantum mechanical calculations. The quantum 

mechanical calculations were carried out at  HF/6-31G* level using Gaussian 09
50

. For 

each zwitterionic moiety, 8-12 conformations were generated by rotating the N-C-C-O, 

N-C-S-O or N-C-O-S dihedral angles. These conformations were optimized in vacuum 

and then the atomistic charges of individual conformations were obtained with single 

point calculation using the CHELP algorithm. Two steps of averages were conducted to 

obtain the final values. The first is the average among various conformations weighted by 

the Boltzmann factor. The second is the average among the atoms that should be equal 

based on consideration of their chemical and physical environments. Table 8.1 lists the 

partial charges of atoms of these 12 zwitterionic moieties. The individual zwitterionic 

moieties were labeled by the cationic and anionic groups they possess. For instance, a 
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zwitterionic moiety possessing ammonium group (NC1) and a carboxylic group (CO2) 

was labeled as NC1-CO2.  

Table 8.1 Partial charges of atoms of 12 zwitterionic moieties 

 (e)  (e)  (e) 

NC1-CO2  NC1-SO3  NC1-OSO3  

N -0.495 N -0.318 N -0.618 

H(N) 0.330 H(N) 0.314 H(N) 0.373 

H(CH2) 0.061 H(CH2) 0.144 H(CH2) 0.036 

C(CH2) 0.007 C(CH2) -0.224 C(CH2) 0.480 

C 0.870 S 1.346 S 1.458 

O -0.747 O -0.678 O1 -0.564 

    O2 -0.649 

NC2-CO2  NC2-SO3  NC2-OSO3  

N -0.059 N 0.108 N -0.224 

H(N) 0.251 H(N) 0.238 H(N) 0.304 

H(CH3) 0.108 H(CH3) 0.106 H(CH3) 0.098 

C(CH3) -0.151 C(CH3) -0.151 C(CH3) -0.076 

H(CH2) 0.101 H(CH2) 0.172 H(CH2) 0.065 

C(CH2) -0.212 C(CH2) -0.406 C(CH2) 0.309 

C 0.878 S 1.369 S 1.450 

O -0.742 O -0.686 O1 -0.517 

    O2 -0.658 

NC3-CO2  NC3-SO3  NC3-OSO3  

N 0.251 N 0.205 N 0.009 

H(N) 0.229 H(N) 0.275 H(N) 0.342 

H(CH3) 0.116 H(CH3) 0.135 H(CH3) 0.125 

C(CH3) -0.249 C(CH3) -0.262 C(CH3) -0.231 

H(CH2) 0.102 H(CH2) 0.190 H(CH2) 0.06 

C(CH2) -0.262 C(CH2) -0.472 C(CH2) 0.299 

C 0.878 S 1.414 S 1.472 

O -0.749 O -0.696 O1 -0.547 

    O2 -0.661 

NC4-CO2  NC4-SO3  NC4-OSO3  

N 0.253 N 0.352 N 0.232 

H(CH3) 0.142 H(CH3) 0.154 H(CH3) 0.147 

C(CH3) -0.288 C(CH3) -0.312 C(CH3) -0.294 

H(CH2) 0.082 H(CH2) 0.221 H(CH2) 0.060 

C(CH2) -0.188 C(CH2) -0.584 C(CH2) 0.147 

C 0.937 S 1.425 S 1.464 

O -0.790 O -0.695 O1 -0.533 

    O2 -0.667 

 

 

 

 



116 

 

 
 

Figure 8.1. Molecular structures of 12 zwitterionic moieties. 

 

8.2.2 Force Field Parameters 

    Water molecules were described by the Tip4p model
175

. We applied the OPLSAA 

force field
52

 to describe the bond and non-bond interactions between molecules. The 

potential energy of intermolecular interactions is calculated as a combination of a 

Lennard−Jones (L-J) 12−6 potential and a Coulombic potential, as shown in Equation 1. 
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where rij is the distance between atoms i and j, qi is the partial charge assigned to atom i, 

and εij and σij are energy and size parameters obtained by Jorgensen combining rules. 

8.2.3 Molecular Dynamics Simulations 

   
(a) (b) (c) 

Figure 8.2. Snapshots of simulation systems for (a) hydration, (b) self-associations 

among zwitterionic moieties and (c) zwitterion-protein interactions.  

 

Hydration 

    The simulation system was a cubic box containing a zwitterionic moiety and 566 water 

molecules. After energy minimization and a 5 ns MD simulation with a step of 1fs in an 

isobaric-isothermal (NPT) ensemble for energy equilibrium, another 10 ns MD 

simulation with a step of 2 fs in a canonical (NVT) ensemble was performed for data 

collection at a frequency of 1ps. Figure 2a shows a snapshot of the simulation system. 

Long-range electrostatic interactions were computed with the particle mesh Ewald 

method with periodic boundary conditions in all three dimensions.
55

 The short-range van 

der Waals interactions were calculated with a cutoff distance of 1.0 nm. During the first 

5ns MD simulation, the system was maintained at 298 K (0.1 ps time constant) and 100.0 

kPa with the Berendsen algorithm
56

 (with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps 

time constant). During the 10 ns MD simulation for data collection, the system was 
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maintained at 298 K with the Nose-Hoover algorithm
57-58

. Intramolecular bonds with 

hydrogen atoms were kept constrained with the LINCS algorithm
60

. The MD simulations 

were performed using Gromacs-4.5.4
54

. For each zwitterionic moiety, we carried out 

three independent MD simulations using different initial configurations.  

Self-associations among zwitterionic moieties 

    The simulation system was a cubic box containing 50 zwitterionic moieties and 1400 

water molecules. After an energy minimization and a 5 ns MD simulation with a step of 1 

fs in an NPT ensemble for energy equilibrium, another 20 ns MD simulation with a step 

of 2 fs in an NVT ensemble was performed for data collection at a frequency of 1ps. 

Figure 2b shows a snapshot of the simulation system. During first 5 ns MD simulation, 

the system was maintained at 298 K (0.1 ps time constant) and 100.0 kPa with the 

Berendsen algorithm
56

 (with a compressibility of 4.5 × 10
-5

 bar
-1

 and a 1 ps time 

constant). During the 20 ns MD simulation for data collection, the system was maintained 

at 298 K with the Nose-Hoover algorithm
57-58

. The MD simulations were performed 

using Gromacs-4.5.4
54

. The other simulation details were the same as the hydration study.  

Zwitterion-protein interactions 

    The simulation system for studying zwitterion-protein interactions was a cubic box 

containing 100 zwitterionic molecules, 5500 water molecules and one chymostrypsin 

inhibitor 2(CI2, PDB ID: 1YPC). After an energy minimization and a 50 ns MD 

simulation with a step of 1 fs in an NPT ensemble for energy equilibrium, another 50 ns 

MD simulation with a step of 2 fs in an NVT ensemble was performed for data collection 

at a frequency of 10 ps.  The other simulation details are the same as for hydration study. 
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The MD simulations were performed using Gromacs-4.5.4
54

. Figure 2c shows a snapshot 

of the simulation system. 

8.2.4 Free Energy Perturbation 

The hydration free energy of individual zwitterionic moieties was calculated using the 

free energy perturbation (FEP) method. The perturbation process in this work mimics the 

reversible process of dehydration as described elsewhere
108-109

. The negative of the free 

energy change of this process is the hydration free energy. As shown in Equation 2, we 

change the interaction energy between the moiety and water, including the van der Waals 

interaction energy and electrostatic interaction energy, from the normal values to zero 

gradually as λ changes from zero to 1.  

 

 (8.2) 

 

    This interaction change causes the potential energy of the system to vary gradually 

from UA(λ =0) to UB(λ =1). λ should decrease as small as possible in every step in order 

to preserve reversibility. Taking into consideration both the precision required in this 

work and the tolerance of computational cost, we divided λ into 20 intervals from zero to 

1. For every λn+1, a 1 ns MD simulation was carried out with the initial structure obtained 

from the final structure of MD simulation of λn. The potential energy is the average of the 

last 500 ps. The other simulation details were the same as the hydration study. Five 

independent FEP calculations with different initial structures were carried out for each 

zwitterionic molecule. The FEP calculations in this work were carried out with Gromacs-

4.5.4
54
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8.3 Results and Discussion 

8.3.1 Hydration of Zwitterionic Moieties 

Table 8.2 Hydration free energy of 12 zwitterionic moieties (kJ/mol
-1

) 

  Cationic group   

Anionic 

group 
NC4 NC3 NC2 NC1 

CO2 -261±12 -224±12 -230±25 -216±6 

SO3 -251±17 -259±3 -249±9 -240±6 

OSO3 -238±14 -303±11 -290±4 -296±8 

  

    As listed in Table 8.2, the hydration free energy of the 12 zwitterionic moieties is 

lower than that of the (ethylene glycol)4 (EG4) moiety (-180 kJmol
-1

)
48

. A surface covered 

with EG4 moieties can resist nonspecific protein adsorption well
18

. The low hydration 

free energy indicates that these zwitterionic moieties should have strong hydration. From 

the hydration aspect, these zwitterionic moieties should all have good capability of 

resisting nonspecific protein adsorption.   

   Hydration free energy of zwitterionic moieties depends on the charge densities of the 

charged groups, which are tuned by the influence between the cationic and anionic 

groups. The charged groups with higher charge densities can influence others stronger 

and are also susceptible to the influence. NC3-OSO3, NC2-OSO3, and NC1-OSO3 have 

hydration free energy lower than other zwitterionic moieties. These three zwitterionic 

moieties possess an OSO3 group and a cationic group with one or more hydrogen atoms 

attached to the nitrogen atom, and the influences between the charged groups may be less 

compared to the others.   

    We further studied the local hydration of the charged groups of zwitterionic moieties 

by analyzing the numbers and residence times of water molecules in the first coordination 
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shells of certain atoms of charged groups. The radius of the first coordination shell was 

set as the first-minimum position of the corresponding radial distribution function (RDF) 

shown in Figures 8.3-8.5. The residence time τ of water molecules is calculated through a 

numerical integration of the residence curve from zero to 1 ns.  

  

 

 

Figure 8.3. Radial distribution functions of oxygen atoms of zwitterionic moieties with 

the oxygen atoms of water molecules. (a) Carboxylic groups, (b) sulfonate groups and (c) 

sulfate groups. 
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Figure 8.4. Radial distribution functions of hydrogen atoms attached to the nitrogen 

atoms of zwitterionic moieties with the oxygen atoms of water molecules. (a) NC1, (b) 

NC2 and (c) NC3 groups. 
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Figure 8.5 Radial distribution functions of carbon atoms attached to the nitrogen atom of 

zwitterionic moieties with the oxygen atoms of water molecules. (a) NC2, (b) NC3 and (c) 

NC4 groups. 
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Figure 8.6 Structural and dynamic properties of water molecules in the first coordination 

shells of the oxygen atoms of the anionic groups of zwitterionic moieties. (a) 

Coordination number N, and (b) residence time τ.  

 

     Figure 8.6 shows the number N and residence time τ of water molecules in the first 

coordination shells of the oxygen atoms of the CO2, SO3, and OSO3 groups as a function 

of the type of the cationic group. the values of N of the CO2 group are always less than 

those of the SO3 and OSO3 groups, consistent with our previous observation
48

 that the 

anionic group of a carboxybetaine moiety has N less than the anionic group of a 

sulfobetaine moiety does. The variation in the cationic group does not influence the 

number of water molecules near the anionic group.  

    However, the variation in the cationic group influences the dynamic properties of 

water molecules near the anionic group. As shown in Figure 8.6b, when the NC4 group is 

the cationic group, τ for the CO2 group is much higher than those for the SO3 and OSO3 

groups, consistent with our previous observations
48

 of carboxybetaine and sulfobetaine 

moieties. However, when the cationic group is the NC1, NC2 or NC3 group, the values 

of τ for the three anionic groups are quite similar, indicating the similarity in their 
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attractions to individual water molecules. The interference from cationic groups makes 

the charge densities of the carboxylic group lower, and weakens its attractions with 

individual water molecules.  

 

  

 

 

Figure 8.7 Structural and dynamic properties of water molecules near the cationic group 

of zwitterionic moieties. (a) Coordination number of water molecules in the first 

coordination shells of carbon atoms or hydrogen atoms attached to the nitrogen atoms, (b) 

residence time τme of water molecules in the first coordination shells of carbon atoms of 

cationic groups and (c) residence time τh of water molecules in the first coordination 

shells of carbon atoms of cationic groups  

     

   The structural and dynamic properties of water molecules near the cationic groups do 

not show significant variations as a function of the anionic group. Figure 8.7a shows the 

total numbers of water molecules in the first coordination shells of the carbon atoms and 
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hydrogen atoms attached to the nitrogen atoms of the cationic groups. For each type of 

cationic group, the coordination number is nearly unchanged, and increases as the size of 

the coordination shell increases. Figures 8.7b and 8.7c show the residence times, τme and 

τh, of water molecules in the first coordination shells of carbon atoms and hydrogen 

atoms attached to the nitrogen atom. For each cationic group, τme and τh do not show 

significant variation with the type of the anionic groups. The properties of the cationic 

group are less influenced by the anionic groups, probably due to the weak hydration of 

cationic groups
47-48

.  

8.3.2 Self-associations among zwitterionic moieties  

   

Figure 8.8 Radial distribution functions between the oxygen atoms of the anionic groups 

and the nitrogen atoms of the cationic groups for 12 zwitterionic moieties (N-O RDFs). (a) 

Zwitterionic moieties possessing a CO2 group, (b) zwitterionic moieties possessing a 

SO3 group, and (c) zwitterionic moieties possessing an OSO3 group 

    

The above analysis has shown that the 12 zwitterionic moieties have strong hydration. 

But the strong hydration is not a guarantee of their good capability of resisting protein 

adsorption. Another critical property is self-associations among zwitterionic moieties. 

Self-associations among these moieties can bring interesting properties to materials such 

as antipolyelectrolyte effect
123

 or thermal responses
138

. But too many self-associations 
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may change the chemical features of the materials
174

 and influence their performance. To 

study the self-associations of these 12 zwitterionic moieties, we investigated the RDFs 

between the oxygen atoms of anionic groups and the nitrogen atom of cationic groups (N-

O RDF), as shown in Figure 8.8.  

The N-O RDFs in Figure 8.8 imply that, the zwitterionic moieties possessing a NC4 

group have few or moderate self-associations. The materials with these zwitterionic 

moieties are well-known for their good ability of resisting nonspecific protein 

adsorption
10

. Therefore, we would like to explore some zwitterionic moieties that have 

few to moderate self-associations. The N-O RDFs of NC3-CO2, NC3-SO3, and NC3-

SO4 have two peaks because their cationic groups have two methyl groups and one 

hydrogen atom attached to the nitrogen atom. As shown in Figure 8.8, N-O RDFs of 

NC3-CO2, NC3-SO3, and NC3-SO4 have a peak at 0.25 nm with a height of 1.0, 2.5, 

and 2.0, respectively. These zwitterionic moieties may still have moderate self-

associations. The N-O RDF of NC2-CO2 also has a peak at 0.25 nm with a height of 2.5, 

indicating that the this type of zwitterionic moieties may also have moderate self-

associations. Therefore, the zwitterionic moieties with a NC3 group and the NC2-CO2 

may still be able to resist protein adsorption.   

The N-O RDFs of other zwitterionic moieties all present peaks higher than 3.5, 

implying that these zwitterionic moieties may form many self-associations. White et al.
47

 

also found that the NC1-CO2 forms many self-associations at high concentration. The 

materials with the zwitterionic moieties that have strong self-associations may still be 

able to resist the adsorption of a single type of protein in a buffer solution, but their 

capability may be easily affected by the environments. 
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8.3.3 Protein interactions 

  

(a) (b) 

  
(c) (d) 

Figure 8.9 Radial distribution functions of the oxygen atoms of anionic groups of (a) 

NC3-CO2, (b) NC3-SO3 and (c) NC3-OSO3 and (d) NC2-CO2 and the Cα atom of each 

residue of the CI2.  

 

The above analysis about the hydration and the self-associations has suggested that four 

zwitterionic moieties (NC3-CO2, NC3-SO3, NC3-OSO3, and NC2-CO2) beyond 

carboxybetaine and sulfobetaine may exhibit good capability of resisting nonspecific 

protein adsorption. However, strong specific interactions between moieties and proteins 

may compromise the capability. Our previous study
68

 showed that carboxybetaine and 
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oligo(ethylene glycol) moieties do not accumulate near proteins. To study the potentials 

of these four zwitterionic moieties, we studied their interactions with a model protein: 

CI2. Figure 8.9 shows the RDFs between the oxygen atoms of the anionic groups of 

zwitterionic moieties (NC3-CO2, NC3-SO3, NC3-OSO3, and NC2-CO2) and the Cα 

atoms of 64 residues of the CI2. As shown in Figure 6, the RDFs of NC3-CO2, NC3-SO3 

and NC2-CO2 have few peaks higher than one, indicating that these zwitterionic moieties 

should not interact with the CI2 specifically. These three zwitterionic moieties may have 

good protein-resistant capability. NC3-OSO3 shows some peaks higher than four in its 

RDFs, indicating that this type of moiety may specifically interact with some residues of 

the protein. Such specific interactions may influence its protein-resistant capability.   

8.4 Conclusions 

     Using molecular simulations, we studied hydration, self-associations among 

zwitterionic moieties and protein interactions of 12 zwitterionic moieties derived from 

four cationic groups (NC1, NC2, NC3, and NC4) and three anionic groups (CO2, SO3, 

and OSO3), with the aim of understanding the roles of charged group in zwitterionic 

moieties and assessing their capability of resisting nonspecific protein adsorption. All 12 

zwitterionic moieties have strong hydration, though the hydration structure and dynamics 

is related to the type of charged groups. The zwitterionic moieties possessing a NC4 

group are already proven to resist nonspecific protein adsorption and they form few to 

moderate self-associations. The zwitterionic moieties with a NC3 group and the NC2-

CO2 also show few to moderate self-associations, implying their capability of resisting 

nonspecific protein adsorption. The further analysis of the RDFs between the oxygen 

atoms of these zwitterionic moieties and the Cα atoms of the protein CI2 showed that the 
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zwitterionic moieties NC3-CO2, NC3-SO3, and NC2-CO2 do not specifically interact 

with the protein, further indicating that they may have good capability of resisting 

nonspecific protein adsorption. NC3-OSO3 specifically interacts with some residues, 

which may influence its capability of resisting nonspecific protein adsorption. Recently, 

our group successfully synthesized the zwitterionic materials with NC3-CO2 and tested 

their ability to resist nonspecific protein adsorption
176

. The experimental results showed 

that the NC3-CO2 materials can also resist protein adsorption well, agreeing well with 

the prediction of computational simulations in this work.      

    Among the 12 zwitterionic moieties, NC4-CO2 and NC3-CO2 have been shown to 

strongly resist nonspecific protein adsorption. They both have a high charge-density 

anionic group and a low charge-density cationic group with no or just one hydrogen atom 

attached to the nitrogen atom. This combination fits well the three criteria to assess the 

protein-resistant capability of zwitterionic moieties. Strong hydration is necessary for 

materials that resist nonspecific protein adsorption and all zwitterionic moieties studied 

have high hydration. The cationic group of a zwitterionic moiety that resists nonspecific 

protein adsorption needs to have as few hydrogen atoms attached to the nitrogen atom as 

possible to prevent possible self-associations among zwitterionic moieties. Another 

important factor is the specific interactions between a zwitterionic moiety and proteins. 

Proteins possess many amide groups that may interact with high charge-density cationic 

groups and low charge-density anionic groups. To avoid specific interactions with 

proteins, a zwitterionic moiety needs to possess a low charge-density cationic group and a 

high charge-density anionic group.       
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Chapter 9 Summary 

 This work conducted computational simulations and experiments to study the 

differences between zwitterionic and non-ionic moieties and differences among 

zwitterionic moieties, and design new protein-resistant zwitterionic moieties beyond the 

carboxybetaine and sulfobetaine. The work suggested three key properties for the protein-

resistant materials: strong hydration, few or moderate self-associations, and few specific 

interactions with proteins. 

    To understand the differences between zwitterionic and non-ionic materials, the 

influences of zwitterionic CB and OEG moieties on protein structure and hydrophobic 

interactions were studied using molecular simulations. MD simulations were conducted 

to analyze the RMSD, hydrogen bonding and SASA of a CI2 in water, and the CB and 

OEG solutions. The results showed that, though the protein keeps its folded structure in 

both the CB and OEG solutions, it is more rigid and has more hydrophobic surface area 

covered in the OEG solution. The structure of the protein in the CB solution is similar to 

that in water. The influences of CB and OEG moieties on the hydrophobic interactions of 

two nonpolar plates were studied using well-tempered metadynamics simulations. Three 

reference systems were used: water, and TMAO and urea solutions. TMAO molecules do 

not change the hydrophobic interactions, and urea molecules weaken hydrophobic 

interactions. The PMFs showed that CB moieties have slight effect on hydrophobic 

interactions. In contrast, OEG moieties weaken the direct hydrophobic associations of the 

plates and result in an indirect association state that can impede the direct association. 

The analysis of density distributions from MD simulations revealed that the different 

effects of CB and OEG moieties are due to their ability to change the local environment 
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of the hydrophobic plates: the plate environment in the CB solution remains the same as 

in water, but in the OEG solutions becomes more hydrophobic. Zwitterionic CB moieties 

present themselves as a good replacement of water molecules, while OEG moieties 

present hydrophobic feature in water. Consequently, OEG moieties can influence the 

bioactivity more. The different influences of zwitterionic CB and non-ionic OEG 

moieties on protein structures and hydrophobic interactions well explained the different 

performance of zwitterionic and PEG materials. Zwitterionic materials can be a good 

candidate for the protein conjugation technique, and deserve further engineering effort to 

develop some real pharmaceutical applications.  

To study the difference among zwitterionic materials, molecular simulations were first 

performed to study the differences between CB and SB moieties in the hydration, ionic 

interactions and associations among zwitterionic moieties. These two zwitterionic 

moieties share the same cationic group: trimethyl ammonium. A CB moiety possesses a 

carboxylic group and a SB moiety possesses a sulfonate group. Carboxylic groups have 

stronger charge strengthen than sulfonate groups. The studies showed that CB moieties 

attract individual water molecules stronger, interact with kosmotropic cations stronger, 

and have few associations among themselves. SB moieties attract more water molecules, 

interact with chaotropic cations stronger, and have moderate associations among 

themselves. Therefore CB materials can present strong hydration, resist non-specific 

protein adsorption even in complex media, and can be nearly inert to environmental 

factors such as temperature and salt concentration. SB materials can have decent 

hydration, resist non-specific protein adsorption well in buffer solution, and have stimuli-

responsive properties. Molecular simulations were second performed to study the 
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influence of carbon spacer length on hydration and ionic interactions of CB moieties. 

Only in CB moieties with zero or one methylene group, the cationic group strongly 

interferes with the anionic group. In a CB moiety with two methylene groups, the 

interference is already moderate. In CB moieties with more than three methylene groups, 

the cationic and anionic groups have little interference between them. CB materials with 

different carbon spacer lengths present different antifouling performance in complex 

media. A careful examination of the simulation results of hydration and the experimental 

observations of protein resistance in whole blood serum implies that stronger hydration 

does not necessarily lead to better non-specific protein resistance. This challenges the 

development of a relationship between the hydration of materials and their biological 

applications, and the design of antifouling materials.   

At last, to design new protein-resistant zwitterionic moieties, molecular simulations 

were conducted to study 12 zwitterionic moieties derived from four cationic and three 

anionic groups that have various charge densities. The studied properties include the 

hydration, associations among zwitterionic moieties and zwitterion-protein interactions. 

All 12 zwitterionic moieties have strong hydration, though the hydration structure and 

dynamics of charged groups has a relationship with the type of charged groups. The 

analysis of self-associations and protein interactions implies that the zwitterionic moieties 

NC3-CO2, NC3-SO3 and NC2-CO2 may have good protein-resistant capability.  

Zwitterionic materials have paved a new avenue to develop desired materials by 

carefully selecting cationic and anionic groups and design molecular structure based on 

them. Zwitterionic molecules widely spread in nature and play important roles in 

biological processes. It would be interesting to study the mechanisms for the functions of 
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these naturally occurring zwitterionic molecules, in the aim to develop new functional 

zwitterionic materials.  
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